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Abstract

There are two subtypes of myotonic dystrophy, DM1 and DM2, each caused by repeat expansion
mutations. The leading pathogenic mechanism is RNA mediated toxicity whereby (C)CUG
expansions sequester the muscleblind-like (MBNL) family of RNA binding proteins. However,
key differences exist in muscle involvement patterns and histopathology between DM1 and DM2.
The cause of these disparities both in how the muscles are affected within each disease and between
the two diseases is unknown, and it is unclear if current DM mouse models recapitulate these
differences or develop differential muscle susceptibility. Here, we examined the expression of
disease-relevant genes across healthy human muscles from a transcriptomic atlas and collected a
series of muscles from Mbnl/ knockout mice to evaluate characteristic histologic and molecular
features of DM pathology. Our results indicate that MBNL loss discordantly affects muscles, likely
through a splicing independent mechanism, and results in a fiber atrophy profile more like DM1
than DM2. These findings point to a predominant role for MBNL loss in muscle pattern
involvement in DM1, provide further evidence for additional DM2 pathomechanisms, and have
important implications for muscle choice when performing analyses in new mouse models and

evaluating therapeutic modalities and biomarkers.
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Introduction

Each of the human muscular dystrophies develops a unique pattern of muscle involvement, where
some muscles are affected earlier or more severely than others. For example, limb girdle muscular
dystrophy (LGMD) is so named for the early involvement and weakness of the proximal muscles
of the shoulder and pelvic girdles (1), while facioscapulohumeral muscular dystrophy (FSHD) is
named for the characteristic weakness and atrophy of face, shoulder girdle, and upper arm muscles
(2). The myotonic dystrophies are no different and present with distinct patterns of muscle
involvement, although these patterns differ between the subtypes of myotonic dystrophy (Fig. 1A)
(3). Myotonic dystrophy type 1 (DM1), caused by a CTG repeat expansion mutation in the 3’UTR
of the DMPK gene, presents primarily as a distal myopathy, affecting the face, neck, and distal
limb muscles. In contrast, myotonic dystrophy type 2 (DM2), caused by a CCTG repeat expansion
in intron 1 of the CNBP (formerly ZNF9) gene, presents primarily as a proximal myopathy,
affecting the neck and proximal muscles of the limbs, including the shoulders and thighs. Most
muscular dystrophies ultimately result in fatty and fibrotic replacement of the muscle, and
Magnetic Resonance Imaging (MRI) of affected DM1 patients shows the greatest muscle fat
fraction in the distal lower limb muscles, particularly the gastrocnemius medialis, soleus, and
tibialis anterior muscles with sparing of the proximal rectus femoris muscle (4—7). This is opposed
to MRI findings in DM2, which typically have less severe fat infiltration that appears more diffuse
rather than selective and primarily affects the posterior muscles of the thigh (4, 5, 8). While
atrophic fibers, pyknotic nuclear clumps, basophilic regenerating fibers, fibrosis, adipose
accumulation, and centralized myonuclei are hallmark histopathological features of both diseases,
there are also histological differences in how the muscles are affected between DM 1 and DM2 (9).

DMI results in both a predominance and selective atrophy of Type I myofibers with some


https://sciwheel.com/work/citation?ids=16800101&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17824124&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5651005&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=17830389,17313069,17221420,17229763&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=17830389,17830392,17313069&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12147397&pre=&suf=&sa=0&dbf=0

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

hypertrophy of Type II myofibers (9, 10), and Type I fibers are selectively centronucleated. In
contrast, DM2 is characterized by a selective atrophy of Type II myofibers which are selectively
centronucleated (11, 12). An open question in the field is why these two diseases present
disparately despite a shared pathomechanism whereby the (C)CUG repeat expansion RNAs
sequester the muscleblind-like (MBNL) family of RNA-binding proteins, leading to broad
spliceopathy (13—15). One hypothesis is that the expression of the host genes (DMPK, CNBP)
differs among different muscles, leading to a higher pathogenic repeat load across different
muscles. Another hypothesis is that additional loss of DMPK or CNBP protein, or
haploinsufficiency, contributes to disease pathology. A third hypothesis is that the DM2 CCUG
repeats sequester additional RNA binding proteins such as the RBFOX family that are not affected
in DM (16). Yet another hypothesis is that there are simply intrinsic differences across the muscles
which contribute to their differences in shortening velocity, resistance to fatigue, and innervation,
which also reflect how they differentially respond to disease (17).

There has not been a concerted effort to determine if DM mouse models recapitulate the
pattern of muscle involvement and differential muscle susceptibility both within each disease as
well as between the two DM types. A recent study performed a meta-analysis of publicly available
RNAseq data to assess alternative splicing changes across the gastrocnemius, quadriceps, and
tibialis anterior (TA) muscles of HSA'R mice, which is a transgenic DM1 mouse model that
expresses a human skeletal actin transgene with ~250 CTG long repeats in the 3’UTR (18, 19).
This study found the highest levels of transgene expression in the gastrocnemius followed by the
quadriceps with the lowest levels in the TA, and transgene expression correlated with the extent of
splicing dysregulation (19). Another study evaluated the susceptibility of different HSAM® muscles

(extensor digitorum longus [EDL], soleus, diaphragm) to myotonia and force impairment. This
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study found myotonia and impaired force production only in the EDL muscle with no evidence of
myotonia or impaired force in the soleus or diaphragm muscles (20). While these results are
important for work utilizing the HSA*® model and indicate differential muscle pathology in mice,
they are difficult to translate to other models due to potential transgene integration site effects and
overexpression of human skeletal actin. HSA® mice also do not allow us to directly examine the
contributions of MBNL loss to differential pathology.

To address why these two diseases present disparate muscle phenotypes despite shared
sequestration of MBNL proteins, we determined the expression of DMPK, CNBP, and MBNLI
genes across healthy human muscles using a transcriptomic atlas, as well as evaluated multiple
muscles from Mbnl knockout (KO) mice to assess differential susceptibility, which muscles better
recapitulate DM pathology, and whether mouse muscles resemble DM1, DM2, or neither

following MBNL loss.
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Results

Differential disease relevant gene expression across healthy human muscles

One obvious explanation for the differential sensitivity of human muscles to DM pathology would
be higher expression of pathogenic repeat-containing genes (e.g. DMPK, CNBP) or lower
expression of sequestered RNA-binding proteins (e.g. MBNL1) in more severely affected muscles,
leading to more complete sequestration and less free MBNL (21). This hypothesis proves
challenging to test as obtaining biopsies of multiple muscles from a single individual is generally
unrealistic; however, a recent study created a transcriptomic atlas of several leg muscles
(gastrocnemius lateralis, vastus lateralis, vastus medialis, rectus femoris, semitendinosus [biopsied
medially and distally], and gracilis) from healthy human volunteers (Fig. 1B) (17). While the only
distal or lower leg muscle included in this study is the gastrocnemius lateralis and thus it does not
include many of the distal muscles highly affected in DM1, it does provide a starting place to
examine the expression of genes implicated in DM pathology across human muscles. There is not
much variation in DMPK expression across the muscles biopsied, although there is significantly
less DMPK in the semitendinosus than the vastus lateralis (Fig. 1C). There is a clearer delineation
in CNBP expression between the distal gastrocnemius lateralis and each of the proximal muscles.
CNBP expression is lower in the typically less affected (in DM2) distal gastrocnemius muscle than
the more affected proximal muscles, with little variation in CNBP expression among the proximal
muscles (Fig. 1D). There is considerably more variation in the expression of MBNLI (the most
highly expressed MBNL paralog in skeletal muscle) across muscles, with the lowest expression in
the gastrocnemius lateralis and each of the three quadriceps muscles biopsied: the rectus femoris,
vastus lateralis, and vastus medialis (Fig. 1E). The expression of MBNL?2, though less abundant in

skeletal muscle, follows a similar pattern across the muscles with the least MBNL2 expression in
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the gastrocnemius lateralis (Figure S1A). Perhaps a greater predictor of muscle susceptibility to
DM pathogenesis, however, is the ratio of DMPK/MBNL1 and CNBP/MBNL 1, which should more
accurately predict the MBNL sequestration potential of the pathogenic repeats. We therefore
examined both of these ratios within each subject’s muscles. While there still isn’t extensive
variation of the DMPK/MBNLI ratio among muscles, the gastrocnemius lateralis, vastus lateralis,
and vastus medialis have the highest ratio of DMPK/MBNLI (Fig. 1F). Comparing these ratios to
published MRI data quantifying fat accumulation in the lower limb muscles of DM1 patients (7),
we find that out of the six muscles for which we have RNAseq data from healthy patients, the
greatest degree of fat infiltration in DM1 muscle is in the gastrocnemius lateralis, vastus lateralis,
and vastus medialis, with lower fat infiltration in the semitendinosus, rectus femoris, and gracilis
(7). This degree of fat infiltration within the muscles correlates with the ratio of DMPK/MBNLI.
Examining the ratio of CNBP/MBNLI introduces more variability in the data than just examining
CNBP expression, although the muscles with the greatest ratio of CNBP/MBNLI are the muscles
of the quadriceps (rectus femoris, vastus lateralis, vastus medialis) (Fig. 1G). The ratio of
CNBP/MBNLI in the context of DM2 may also be less useful than DMPK/MBNLI in DM1 since
additional RNA-binding proteins (RBPs) such as RBFOX1/2 have been reported as additionally
sequestered by the CCUG repeats in DM2 (16). The expression of both RBFOXI and RBFOX2,
however, follows a similar pattern to the MBNL genes with the lowest expression in the
gastrocnemius lateralis (Fig. S1B-C). We also examined the expression of CELFI (formerly
CUGBPI) and HNRNPA 1, which have been implicated in DM1 pathogenesis (22-25), and found
much greater variation in CELFI expression among individuals than any of the other genes
examined (Fig. S1D), while HNRNPA I showed little variation both between individuals and across

muscles (Fig. S1E). To summarize, the ratio of DMPK/MBNLI correlates with the fat fraction
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composition of DM1 muscle, largely driven by differences in MBNLI expression across muscles,

while the level of CNBP alone correlates with muscle involvement in DM?2.

Differential disease relevant gene expression across wild-type mouse muscles

Since most DM therapeutics in development are tested in mouse models, it is important to
determine if mouse muscles also have varying levels of disease relevant gene expression and
whether mouse muscles are differentially susceptible to pathogenesis. We began by examining the
expression of Dmpk RNA, Cnbp RNA, and MBNL1 protein across some of the most commonly
collected mouse muscles: tibialis anterior (TA), extensor digitorum longus (EDL), soleus,
gastrocnemius, quadriceps, and diaphragm (Fig. 2A). While there is considerable variation in
Dmpk expression among animals, there is generally less Dmpk in the soleus than any other muscles
tested followed by the EDL (Fig. 2B). In several muscles such as the TA, gastrocnemius, and
quadriceps, females also tend to have higher levels of Dmpk expression than males. Similarly, the
soleus also has lower levels of Cnbp compared to most other muscles except the diaphragm, which
also has lower Cnbp expression (Fig. 2C). We did not detect sex differences in Cnbp expression.
Because it is the MBNLI1 protein that is primarily sequestered by the pathogenic RNA repeats in
DM muscle, we evaluated MBNLI protein levels across the mouse muscles (Fig. 2D-E). The
soleus has significantly higher levels of MBNL1 compared to the other muscles, while the muscles
with the lowest expression of MBNLI1 are the gastrocnemius and quadriceps (Fig. 2D-E).
Accordingly, the muscles with the highest ratio of Dmpk/MBNLI1 are the TA and quadriceps, while
the soleus has a significantly lower ratio (Fig. 2F). The ratio of Cnbp/MBNLI is similar with the
TA and quadriceps having the highest ratio, and the soleus, EDL, and diaphragm having lower

ratios of Cnbp/MBNLI (Fig. 2G). We also evaluated the expression of additional RBPs implicated
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in DM pathogenesis, including CELF1, RBFOX1, and HNRNPA1 (Fig. S2A-D) (16, 22-25).
There were minimal differences in the expression of CELF1 and RBFOX1 across mouse muscles,
although generally the expression in the TA was lowest with highest expression in the diaphragm
for both proteins (Fig. S2A-C). There was greater variability in HNRNPAT1 expression with the
highest expression in the EDL followed by the soleus (Fig. S2A, S2D). We would thus expect that
in an ideal mouse model of DM1 or DM2 expressing (C)CTG repeat expansions in their respective
endogenous loci that the TA and quadriceps muscles would be most affected, while the soleus
muscle would be least affected. While several labs are attempting to develop such models, there
are not currently phenotypic models available that meet these criteria. Therefore, to address which
muscles might be most affected by DM pathogenesis in the mouse and because we observed the
greatest variation in MBNL expression in human muscles, we evaluated each of these muscles in
Mbnl knockout (KO) mice. Because MBNL?2 is upregulated when MBNLI1 is knocked out and
thus compensates for some of its function (26), it is important to also knockdown or knockout
MBNL2. The greatest constitutive KO of MBNL compatible with postnatal life is Mbnll”;
Mbni2-(26). We therefore evaluated both Mbnll”- and MbnlI"~; Mbnl2*" mice. Evaluating Mbnl
KO mice also allowed us to examine whether loss of MBNL reflects a more DM1- or DM2-like

histopathology.

Susceptibility of mouse muscles to mass loss or hypertrophy following MBNL loss

While muscle atrophy is a hallmark symptom of DMI1 and a late symptom of DM2, calf
hypertrophy is an early symptom in DM2 (27, 28). We thus first assessed whether the muscles of
our Mbnl KO mice displayed signs of atrophy or hypertrophy by weighing the muscles at

collection. All muscles were collected at 8wks of age as MbnlI”"; Mbnl2*- FVB/NJ mice rapidly
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die or reach humane endpoint at this time. Body weight of Mbnll”- mice is not significantly
different than wild-type, but Mbnll”-; Mbnl2*" mice are significantly smaller than their wild-type
littermates (Fig. S3A-B). Therefore, to better assess the possibility of muscle atrophy or
hypertrophy, muscle weights were normalized to total body weight. Unnormalized muscle masses
are shown in Figure S3. When normalized, TA muscles from both Mbnl1” and Mbnl1""; Mbnl2*
“mice are bigger than their wild-type littermate controls in both male and female mice (Fig. 3A,
S4A). While EDL and soleus muscles also trend bigger in male Mbnl1”- and Mbnll""; Mbnl2""
mice, this difference reaches statistical significance in females (Fig. 3B-C, S4B-C). The
gastrocnemius and quadriceps muscles are also bigger in male MbnlI”~ and Mbnll""; Mbnl2*"

mice, but only the quadriceps in female MbnlI”~ mice trends higher as well (Fig. 3D-E, S4D-E).

To determine if this increase in muscle size is due to myofiber hypertrophy, we performed myofiber
size distribution analysis on male Mbnll”~ and Mbnll”-; Mbnl2*" mice and their wild-type
littermates. TA muscles from Mbnll”- and Mbnll”~; Mbni2"- display clear hypertrophy by the
rightward shift of their myofiber size distribution curves (Fig. 3F, orange and green dashed lines).
There is no change in the myofiber size distribution curves of the EDL, soleus, or gastrocnemius
muscles (Fig. 3G-I). Quadriceps muscles from Mbnll”- mice also have a rightward shift of their
myofiber size distribution curve although to a lesser extent than the TA muscle, while in Mbnl17;
Mbni2*" mice the curve is shifted slightly left, indicating possible atrophy (Fig. 3J). In the
diaphragm, no hypertrophy is noted in Mbnl/I”~ mice, but there is a rightward shift of the myofiber
size distribution curve in Mbnll”-; Mbnl2*" mice, indicating some hypertrophy, resulting in
thickening of the diaphragm muscle (Fig. 3K, S5). These results initially indicated that the TA and

quadriceps muscles might be more susceptible to MBNL loss.
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The TA muscle recapitulates more DM-like histopathology than other muscles

To determine if any muscle developed more overt signs of DM-like histopathology (such as
centralized myonuclei, pyknotic nuclear clumps, or atrophic fibers), we stained each of the muscles
for H&E (Fig. 4, S5). There was minimal pathology noted in the muscles of MbnlI”~ mice aside
from some myofiber size variability and the occasional centronucleated myofiber. In contrast, in
the TA muscle of Mbnll”-; Mbnl2"- mice, we observed many more signs of DM-related pathology
including what appeared to be a greater number of centronucleated myofibers, atrophic fibers, and
severely atrophic fibers with clustered nuclei. This mirrors what has previously been observed
(26); however, we did not observe such severely atrophic cluster-nucleated fibers in any other
muscle examined. To quantify the percentage of centronucleated myofibers, we stained each
muscle with laminin and DAPI (Fig. 5A, S6). Most muscles from Mbnll”- mice displayed a small
increase in the percentage of centronucleated myofibers, except for the soleus and diaphragm
which did not show any increase in centrally nucleated fibers in Mbn/I”- compared to wild-type
muscle (Fig. 5B). An even greater percentage of centrally nucleated fibers was observed in muscles
from Mbnll”~; Mbnl2*" mice, with the TA and quadriceps having the greatest percentage of
centronucleated myofibers (Fig. 5B). Notably, the soleus still did not have any increase in centrally
nucleated myofibers in Mbnll”-; Mbnl2" muscle. Centralized nuclei, a hallmark feature of DM
histopathology, are a marker of regenerating myofibers, and in the context of muscular dystrophy,
indicate ongoing rounds of muscle degeneration and regeneration. To determine whether the
muscles in Mbnl KO mice were experiencing ongoing rounds of regeneration, we also stained the
muscles for embryonic myosin heavy chain (eMHC) which denotes regenerating myofibers.

Again, we observed the greatest percentage of eMHC+ myofibers in the TA and quadriceps

11
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muscles followed by small increases in the EDL and diaphragm, while we saw no increase in
eMHCH+ fibers in the soleus or gastrocnemius muscles (Fig. 5C). To confirm that the presence of
regenerating myofibers was due to muscle degeneration, we also stained the muscles with a high
concentration of mouse IgG, which marks necrotic fibers (Fig. S7A-B). We again found that the
TA muscle had the greatest percentage of necrotic fibers (Fig. S7C-H). To determine if the muscles
showed any signs of fibrosis or fat accumulation, we stained the muscles with picrosirius red and
perilipin, respectively; however, we noted no evidence of fibrosis or fat accumulation in any

muscle examined (data not shown).

DM patient muscles have increased developmental MYH expression and decreased Type I fiber
MYH expression

Ongoing cycles of degeneration and regeneration are expected in DM1 based on the presence of
eMHC+ myofibers in DMI1 biopsies. More than 0.1% eMHC+ positive fibers is considered
abnormal (29), and a study examining 4 DM1 patients found between 0.3-3% eMHC+ myofibers
in DM1 muscle biopsies (30). To confirm the observation of ongoing rounds of regeneration in a
larger cohort of DM1 patients, we pulled RNAseq data from two publicly available studies
comparing adult healthy control and DM1 skeletal muscle biopsies (GSE201255, GSE126342)
(31). We confirmed that MYH3, which encodes eMHC, is overexpressed in DM1 compared to
healthy control muscle (Fig. 6A-B). MYHS, encoding fetal myosin heavy chain (fMHC), is also
overexpressed in DM1 muscle (Fig. 6C-D). Both type I fiber predominance and type I fiber atrophy
have been reported in DM1 (9, 10, 32), so we also examined the expression of the genes encoding
Type I (MYH7), IIA (MYH?2), and IIX (MYH]) fibers in DM1 patient muscle compared to healthy

control muscle. MYH?7 expression is slightly decreased in DM1 patients in the VCU dataset (Fig.

12
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6E) but not decreased in the Utah dataset (Fig. 6F), most likely reflecting an averaging eftect of
increased but smaller type I fibers, as has been reported. In contrast, MYH2 and MYH expression
are massively decreased in DM1 muscle compared to healthy control (Fig. 6G-J), again reflecting
the observation of Type II fiber loss in DM1. Unfortunately, no publicly available DM2 RNAseq
skeletal muscle biopsy datasets exist. These results indicate Mbnl KO muscles recapitulate the
muscle degeneration/regeneration occurring in DM, so the next question we addressed was

whether mice also recapitulate the fiber type switching and selective Type I fiber atrophy in DM1.

Fiber type switching is greater in predominantly fast-twitch glycolytic muscles

Fiber type switching has previously been reported both in HSAM™R and Mbnll”- mice (33). To
determine if any mouse muscle displayed greater fiber type switching in response to MBNL loss,
we stained each of the muscles for Type I, IIA, IIX, and IIB fibers (listed in order of speed of
contraction). Type IIB fibers are a fast-twitch fiber type present in murine muscle that are not
present in human muscle. Most muscle fibers express a single myosin heavy chain, although ~25%
of muscle fibers appear hybrid with great variation across muscles and with increased percentages
of hybrid fibers with age and disease (34—38). The wild-type TA muscle is predominantly fast-
twitch IIB (~67%) and IIX fibers (~50%) with <6% type IIA fibers and <1% type I fibers with a
small percentage of hybrid fiber types (Fig. 7A-B, S8, S9, S10). Note the presence of hybrid fibers
may result in a total greater than 100%. In contrast, the TA muscle from Mbnll”- mice is ~40%
IIB, ~75% IIX, 30% IIA myofibers, a clear shift toward a more oxidative profile with a loss of the
fastest fiber type and a greater percentage of hybrid fibers (Fig. 7A-B, S8, S9, S10). This shift
becomes even stronger in the TA of MbnlI”~; Mbnl2"" mice with ~12% IIB, ~90% 11X, and ~48%

ITA myofibers, an 8-fold increase in IIA fibers, an almost 2-fold increase in IIX fibers with a

13


https://sciwheel.com/work/citation?ids=17833572&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9453484,17866935,4706788,17866938,3946926&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

corresponding 5.6-fold decrease in IIB fibers (Fig. 7A-B, S8, S9, S10). Fiber type changes in the
EDL, gastrocnemius, and quadriceps muscles were strikingly similar except for a near complete
loss of IIB fibers in the EDL (Fig. 7A-B, S8). Greater changes in fiber type were observed in the
bone proximal regions of the TA, gastrocnemius, and quadriceps muscles (Fig. S8, S9). In the
gastrocnemius, the lateralis appears to have greater fiber type shifting compared to the medialis
(Fig. S8, S9). In contrast, there was virtually no fiber type switching in the already highly oxidative

soleus and diaphragm muscles (Fig. 7A-B, S8, S9, S10).

The fiber atrophy/hypertrophy profile in Mbnl KO mice looks more like DM1 than DM?2

Because there is selective atrophy of Type I myofibers and hypertrophy of Type II myofibers in
DMI1 and selective atrophy of Type II myofibers in DM2 (9, 10), we performed myofiber size
distribution analysis for each fiber type across the muscle set to determine if there was atrophy of
any fiber type following MBNL loss or if each fiber type displayed equivalent hypertrophy. There
are very few Type I fibers in the TA, comprising <0.6% of the myofibers, and there is no overt
difference in the size of these fibers with loss of MBNL (Fig. S11A). This is in contrast with the
EDL muscle which, while it also only has 0.8-2.4% Type I fibers, has a clear atrophy of these fibers
(Fig. 7, S11B). The soleus, comprised of >50% Type I fibers, shows only a slight atrophy of these
fibers (Fig. S11C). There is no obvious atrophy of Type I fibers in the gastrocnemius (Fig. S11D),
but clear atrophy of Type I fibers in the diaphragm (Fig. S11E). There is a striking shift toward
hypertrophy of Type IIA fibers in the TA muscle of both Mbnl1” and Mbnll”; Mbnl2*" mice (Fig.
S12A), while there is only an increase in the Type IIA myofiber size variability in the EDL of
MbnlI”; Mbni2"mice (Fig. S12B). There is no obvious change in Type IIA myofiber size in the

soleus with MBNL loss (Fig. S12C) but a modest shift toward hypertrophy of IIA fibers in the
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gastrocnemius that is progressive with amount of MBNL loss (Fig. S12D). In contrast, there is
only a slight hypertrophy of TIA fibers in the quadriceps of MbnlI”~ mice that disappears in MbnlI-
; Mbnl2"- mice (Fig. S12E). There is no change in the size of Type IIA fibers in the diaphragm
(Fig. S12F). The fiber size distribution of IIX fibers largely mirrors that of IIA with clear
hypertrophy in the TA, minimal change in the EDL and soleus, an equivalent shift in hypertrophy
of IIX fibers in Mbnll”- and Mbnll”-; Mbnl2*" gastrocnemius, slight hypertrophy in quadriceps
that is greater in Mbnl/1”- mice than MbnlI”-; Mbnl2"" mice, and hypertrophy of IIX fibers in the
diaphragm only in MbnlI”"; MbnI2"" mice (Fig. S13A-F). The TA, EDL, gastrocnemius, and
quadriceps muscles all display loss of Type IIB fibers (Fig. 7A-B, S8) but the remaining I1B fibers
differ in size between the muscles (Fig. S14A-F). In the TA and quadriceps, 1IB fibers of Mbnl1”
mice display hypertrophy while those of Mbnll”7-; Mbnl2*~ mice display atrophy (Fig. S14A,
S14E). In the EDL and diaphragm, there is no change in the size of IIB fibers in Mbnll”- mice but
atrophy in MbnlI”~; MbnI2"" mice (Fig. S14B, S14F). This atrophy is much clearer in the EDL
than the diaphragm (Fig. S14B, S14F). Meanwhile, there is no change in IIB fiber size in the soleus
or gastrocnemius in either Mbnll”- or Mbnll”~; Mbnl2*~ mice (Fig. S14C-D). To summarize,
glycolytic muscles such as the TA, EDL, gastrocnemius, and quadriceps display much greater fiber
type switching than oxidative muscles such as the soleus and diaphragm, and the fiber
atrophy/hypertrophy profile across muscles resembles a more DM1 than DM2 like appearance
with atrophy of Type I myofibers in some muscles and hypertrophy of Type IIA and IIX fibers in

most muscles.

Degree of missplicing does not explain differential muscle susceptibility

The MBNL proteins are RNA-binding proteins (RBPs) that function in the regulation of RNA
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alternative splicing and polyadenylation in the nucleus and RNA localization in the cytoplasm (39—
42). The resultant spliceopathy from MBNL sequestration is well characterized in DM muscle, and
there is a correlation between missplicing and muscle disease severity as determined by ankle
dorsiflexion weakness (13, 15, 43), quantitative myometry (13), handgrip strength (13, 15, 43),
and 10-meter walk/running speed (15, 43). We therefore decided to test if mouse muscles with
greater DM-relevant histopathology following MBNL loss have a greater degree of missplicing.
Considerable effort has been put forth to identify a composite measure of differentially spliced
events that reflect the range of phenotypic severity observed in DM (13, 15, 44, 45). The most
recent composite RNA splicing metric utilized in DM1 patients, the Myotonic Dystrophy Splice
Index (SI), detects 22 splicing events (15). The SI normalizes the relative degree of splicing
dysregulation and correlates with multiple measures of muscle performance. We therefore
examined a subset of these known MBNL regulated splicing events, which also occur in mice, and
that have been independently shown to correlate with muscle weakness: Ap2al exon 22, Binl
exon 11, Cacnals exon 29, Clcnl exon 7a, Dmd exon 78, Mbnll exon 5, Nfix exon 8, and Insr
exon 11 (13, 15). Dmd exon 78 exclusion was not reliably detected across muscles, so this data is
not shown. For 3 of the splicing events examined (Clcnl, Mbnll, and Nfix), while we observed
clear missplicing following genetic titration of MBNL, we observed little difference in the degree
of missplicing across muscles (Fig. SISA-C). In contrast, we were surprised to find missplicing of
Atp2al with less genetic titration of MBNL only in the soleus and diaphragm muscles, requiring
only heterozygosity of Mbnll (Mbnll™") to see exclusion of exon 22 (Fig. 8A). This was more
severe in the soleus than the diaphragm. All muscles showed a similar level of Ap2al missplicing
with Mbnl1”~ or Mbnll”-; Mbnl2*". We observed a similar result for Cacnals exon 29 exclusion

where we saw a greater degree of Cacnals missplicing in the soleus of all genotypes compared to
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362  other muscles (Fig. 8B). Conversely, we observed less missplicing of Bin/ in the soleus of MbnlI
363 - and Mbnll”~; MbnI2"" mice (Fig. 8C), and we observed no missplicing of Insr in the soleus or
364  diaphragm of any genotype compared to modest missplicing of Insr in the TA, EDL,
365  gastrocnemius, and quadriceps of Mbnll”~ and Mbnll”-; Mbnl2" mice (Fig. 8D). In conclusion,
366  the degree of missplicing across the muscles failed to correlate with the differences observed
367 histologically.
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Discussion

Many hypotheses have been proposed to explain the muscle involvement patterns across the
muscular dystrophies including differences in contractile function, force, and load bearing across
muscles, differences in the types of proteins mutated such as membrane-bound vs sarcomeric (46,
47), and differential expression of muscle genes and isoforms (48). However, most of these
hypotheses are less likely to explain the muscle involvement patterns in DM1 and DM2,
particularly since the mutations in DM are not in membrane-bound or sarcomeric proteins typical
of many other muscular dystrophies, and rather than loss of function mutations, the DMs are
caused by gain of function mutations. Nevertheless, there could certainly be a role for the

differential expression of muscle genes and isoforms.

Despite a shared pathomechanism of MBNL sequestration in DM1 and DM2, the muscle
involvement patterns are different, indicating differential muscle susceptibility to pathogenic
repeat expansion mutations both within individuals and between DM1 and DM2. One hypothesis
for this differential susceptibility is that the expression of the host genes (DMPK, CNBP) differs
among muscles, leading to a higher pathogenic repeat load in more severely affected muscles. We
tested this by analyzing RNAseq data from a healthy volunteer transcriptome atlas of six leg
muscles. While we did not detect a large variation in DMPK expression across the muscles
examined, there is greater variability in the expression of MBNL 1, leading to DMPK/MBNL I ratios
that loosely correlate with the degree of fat infiltration in these muscles in DM1 determined by
MRI in other studies (7). One caveat to this result is that there was only one distal muscle, the
gastrocnemius lateralis, examined, and distal muscles are more affected in DM1 with the

gastrocnemius medialis, soleus, flexor hallucis longus, and tibialis anterior showing the greatest
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degree of fat infiltration (7). Expression data is needed from additional highly affected distal
muscles to reach more definitive conclusions. In DM2, proximal muscles tend to have higher fat
accumulation by MRI with less distal involvement (4, 5, 8). CNBP expression is lower in the
typically less affected distal gastrocnemius muscle than the more affected proximal muscles,
correlating with muscle involvement. However, when the ratio of CNBP/MBNLI is examined, this
correlation is lost, perhaps because of the involvement of additional RNA-binding proteins (RBPs)
such as RBFOX1/2 in DM2 pathogenesis (16), although RBFOXI and RBFOX2 have similar
expression profiles to MBNLI across muscles, perhaps indicating yet unknown mechanisms of
susceptibility.

One constraint of our study is that we only examined the expression of genes involved in
the disease pathway in healthy human muscle, which may not reflect the expression patterns of
diseased muscle. Previous DM1 studies have identified impaired isolation of transcripts containing
CUG expansions using traditional RNA extraction methodologies, resulting in lower than accurate
transcript level measurements, possibly due to transcript retention in RNA foci (21, 49). The use
of healthy samples alleviates this concern; however, the presence of repeat expansions and
subsequent loss of MBNL proteins is known to alter the gene expression program of cells in which
they are expressed (41, 50-52). It remains unclear, therefore, whether DMPK and CNBP
expression patterns remain consistent once they contain repeat expansions. Further studies are
needed to examine DMPK, CNBP, and MBNL expression levels across affected and unaffected
muscles in DM patients with careful attention paid to RNA extraction methodology. The presence
of repeat expansions in both DMPK and CNBP have been shown to decrease expression of the
proteins encoded by these host genes (53—55), and haploinsufficiency of these genes has been

suggested as possibly contributing to disease. This is less likely in DM1 as knockout of Dmpk in
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mice has shown no effect on muscle histology, strength, or myotonia (56). Knockout or
heterozygosity of Cnbp (formerly Znf9), however, does have an effect on muscle with increased
centralized nuclei, disrupted sarcomeric structure, and myotonic discharges (54, 57, 58). It may
therefore be possible that haploinsufficiency of CNBP plays a larger role in DM2 muscle pathology
than DMPK haploinsufficiency in DM1. It may be interesting to explore heterozygosity of Cnbp
in addition to Mbnl loss in future studies to determine if this promotes a more DM2-like
histopathology in mouse muscle.

Regardless of the possible contributions of host gene haploinsufficiency, the primary
mechanism of pathogenicity in DM1 and DM2 has long been understood to be that of RNA-
mediated toxicity whereby the pathogenic repeat-containing RNAs sequester the MBNL proteins
(59-61). We therefore sought to determine whether mice recapitulate this differential muscle
susceptibility, identify the ideal mouse muscles for outcome measure testing, and to determine
which aspects of DM muscle pathology are contributed by loss of MBNL function. We found that
mouse muscles are differentially affected by loss of MBNL as the TA muscle develops many more
histological signs of disease than any of the other muscles examined, followed by the quadriceps.
The mouse soleus muscle, in contrast, is relatively spared, with no increase in centralized nuclei,
eMHCH fibers, necrotic fibers, or fiber type switching. This pattern of involvement does not quite
resemble DM1 or DM2, and Mbn/ KO mice do not recapitulate the distal-proximal or proximal-
distal gradients observed in either disease, respectively. Instead, the two most affected mouse
muscles examined are one distal and one proximal muscle. This may be due to intrinsic differences
between human and mouse muscles or differences between bipedal and quadrupedal locomotion.
One notable difference between human and mouse muscles is the presence of an additional fast

twitch myosin heavy chain (MYH4) in mouse muscles, creating the fiber type IIB. We observe
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greater pathology in the more glycolytic muscles (TA, EDL, quadriceps, gastrocnemius) with
relatively spared pathology in the more oxidative muscles (soleus, diaphragm). These findings
should translate to new mouse models of both DM1 and DM2 that have repeats inserted into their
endogenous loci as the TA and quadriceps muscles have the highest ratio of Dmpk/MBNLI1 and

Cnbp/MBNLI.

Fiber typing of mouse muscles following loss of MBNL resembles a more DM1-like pathology
than DM2, as there is a shift toward a more oxidative profile, mirroring the predominance of Type
I myofibers in DMI1 (9, 10). Like DM1, we also observe atrophy of Type I myofibers in the mouse
EDL and diaphragm muscles with very slight atrophy in the soleus. Type II fiber hypertrophy has
also been reported in DM1, which is also observed in the Type IIA and IIX fibers of Mbn/ KO
muscles. In contrast, Type II fiber atrophy is reported in DM2, which we do not observe except for

type 1IB fibers (not present in humans) in the muscles of Mbnl17"; Mbnl2*" mice.

Given that loss or sequestration of MBNL proteins leads to broad spliceopathy, we asked if the
degree of missplicing across the muscles could explain the differences in histological severity. We
were surprised to find similar levels of missplicing across most events among the muscles
following genetic titration of MBNL, indicating that greater missplicing did not explain the
differences in how the muscles were affected. For some events, such as Atp2al and Cacnals, we
even observed earlier or more severe missplicing in the soleus muscle where we did not see
histopathology. One explanation for this, at least for Afp2al, could be that the levels of ATP2A41
are lower in Type I than Type II fibers (62), and the soleus has the highest percentage of Type I

fibers. This lower expression of Atp2al in the soleus could lead to missplicing with less MBNL
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titration. There is not a significant difference in the expression of CACNALS across fiber types,
however, indicating that this explanation does not account for this splicing event. An additional
explanation for this observation would be differential expression of additional RBPs across
muscles which co-regulate many MBNL regulated splicing events, although western blotting of
CELF1, RBFOX1, and HNRNPAT1 did not detect significantly higher levels of any of these RBPs
in the soleus compared to any other muscle. We tested almost half of the MBNL-regulated splicing
events that occur in both humans and mice and that are known to correlate with muscle weakness
(13) and did not find significantly greater missplicing in the more histologically affected
muscles. A future transcriptome-wide analysis could be used to confirm this finding, although the
more interesting analysis may lie in gene expression or alternative polyadenylation changes across

the muscles as MBNL plays important roles in these processes as well.

The observation of similar levels of Clcnl missplicing across the muscles raises interesting
questions about myotonia. Previous work has shown that HSAR soleus and diaphragm muscles
do not develop myotonia, while the EDL does, presumably with similar levels of missplicing (20).
Congenital DM1 (CDM) patients also have a striking lack of myotonia in childhood that develops
later in life, despite early missplicing of CLCNI (43). While it’s clear that missplicing or loss of
function of Clcnl directly causes myotonia (63—66), there appear to be molecular modifiers which
allow certain muscles to avoid myotonia and children with CDM to avoid the early onset of the
symptom. Similarly, it has been hypothesized that missplicing of Clcnl leads to the fiber type
transition in TA muscles of LR41; Mbnl”- mice as correction of Clcnl missplicing reverses the
muscle fiber type transition (33); however, we observe equivalent levels of Clcnl missplicing in

muscles which do not develop fiber type switching indicating further that either molecular
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modifiers in some muscles prevent this phenomenon from occurring or rather more likely induce

this fiber type pattern even in the setting of normal Clcnl splicing.

In summary, while the ratio of DMPK/MBNL 1 and the levels of CNBP reflect muscle susceptibility
to some degree in DM1 and DM2, our evidence of MBNL loss alone differentially affecting mouse
muscles suggests that it is more complicated than this and highlights a possible role for yet to be
identified modifier genes. While MBNL-dependent mis-regulated splicing does not appear to be
the cause of the differential muscle pathology, MBNL regulates many other cellular processes
including gene expression, alternative polyadenylation, and RNA localization which may
contribute to existing intrinsic differences across the muscles and impact how they are affected.
These findings point to a role for MBNL loss in muscle pattern involvement in DM, indicate
additional mechanisms of pathogenicity beyond MBNL sequestration in DM2, and have important
implications for the muscle of choice (such as selecting the TA muscle for histological analysis or
the soleus muscle for splicing analysis) when performing analyses in new mouse models and

evaluating new therapeutic modalities and biomarkers.

23



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Methods

Sex as a biological variable

Male and female mice were used for our studies; however, quantification of histological and
immunofluorescent data is shown only for male mice, as muscle data from male and female mice
cannot be combined due to muscle weight and fiber size variance between the sexes (67). Similar

results were observed in female mice.

Mice

The generation of MbnlI*F3AE3 (Mbnll”-) and Mbnl2*'*F? (Mbnl2"") mice has been previously
described (26, 68, 69). Compound KOs were generated by crossing a Mbnll"- Mbnl2*"* dam
(congenic FVB/NIJ) to a Mbnll"- Mbnl2*" stud (congenic FVB/NIJ). Unless otherwise specified,
muscles were collected from all mice at 8wks of age, the timepoint at which MbnlI"- Mbnl2*"
(FVB/NJ) reach terminal endpoint. Wild-type FVB/NJ mice used in Fig. 2, S2 were obtained from

Jackson Laboratories. All mice were housed at the University of Florida.

Histology

Muscles were embedded in OCT, frozen in liquid nitrogen cooled isopentane, and stored at -80°C
until further analysis. 10um thick sections were stained for hematoxylin (Polysciences 24244) and
eosin (Polysciences 09859) (H&E) or picrosirius red (PR). For PR staining, slides were fixed in
4% PFA for 45 min before following standard protocols. PR Solution contained 0.1% Direct Red
80 in saturated Picric Acid. Slides were scanned at 20X using a Motic Slide scanner and .tif files

exported using Leica Aperio ImageScope software.
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Immunofluorescence

Slides were blocked for 45 min in 5% donkey serum and 0.3% TritonX-100 in PBS. For mouse
primary antibodies donkey anti-mouse Fab fragments (Jackson Immunoresearch # 715-007-003)
were added to the blocking buffer (1:50). Primary antibodies were incubated for 3hr at room
temperature in blocking solution, followed by 3 washes with PBS-T, and lhr incubations in
secondary antibody. Slides were mounted with FluorSave. Antibodies: Laminin (Sigma 19393,
1:1000), eMHC/MYH3 (DSHB F1.652-s, 1:40), MHC-I1 (DSHB BA-F8-c, 1:400), MHC-IIA
(DSHB SC-71-¢, 1:300), MHC-IIB (DSHB BF-F3-c, 1:200), MHC-IIX (DSHB 6H1-s, 1:20),
DAPI (Sigma D9542, 1:25,000), Perilipin (Cell Signaling 9349S, 1:1000). For staining necrotic
fibers, a-mouse IgG-488 was used at 1:100. Secondary antibodies used include anti-mouse I1gG-
488 (Thermo Scientific, A11029), anti-rabbit IgG-568 (Thermo Scientific, A11036), anti-rabbit-
405 (Thermo Scientific, A48254), anti-mouse IgG1-568 (Thermo Scientific, sms1 AF568-1), anti-
mouse [gG2b-488 (Thermo Scientific, SA5-10371-AFP), and anti-mouse IgM-647 (Jackson
ImmunoResearch, 715-605-020). Images were acquired with an Echo Revolution automated

microscope.

Image quantification

For total myofiber number quantification and myofiber size distribution analysis, whole muscle
cross-section images stained for Laminin were segmented by Cellpose (70) using the modified
GoogleColab script written by Ariel Waisman followed by myofiber identification using the FIJI
plugin LabelstoROIs (71). Misidentified myofibers were manually corrected. Centralized nuclei
were counted manually for one whole cross-section per muscle and represented as a percent of the

total myofibers per muscle cross-section. eMHC+ fibers were counted manually for two cross-
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sections per muscle then averaged and represented as a percent of the total myofibers per muscle
cross-section. Fiber type was determined by thresholding mean pixel intensity of each channel
using the ROIs obtained from LabelstoROIls in FIJI. Diaphragm thickness was measured at 3

locations along the length of the muscle for 3 cross-sections per muscle and averaged.

RNA isolation, cDNA synthesis, and gPCR

RNA from tissues was isolated using NucleoZOL and NucleoSpin RNA Set for NucleoZOL
(Macherey-Nagel) according to the manufacturer's protocol. 1ug of input RNA was used for cDNA
synthesis with random hexamers using the Promega GoScript Reverse Transcription System,
followed by an RNase H treatment to remove the RNA template. gPCR was performed using the
RT? SYBR Green qPCR Mastermix (Qiagen), according to manufacturer’s instructions. Relative
expression levels were calculated by normalizing to the geometric mean of three housekeeping
genes (Atp6vicl, Eif3g, Eapp) identified by Hicks et al (19). Assays were performed in triplicate.

Primer sequences are listed in Supplementary Table S1.

Splicing analysis

Alternative splicing products were generated following RT-PCR using GoTaq G2 Green
MasterMix (Promega), separated on agarose gels, and visualized with the Bio-Rad Molecular
Imager ChemiDoc XRS+. Signal intensities were calculated using Bio-Rad Image Lab Software.

Primer sequences are listed in Supplementary Table S1.

Analysis of RNAseq data
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Human DMI1 and healthy control muscle RNAseq data (FASTQ files) were retrieved from the
Gene Expression Omnibus (GEO) database (GSE201255, GSE126342). Healthy human muscle
RNAseq data (FASTQ files) were obtained from the European Genome-phenome Archive (EGA)
(EGADO00001008657). FASTQ files were processed with salmon (72). The R package tximport
was used to prepare gene level count data from salmon output files (73). Normalized count data

was then derived using DESeq?2 (74).

Western blotting

Muscles were lysed in protein lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA,
1% Igepal, 0.25% sodium deoxycholate, and protease and phosphatase inhibitors) followed by
Bead-Ruptor homogenization. Protein lysates (40pug) were separated on AnykD TGX Stain-Free
Mini-PROTEAN or CRITERION gels (Bio-Rad), imaged in a ChemiDoc XRS+ system and
transferred to a PVDF membrane. Blotting was performed using antibodies against MBNLI
(1:1000, A2764, gift from Charles Thornton, University of Rochester, Rochester, NY), RBFOX1
(1:250, gift from Thomas Cooper, Baylor College of Medicine, Houston, TX), CELF1 (1:1000,
3B1, Santa Cruz), and HNRNPA1/A1B (1:1000, 9H10, gift from Gideon Dreyfuss, University of
Pennsylvania, Philadelphia, PA). HRP-conjugated anti-mouse and anti-rabbit secondaries were
used at 1:10,000-1:20,000. Signal intensity was calculated using Bio-Rad Image Lab Software.

Blots were normalized to total protein detected using Bio-Rad’s stain-free imaging technology.

Statistics
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Statistical significance was determined in GraphPad Prism by ordinary one-way ANOVA with
Tukey's multiple comparisons test, unless otherwise specified, and all statistical analyses were

based on at least three biologically independent samples.

Study approval

All animal procedures were conducted in accordance with National Institutes of Health Guidelines
and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of

Florida (protocol numbers 20203677 and 20230652).

Data availability

Human DM datasets were obtained from the publicly available Gene Expression Omnibus (GEO)
database (GSE201255, GSE126342). Healthy human muscle controlled data was accessed through
the Data Access Committee (EGAC00001002603) of the European Genome-phenome Archive
(EGA), Study #EGAS00001005904 (Dataset EGAD00001008657). Values for all data points in

graphs are reported in the Supporting Data Values file.
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Figure Legends

Figure 1. Differential disease relevant gene expression across healthy human muscles. (A)
Muscles affected in DM1 and DM2. Dark red shading indicates muscle groups more highly
affected in each disease. Figure adapted from Wenninger et al. Front Neurol. 2018. (B) Diagram
depicting human muscles biopsied by Abbassi-Daloii et al. 2023. Paired samples from 20 healthy
males 25+3.6 years old. (C-E) Normalized read counts of RNAseq data from Abbassi-Daloii et al.
2023 for (C) DMPK, (D) CNBP, and (E) MBNLI. (F) Ratio of DMPK / MBNLI normalized read
counts. (G) Ratio of CNBP / MBNLI normalized read counts. *, P < 0.05; One-way ANOVA with
Tukey’s multiple comparisons test. Dotted line indicates mean expression in the gastrocnemius
lateralis, the only distal muscle biopsied for analysis.

Figure 2. Differential disease relevant gene expression across wild-type mouse muscles. (A)
Diagram depicting mouse muscles examined. (B-C) Mean Dmpk (B) and Cnbp (C) mRNA
expression determined by qPCR in 8-12 week-old wild-type FVB mouse muscles (error bars +
SEM: *, P < 0.05; One-way ANOVA with Tukey’s multiple comparisons test). Expression
normalized to geometric mean of three reference genes. n=6 mice. (D) Western blot for MBNLI1
in 8-12 week-old wild-type FVB mouse muscles. Total protein determined by Bio-Rad Stain-free
technology. Data are representative of six independent experiments. E) Quantification of MBNLI1
western blots (Mean, error bars + SEM: *, P < 0.05; One-way ANOVA with Tukey’s multiple
comparisons test). Expression normalized to total protein. (F-G) Ratio of Dmpk (F) and Cnbp (G)
mRNA to MBNLI protein in each mouse muscle (Mean, error bars = SEM: *, P < 0.05; One-way
ANOVA with Tukey’s multiple comparisons test). Squares indicate males and circles indicate
females.

Figure 3. Mouse muscles display increased mass and hypertrophy with MBNL loss. (A-E)
Mean muscle weight normalized to body weight (mg/g) across an allelic series of 8-week-old Mbnl/
KO mice (error bars + SEM: *, P < 0.05; One-way ANOVA with Dunnett’s multiple comparisons
test). 1 = Mbnll, 2 = Mbnl2. Distinct shapes indicate different animals. Consistent filled or unfilled
shapes indicate muscles from the same animal. n = 4-6 male mice per genotype. (F-K) Myofiber
size distribution by MinFeret diameter of the indicated muscles from wild-type, MbnlI”-, and
Mbnll"-; Mbnl2*" mice (error bars + SEM). Bars are overlapping. n = 3 male mice per genotype.

Figure 4. The TA muscle recapitulates more DM-like histopathology than other muscles.
H&E staining of TA, EDL, soleus, gastrocnemius, quadriceps, and diaphragm muscles from 8-
week-old wild-type, MbnlI”", and Mbnll”-; Mbnl2*" mice. Scale bar = 100um. Arrows indicate
severely atrophic fibers with clustered nuclei. n =4 mice per genotype. Note: the presence of white
dots/circles in the center of myofibers is freeze artifact and does not reflect pathology. This does
not influence the interpretation of results.

Figure 5. The TA and quadriceps muscles develop the greatest percentage of centrally
nucleated and eMHC+ myofibers. (A) Immunofluorescence of eMHC, Laminin, and DAPI in
muscles from 8-week-old wild-type, Mbnll”", and MbnlI”-; MbnI2*" mice. Scale bar = 100uM.
(B) Quantification of percent myofibers with centralized nuclei per cross-section (error
bars £ SEM: *, p <0.05, One-way ANOVA with Tukey’s multiple comparisons test). n=3 mice per
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genotype. (C) Quantification of percent eMHC+ myofibers per cross-section (error bars = SEM: *,
p <0.05, One-way ANOVA with Tukey’s multiple comparisons test).

Figure 6. DM1 patient muscles have increased developmental MYH expression and decreased
Type I fiber MYH expression. (A-J) Normalized read counts of RNAseq data from adult healthy
controls and adult DM1 muscle biopsies from publicly available datasets for (A-B) MYH3
(eMHC), (C-D) MYHS (fMHC), (E-F) MYH7 (Type I fibers), (G-H) MYH?2 (Type IIA fibers), (I-J)
MYHI (Type IIX fibers). VCU dataset unaffected adult controls n=7, adult-onset DM1 n=22.
Squares indicate males. Circles indicate females (GSE201255). Utah dataset unaffected adult
controls n=6, adult-onset DM1 n=16 (GSE126342). (Mean, error bars + SEM: *, P < 0.05;
student’s t-test).

Figure 7. Fiber type switching is greater in predominantly fast-twitch glycolytic muscles. (A)
Immunofluorescence of Type [ (MYH7), 1A (MYH?2), and 1IB (MYH4) myofibers in muscles from
8-week-old wild-type, Mbnll”~, and Mbnll"~; Mbnl2"" mice. Scale bar=100uM. (B)
Quantification of percent Type I, IIA, IIX, and IIB fibers per cross-section (error bars + SEM: *,
p <0.05, One-way ANOVA with Tukey’s multiple comparisons test). n=3 mice per genotype.

Figure 8. Degree of missplicing does not explain differential muscle susceptibility. (A-D) RT-
PCR of (A) Atp2al exon 22, (B) Cacnals exon 29, (C) Binl exon 11, and (D) Insr exon 11
alternative splicing in 8wk old mouse muscles with genetic titration of MBNL (error bars + SEM:
*, p < 0.05, One-way ANOVA with Dunnett’s multiple comparison’s test). n=3-4 mice per
genotype.
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Figure 1. Differential disease relevant gene across healthy human muscles
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Figure 1. Differential disease relevant gene expression across healthy human muscles. (A)
Muscles affected in DM1 and DM2. Dark red shading indicates muscle groups more highly
affected in each disease. Figure adapted from Wenninger et al. Front Neurol. 2018. (B) Diagram
depicting human muscles biopsied by Abbassi-Daloii et al. 2023. Paired samples from 20 healthy
males 25+3.6 years old. (C-E) Normalized read counts of RNAseq data from Abbassi-Daloii et al.
2023 for (C) DMPK, (D) CNBP, and (E) MBNLI. (F) Ratio of DMPK / MBNLI normalized read
counts. (G) Ratio of CNBP / MBNLI normalized read counts. *, P < 0.05; One-way ANOVA with
Tukey’s multiple comparisons test. Dotted line indicates mean expression in the gastrocnemius
lateralis, the only distal muscle biopsied for analysis.



Figure 2. Differential disease relevant gene expression across wild-type mouse muscles
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Figure 2. Differential disease relevant gene expression across wild-type mouse muscles. (A)
Diagram depicting mouse muscles examined. (B-C) Mean Dmpk (B) and Cnbp (C) mRNA
expression determined by qPCR in 8-12 week-old wild-type FVB mouse muscles (error bars + SEM:
*, P < 0.05; One-way ANOVA with Tukey’s multiple comparisons test). Expression normalized to
geometric mean of three reference genes. n=6 mice. (D) Western blot for MBNL1 in 8-12 week-old
wild-type FVB mouse muscles. Total protein determined by Bio-Rad stain-free technology. Data are
representative of six independent experiments. E) Quantification of MBNLI1 western blots (Mean,
error bars = SEM: *, P < 0.05; One-way ANOVA with Tukey’s multiple comparisons test).
Expression normalized to total protein. (F-G) Ratio of Dmpk (F) and Cnbp (G) mRNA to MBNL1
protein in each mouse muscle (Mean, error bars =+ SEM: *, P < 0.05; One-way ANOVA with Tukey’s
multiple comparisons test). Squares indicate males and circles indicate females.



Figure 3. Susceptibility of muscles to mass loss or hypertrophy following MBNL loss
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Figure 3. Mouse muscles display increased mass and hypertrophy with MBNL loss. (A-E) Mean
muscle weight normalized to body weight (mg/g) across an allelic series of 8-week-old Mbn/ KO mice
(error bars + SEM: *, P < 0.05; One-way ANOVA with Dunnett’s multiple comparisons test). 1=Mbnl],
2=Mbnl2. Distinct shapes indicate different animals. Consistent filled or unfilled shapes indicate
muscles from the same animal. n = 4-6 male mice per genotype. (F-K) Myofiber size distribution by
MinFeret diameter of the indicated muscles from wild-type, Mbnl1--, and Mbnll--; Mbnl2*- mice (error
bars + SEM). Bars are overlapping. n = 3 male mice per genotype.



Figure 4. The TA muscle recapitulates more DM-like histopathology than other muscles
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Figure 4. The TA muscle recapitulates more DM-like histopathology than other muscles. H&E
staining of TA, EDL, soleus, gastrocnemius, quadriceps, and diaphragm muscles from 8-week-old wild-
type, Mbnll--, and Mbnll"'-; Mbnl2*- mice. Scale bar = 100pum. Arrows indicate severely atrophic fibers
with clustered nuclei. n=4 mice per genotype. Note: the presence of white dots/circles in the center of
myofibers is freeze artifact and does not reflect pathology. This does not influence the interpretation of
results.



Figure 5. The TA and quadriceps muscles develop the greatest percentage of centrally nucleated
and eMHC+ myofibers
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Figure 5. The TA and quadriceps muscles develop the greatest percentage of centrally nucleated
and eMHC+ myofibers. (A) Immunofluorescence of eMHC, Laminin, and DAPI in muscles from 8-
week-old wild-type, Mbnll”-, and Mbnll”~; Mbnl2*~ mice. Scale bar=100uM. (B) Quantification of
percent myofibers with centralized nuclei per cross-section (error bars =+ SEM: * p<0.05, One-way
ANOVA with Tukey’s multiple comparisons test). n=3 mice per genotype. (C) Quantification of percent
eMHC+ myofibers per cross-section (error bars = SEM: *, p<0.05, One-way ANOVA with Tukey’s
multiple comparisons test).



Figure 6. DM1 patient muscles have increased developmental MYH and decreased Type Il fiber
MYH expression
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Figure 6. DM1 patient muscles have increased developmental MYH expression and decreased
Type II fiber MYH expression. (A-J) Normalized read counts of RNAseq data from adult healthy
controls and adult DM1 muscle biopsies from publicly available datasets for (A-B) MYH3 (eMHC), (C-
D) MYHS (ftMHC), (E-F) MYH7 (Type 1 fibers), (G-H) MYH2 (Type IIA fibers), (I-J) MYHI (Type 11X
fibers). VCU dataset unaffected adult controls n=7, adult-onset DM1 n=22. Squares indicate males.
Circles indicate females (GSE201255). Utah dataset unaffected adult controls n=6, adult-onset DM 1
n=16 (GSE126342). (Mean, error bars + SEM: *, P < 0.05; student’s t-test).



Figure 7. Fiber type switching is greater in predominantly fast-twitch glycolytic muscles
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Figure 7. Fiber type switching is greater in predominantly fast-twitch glycolytic muscles. (A)
Immunofluorescence of Type I (MYH7), 1A (MYH2), and 1IB (MYH4) myofibers in muscles from 8-
week-old wild-type, Mbnll~-, and MbnlI~; Mbnl2*- mice. Scale bar=100uM. (B) Quantification of
percent Type I, IIA, 11X, and IIB fibers per cross-section (error bars + SEM: *, p<0.05, One-way
ANOVA with Tukey’s multiple comparisons test). n=3 mice per genotype.



Figure 8. Degree of missplicing does not explain differential muscle susceptibility
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Figure 8. Degree of missplicing does not explain differential muscle susceptibility. (A-D) RT-PCR
of (A) Atp2al exon 22, (B) Cacnals exon 29, (C) Binl exon 11, and (D) Insr exon 11 alternative
splicing in 8wk old mouse muscles with genetic titration of MBNL (error bars + SEM: *, p < 0.05,
One-way ANOVA with Dunnett’s multiple comparison’s test). n=3-4 mice per genotype.
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