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Membrane repair is a conserved cellular process, where intracellular vesicles trandocate to sites of plasma membrane
injury to actively resed membrane disruptions. Such membrane disruptions commonly occur in the course of normal
physiology, particularly in skeletal muscles due to repeated contraction producing smal tearsin the sarcolemmal membrane.
Here, we investigated whether prolonged exercise could produce adaptive changes in expresson levels of proteins
associated with the membrane repair process, including mitsugumin 53/tripartite motif-containing protein 72
(MGS53/TRIM72), dysferlin and caveolin-3 (cav3). Mice were exercised using a treadmill running protocol and protein
levels were measured by immunoblotting. The specificity of the antibodies used was established by immunablot testing of
various tissue lysates from both mice and rats. We found that MG53/TRIM 72 immunastaining on isolated mouse skeleta
muscle fibers showed protein localization at sites of membrane disruption created by the isolation of these muscle fibers.
However, no significant changes in the expression levels of the tested membrane repair proteins were observed following
prolonged treadmill running for eight weeks (30 to 80 min/day). These findings suggest that any compensation occurring in
the membrane repair process in skeletal muscle following prolonged exercise does not affect the expression levels of these
three key membrane repair proteins.
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Mechanical disruptions of sarcolemmal membrane
of striated muscle fibers, a common occurrence in
the course of normal physiology are usually resealed
through a membrane repair mechanism to allow
for survival of affected muscle fibers">. Membrane
repair is a conserved cellular process, where
intracdlular vesicles trandocate to disruptions in
plasma membrane and fuse with each other and
plasma membrane to create a repair patch that restores
membrane integrity”. This mechanism is dependent on
extracellular calcium (Ca’) and has been compared to
the neurotransmitter release process in neurons’.
Membrane repair occurs in many different cell types.
However, there appears to be an increased need for
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the membrane repair process in striated muscles due
to their inherent contractile nature that produces
consistent membrane disruptions in sarcolemmal
membrane of these cells”.

Disruptions of sarcolemmal membrane and
associated repair of these injuries occurs at a greater
frequency during eccentric contractions of skeletal
muscles’. Eccentric contractions occur when the load
on the muscle is massive enough to cause the muscle
to lengthen, instead of shortening, while it is actively
contracting. This results in increased strain on
sarcolemmal membrane which increases appearance
of transient disruptions in lipid bilayer of the cell.
These disruptions result in the free exchange
of components of intracellular cytosol with the
extracellular space’. This can be observed by the
appearance of many muscle resident soluble proteins
in circulating blood.

Situations that result in increased eccentric
contractions during exercise (eg. weightlifting,
downhill running) can increase the concentration of
creatine kinase (CK) in the serum of the subject.
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Various musclerdlated diseases can exacerbate
injuries to sarcolemmal membrane that lead to a
loss of membrane integrity, myocyte death and
degeneration of the muscle tissue. Duchenne muscular
dystrophy is a genetic disorder produced by mutations
in the dystrophin gene that increase the fragility
of sarcolemmal membrane, making it more likely to
undergo disruption®*°. Other muscular dystrophies are
known to develop following mutation of specific
genes, such as dysferlin™™** and caveolin-3 (cav3)**",
involved in the sarcolemmal membrane repair
process. In the heart, the loss of cardiomyocytes
following myocardial infarction is linked to the
breakdown of sarcolemmal membrane during necratic
cell death'®?.

Dysferlin isa member of theferlin gene family that
contains multiple C2 domains that are expressed
in several tissue types™®. While the molecular
mechanism of dysferlin function remains to be fully
clarified, it has been hypothesized to act as a fusogen
to facilitate vesicle fusion with the plasma membrane
to allow for myotube formation and assembly of
a membrane repair patch™*. Recent studies have
also found additional functions for dysferlin in the
immune system that may contribute to development
of dystrophy in the mouse knockout mode®?.
Cav3 is a muscle-specific member of the caveolin
family of proteins that participates in the formation
of caveolae and other structures in the sarcolemmal
membrane’”®. Studies have linked the expression
of Cav3 with membrane repair, as mutations in
Cav3 are known to produce muscular dystrophy and
can also compromise the membrane repair capacity
of skeletal muscle fibers™*3,

TRIM72, a member of tripartite motif (TRIM) gene
family has been linked to these proteins and the
sarcolemmal membrane repair process. It was initially
isolated as mitsugumin 53(M G53)* and recent studies
show that MG53/TRIM72 is an essential component
of the membrane repair process in mammalian striated
muscles®®®%®. Genetic ablation of TRIM72 gene
from mice results in compromised membrane repair
capacity in skeletal® and cardiac muscle®. TRIM72
knockout (trim72-/-) mice develop age-dependent
myopathy in their skeletal muscles and cannot
effectively resist the results of ischemia/reperfusion
injury to the heart™®*. When expressed in muscle
or non-muscle cells, the MG53/TRIM72 protein
contributes to vesicle trafficking to sites of membrane
disruptions to allow for membrane repair patch

formation™®. MG53/TRIM72 can functionally interact
with dysferlin and is required for dysferlin to be
able to translocate to membrane injury sites in
cultured skeletal muscle cels®. MG53/TRIM72
is also known to functionally interact with Cav3
to mediate membrane repair in skeletal muscle®.
Considering the importance of MG53/TRIM72,
dysferlin and Cav3 in the resealing of membrane
disruptions in skeletal muscle and the need for repair
of sarcolemmal membrane following exercise it
is possible that there are adaptive changes to the
expression of these key membrane repair proteins
following prolonged exercise training.

In this study, we have aimed to determine, if there
are changes in the expression of these genes by
establishing the specificity of the antibodies used
for quantification of protein expression and then
determining the expression levels in isolated
muscle extracts from mice exercised on a rodent
treadmill. Previous results show that custom-produced
antibodies can be effective in detection of
MG53/TRIM72 protein with immunoblotting and
immunostaining approaches®™*®. These studies show
that MG53 expression is restricted primarily to the
striated muscles, with roughly equivalent levels
of expression seen in cardiac and representative
skeletal muscles. While these antibodies show good
specificity to MGH3/TRIM72 they are al either
monoclonal antibodies raised against an unknown
epitope or polyclonal antibodies raised against a
protein containing large portions of the complete
MG53/TRIM72 proten sequence. We have also
determined the specificity of these novel antibodies
and investigated, if they detect MG53 at sites
of membrane disruption.

Materials and M ethods

Treadmill exercise

All animal studies were conducted with the
approval of the Ohio State University Institutional
Animal Care and Use Committee and conformed to
local and national regulations on the use of animals
for scientific studies. C57BI/6 mice underwent a high
intensity aerobic interval treadmill training protocol
for 8 weeks as previously described™. Briefly, mice
(5 months of age at sacrifice) underwent treadmill
(Columbus Instruments, Columbus, OH) training
5 days a week for 8 weeks starting at 30 min/day
and increased to 80 min/day. Mice were challenged
at a high intensity fast pace for 4 min, followed by
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1 min of low intensity recovery pace and repeated
until the designated time was up. Soleus muscles
were removed within 2 days of the last training day.

Immunoblotting

Samples from skeletal muscles, heart and
non-muscle tissues were dissected from 3 months
old male C57BI/6 mice (Jackson Labs) or 100-200 g
male Lewis inbred rats (Charles River) after they
were sacrificed by CO, inhalation. Immunaoblotting
was performed as previously described® with the
following modifications. Tissue samples were flash
frozen and then homogenized in ice-cold RIPA buffer
containing 150 mMNaCl, 1.0% IGEPAL® CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0 (Sigma) and centrifuged at 14,000 rpm for
10 min at 4°C. For sample preparation, protein lysates
were mixed with 2X SDS sample buffer containing
125 mMTris-HCI, pH 6.8, 4% SDS, 20% (vol./vol.)
glycerol and 0.004% bromophenol blue. Samples
were placed on a heating block for 5 min at 95°C.
50 pg total protein was separated on Novex 10%
Tris-Glycine gels and transferred to PVDF membrane
using transfer buffer containing 25 mM Tris, 192 mM
glycine and 20% methanol overnight at 4°C at 25V.
Membranes were stained with Ponceau Red (Sigma)
to confirm transfer of proten to the membrane
For immunoblotting, membranes were blocked in
phosphate buffered saline containing 0.1% Tween-20
and 5% non-fat dry milk for 1 h at room temperature.
Primary and secondary antibodies were diluted
in blocking solution as follows: anti-dysferlin
(1:500, Novocastra Laboratories) overnight at 4°C,
anti-TRIM72 (1:1000, Pro-Sci) overnight at 4°C,
anti-Cav3 (1:5000, BD) overnight at 4°C,
anti-GAPDH (1:1000, Cdl Signaling D16H11),
anti-actin (1:2500, Santa Cruz Biotechnology sc-1616)
for 1 h at room temperature, HRP-conjugated secondary
antibodies (1:10000, Santa Cruz Biotechnology) for
1 h a room temperature. Proteins were detected using
ECL prime detection reagent (GE Hedlthcare).

Densitometry measurements were made from
digital files collected on a Chemidoc MP system
(BioRad) with various exposure times to avoid
saturation of the signal from each band. The density
of each band was analyzed using Imagel software
(NIH) and the relative signal strength of each band
was calculated by dividing the density of each sample
by the density of the band for each respective loading
control. Both actin and GAPDH levels were used
as separate loading controls to avoid any potential

variation in the level of the loading controls between
animals and conditions.

I mmunostaining

Intact flexor digitorum brevis (FDB) muscle fibers
were isolated by enzymatic digestion using a
previously described method®. Briefly, FDB muscles
were dissected from C57BI/6 male mice (3 months of
age) and placed in modified Tyrode buffer (140 mM
NaCl, 5 mM KCI, 10 mM HEPES (free acid), 5.5 mM
D-glucose, 2 mM MgCl,, pH 7.2) supplemented
with 2 mg/mL collagenase type | (#4196 from
Worthington). Muscles were incubated at 37°C with
orbital shaking at 160 rpm for 60-90 min until the
muscles developed a frayed appearance. Muscles
were then washed in modified Tyrode buffer and
isolated by gentle trituration through a series of
pipette tips with a decreasing diameter. Thereafter,
muscle fibers were plated out on 35-mm Dedta T
dishes (Bioptechs, Inc) and immunostained as
previously described™.

Isolated muscle fibers were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences)
overnight at 4°C and permeabilized with 0.05% Triton
X100 (Sigma). Fibers were blocked with 5% goat
serum in phosphate buffered saline for 1 h at room
temperature before primary anti-MG53 antibody
(2:100 dilution) was applied for 2 h a room
temperature. After three washings of 5 min each,
AlexaFluor 488 conjugated secondary antibody
(Invitrogen) was applied for 2 h at room temperature.
After three rounds of washing, fibers were examined
and images were collected on a Zeiss Axiovert 100
epifluorescent microscope.

Results
MG53/TRIM72 expression levels in skeletal and cardiac
musclesin miceand rats

Although several polyclonal antibodies against
specific peptides in the MG53/TRIM72 sequence
are commercially available, these antibodies have
not been examined for their efficacy or specificity.
The characterization of such antibodies may allow us
to assess MG53 levels in appropriate experimental
systems. Here, we tested if a commercial TRIM72
antibody could recognize MG53/TRIM72 specifically
within skeletal and cardiac muscles. Various tissue
lysates from the mouse and rat were prepared and
used for immunoblot analysis (Fig. 1). Rat tissues
were included here to determing, if there were
speci es-specific aspects of the antibody function.
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Fig. 1—MGbE3 expression levels vary between different murine
anatomical muscles [(A) Whole tissue lysates were isolated from
the indicated mouse tissues and then used for immunablotting.
MGBE3/TRIM72 bands of appropriate molecular weight (arrow)
were observed in lysates from various anatomical muscles.
Numbers provided (left) indicate the position of molecular
weight markers; and (B) Whole tissue lysates of rat samples
were used for immunoblotting for MG53/TRIM72 expression.
A MG53/TRIM72 band of appropriate molecular weight (arrow)
appears in rat skeleta (Gastroc) and cardiac muscle. Numbers
provided (left) indicate molecular weight markers. Immunoblots
for actin levels in tissue lysates were aso provided as a control
for loading]

We found that a TRIM72 commercial antibody
produced appropriate sized bands (53 kDa)
specifically with the striated muscle extracts.
In addition, smaller molecular weight bands were
recognized by the antibody were also found across
a varigty of tissues. Given that there do not appear
to be spliced forms of MG53/TRIM72%, the antibody
might recognize other members of the well conserved
TRIM gene family. This was likely for one of these
bands that appeared at approximately 45 kDa in
all tissues tested, since MGS53/TRIM72 derived
proteins should appear primarily in striated muscles®.
The other lower molecular weight band at
approximately 20 kDa appeared only in some of
the skeletal muscles tested, however, the smaller
size of the fragment indicated that this band resulted
from modification of MG53/TRIM72 or from cross

reaction with another small TRIM family proten.
Examination of different anatomical muscles in the
mouse showed that MG53/TRIM72 levels could
vary from one muscle type to the other, with the
highest level seen in the extensor digitorumlongus
(EDL), whilethe lowest in the FDB.

Localization of MGB53/TRIM72to sites of membrane
disruption in musclefiberS

Since the protein expression levels in whole tissue
extracts mirrored the expected expression pattern for
MG53/TRIM72, we further tested the localization
of MG53/TRIM72 in single skdea muscle
fibers. Previous study has shown MGB53/TRIM72
localization in the cystosol and broadly throughout
the sarcolemmal membrane of myocytes in
uninjured skeletal tissue sections®. Tissue sections
of myocardium following ischemia/reperfusion
injury show enrichment at sites on the presumably
injured sarcolemmal membrane®. However, it has not
been previously shown that native MG53/TRIM72
localizes to injury sites in isolated skeletal muscle
fibers. Individual intact muscle fibers were
enzymatically isolated from the FDB muscle of
wild-type mice and then stained for localization of
MG53/TRIM72. Many of these muscle fibers were
damaged during the isolation procedure and while
these muscle fibers were not useful for functional
studies, they did provide the opportunity to observe,
if native MG53/TRIM72 protein accumulated at
sites of physical membrane injury similar to those
that occur following exercise.

We found that MG53 protein accumulated at the
sarcolemma in fibers, where there were clear sites of
membrane damages, such as where a fiber would
bend due to damage that occurred during isolation
(Fig. 2). In contrast, muscle fibers that showed a
healthy, rod-like appearance showed foci of MG53
protein only at the ends of the fiber. Since these fibers
were isolated by gentle trituration, the resulting fibers
tended to be broken fragments of the longer muscle
fibers present in the anatomical muscle. When these
fibers are broken during isolation, the ends of
the fibers must reseal in order to prevent the death
of the cell®, thus it is likely that there would be
accumulation of MG53/TRIM72 a the ends of
isolated muscle fibers. The observed localization
pattern of native MG53/TRIM72 in isolated muscle
fibers was consistent with the expected pattern that
would follow mechanical damage to the sarcolemmal
membrane.
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Bright fieldimage

MG53/TRIM72 Immunostaining

Fig. 2—MG53 protein appears a sites of membrane disruption
in isolated skeletd muscle fibers [(A) FDB muscle fibers
were isolated from C57BI/6 mice and immunostained for the
localization of MG53/TRIM72 protein (right). When observing
the seded end of the isolated muscle fibers (left) concentration
of MGBE3 protein wasobserved (arrow). Scale bar represents
10 um; and (B) During FDB fiber isolation, there were membrane
disruptions created in some fibers that could be observed in bright
field microscopy (left). Such disruptions showed concentrations of
MGB3/TRIM72 immunostaining (right) at sites of membrane
damage (arrowheads) as wel as the reseded end of the fibers
(arrows). Scale bar represents 10 pm]

Intensive exercise does not alter expression of cell membrane
repair proteins

Since native MG53/TRIM72 protein localizes to
mechanical membrane disruptions, the membrane
repair process might have a role following the
contractions in skeletal muscle associated with
exercise.  The repeated membrane disruptions
associated with prolonged exercise could cause
increased expression of various proteins involved in
the membrane repair process. To test if prolonged
exercise could alter expression of MG53, dysferlin
and Cav3, we used arodent treadmill to exercise mice
5 days a week for 8 weeks starting at 30 min/day
and increased to 80 min/day. This protocol allowed
for intense prolonged stimulation that could have
the potential to modify expression of these genes.
Multiple mice were exercised to determine, if there
would be variation in the response to this exercise
protocol between individual animals. These mice
were then sacrificed and the soleus was isolated and
processed for immunobl otting.

We used the soleus muscles for this analysis, aswe
observed moderate levels of expression of MG53
in these muscles in our previous immunaoblots and
that intermediate level of expression would allow for
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Fig. 3—Expresson levels of cell membrane repair associated
proteins do not change following prolonged exercise [ (A) Whole
tissue lysates of soleus muscles from exercised (E) and sedentary
(S) mice were used for immunoblot analysis of the protein
levels of MG53/TRIM72, dysferlin and cav3. Both actin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels
in these tissue lysates were used for a loading contral; (B, C)
Densitometry measurements were used to determine the relative
concentration of the proteins of interest in the tissue lysates. A bar
graph represents the data for each group (n = 4 mice per group)
relative to expression levels of GAPDH (B) or actin (C). Analysis
using Student’s t-test did not show any statisticaly significant
differences between the exercised and sedentary groups for the
proteins tested]

monitoring increased or decreased levels of the
protein. Additionally, the nature of the soleus
suggested that the mice might extensively use these
muscles in our treadmill exercise approach. In these
muscles, we found that there were no significant
changesinthelevels of MG53/TRIM 72, dysferlin and
Cav3 in mouse soleus muscles, following 8 weeks of
treadmill exercise (Fig. 3). Quantification of the levels
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of protein expression by densitometry confirmed that
levels of these three proteins did not change following
a course of prolonged exercise.

Discussion

While membrane repair contributes to normal
muscle physiology by resealing transient disruption
in the sarcolemmal membrane during muscle
contraction, the role of membrane repair in adaptation
to prolonged exercise has not yet been fully
determined. In this study, we examined if the
expression levels of several proteins known to be
involved in the membrane repair process are altered in
mouse skel etal muscle following prolonged endurance
exercise training. The results show that the levels of
three proteins known to be involved in membrane
repair in striated muscle do not show altered
expression following prolonged exercise. It is possible
that increased membrane repair protein expression
is not required to adapt to prolonged exercise.
The immunostaining results presented here suggest it
may not be necessary for levels of membrane repair
proteins to increase with exercise, as there is ample
MG53/TRIM72 in non-exercised muscle fibers to
repair even the large membrane disruptions produced
during the isolation of the muscle fibers. Another
potential explanation is that increased membrane
repair may not be necessary during prolonged
exercise. Indeed, increased membrane repair capacity
could potentially have derimental effects during
exercise. One of the factors contributing to beneficial
hypertrophy of skeletal muscle after exercise is
the formation of micro-tears in the sarcolemma
If the membrane repair processes are accelerated in
skeletal muscle following exercise then this beneficial
response might be abrogated. While it appears that
there is no increase in the expression of proteins
associated with membrane repair following prolonged
exercise, there could be changes in expression of
other proteins that could contribute to membrane
repair. Additionally, other functional changes in the
membrane repair process could affect membrane
repair capacity without changes in protein expression
level. Future studies are needed to determing, if there
are functional alterations in the membrane repair
capacity of skeletal muscle following exercise.

We have reported previously that the concentration
of MG53 in mouse serum increases following acute
bouts of exhaustive exercise, as membrane disruptions
created during exercise releases MG53/TRIM72 into
the bloodstream™. Given our findings here that MG53

levels in muscle do not increase with prolonged
exercise, this suggests that the increase in serum
MG53 levels is likely due to more protein released
from the myocyte, rather than from changes in the
expression level in the muscle. However, we cannot
rule out this possibility as there could be an acute
increase in the levels of MG53, following the
termination of exercise that is not detected in the
long-term running protocol used in this study.

Our sudy used a commecidly available
anti-TRIM72 antibody raised against a specific
peptide antigen. We found that the antibody
recognizes the MG53/TRIM72 proten, as the
appropriatdy sized band appears in striated muscles.
However, there is a visible off-target band that
appears in multiple tissues types at a molecular
weight slightly below that of MG53. Given the size of
the TRIM family of proteins and the similarities in
domain structure and primary amino acid sequence of
many of the family members®™“*, it is quite possible
that this antibody might recognize other family
members, in addition to MG53/TRIM72. While we
found that the anti-TRIM72 antibody primarily
recognizes MG53/TRIM72 in the skeletal and cardiac
tissues, it cannot be ruled out that cells appearing in
other tissues in low abundance could express MG53.
In the whole tissue extracts used here, the appearance
of MG53/TRIM72 in a minority of cels in the tissue
may not reveal expression by immunoblot analysis.
More comprehensive immunohistochemical analysis
is required to clearly establish the specificity of
expression of the TRIM72 gene.

Our results also show the relative expression of
MG53/TRIM72 in different anatomical muscles of
the mouse. We found higher levels of MG53/TRIM72
in the EDL and gastrocnemius than in the soleus
and FDB muscles. Since there are lower levels in
the soleus muscle that is enriched for slow twitch
muscle fibers, one interpretation would be that
MGB53/TRIM72 is expressed in lower levels in
slow twitch myocytes. However, the low levels of
MGB53/TRIM72 expression in the fast twitch enriched
FDB muscle argues against this interpretation.
Another interpretation would be that the increased
MG53/TRIM72levels in certain  muscle fibers
corresponds with the need for membrane repair in
a particular muscle type. However, further studies
on isolated muscle fibers are needed to establish,
if these differences in MG53 expression leve
correspond with the membrane repair capacity of
muscle fibers from different anatomical muscles.
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In conclusion, this study has demonstrated
that native MG53 proten localizes to membrane
disruptions in isolated skeletal muscle fibers,
however, the membrane disruptions associated
with prolonged exercise do not produce significant
changes in the expression of proteins associated
with membrane repair. As the role of MG53/TRIM72
in membrane repair as part of normal physiology
becomes clearer, the application of these proteins
may aid in addressing aspects of pathophysiology
of muscul oskeletal and cardiovascular diseases.
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