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Abstract

Introduction: Myotonic dystrophy type 1 (DM1) is a multisystemic disease caused by expansion 

of a CTG repeat in the 3’ UTR of the Dystrophia Myotonica-Protein Kinase (DMPK) gene. While 

multiple organs are affected, more than half of mortality is due to muscle wasting.

Methods: It is unclear whether endurance exercise provides beneficial effects in DM1. Here, we 

show that a 10-week treadmill endurance exercise program leads to beneficial effects in the 

HSALR mouse model of DM1.

Results: Animals that performed treadmill training displayed reduced CUGexp RNA levels, 

improved splicing abnormalities, an increase in skeletal muscle weight and improved endurance 

capacity.

Discussion: These results indicate that endurance exercise does not have adverse effects in 

HSALR animals and contributes to beneficial molecular and physiological outcomes.
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1 | INTRODUCTION

Myotonic dystrophy type 1 (DM1) is an autosomal dominant neuromuscular disorder and is 

the most common form of muscular dystrophy in adults.1–3 While DM1 is a multi-systemic 

disorder significantly affecting cardiac muscle, brain and other tissues, a primary cause of 

mortality is due to skeletal muscle weakness and wasting of respiratory muscles.4–9 

Weakness typically begins in distal muscles, leading to impaired ambulation, and difficulty 

with fine motor tasks and is a top concern among individuals affected by DM1.10,11 The 

mechanisms leading to wasting remain unknown and there are no available interventions to 

halt or reverse this wasting, highlighting a critical unmet clinical need.

DM1 is caused by a toxic gain-of-function RNA resulting from a CTG trinucleotide repeat 

expansion in the 3’ UTR of the Dystrophia Myotonica-Protein Kinase (DMPK) gene.12 The 

RNA produced (CUGexp RNA) from the expanded repeat contains CUG repeats that 

aggregate into nuclear foci and perturb the functions of RNA binding proteins (RBPs).13,14 

Many of the perturbed RBPs antagonistically regulate a network of alternative splicing and 

other RNA processing mechanisms during development, leading to widespread 

misregulation of alternative splicing as being a key feature of the DM1.15–24 Disruption of 

specific developmentally regulated alternative splicing events have been directly linked to 

DM1 symptoms.25 Mis-splicing of the CLCN1 chloride channel in skeletal muscles, for 

example, results in myotonia (delayed muscle relaxation after initial contraction).26–29

There is limited literature available to evaluate the effect of exercise in individuals with 

myotonic dystrophy. Results from previous studies have ranged from no change from 

baseline to some improvement in strength and function.30–35 While informative, many prior 

studies have involved small numbers of subjects, and exercise regimens varied, leading to 

uncertainty as to which activities to recommend to patients with DM1. As highlighted in a 

recent comprehensive review,35 this question may be better addressed by improving our 

understanding of the exercise-induced molecular changes that occur in DM1 biology which 

are often more readily addressed in animal model studies.

Transgenic mouse models have been developed to investigate the pathogenic effect of the 

repeat containing RNA. Mankodi et al. generated a transgenic line (HSALR mice) containing 

the human skeletal alpha actin gene with 250 CTG repeats inserted into the 3’ UTR to 

express CUGexp RNA specifically in skeletal muscle (Figure 1A).36 HSALR mice 

accumulate nuclear RNA foci, show Muscleblind-like (Mbnl) sequestration, develop 

myotonia, and mild-to-moderate myopathy, whereas those expressing a transgene containing 

short repeats do not.36 To determine the molecular consequences and whether endurance 

exercise would provide beneficial or harmful effects in skeletal muscle expressing CUGexp 

RNA, we tested the consequences of a 10-week treadmill training program in the HSALR 

repeat mouse model.
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2 | METHODS

2.1 | Transgenic mice

HSALR transgenic mice were developed previously by Mankodi et al. in a FvB/N 

background.36 The transgene contains the human skeletal muscle alpha actin (ACTA1) gene 

with 250 CTG repeats inserted into the 3’UTR of the last exon. Expression of the repeat 

RNA is restricted to skeletal muscle. A single cohort of male animals homozygous for the 

HSALR transgene or age-matched male nontransgenic FvB controls (referred to as wild-type 

[WT]) were used for the entirety of the study (Figure 1). All animals were 52–61 days of age 

at the start of the study (WT spread: 52–61 days, HSALR: 56–60 days). Age-matched 

sedentary HSALR animals serve as the control to determine the response of HSALR 

transgenic animals to endurance exercise as opposed to WT animals subjected to the same 

training. Each group contains 5 animals with the exception of the HSALR exercised group 

which contains 6. Muscle was harvested at the conclusion of week 10 for muscle weights, 

histology, and molecular analysis (repeat RNA levels, splicing, MBNL levels). All 

experiments involving mice were conducted in accordance with the NIH Guide for the Use 
and Care of Laboratory Animals and approved by the Baylor College of Medicine 

Institutional Animal Care and Use Committee.

2.2 | Treadmill and grip strength

HSALR and WT mice were split into either sedentary or exercise groups. Exercise groups 

completed a treadmill exercise training protocol 5 days per week at a 15-degree incline. 

Animals were placed in the treadmill at rest for 10 min to acclimate followed by 5 min at 6 

m/min and then put through a progressive endurance training protocol. In week 1, animals 

ran at 12 m/min, 720 m total distance; weeks 2–4, 14 m/min, 840 m total distance; weeks 5 

and 6, 16 m/min, 980 m total distance; week 7 and 8, 18 m/min, 1080 m total and weeks 9 

and 10, animals ran at 20 m/min, totaling 1200 m. Maximum distance run on exhaustive 

treadmill was measured at weeks 1 and 10 and was determined after 10 min of acclimation 

at a speed of 6 m/min. The speed was increased by 2 m/min every 2 min until exhaustion 

defined as the mouse stepping off of the treadmill and standing on an electric shock grid for 

5 s. A grip strength meter (Columbus Instruments, Columbus, OH) was used to measure 

forelimb and all limb grip strength at weeks 1 and 10. As the mouse grasped the bar, the 

peak pull force in grams was recorded on a digital force transducer. Grip force was 

standardized to body weight.

2.3 | Muscle and body weight

Skeletal muscle weight was measured and normalized to tibia length. Body weight of each 

animal was measured weekly.

2.4 | Body fat and bone mineral density

Body fat and bone mineral density were determined by dual x-ray absorption using the 

Lunar PIXImus Mouse Densitometer (General Electric, New York, NY). Mice were 

immobilized with 2% isoflurane, placed prone on a disposable measuring tray, and body 

composition from the tip of the nose to the base of the tail was determined by means of the 
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PIXImus software. Measurements were collected at the start of the study (start of week 1), 

midway through (end of week 5) and at the conclusion of the training protocol (end of week 

10).

2.5 | Maximal oxidative capacity measurements

Maximum oxidative capacity was measured during exhaustive exercise testing. Mice were 

placed in an enclosed treadmill and the speed was increased incrementally until exhaustion. 

The Oxymax indirect calorimeter (Columbus Instruments, Columbus, OH) was used to 

calculate oxygen consumption at 1-min intervals during exercise testing.

2.6 | RNA isolation and reverse transcriptase polymerase chain reaction

Total RNA was isolated from individual skeletal muscles at the conclusion of the 10-week 

study using TRIzol reagent (Invitrogen, Waltham, MA) in a Bullet Blender (Next Advance, 

Troy, NY). cDNA was prepared using the High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Waltman MA). Reverse transcriptase polymerase chain reaction (RT-

PCR) was performed using amfiSure Ultra Fidelity PCR Master Mix (Gendepot, Katy, TX). 

Primers in exons 5 and 6 of hACTA1 were used to measure transgene expression levels 

normalized to Gapdh. Primers in exons 6/7 and exon 8 of mActa1 were used to measure 

levels of endogenous actin normalized to Gapdh. Primers for analysis of alternative splicing 

events (Supporting Information Table S1) were designed to anneal to flanking constitutive 

exons. PCR products were separated on a native 5% polyacrylamide gel and imaged using a 

E1 Logic 2200 imaging system (Kodak, Rochester, NY). Percent spliced in (PSI) was 

calculated after adjusting for ethidium bromide staining as (intensity of top band/intensity of 

both bands) × 100. PSI quantitates the percent of the mRNA from the gene that contains the 

alternative exon.

2.7 | Protein isolation and Western blot

Total protein was isolated from skeletal muscles using a HEPES-sucrose lysis buffer (0.75 M 

HEPES, cOmplete™EDTA-free Protease Inhibitor Cocktail (Roche, Indianapolis, IN), 1.0 M 

sucrose, 0.5 M ethylenediamin- etetraacetic acid [EDTA]). Protein samples were separated 

on a 10% Tris-glycine sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and 

transferred to 0.45 μm Immobilon-P polyvinylidene fluoride membranes (MilliporeSigma, 

Burlington, MA). Membranes were stained with Ponceau S before immunoblotting to 

visualize total protein and incubated with primary antibody in 5% milk/PBST (phosphate 

buffered saline and 0.1% Tween-20, Sigma, St. Louis, MO) overnight at 4°C. Antibodies: 

MBNL1: in-house rabbit polyclonal (1:1000), MBNL2: 3B4 mouse monoclonal (1:1000, 

sc-136167, Santa Cruz, Dallas, TX). Membranes were washed in PBST and incubated with 

secondary antibody in 5% milk/PBST for 1 h at room temperate (horseradish peroxidase 

[HRP]-conjugated goat anti-rabbit (1:5000, Invitrogen, Waltham, MA) or goat anti-mouse 

(1:3000, light-chain specific, (115–035-174), Jackson Immunoresearch, West Grove, PA.) 

Immunoreactivity was detected using West Pico HRP-chemiluminescence (Thermo 

Scientific, Waltham, MA) and Immobilon Western Chemiluminescent HRP Substrate 

(MilliporeSigma, Burlington, MA). Membranes were imaged on a ChemiDoc XRS+ 

Imaging system (BioRad, Hercules, CA) and processed in ImageJ (NIH, Bethesda, MD). 

Protein signal was measured by densitometry using the ImageJ Gel Analysis tool. 
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Background was subtracted for each band and band intensity normalized to total protein 

(target protein signal for each sample divided by the sum of data obtained for that sample) 

using total protein staining as measured by Coomassie.

2.8 | Statistical analysis

All data was presented as mean ± standard deviation. One-way analysis of variance 

(ANOVA), two-way ANOVA, or unpaired t-test were used to compare means between 

experimental groups, as appropriate and indicated in figure legends.

3 | RESULTS

3.1 | CUGexp RNA levels are reduced in HSALR skeletal muscle following endurance 
exercise training

Age-matched sedentary HSALR animals serve as the control to determine the response of 

HSALR transgenic animals to endurance exercise as opposed to WT animals subjected to the 

same training. Animals in the exercise group were maintained on a 10-week treadmill 

exercise training protocol 5 days per week as indicated in Figure 1B and described in the 

Methods. Following completion of the 10-week endurance exercise protocol, skeletal muscle 

tissue was isolated for molecular analysis. We used RT-PCR to determine whether there was 

a difference in the level of transgene CUGexp RNA in the HSALR animals. Total RNA was 

extracted at the conclusion of the 10-week study from exercised and sedentary 

gastrocnemius muscle and RT-PCR was performed using primers in exons 5 and 6 of 

hACTA1 (located upstream of repeats within the mRNA) and transgene mRNA levels were 

normalized to Gapdh. We consistently observed a significant decrease (> 20%) in the levels 

of hACTA1 repeat mRNA in the HSALR exercised group in comparison to sedentary 

animals (Figure 2A). As expected, WT animals do not show the presence of hACTA1 as the 

WT animals do not have the HSALR transgene. No difference in endogenous mActa1 was 

observed (Figure 2B) indicating that decreased CUGexp RNA is not a generalized response 

of the actin promoter or actin mRNA stability to exercise but rather is a specific reduction in 

the levels of the pathogenic CUGexp RNA.

3.2 | HSALR exercised animals show a reversion in a subset of alternative splicing events

CUGexp RNA in DM1 tissues leads to the mis-regulation of alternative splicing due to 

disrupted functions of several RNA binding proteins.17,37 RT-PCR was used to quantify 

alternative splicing events previously shown to be misregulated in HSALR animals and DM1 

skeletal muscle. RT-PCR was performed on total RNA extracted from gastrocnemius muscle 

at the conclusion of the 10-week study using primers flanking the alternative exons. Percent 

Spliced In (PSI) was calculated to determine the percent of the mRNA from the gene that 

contains the alternative exon, quantified as (intensity of top band/intensity of both bands) × 

100. We found that several alternative splicing events in HSALR animals displayed a 

transition toward the WT adult splicing pattern following endurance exercise (Figure 3A,B). 

These splicing events were not affected in exercised WT animals demonstrating effects 

specific to muscle expressing CUGexp RNA. We observed a dramatic transition in the 

splicing pattern of Atp2a1 in exercised HSALR animals toward the normal splicing pattern 

as compared to HSALR sedentary animals (Figure 3A), with PSI values of 66 and 43, 
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respectively. Similarly, the splicing pattern of Ank2 exon 21 fully reverted to the normal 

pattern and Ttn exon 312, and Mbnl1 exon 7 partially reverted toward the normal adult 

splicing pattern in exercised animals. Other splicing events (Ldb3 (Zasp) exon 11 and Capn 

3 exon 16) were not affected. These results are consistent with reduced expression of 

CUGexp RNA demonstrated in Figure 2 as a reduction in CUGexp RNA would be expected 

to lead to decreased disruption of RNA binding proteins and, therefore, fewer aberrant 

alternative splicing changes.

3.3 | HSALR but not WT animals display a significant increase in muscle weight in 
response to exercise

We measured total body weight of each animal throughout the course of the study as well as 

the weight of several skeletal muscles at the conclusion of week 10 (Figure 4). WT 

sedentary animals show a consistent increase in body weight throughout the course of the 

study (Figure 4A). In contrast, HSALR exercised and sedentary animals displayed 

comparable body weights throughout the entire 10-week study (Figure 4A). This observation 

indicates that HSALR sedentary animals do not gain weight at the same rate as WT 

sedentary animals. Importantly, we did not observe additional weight loss in the HSALR 

exercised animals relative to HSALR sedentary animals that could indicate muscle damage.

Of the five skeletal muscles examined, there were no significant differences in muscle mass 

between the WT sedentary and WT exercised groups at the conclusion of the study. In 

contrast, a significant increase in quadriceps muscle weight (~13%) was observed in HSALR 

exercised animals as compared to the HSALR sedentary group (Figure 4B). An increase was 

also observed in both the tibialis anterior and the extensor digitorum longus muscle but did 

not reach significance. The gastrocnemius and soleus muscles did not show any apparent 

differences in muscle weight.

We also examined skeletal muscle cross sections by hematoxylin and eosin staining. HSALR 

sedentary animals show scattered histological changes typically observed in dystrophic 

muscle, such as variability in myofiber size and centralized myonuclei, although overt 

muscle damage is not observed in this particular group of animals (Supporting Information 

Figure S1).36 Importantly, exercised HSALR muscle did not show differences in histology 

that would indicate muscle damage (Supporting Information Figure S1).

Taken together, these results indicate that the endurance exercise protocol is not detrimental 

to the HSALR animals based on results from muscle weight and histology analysis.

3.4 | Exercised animals from both groups display a decrease in percentage body fat

To determine the systemic response of HSALR animals to endurance exercise, we examined 

percent total body fat (Figure 5A). Total body fat was measured at the start of the study (start 

of week 1), midway through (end of week 5) and at the conclusion of the training protocol 

(end of week 10). All four groups had comparable average percent body fat at week 1 

(Figure 5A). We observed a reduction in body fat in both the WT and HSALR exercised 

groups at week 5 compared with sedentary animals of the same genotype indicating that 

exercise reduces body fat in HSALR animals as well as WT animals.
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Of interest, the total percent body fat of HSALR sedentary animals does not reach the level 

of the WT sedentary animals (21.7% and 26% at week 10, respectively) likely explaining the 

observed differences in body weight illustrated in Figure 4. In addition, the percent body fat 

of HSALR exercised vs sedentary animals did not reach significance at week 10 because 

HSALR sedentary animals appear to not gain fat comparable to WT sedentary animals.

Bone mineral density measured at weeks 1, 5, and 10 slightly increased in all four groups 

with age with a significant increase in the HSALR exercised group compared with HSALR 

sedentary animals by week 10 (Figure 5B). The WT sedentary and exercised animals 

displayed no differences in bone mineral density at any time point.

3.5 | Exercised animals from both groups display improved endurance and maximal 
oxidative capacity

To determine the effect of the treadmill exercise training protocol on endurance we 

measured the distance run on exhaustive treadmill at weeks 1 and 10. Compared with 

sedentary animals, both WT and HSALR exercised animals exhibited a significant increase 

in the maximum distance run at week 10. WT exercised animals ran 2.1 times further than 

the WT sedentary group (666 m vs 314 m) while the HSALR exercised animals ran 2.7 times 

further than the HSALR sedentary group (751 m vs 277 m) (Figure 6A). The goal of the 

experiment was to determine whether HSALR transgenic mice respond to endurance exercise 

training.

We also measured the maximal oxidative capacity of each group at the conclusion of the 10-

week study (Figure 6B) to determine the effects of endurance exercise on respiratory and 

cardiac function in WT and HSALR animals (note that HSALR animals express CUGexp 

RNA only in skeletal muscle). We found that both the WT and HSALR exercised groups 

showed a similar increase in the maximal oxygen uptake (VO2max). Together these results 

indicate that in the HSALR mouse model of DM1, endurance exercise does in fact improve 

the endurance of these animals similar to WT animals and could help to prevent the decline 

in their endurance capacity.

Grip strength of these animals normalized to body weight was also measured as a readout of 

muscle strength (Figure 6C). There were no significant differences in grip strength between 

any of the four groups at week 10. Although there was not a significant decrease in grip 

strength of the HSALR exercised animals as a group, we did observe two HSALR animals 

with substantially reduced grip strength.

3.6 | HSALR exercised animals display no significant differences in MBNL protein levels

CUGexp RNA sequesters the MBNL family of RNA binding proteins producing a loss of 

function leading to RNA processing abnormalities that result in disease features.38 We 

observed a significant reduction in the levels of CUGexp RNA as well as significant 

reversion of aberrant splicing in the HSALR endurance exercised mice. To determine 

whether there were also differences in Mbnl protein levels in response to endurance exercise, 

western blots were used to quantify Mbnl1 and Mbnl2 protein levels in sedentary and 

exercised mice (Figure 7). Mbnl1 protein levels did not differ between exercised animals and 

sedentary controls. However, we did observe a slight decrease in Mbnl2 protein levels in WT 
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exercised animals and the same trend in the HSALR animals. These results suggest that 

Mbnl2 protein levels may be sensitive to exercise, however, the reduced level of Mbnl2 is 

not sufficient to affect splicing of Mbnl targets in exercised WT mice (Figure 3).

4 | DISCUSSION

We characterized the impact of endurance exercise in the HSALR mouse model of DM1 and 

demonstrate that following a 10-week treadmill training regimen, DM1 mice exhibit 

beneficial changes at both the molecular and phenotypic level. A main finding of this study 

is the decrease in CUGexp RNA in response to treadmill training with an associated rescue 

of alternative splicing defects in the HSALR DM1 mouse model. Splicing changes have been 

used as biomarkers that correlate with muscle weakness in affected individuals 

demonstrating their relevance to disease.25 The mechanism for correction in alternative 

splicing following endurance exercise is most likely a consequence of the reduction in 

CUGexp RNA. The mechanism for reduced CUGexp RNA remains unknown. The level of 

endogenous skeletal alpha actin mRNA was not affected in exercised muscle indicating that 

the loss of CUGexp RNA is not due to effects on the actin promoter (that is driving 

expression of the transgene) or actin mRNA stability. It is likely that exercise reduces 

CUGexp RNA at the level of the RNA by increased degradation.

To help understand the variability in DM1 transcriptome alterations, investigators have 

recently generated 120 RNA-Seq transcriptomes from heart and skeletal muscle derived 

from healthy and DM1 biopsies and autopsies.39 Alternative splicing and gene expression 

analysis was performed by Wang and colleagues and the results confirmed tissue-specific 

changes in RNA processing and identified transcriptome changes that strongly correlate with 

muscle strength, further highlighting the important contribution of splicing misregulation to 

DM1 disease progression.39 In the present study, we found that several alternative splicing 

events typically misregulated in HSALR animals displayed a transition toward the WT adult 

splicing pattern following endurance exercise (Figure 3). For example, in DM1 aberrant 

splicing of ATP2A1 (SERCA1) exon 22 is consistently observed in skeletal muscle of both 

DM1 patients and HSALR mice and is proposed to contribute to muscle wasting through 

disruption of Ca2+ homeostasis.40,41

Following endurance training of HSALR animals, we observed a splicing rescue of Atp2a1 

exon 22 to approximately 67% the level of WT animals. We also observed splicing rescue of 

the cytoskeletal protein titin (Ttn), which has been previously shown to belong to a group of 

splicing events that typically displays early splicing misregulation in response to CUGexp 

RNA.25 However, not all splicing events tested were improved by exercise most likely 

reflecting the different responsiveness of individual splicing events to changes in MBNL 

availability. Previous work from Wagner et al. demonstrated different sensitivities of splicing 

events to MBNL perturbation.16 Of the 46 splicing events analyzed by Wagner et al. in the 

tibialis anterior muscle of individuals affected by DM1, Atp2a1 is one of the most sensitive 

events. Our results showing a transition in the Atp2a1 splicing pattern are indicative of 

changes in the amount of free Mbnl, whereas a less sensitive event (such as Ldb3 (Zasp) 

exon 11) would require a more dramatic shift in Mbnl sequestration to elicit a significant 

change in the splicing pattern.

Sharp et al. Page 8

Muscle Nerve. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although there was not a significant decrease in grip strength of the HSALR exercised 

animals, we did observe two HSALR animals with substantially reduced grip strength. 

Because these animals were on an endurance exercise protocol and not a resistance exercise 

regime it would be valuable to determine whether addition of resistance exercise would lead 

to an increase in muscle strength as an endurance exercise regime increased endurance 

capacity in these animals.

We measured the total percent body fat in exercised and sedentary animals from control and 

transgenic groups to determine the systemic response of HSALR animals to endurance 

exercise. Our results indicate potential unrecognized metabolic differences associated with 

skeletal muscle in HSALR mice. In comparison to WT mice, sedentary HSALR mice did not 

gain as much total body weight during the 10-week study and the weights of sedentary and 

exercised HSALR mice remained the same. This difference can be explained in part by the 

differences in percent body fat between the WT control and HSALR groups. HSALR 

sedentary animals maintain a similar level of body fat for the entire 10 weeks while the WT 

sedentary group shows a dramatic increase with age by week 5. HSALR exercised animals 

also display an increase in skeletal muscle weight, such as a significant 13% increase in 

quadriceps muscle. While an increase in mass of appendicular muscles may initially seem 

surprising as traditionally endurance training would not necessarily be expected to increase 

appendicular muscle mass in a healthy population, this result is in agreement with human 

studies in which 12 DM1 patients who participated in a 12-week cycle ergometer exercise 

program displayed muscle hypertrophy, a finding not observed in healthy controls.31 The 

fact that HSALR sedentary animals do not accumulate fat at the same rate as age-matched 

WT animals, and HSALR mice also display an increase in bone mineral density and 

quadriceps muscle weight following treadmill exercise, reveals a potential area of future 

investigation into possible differences in metabolism in animals the express CUGexp RNA 

exclusively in skeletal muscle.

While previous human studies have aimed to understand the effects of endurance exercise on 

DM1 muscle, small numbers of patients and a lack of uniform exercise regimen have led to 

varied conclusions.30–35 Moreover, DM1 is extremely heterogeneous with regard to severity 

and disease onset, therefore, addressing this question in animal models helps to control for 

variability and derive an answer with more insight at the molecular level. Our results 

indicate that in the HSALR mouse model of DM1, endurance exercise is safe and has 

beneficial effects at both the molecular and phenotypic level. Our results validate and extend 

those from a recent study supporting the beneficial effects in exercised HSALR mice.42 

Further exploration of the molecular mechanisms by which endurance exercise can elicit 

these alterations is merited. Ultimately, improved understanding of exercise-induced changes 

in DM1 biology will allow development of more effective lifestyle and/or pharmacological 

interventions to ultimately lead to an improved quality of life among the DM1 community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

ANOVA analysis of variance

CUGexp RNA RNA containing expanded CUG repeats

DM1 myotonic dystrophy type 1

EDTA ethylenediaminetetraacetic acid

HSA human alpa-skeletal actin

HRP horseradish peroxidase

HSALR human alpha-skeletal actin gene containing 250 CTG 

repeats in the 3’ UTR; HSD, honestly significant difference

Mbnl , muscleblind-like (RNA binding protein)

PBST phosphate buffered saline and 0.1% Tween-20

PSI percent spliced in (quantitates the percent of the mRNA 

from the gene that contains the alternative exon)

UTR untranslated region; VO2max, maximal oxygen uptake

VO2max maximal oxygen uptake

WT wild-type.
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FIGURE 1. 
HSALR mice were subjected to endurance exercise training. A, The transgene for HSALR 

mice contains a genomic segment of the HSA gene with an expanded CTG trinucleotide 

repeat (250 repeats) inserted into the 3’- UTR of the last exon. B, Adult HSALR (FvB) or 

age-matched WT FvB mice were randomly assigned to sedentary or exercised groups. The 

10-week exercise protocol is outlined. Muscle was harvested at the conclusion of week 10 

for muscle weights, histology, and molecular analysis (repeat RNA levels, splicing, MBNL 

levels)

Sharp et al. Page 13

Muscle Nerve. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
HSALR exercised animals display a significant decrease in CUGexp RNA levels. Total RNA 

was extracted from gastrocnemius muscle of adult male animals, either homozygous for the 

HSALR transgene or age-matched male nontransgenic WT controls. Animals in the exercise 

group were maintained on a 10-week treadmill exercise training protocol 5 days per week as 

indicated in Figure 1B. All RNA was extracted at the conclusion of the 10-week study. RT-

PCR was performed using primers in exons 5 and 6 of hACTA1 (upstream of repeats) (A) or 

exons 6/7 and exon 8 of mActa1 (B), and normalized to Gapdh. The primer pairs are specific 

for the human or mouse ACTA1/Acta1 gene. n = 5 per group (n = 6 for HSALR exercised). 

Statistical analysis was conducted by one-way ANOVA. Post-hoc analysis was performed 

using Tukey’s HSD correction. Error bars indicate ± SD. ****P < 0.0001
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FIGURE 3. 
HSALR exercised animals display significant changes in alternative splicing. Total RNA was 

extracted from gastrocnemius muscle at the conclusion of the 10-week study. Standard RT-

PCR was performed using primers to the constitutive exons flanking the alternative exons. 

Ratios of exon inclusion were quantified as: [intensity of top exon inclusion band/ (intensity 

of the top + bottom exon skipping band]) × 100, displayed as PSI. A, Representative RT-

PCR of Atp2a1 exon 22 alternative splicing event illustrating decreased exon inclusion in 

HSALR sedentary animals in comparison to FVB controls. A dramatic transition in the 

splicing pattern of Atp2a1 was observed in exercised HSALR animals toward the WT adult 

splicing pattern as compared to HSALR sedentary animals. B, Quantification of alternative 

splicing events showing a transition in several splicing events in HSALR exercised animals 

(n = 5 per group, n = 6 for HSALR exercised). Statistical analysis was conducted with two-

way ANOVA. Post-hoc analysis was performed using Tukey’s HSD correction. Error bars 

indicate ± SD. *P < .05, **P < .01, ****P < .0001
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FIGURE 4. 
HSALR exercised animals display an increase in muscle weight with no changes in body 

weight. Adult WT male FvB or HSALR were subjected to either no exercise or treadmill 

training for a period of 10 weeks. A, Body weight was measured throughout the time course. 

B, Muscle weights were measured at the conclusion of week 10 and normalized to tibia 

length. Mean for the group ± SD is displayed for each time point. Statistical analysis was 

conducted with two-way ANOVA. Post-hoc analysis was performed using Tukey’s HSD 

correction. Error bars indicate ± SD. *P < .05, **P < .01, ***P < .001
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FIGURE 5. 
Exercised animals display significant decreases in body fat in HSALR and WT animals. 

Body fat percentage (A) and bone mineral density (B) was measured at the start of the study 

(start of week 1), midway through (end of week 5), and at the conclusion of the training 

protocol (end of week 10). Individual data points displayed with mean ± SD. Statistical 

analysis was conducted with two-way ANOVA. Post-hoc analysis was performed using 

Tukey’s HSD correction. *P < .05, **P < .01, ****p < .0001
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FIGURE 6. 
Exercised animals from HSALR or WT display significant changes in the distance run on 

exhaustive treadmill with no significant changes in grip strength. A, Maximum distance run 

on exhaustive treadmill was measured at the start of week 1 and the conclusion of week 10 

with exercised animals displaying an increased time until exhaustion in both groups. B, 

VO2max was measured with exercised animals from both groups displaying a comparable 

increase in VO2max. C, Grip strength of front limbs measured at the conclusion of week 10 

normalized to body weight shows no statistically significant changes in force although there 

is variability among HSALR exercised animals. We did observe two HSALR animals with 

substantially reduced grip strength. Statistical analysis was conducted by two-way ANOVA 

followed by Tukey’s HSD correction (A) or Kruskal-Wallis test (C). Error bars indicate 

±SD. ****P < .0001
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FIGURE 7. 
Exercised animals display a decrease in Mbnl2 protein levels. Total protein was isolated 

from gastrocnemius muscle at the conclusion of the 10-week study. Protein levels of Mbnl1 

and Mbnl2 were detected by Western blot and normalized to total protein as determined by 

Coomassie (representative Coomassie shown). Statistical analysis was conducted using an 

unpaired t-test. Error bars indicate ± SD. *P < .05

Sharp et al. Page 19

Muscle Nerve. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	METHODS
	Transgenic mice
	Treadmill and grip strength
	Muscle and body weight
	Body fat and bone mineral density
	Maximal oxidative capacity measurements
	RNA isolation and reverse transcriptase polymerase chain reaction
	Protein isolation and Western blot
	Statistical analysis

	RESULTS
	CUGexp RNA levels are reduced in HSALR skeletal muscle following endurance exercise training
	HSALR exercised animals show a reversion in a subset of alternative splicing events
	HSALR but not WT animals display a significant increase in muscle weight in response to exercise
	Exercised animals from both groups display a decrease in percentage body fat
	Exercised animals from both groups display improved endurance and maximal oxidative capacity
	HSALR exercised animals display no significant differences in MBNL protein levels

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7

