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Abstract: Duchenne muscular dystrophy (DMD) is a common X-linked degenerative muscle disorder
that involves mutations in the DMD gene that frequently reduce the expression of the dystrophin
protein, compromising the structural integrity of the sarcolemmal membrane and leaving it vulnerable
to injury during cycles of muscle contraction and relaxation. This results in an increased frequency
of sarcolemma disruptions that can compromise the barrier function of the membrane and lead
to death of the myocyte. Sarcolemmal membrane repair processes can potentially compensate for
increased membrane disruptions in DMD myocytes. Previous studies demonstrated that TRIM72,
a muscle-enriched tripartite motif (TRIM) family protein also known as mitsugumin 53 (MG53), is
a component of the cell membrane repair machinery in striated muscle. To test the importance of
membrane repair in striated muscle in compensating for the membrane fragility in DMD, we crossed
TRIM72/MG53 knockout mice into the mdx mouse model of DMD. These double knockout (DKO)
mice showed compromised sarcolemmal membrane integrity compared to mdx mice, as measured by
immunoglobulin G staining and ex vivo muscle laser microscopy wounding assays. We also found a
significant decrease in muscle ex vivo contractile function as compared to mdx mice at both 6 weeks
and 1.5 years of age. As the DKO mice aged, they developed more extensive fibrosis in skeletal
muscles compared to mdx. Our findings indicate that TRIM72/MG53-mediated membrane repair
can partially compensate for the sarcolemmal fragility associated with DMD and that the loss of
membrane repair results in increased pathology in the DKO mice.

Keywords: dystrophy; membrane repair; muscle; fibrosis; sarcolemma

1. Introduction

Plasma membrane disruptions occur in many cell types in a variety of tissues as the
result of cellular injury, such as physical damage or oxidative stress. Once the plasma
membrane is physically disrupted, the cell uses a specialized membrane repair process to
reseal the injury and restore the barrier function of the membrane to allow for survival
of the cell. This process is triggered by the influx of extracellular calcium into the cell
through membrane disruptions; this leads to the recruitment of intracellular vesicles
and associated proteins that create a membrane repair patch to reseal the injury [1–4].
Although exocytosis [1,5,6] and endocytosis [7] of these intracellular vesicles are thought
to be the predominant processes used to reseal the sarcolemmal membrane, other cellular
mechanisms have been shown to contribute to membrane repair in a cell type- and damage-
dependent manner [8–11].
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Membrane repair is particularly essential in striated muscle myocytes, as the con-
tractile nature of these cells exposes the sarcolemmal membrane to increased mechanical
stress [3,12]. Several proteins that function in vesicle trafficking [13–15] or fusion [16]
contribute to the sarcolemmal membrane repair process. TRIM72/MG53 is an E3 ubiquitin
ligase that is part of the tripartite motif (TRIM)/RING B-box Coiled Coil (RBCC) family of
proteins [17,18]. It was first identified as mitsugumin 53 (MG53) through an immunopro-
teomic screen looking for proteins enriched in the triad junction of skeletal muscle [19] and
was later designated TRIM72. While TRIM72/MG53 functions in membrane repair, it has
also been shown to contribute to other processes, including whole-body metabolism [20,21],
in other recent studies. Multiple lines of evidence support that TRIM72/MG53 is an im-
portant component of the membrane repair process, including studies showing increased
membrane repair when TRIM72/MG53 is overexpressed and that a TRIM72/MG53 knock-
out mouse displays defective membrane repair and a progressive myopathy [22–25].

TRIM72/MG53 regulates vesicle trafficking and exocytosis [26], which leads to its role
in the membrane repair process [14,22]. Several other proteins, including dysferlin [27–29],
annexins [29–34], and caveolins [35,36], have also been linked with sarcolemma repair,
with many of these proteins interacting with each other in the context of membrane repair,
leading up to the formation of a protein-enriched cap associated with the repair patch [31].
For example, TRIM72/MG53, caveolin-3, and dysferlin all form a protein complex that
facilitates membrane repair [15]. These membrane repair proteins have been shown to
contribute to human disease; disruption of the TRIM72/MG53, caveolin-3, and dysferlin
complex, as well as mutations in the dysferlin [27,37–40] and caveolin-3 [41,42] genes,
can result in muscular dystrophies. TRIM72/MG53 has also been linked with multiple
pathologies, including muscular dystrophies [15,43].

TRIM72/MG53 and other proteins of the membrane repair machinery are thought to
support tissue homeostasis, both by maintaining cellular function and preventing energeti-
cally demanding replacement following cell death. During normal physiology, membrane
repair can play a limited role in some tissues; however, it becomes more important during
stress. When cell membrane disruptions are more prevalent, including during injuries
induced by permeabilizing toxins [28,44], ischemia reperfusion events [45–48], or muscular
dystrophies [27,49], there is an increased need for membrane repair.

Muscular dystrophies are a group of disorders characterized by loss of muscle mass
and muscle weakness. Duchenne muscular dystrophy (DMD) is the most common form of
muscular dystrophy, with a prevalence in the United States and Europe of approximately
6 per 100,000 individuals [50,51]. DMD is caused by mutations in the DMD gene, which
encodes a protein that links the extracellular matrix and the intercellular cytoskeleton,
supporting the structure and stability of the sarcolemmal membrane. As this membrane
in DMD patients is more fragile than unaffected muscle, the lack of dystrophin leads
to greater damage to both skeletal myocytes and cardiomyocytes during normal body
movement. It is likely that this extensive muscle membrane damage requires increased
activation of membrane repair to compensate for the fragility of the membrane. Not
surprisingly, many membrane repair proteins are upregulated in patients with DMD [43],
and increasing membrane resealing has been suggested as a strategy for treatment of the
disease. In fact, this strategy has been effective in the mdx mouse model, in which treatment
with recombinant human MG53 protein (rhMG53) [52] or poloxamer 188 (P188) [53,54]
to increase membrane resealing decreased several structural and functional hallmarks of
the disease. While there have been previous assessments of the status of the membrane
repair response in dystrophic muscle [55–59], the full extent to which membrane repair
contributes to slowing the progression of DMD remains unclear.

Previous studies have attempted to address this question by knocking out the expres-
sion of specific membrane repair proteins in the mdx mouse background. When dysferlin
knockout mice were crossed with dystrophin-deficient mice, the pathology was increased
in the double knockout mouse in an age-dependent manner [60]. This study focused
mainly on skeletal muscle and it showed the importance of maintaining dysferlin function
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to compensate for the loss of dystrophin in the mdx mouse. Given that TRIM72/MG53
binds dysferlin [15,61] and regulates the translocation of dysferlin to sites of membrane
disruption [61], a question remains about the importance of TRIM72/MG53 in particular,
and membrane repair in general, in the progression of DMD. In this study, we explore
the extent to which TRIM72/MG53 can compensate for the extensive membrane injury in
the mdx mouse. To do so, we crossed the TRIM72/MG53 knockout mouse into the mdx
mouse model of DMD to create a double knockout (DKO) mouse for TRIM72/MG53 and
dystrophin. This mouse model shows reduced sarcolemmal membrane repair capacity
and age-dependent increases in the hallmarks of DMD, including decreased force produc-
tion by the extensor digitorum longus (EDL) muscle and increased fibrosis in multiple
skeletal muscles.

2. Materials and Methods
2.1. Mouse Model Breeding

Mice were housed and bred at standard conditions with a temperature of 22 ± 2C and
a 12-h/12-h light cycle. Mice were provided standard mouse chow and drinking water
ad libitum. All animal care and experimental procedures were preapproved by The Ohio
State University Institutional Animal Care and Use Committee. TRIM72 knockout mice
(TRIM72−/−) were previously generated [22] and crossed with commercially available mdx
mice (Jackson Laboratory). Three generations of crosses of male progeny with mdx female
mice produced littermates TRIM72−/−/mdx double knockout (DKO), or TRIM72+/+/mdx
(mdx). Lack of MG53 and dystrophin expression was confirmed by Western blotting using
standard techniques as described below.

2.2. Tissue Preparation for Histological Procedures

Male mice at various ages (indicated where appropriate) were euthanized via CO2
asphyxiation and cervical dislocation. Hind limb muscles were dissected and fixed for
24 h with 10% phosphate-buffered formalin, followed by a 70% ethanol incubation for
24 h. Tissue was then processed and embedded in paraffin (Thermo Scientific, Waltham,
MA, USA) and 12 µm sections were collected on SuperFrost Plus slides (Fisher Scientific,
Hampton, NH, USA). Slides were deparaffinized with two xylene incubations and rehy-
drated with a series of ethanol incubations at the following concentrations: 100%, 100%,
95%, 70%, 50%. The slides were then stained for hematoxylin/eosin (Thermo Scientific,
Waltham, MA, USA) or Masson’s trichrome (American MasterTech, Lodi, CA, USA) for
immunohistochemical staining and analysis.

2.3. Myocyte Size Measurements

Myocyte cross-sectional area (CSA) was determined from sections of EDL, soleus, and
TA muscles stained with hematoxylin/eosin. Image files were blinded before analysis to
preclude any bias. Myocyte CSA was determined by outlining individual myocytes using
ImageJ. Myocyte CSA was analyzed for their frequency distribution (200 µm bins), and
graphed based on the percentage of myocytes corresponding to the binned myocyte size.

2.4. Central Nuclei Measurements

Centrally located nuclei were counted from myocytes measured for CSA. Myocytes
were counted as positive for centrally located nuclei if nuclei were located inside of the
perimeter of the outlined myocyte. Image files were blinded before analysis to preclude
any bias.

2.5. IgG Staining and Analysis

First, 12 µm paraffin-embedded sections of EDL, soleus, and TA muscles were de-
paraffinized with xylene incubations and rehydrated with ethanol incubations, followed by
antigen retrieval with Citra Plus Solution (Biogenex, Fremont, CA, USA). Tissue sections
were blocked with 2.5% bovine serum albumin (Sigma Aldrich, St. Louis, MO, USA) for 1 h
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at room temperature, and incubated overnight at 4C with goat anti-mouse IgG antibody
conjugated with Alexa Fluor 488 (Life Technologies, Carlsbad, CA, USA). ImageJ was
utilized to analyze the IgG positivity within the muscle tissue. To eliminate dark back-
ground without tissue present and staining artifacts (including areas with tissue folding
or separation due to processing and heavily fibrotic or necrotic areas where distinct fibers
with intact membranes could not be identified), the outline of the tissue was traced to
only include analysis of the skeletal muscle tissue. The IgG-positive area was divided by
the total area to determine the percent area of IgG-positive skeletal muscle per image. To
preclude bias in the selection of areas, all experiments were performed in a blinded fashion.

2.6. Masson’s Trichrome Analysis

Analysis of the percent area of fibrosis was conducted using ImageJ (NIH, Bethesda,
MD, USA) on Masson’s trichrome-stained sections. First, 20× images were stitched together,
encompassing the entire muscle, using the EVOS FL Auto 2 inverted microscope imaging
system (ThermoFisher, Waltham, MA, USA). ImageJ was utilized to identify the skeletal
muscle area within each stitched image. To exclude histological artifacts (including areas
with tissue folding or separation due to processing), the ImageJ plug-in color deconvolution
was used to separate the blue channel and an additional threshold corresponding to areas
of the tissue positive for fibrosis was measured. The percent area of fibrosis in the tissue
section was determined by dividing the fibrosis-positive tissue area by the total tissue area
of each image representing whole tissue. To preclude bias in the selection of areas, all
experiments were performed in a blinded fashion.

2.7. Ex Vivo Assessment of Skeletal Muscle Contractility

Isolated mouse muscle contractility was measured as described previously [22]. Briefly,
EDL and soleus muscles were isolated and mounted between two electrodes in a chamber
filled with Tyrode’s solution supplemented with 2 mM Ca and 12 mM glucose. Oxygen
was bubbled in the Tyrode’s solution to ensure sufficient oxygenation of the muscles during
the protocol. Muscles were stretched to ensure maximal force using 80 Hz pulses, and
a constant stimulatory voltage (one 80 Hz pulse every minute for 30 min) was applied
to allow the muscles to equilibrate. Following equilibration, muscles were stimulated at
frequencies from 1 to 150 Hz to generate a force vs. frequency curve. The force versus
frequency curve was generated by stimulating muscles at the following frequencies: 1, 5,
10, 20, 30, 40, 50, 60, 80, 100, 120, 140, and 150 Hz. Maximal force (F-max) was taken from
the peak force on the resulting force frequency curve.

2.8. Western Blotting and ELISA Measurements

Skeletal muscle tissue was dissected from mice and protein lysate was isolated using
Radioimmunoprecipitation Assay buffer (RIPA; Cell Signaling Technology, Danvers, MA,
USA). Protein concentrations were determined by the standard Bradford Assay using
bovine serum albumin (BSA) standards ranging from 0 to 1 mg/mL. Then, 20 µg protein
samples were separated by SDS-PAGE at room temperature on 4–15% gradient gels (Bio-
Rad, Hercules, CA, USA) and were transferred on ice to 0.45 µm nitrocellulose membranes
(Bio-Rad, Hercules, CA, USA). Membranes were stained with Ponceau S stain (Millipore
Sigma, Burlington, MA, USA) and then photographed for determination of protein loading
levels. Membranes were probed for TRIM72/MG53 with a custom polyclonal antibody
(Pacific Immunology, San Diego, CA, USA), dysferlin (Leica Biosystems, Deer Park, IL,
USA), caveolin-3 (Abcam, Cambridge, UK), anti-mouse horseradish peroxidase (HRP)-
conjugated secondary antibodies, and anti-rabbit HRP-conjugated secondary antibodies
(Cell Signaling Technology, Danvers, MA, USA). The blots were developed using enhanced
chemiluminescence (ECL) substrate (Bio-Rad, Hercules, CA, USA). An Azure Biosystems
imager was used to visualize chemiluminescent blots. Quantification of immunoreactive
bands was performed using ImageJ’s integrated density measurement and normalized to
total protein levels using Ponceau S staining. Creatine kinase (CK) levels were measured
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in mouse serum using a mouse CK enzyme-linked immunoassay (ELISA) kit (Novus
Biologicals, Centennial, CO, USA) per manufacturer’s directions.

2.9. Membrane Repair Assessment following Laser Injury

Whole flexor digitorum brevis (FDB) muscles were dissected from mice and mounted
on a 35 mm glass-bottom imaging dish with commercially available liquid bandage. Physio-
logic Tyrode’s solution containing 2.0 mM Ca2+ was added to the dish to induce membrane
damage. The Olympus FV1000 multi-photon laser scanning confocal system was used to
irradiate the sarcolemma to assess membrane repair. Membrane injury was induced in the
presence of 2.5 µM FM4-64 fluorescent lipophilic dye (Life Technologies, Carlsbad, CA,
USA). A circular area was selected along the edge of the cell membrane and irradiated
at 20–30% laser power for 5 s (s). Pre- and post-damage images were captured every 3 s,
continuing for 57 s. The ImageJ software (NIH, Bethesda, MD, USA) was used to ana-
lyze cell membrane repair kinetics by measuring the fluorescence intensity, encompassing
the site of damage and the background dye fluorescence. ∆F/F0 values were calculated
with the following equation at each timepoint: (injury fluorescence-background fluores-
cence)/background fluorescence. To preclude any potential for bias, all experiments were
performed in a blinded fashion.

2.10. Statistical Analysis

Graphical representation and statistical analysis of data was performed using Prism
version 8 (GraphPad, San Diego, CA, USA). All results are presented as mean ± SEM.
Cross-sectional area measurements were grouped based on frequency distribution in bins
of 200 µm. Measurements were analyzed by a two-way ANOVA with a Bonferroni post-hoc
test. Central nuclei, F-max, laser injury AUC, percent fibrosis, CK, and protein expression
measurements were analyzed by unpaired two-tailed t-test assuming unequal variances,
and with Welch’s t-test for unbalanced designs. Other appropriate statistical tests, including
Mann–Whitney tests, were used on specific data sets as indicated in the text.

3. Results
3.1. Membrane Repair Is Compromised in the Six-Week-Old DKO Mouse

Membrane repair has been shown to be a crucial process to maintain the integrity
of skeletal muscle, and targeting membrane repair has shown potential as a therapeutic
approach in the mdx mouse [52]. Since the mdx mouse lacks functional dystrophin, the
integrity of the plasma membrane is compromised, potentially leading to myocytes be-
coming more reliant on membrane repair to prevent the death of myocytes. To further
investigate this reliance on membrane repair, we crossed the TRIM72/MG53 knockout mice
into the mdx mouse model of DMD. These double knockout (DKO) mice were viable and,
when sacrificed at 6 weeks of age, did not show differences in the wet weight of the heart,
diaphragm, or skeletal muscle as compared to mdx mice at this age, even when normalized
to body weight (mdx: 23.4 g ± 0.4, DKO: 24.0.9 g ± 0.6). We then assessed the extent of
changes in sarcolemmal membrane permeability by immunostaining the EDL and tibialis
anterior (TA) muscles from 6-week-old mdx and DKO mice to quantify IgG antibodies
trapped in myocytes after membrane injury. DKO TA muscles showed a significant in-
crease in IgG-positive myocytes as compared to mdx muscles (Figure 1A). To directly test
membrane repair, whole flexor digitorum brevis (FDB) muscle taken from 6-week-old mice
was subjected to infrared laser injury ex vivo using a multiphoton microscope. DKO mice
showed a significant increase in dye influx, indicating a defect in the membrane repair re-
sponse of these myocytes (Figure 1B). These findings indicate that although the mdx mouse
has compromised membrane integrity, an additional defect in membrane repair due to a
loss of TRIM72/MG53 can exacerbate this compromised membrane integrity. This is further
supported by an increase in serum CK levels in the DKO mice (mdx at 112.8 ± 10.13 ng/µL,
n = 10 vs. DKO at 162.4 ± 11.57 ng/µL, n = 6 with p = 0.011 by Mann–Whitney test).
Thus, the DKO model provides an opportunity to evaluate the impact of membrane repair
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in compensating for the membrane fragility in DMD muscle and altering the pathologic
hallmarks of this disease.

Cells 2022, 11, x FOR PEER REVIEW 6 of 19 
 

 

trapped in myocytes after membrane injury. DKO TA muscles showed a significant in-

crease in IgG-positive myocytes as compared to mdx muscles (Figure 1A). To directly test 

membrane repair, whole flexor digitorum brevis (FDB) muscle taken from 6-week-old 

mice was subjected to infrared laser injury ex vivo using a multiphoton microscope. DKO 

mice showed a significant increase in dye influx, indicating a defect in the membrane re-

pair response of these myocytes (Figure 1B). These findings indicate that although the mdx 

mouse has compromised membrane integrity, an additional defect in membrane repair 

due to a loss of TRIM72/MG53 can exacerbate this compromised membrane integrity. This 

is further supported by an increase in serum CK levels in the DKO mice (mdx at 112.8 ± 

10.13 ng/μL, n = 10 vs. DKO at 162.4 ± 11.57 ng/μL, n = 6 with p = 0.011 by Mann–Whitney 

test). Thus, the DKO model provides an opportunity to evaluate the impact of membrane 

repair in compensating for the membrane fragility in DMD muscle and altering the path-

ologic hallmarks of this disease. 

 

Figure 1. Membrane repair and integrity is compromised in DKO mice. (A) Representative images 

of IgG staining. Paraffin sections of EDL and TA muscles stained with fluorescent anti-mouse-IgG 

antibodies demonstrate the distribution of IgG-positive and IgG-negative myocytes in selected skel-

etal muscles. Quantification analysis of IgG-positive myocytes for the EDL and TA show a signifi-

cant increase in positive muscle myocyte damage in the DKO group. EDL n = 4, p= 0.8456; TA n = 4, 

p = 0.0081. (B) Representative images of FM4-64 dye in whole FDB muscles from mdx and DKO mice. 

The area under the curve (AUC) of FM4-64 fluorescence traces displays different membrane reseal-

ing in DKO mice. mdx n = 22 myocytes; DKO n = 16 myocytes, p = 0.0052. ** = p < 0.01. Data repre-

sented as means ± SEM. (A) Scale bar = 50 µm, (B) Scale bar = 20 µm. 

Figure 1. Membrane repair and integrity is compromised in DKO mice. (A) Representative images
of IgG staining. Paraffin sections of EDL and TA muscles stained with fluorescent anti-mouse-IgG
antibodies demonstrate the distribution of IgG-positive and IgG-negative myocytes in selected
skeletal muscles. Quantification analysis of IgG-positive myocytes for the EDL and TA show a
significant increase in positive muscle myocyte damage in the DKO group. EDL n = 4, p = 0.8456; TA
n = 4, p = 0.0081. (B) Representative images of FM4-64 dye in whole FDB muscles from mdx and DKO
mice. The area under the curve (AUC) of FM4-64 fluorescence traces displays different membrane
resealing in DKO mice. mdx n = 22 myocytes; DKO n = 16 myocytes, p = 0.0052. ** = p < 0.01. Data
represented as means ± SEM. (A) Scale bar = 50 µm, (B) Scale bar = 20 µm.

3.2. Compensatory Changes in Membrane Repair Proteins in the DKO Mouse Skeletal Muscle

Our previous studies show that TRIM72/MG53 forms a functional complex with
dysferlin and caveolin-3 [15]. While the absence of TRIM72/MG53 does compromise repair
in the mdx background, it is not clear if there is compensation by increased expression
of other membrane repair proteins. In fact, in both the EDL and soleus, we observed an
increase in caveolin-3 protein. Interestingly, we only resolved increased dysferlin expression
in the soleus after normalizing to Ponceau S staining of the membrane as a loading control
(Figure 2). These changes in caveolin-3 and dysferlin levels are in excess of the already
elevated levels of repair proteins seen in dystrophic muscle from human patients and the
mdx mouse model [43].
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Figure 2. Membrane repair proteins are altered in DKO mice. (A) Soleus and (B) EDL muscle lysates
from 6-week-old mice were used for Western blotting to detect changes in membrane repair proteins.
Cav-3 protein expression increases in both muscles; while dysferlin levels are only elevated in EDL
muscles. Statistical analysis was performed with an unpaired two-tailed t-test assuming unequal
variances, and with Welch’s t-test for unbalanced designs. (A) (n = 4) Dysf p = 0.9177, Cav-3 p = 0.0339;
(B) (n = 4) Dysf p = 0.0212, Cav-3 p = 0.0458. * = p < 0.05. Data represented as means ± SEM.

3.3. Deletion of TRIM72/MG53 Does Not Alter Skeletal Muscle Histological Pathology in
Six-Week-Old DKO Mice

The mdx mouse has a discernable histopathology at 3–5 weeks of age, including exten-
sive muscle damage, inflammation, and subsequent regeneration [62,63]. Histopathological
analysis of various muscles showed that there were no significant differences observed
in cross-sectional area or central nuclei count in the EDL, soleus, and TA muscles of the
mdx and DKO mice (Figure 3A–C). However, the DKO mice showed a significant decrease
in maximal contractile force in the EDL when compared to the mdx mouse (Figure 3D).
There was no observed difference between the force outputs of soleus muscles between
the two genotypes (Figure 3D). As our results indicate decreased EDL maximal contractile
force but no difference in cross-sectional area (CSA), TRIM72/MG53 may play a role in
maintaining the level of force produced by this predominantly fast twitch muscle, po-
tentially by affecting the early stages of muscle regeneration and subsequent myocyte
maturation [64,65].
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Figure 3. Histological analysis of skeletal muscle of mdx and DKO mice at 6 weeks. H&E staining of
EDL (A), soleus (B), and tibialis anterior (C) sections from mdx and DKO mice at six weeks of age was
analyzed for frequency distribution of myocyte cross-sectional area (CSA) and central nuclei. There
was no difference in the histology of any of the muscles (n = 3) for all groups tested. (D) Maximal
force (F-max) of ex vivo EDL and soleus muscles from mdx and DKO mice. Force was significantly
reduced in the DKO EDL muscles. Differences in F-max were compared by unpaired two-tailed t-test
assuming unequal variances, and with Welch’s t-test for unbalanced designs. F-max EDL: mdx n = 10,
DKO n = 13 p = 0.0414; Soleus: mdx n = 12, DKO n = 7, p = 0.2532. * = p < 0.05. Data represented as
means ± SEM to indicate the confidence level in the mean at each frequency. Scale bar = 100 µm.

3.4. Decreased Skeletal Muscle Force Production in Aged DKO Mice

Since there was no major increase in structural defects in the young DKO mouse
muscle, we aged these animals to determine if the accumulation of membrane injuries
over time would lead to a difference in pathology between the mdx and DKO mice. This
is especially relevant in mice that have compromised membrane repair and membrane
fragility because an age-dependent phenotype was observed in the dysferlin-deficient
mouse [60]. Additionally, previous studies indicate that TRIM72/MG53 levels of expression
decrease in the aging mouse heart [66]. We tested the levels of TRIM72/MG53 in the soleus
and EDL muscles of the young and aged mdx mice to determine if there were changes in
the expression levels with age. This showed that TRIM72/MG53 protein levels dropped in
the aged EDL, while there was no change in the soleus muscle (Supplemental Figure S1).
We observed that the DKO mice developed the stereotypical hunched posture of the mdx
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mouse by 1.5 years of age and showed significantly decreased body mass compared to mdx
mice (mdx: 32.0 g ± 0.9, n = 6 DKO: 27.9 g ± 1.1, n = 7, p = 0.0161). These differences in
body mass could result from metabolic differences in the TRIM72/MG53 knockout mouse
background [20,67]. However, the masses of individual skeletal muscles, the heart, and
the diaphragm were not significantly different between the mdx and DKO mice when the
muscles were normalized to their decreased body weight at this age (data not shown).
Histologically, there was also no difference in cross-sectional area or central nuclei counts
in the EDL, soleus, and TA muscles (Figure 4A–C). We did observe that the force generated
from both mouse lines decreased when compared to the younger 6-week-old mice, as
expected due to the progression of the DMD phenotype. Interestingly, the EDL exhibited
significantly less force in the DKO mouse when compared to the mdx mouse while the
soleus performed the same in each mouse line, just as we observed in the 6-week-old mice
(Figure 4D).
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H&E staining of EDL (A), soleus (B), TA (C) sections from mdx and DKO mice at 1.5 years of age was
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analyzed for frequency distribution of myocyte cross-sectional area (CSA) and central nuclei, n = 4
per group (D). Maximal force of ex vivo EDL and soleus muscles from mdx and DKO mice. EDL mdx
n = 11, DKO n = 9, p = 0.0150; Soleus mdx n = 10, DKO n = 9, p = 0.8944. CSA was analyzed with
two-way ANOVA. Differences in central nuclei counts and maximal force were tested for statistical
significance with an unpaired two-tailed t-test assuming unequal variances, and with Welch’s t-test
for unbalanced designs. * = p < 0.05. Data represented as means ± SEM. Scale bars = 100 µm.

3.5. Increased Fibrosis in the Striated Muscle of Aged DKO Mice

The repeated damage to muscle that occurs during the progression of muscular
dystrophy eventually results in the extensive deposition of fibrous tissue, which impairs
muscle function and myocyte regeneration, increasing susceptibility to re-injury [68]. The
mdx mouse undergoes repeated cycles of muscle damage and regeneration, which results
in increased fibrotic muscle tissue as the mice age [63], and this phenotype is accelerated
in the DKO mouse. At 1.5 years of age, the DKO mice display significantly more fibrotic
tissue in every tested skeletal muscle (soleus, EDL, and TA) as compared to the mdx mouse
(Figure 5A–C).
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3.6. Sarcolemmal Membrane Integrity and Repair Is Compromised in Aged DKO Mice

Aged muscle undergoes various molecular and physical changes in response to the
stresses of aging. This is particularly relevant to dystrophic muscle due to repeated bouts
of injury and regeneration. Similar to the fibrosis analysis, the DKO EDL, soleus, and TA
muscles all showed breakdown of membrane integrity when compared to aged mdx mice
by IgG staining (Figure 6A–C). The DKO mice also had decreased membrane repair when
tested with a laser injury assay (Figure 6D). These results confirm the value of membrane
repair in the mdx model. These results indicate that loss of TRIM72/MG53-mediated
membrane repair, although not debilitating in young mice, is relevant for the maintenance
of myocytes as they undergo repeated bouts of damage as the mice age.
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Figure 6. Membrane repair and integrity is compromised in aged DKO mice. (A) Representative
images of IgG staining. Paraffin sections of EDL, soleus, and TA muscle stained with fluorescent
anti-mouse-IgG antibodies demonstrate the distribution of IgG-positive and IgG-negative myocytes
in selected skeletal muscles. Quantification analysis of IgG-positive myocytes for the EDL, soleus, and
TA show a significant increase in positive muscle myocyte damage in the DKO group. Data analyzed
by unpaired two-tailed t-test assuming unequal variances, with Welch’s t-test for unbalanced designs.
n = 4 for all groups, EDL p = 0.0192, Soleus p = 0.0221, TA p = 0.0399. (B) Representative images and
time-dependent accumulation of FM4-64 dye in whole FDB muscles from mdx and DKO mice. Laser
injury was induced at time 0 on the time course graph. The area under the curve (AUC) of FM4-64
fluorescence traces displays different membrane resealing in DKO mice. AUC was analyzed with a
t-test. mdx n = 10, DKO n = 9, p = 0.0046. * = p < 0.05, ** = p < 0.01. Data represented as means ± SEM,
(A,B), Scale bar = 100 µm, (C) Scale bar = 200 µm, (D) Scale bar = 20 µm.
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4. Discussion

DMD myocytes are dependent on the membrane repair process due to the lack of
the dystrophin protein that provides a force-transferring link from the cytoskeleton to the
extracellular matrix. Our studies show that myocytes from mdx dystrophic muscles are
dependent on the TRIM72/MG53-mediated membrane repair to survive repeated injury
to the sarcolemmal membrane. At six weeks of age, we observed minimal histological
differences between the DKO and mdx mouse; however, we found that the EDL muscle
of the DKO mouse was functionally weaker than that of the mdx age-matched control
muscles. These changes at a young age also include increased protein expression levels of
two TRIM72/MG53 binding partners, dysferlin and caveolin-3, potentially in an attempt
to compensate for the absence of TRIM72/MG53. This could occur through clearance of
damaged portions of the membrane, reducing inflammatory signaling and limiting collagen
deposition [68,69].

In response to aging, DKO mice develop significantly more fibrotic tissue, a hallmark
of muscular dystrophy, in all skeletal muscles examined. We interpret these findings to in-
dicate that the absence of TRIM72/MG53 exacerbates certain hallmarks of DMD, with these
effects being somewhat blunted by the upregulation of other membrane repair proteins
or because the absence of TRIM72/MG53 may alter other aspects of muscle function [21].
However, as the DKO animals age, the accumulated membrane damage may overwhelm
these compensatory mechanisms in some muscles, causing the animals to develop more
extensive fibrosis in their striated muscle tissue. In other muscles, this compromised mem-
brane repair was insufficient to exacerbate the extensive muscle pathology observed in the
mdx mice. Since the mdx mouse shows high levels of muscle pathology at baseline, the de-
creased membrane repair may not produce a major elevation in pathological measurements,
which are already quite high in some muscles. Additionally, various age-related changes
could contribute to the observed differences between the young and the old mice. We
observed that TRIM72/MG53 protein levels decreased with age in the EDL muscle, while
the soleus muscle showed no change (Supplemental Figure S1), which could contribute
to some of the differences that we observed comparing one anatomical muscle type to
another. Conversely, age-related muscle wasting may not be a major factor as previous
studies indicate that there is limited sarcopenia in the hind limb muscles of strain-matched
mice at 1.5 years of age [70].

These results indicate that membrane repair is an important process for DMD myocytes
to avoid death due to membrane fragility and support that targeting membrane repair
could be an effective therapeutic approach to treat DMD. Our findings point to the value of
membrane repair in compensating for the membrane fragility observed in DMD, supporting
previous studies that illustrated the importance of membrane repair in dystrophic skeletal
muscle [60]. Deletion of the TRIM72/MG53 binding partner dysferlin in the mdx model
also leads to increased myocyte necrosis and muscle weakness. This mouse model was
observed to have increased muscle damage at 6 months of age when compared to the mdx
mouse [60]. Although both dysferlin and TRIM72/MG53 play a role in membrane repair,
dysferlin is also involved in satellite cell fusion [71], whereas TRIM72/MG53 is primarily
expressed in adult myocytes and mature myotubes [13]. The formation of new myotubes
is crucially important in mdx mice due to its susceptibility to membrane damage and is
likely a cause of differences between these double knockout models. The combination of
these results indicates that the loss of any one of these proteins can compromise membrane
repair and accelerate the dystrophic phenotype. Future studies assessing the combinatorial
loss of membrane repair proteins in dystrophic muscle will help to establish the relative
contribution of each protein and how compensatory changes in the expression of membrane
repair proteins can contribute to the phenotype seen in the mdx mouse.

Our results also indicate that TRIM72/MG53 is important for the function of the EDL
muscle of dystrophic mice. EDL muscles from 6-week- and 1.5-year-old DKO mice generate
less maximal contractile force when compared to mdx age-matched controls. Previous
studies have shown that the EDL of mdx mice is particularly susceptible to contraction-
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related membrane injuries [72]. As such, the fast twitch nature of the EDL muscle may
increase the strain on the membrane caused by the muscle contraction, leading to muscle
damage and a drop in force. We speculate that this membrane damage may not be sufficient
to produce additional overt muscle fiber death, as the formation of transient disruptions of
the sarcolemmal membrane could lead to increased CK release and IgG entry; however, a
sufficient number of muscle fibers are still capable of surviving these disruptions so that
this does not result in additional death of the muscle fibers. In this scenario, the drop in
force may be due to the fiber type or mechanical effects on the muscles themselves, such as
the increased susceptibility of the mdx EDL to contraction-related membrane injuries [72].

Decreased force production in the EDL muscle also argues against a role for increased
caveolin-3 and dysferlin fully compensating for the loss of TRIM72/MG53 expression.
Our previous work indicates that TRIM72/MG53 plays more of a role in the function of
dysferlin [61] than it does for caveolins and related caveolar proteins [15]. This increased
expression is observed in the EDL muscle and it does not prevent this decline in contractile
force production, supporting that TRIM72/MG53 functions not directly related to mem-
brane repair [64,65] could contribute to this difference in the muscle of the two mouse
lines. Additional functions of TRIM72/MG53 could also contribute to the decreased body
weight seen in the aged DKO animals since previous reports link TRIM72/MG53 function
to metabolism [73]. It is also possible that TRIM72/MG53 could be affecting multiple steps
in the membrane repair processes. In these studies, we assessed the immediate membrane
resealing process necessary to rapidly restore the membrane barrier function. For effective
membrane repair to allow cell survival, this resealing must be followed by remodeling
of the membrane and other cell components at the injury site to restore normal cell func-
tion [74–76]. How TRIM72/MG53 functions in these later remodeling steps is unclear and
will be a subject of further investigation.

There are also certain limitations to our studies. In certain experimental circumstances,
we could not collect all endpoints from certain muscle types. For example, it is challenging
to collect contractility measurements of the tibialis anterior muscle using our ex vivo ap-
proach. In other experiments, biochemical or histological measurements were performed on
muscles that were not used for contractility measurements to avoid confounding changes
that could occur to muscles during ex vivo contractility assessments. It is not uncommon
for specific anatomical muscles to be more affected than others in patients with certain
neuromuscular diseases. This is the case in DMD patients and the mdx mouse, where
the diaphragm is heavily affected while the heart is relatively spared. Different anatom-
ical muscles show varying levels of fibrosis in the mdx mouse (Figure 5) and divergent
responses in their TRIM72/MG53 expression levels with aging (Supplemental Figure S1).
This suggests that the responses to injury in various muscles could contribute to the phe-
notypic differences that we see between anatomical muscles, Thus, care should be taken
in comparing results from one muscle to another. It should also be noted that there are
several factors that could contribute to the changes in the number of IgG-positive fibers
that we observe in the aged animals. The number of IgG-positive fibers reflects the number
of muscle fibers where there is a loss of sarcolemmal membrane barrier function, which
could result from increased fragility of the fibers with age, even in the absence of an overt
change in membrane repair capacity.

5. Conclusions

Our current study focused on the value of membrane repair in the mdx mouse model
of DMD. We knocked out the membrane repair protein TRIM72/MG53 to elicit a membrane
repair defect in these mice. Minimal histological changes were observed in 6-week-old mice;
however, robust fibrosis and reduced membrane integrity were observed in aged mice.
This suggests that the dystrophic muscle can compensate for membrane repair deficits early
in life; however, in the absence of membrane repair, the continuous bouts of injury that
lead to increased death of the fragile dystrophic myocytes tax the regenerative capacity of
muscle, leading to increased fibrosis and loss of muscle function. This model demonstrates
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the value of membrane repair in repeated injury and supports a role for TRIM72/MG53 in
maintaining myocyte survival in dystrophic muscle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11091417/s1, Figure S1: MG53 expression in young and
aged mdx muscle. (A) Soleus and (B) EDL muscle lysates from 6-week (young) and 1.5 years old
(aged) mdx mice.
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