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Background-—The aortic valve of the heart experiences constant mechanical stress under physiological conditions. Maladaptive
valve injury responses contribute to the development of valvular heart disease. Here, we test the hypothesis that MG53
(mitsugumin 53), an essential cell membrane repair protein, can protect valvular cells from injury and fibrocalcific remodeling
processes associated with valvular heart disease.

Methods and Results-—We found that MG53 is expressed in pig and human patient aortic valves and observed aortic valve disease
in aged Mg53�/� mice. Aortic valves of Mg53�/� mice showed compromised cell membrane integrity. In vitro studies
demonstrated that recombinant human MG53 protein protects primary valve interstitial cells from mechanical injury and that, in
addition to mediating membrane repair, recombinant human MG53 can enter valve interstitial cells and suppress transforming
growth factor-b-dependent activation of fibrocalcific signaling.

Conclusions-—Together, our data characterize valve interstitial cell membrane repair as a novel mechanism of protection against
valvular remodeling and assess potential in vivo roles of MG53 in preventing valvular heart disease. ( J Am Heart Assoc. 2019;8:
e009960. DOI: 10.1161/JAHA.118.009960.)
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V alvular heart disease (VHD) is a common cause of
cardiovascular disease, afflicting over 5 million patients

in North America alone.1,2 These numbers are rapidly
increasing because of aging populations. VHD leads to
maladaptive cardiac remodeling and heart failure without
surgical valve replacement. There are currently no pharma-
cological options to specifically treat valve disease.

The 4 heart valves open and close with every cardiac cycle,
playing an integral role in regulating blood flow throughout the

heart chambers. The aortic valve separates the left ventricle
from the aorta, is exposed to the highest cardiac pressures, and
is the most common valve implicated in disease. Valve leaflets
are composed of endothelial and interstitial cells, the latter of
which are the most prevalent cell type and proposed to play
critical roles in tissue repair.3–9 Quiescent aortic valve intersti-
tial cells (VICs) become “activated” in response to injury,
experiencing a fibroblast-to-myofibroblast-like transition, and
later “osteoblastic” in nature, cumulatively resulting in valvular
fibrocalcific changes hallmarked by extracellular matrix remod-
eling and calcium deposition.8,10 Physiologically, these valve
leaflet changes result in narrowing of the valve lumen, termed
aortic stenosis, and progression of cardiac disease.

Our laboratory has identified MG53 (mitsugumin 53), a 477-
amino acid TRIM (tripartite motif-containing) protein, as an
essential component of the cellmembrane repairmachinery.11–19

In response to injury, MG53 acts as a sensor of the extracellular
oxidative environment to nucleate recruitment of intracellular
vesicles to damaged sites for membrane patch formation. MG53
is highly expressed inmechanically-active tissues such as cardiac
and skeletal muscle and can protect these cells from injury
secondary to various pathophysiological stresses.

Given the tremendous stress experienced by heart valves
and the crucial contributions of fibrocalcific signaling to valve
disease, we hypothesized that MG53 can both facilitate repair
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of acutemembrane injury to VICs andmodulate the fibrocalcific
responses that contribute to the development of VHD. We
present data to show that MG53 is expressed in aortic valves
and that aged Mg53�/� mice develop aortic valve disease.
Additionally, we observed that MG53 protects against both VIC
membrane damage and transforming growth factor (TGF)-ß-
induced VIC fibrocalcific changes. Together, these findings
support the therapeutic potential for MG53 in modulating VHD.

Methods
The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedures upon reasonable request
to the corresponding author.

Porcine Aortic Valve Tissue and Cell Culture
Immediately after euthanasia of adult pigs by The Ohio State
University Laboratory Animal Resources, hearts were excised,
and aortic valves were dissected. For tissue western blotting,
valve leaflets were immediately washed with phosphate-
buffered saline (PBS), frozen, and processed in radio-immuno-
precipitation assay lysis buffer as described below. For primary
VIC isolation, valve leaflets were immediately washed with PBS
and then incubated in standard media (10% fetal bovine serum,
1% antibiotic-antimycotic [penicillin, streptomycin, ampho-
tericin B], Dulbecco’s modified Eagle’s medium) with 600 U/
mL collagenase II at 37°C for 18 hours.20 For all cell culture
experiments, VICs were plated in plastic, tissue culture-treated
cell culture flasks and maintained in standard media through a
maximum of 8 passages.

Human Patient Aortic Valve Tissue
Human patient aortic valve tissues were obtained from 1
explanted heart of a patient undergoing cardiac

transplantation and from donor hearts obtained in collabora-
tion with the Lifeline of Ohio Organ Procurement Program. All
human tissues were experimented on with approval from the
Institutional Review Board of The Ohio State University (Study
Number 2012H0197) and conformed to the Declaration of
Helsinki. Informed consent was acquired from the cardiac
transplant patient. Frozen leaflets were processed in radio-
immunoprecipitation assay lysis buffer as described below.

Western Blotting
Cell and tissue protein was extracted in radio-immunopreci-
pitation assay lysis buffer with protease and phosphatase
inhibitor cocktails. Protein concentrations were determined
via Bradford assays. Prepared samples were separated via
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride mem-
branes. Amongst the different experiments, membranes were
incubated with antibodies against MG53 (custom-made rabbit
monoclonal antibody), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; Santa Cruz, sc-32233), phospho-Smad2 (Cell
Signaling Technology, #3108), Smad2/3 (Cell Signaling
Technology, #8685), and fibronectin (Sigma-Aldrich, F3648)
and imaged on film or an Odyssey Fc Imaging System (LI-COR
Biosciences [Lincoln, Nebraska, USA]). Densitometric quan-
tification of detected signals was performed on the LI-COR
Biosciences Image Studio Lite version 5.2 imaging software.

The custom made monoclonal antibody can recognize
MG53 in mouse, rat, pig, dog, and human tissues. Compared
with the available commercial antibodies, this antibody
showed high specificity and affinity for MG53. In particular,
it can resolve up to 10 picograms of the recombinant human
MG53 (rhMG53) protein in western blot. For assessing MG53
expression in mouse myocardial tissue, only 0.06 lg of total
protein was required. This antibody has been used previously
for IHC staining to resolve low levels of MG53 expression in
the mouse lung15 and kidney18 tissues. Specificity of the
antibody is shown in the present study with heart muscle
derived from Mg53�/� mice.

Mice
Mg53�/�micewere first generated in the 129S1/SvImJ strain
as described in Cai et al,11 have beenmaintained and utilized in
several studies of tissue injury, and have been backcrossed for
more than thirty generations.11–15,18 Here, wild type and
Mg53�/�mice derived from the original strain were used in all
studies. In echocardiography and histopathology experiments,
we were able to use wild-type littermates for all the 10-month-
old Mg53�/� mice and for 2 of the 24-month-old Mg53�/�
mice. The additional mice in these studies were age-matched
and of the same 129S1/SvImJ genetic background. In Evans

Clinical Perspective

What Is New?

• MG53, an essential cell membrane repair protein, is
expressed in aortic valves.

• Mg53�/� mice display signs of aortic valve disease.
• Recombinant human MG53 protects aortic valve interstitial
cells from membrane injury and reduces fibrocalcific
signaling.

What Are the Clinical Implications?

• Targeting valvular cell membrane repair represents a
potential novel mechanism to treat valvular heart disease.
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blue dye uptake experiments, we used littermate control mice.
Based on our previous studies, we did not identify sex
differences in cardiac function with the Mg53�/� mice.
However, for economic use of the animal resources, we
employed the male wild-type and Mg53�/� mice for the
echocardiography studies and histology studies that required
paraffin embedding. The female mice were used for Evans blue
dye uptake experiments that required cryo-embedding. All mice
were housed in The Ohio State University Laboratory Animal
Resources vivarium, and all procedures and experiments were
approved by The Ohio State University Institutional Animal Care
and Use Committee and performed in accord with National
Institutes of Health guidelines.

Echocardiography
In echocardiographic studies, mice were anesthetized with 2%
isoflurane and imaged using a Vevo 2100 Imaging System
(FUJIFILM VisualSonics, Inc [Toronto, Ontario, Canada]) and the
MX400 22 to 55 MHz ultrasound transducer. For aortic valve
velocitymeasurements, the parasternal long axis viewwas used
to visualize the left ventricular outflow tract with color Doppler.
Mice were tilted to reverse Trendelenburg positions to obtain
flows of optimal clarity, and pulse-wave velocity measurements
were then obtained in blood flow past the aortic valve.
Continuous-wave velocity measurements could not be per-
formed as the Vevo 2100 Imaging System does not have these
technical capabilities. Peak velocities represent themean of the
highest 10% of collected velocities for each mouse.

Histopathology and Immunohistochemistry
Male mouse hearts were perfused with 4% paraformaldehyde
and excised for histopathology and immunohistochemistry.
Hearts were fixed in 4% paraformaldehyde for at least 24 hours,
dehydrated in 70% ethanol for 24 hours, and transferred to The
Ohio State University Comparative Pathology and Mouse
Phenotyping Core for paraffin-embedding. Paraffin blocks were
then sectioned to 4 lm at The Ohio State University Pathology
Core Facility and mounted on Fisherbrand Superfrost Plus
microscope slides. Sections with aortic valve leaflets were used
for all histopathological and immunohistochemical analyses.
Hematoxylin and eosin and Masson trichrome staining was
performed by the Pathology Core Facility, and Alizarin Red S
staining was performed by the Comparative Pathology and
Mouse Phenotyping Core. Immunohistochemistry was per-
formed for fibronectin (Abcam, ab2413; 1:200).

Pig aortic valve sections were subjected to immunohisto-
chemical staining with MG53 antibody (1:200). Histopathology
sections were imaged on an Axiovert 200 microscope (Zeiss
[Oberkochen, Germany]) with cellSens Dimension 1.18 imaging
software (OLYMPUS [Tokyo, Japan]). Immunohistochemistry

sections were imaged on a Zeiss LSM 780 confocal microscope
with Zeiss ZEN 2011 imaging software.

Microelectrode Needle-Induced Cell Membrane
Injury
VIC membrane injury assays were performed as previously
described for other cell types.11,14–16,18,19 For microelectrode
needle penetration, VICs were transfected with GFP (green
fluorescent protein)-human MG53 and then transferred to a
Delta T glass-bottomed dish. Single cells were visualized on
an Eclipse TE2000-S microscope (Nikon [Tokyo, Japan]) with a
Radiance 2100 Laser Scanning System (BIO-RAD [Hercules,
California, USA]) and BIO-RAD LaserSharp2000 5.1 imaging
software. Under fluorescence and live cell recording, a
microelectrode needle was used to penetrate the VIC
membrane.

Glass Bead Cell Injury Assay
Glass bead damage assays used VICs cultured in 75 mm2 cell
culture flasks to 70% to 90% confluency. VICs were collected
and concentrated in PBS to 1.59106 cells per milliliter. VICs
(50 lL [�75 000 cells]) and glass microbeads (50 lL) were
then aliquoted on 96-well plates and treated in duplicate with
varying doses of rhMG53; (0, 12.5, 25, 50, 100, and 200 lg/
mL). Immediately after treatments, plates were secured on a
benchtop shaker and vigorously shaken for 15 minutes.
Plates were spun down, and supernatants were collected for
LDH (lactate dehydrogenase) spectrophotometric measure-
ments (Takara, Cat. #MK401) to assess VIC injury.14–16,18

Evans Blue Dye Uptake
One percent EBD was administered to littermate wild-type and
Mg53�/� mice via intraperitoneal injection of 10 lL EBD per
gram of mouse body weight. Mice were euthanized 24 hours
post-injection, and hearts were excised and OCT-embedded for
cryosectioning. Hearts were sectioned to 8 lm, post-fixed in
4% paraformaldehyde for 10 minutes at room temperature,
washed in PBS, and mounted on Fisherbrand Superfrost Plus
microscope slides.21 EBD fluorescence was imaged on a Zeiss
Axiovert 200 microscope with cellSens Dimension 1.18 imag-
ing software. EBD uptake for individual aortic valve leaflets was
measured on Fiji (ImageJ) 2.0.0 as Corrected Total fluores-
cence=integrated density of selected leaflet�(area of selected
leaflet9mean fluorescence of background readings).

Conjugation of rhMG53 to Fluorescent Probe and
Live Cell Imaging
rhMG53 and bovine serum albumin (BSA) were diluted in
distilled water to a final concentration of 2 mg/mL.
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rhMG53 (1 mg) and BSA (1 mg) were conjugated to Alexa
647-NHS using an Alexa Fluor 647 Protein Labeling
Kit according to manufacturer’s protocol (Invitrogen, Cat.
#A20173). Equal concentrations of either rhMG53-Alexa647
or BSA-Alexa647 were added to VICs that were 50%
confluent on glass-bottomed cell culture dishes (35 mm
diameter with a 15-mm internal glass diameter).14 Cells
were then incubated at 37°C for 30 minutes and imaged
immediately thereafter to assess intracellular fluorescent
intensity on a Zeiss LSM 780 confocal microscope with
Zeiss ZEN 2011 imaging software.

TGF-ß Signaling Studies
The role of MG53 in modulating VIC TGF-ß signaling was
investigated by culturing VICs in 25 cm2 cell culture flasks to
70% to 90% confluency and then conditioning them overnight
in either serum-free medium (to assess changes in protein
phosphorylation) or 1% fetal bovine serum medium (to assess
changes in protein expression). Cells were pretreated for
30 minutes with either rhMG53 (50 lg/mL) or equimolar BSA
and then treated with TGF-ß (1 ng/mL) for 20 minutes (to
assess changes in protein phosphorylation) or 24 hours (to
assess changes in protein expression). For western blotting,
cells were processed in radio-immunoprecipitation assay lysis
buffer as described above.

Statistical Analyses
All statistical analyses were performed with GraphPad Prism
7.0b with data points denoting mean�SD. Shapiro–Wilk
normality tests (a=0.05) were used to test normality. For
normally-distributed data, statistical significance is shown as
P values obtained via a 2-tailed Student t test when comparing
2 experimental groups and ANOVA with multiple comparisons
when comparing >2 groups. Ordinary, 1-way ANOVA tests
with Tukey multiple comparison testing were generally used;
2-way ANOVA tests were used when an experiment had 2
independent variables; and Dunnett multiple comparison
testing was used when comparing multiple experimental
groups to a single control group. When data were not normally
distributed, a Mann–Whitney non-parametric test was used to
obtain P values. A P value of <0.05 was considered
statistically significant.

Results

MG53 is Expressed in Pig and Human Patient
Aortic Valve Tissue
In mice, MG53 is predominantly expressed in mechanically-
active cardiac and skeletal muscles.11,12 More recent studies

have established expression of low levels of MG53 in non-
muscle tissues as well.15,18 MG53 expression in large animal
and human tissues is less well-characterized.22–24 Given that
the aortic valve experiences tremendous mechanical stress
and that large animals share similar cardiovascular physio-
logical environments with human patients, we first performed
western blotting with pig tissue lysates to determine MG53
protein expression in pig aortic valves (Figure 1A). We then
confirmed MG53 expression in aortic valves from human
donor hearts and from 1 patient with heart failure and VHD
(Figure 1B). De-identified patient details are presented in
Table S1. The human heart samples were derived from The
Ohio State University Heart Bank. Most of the samples in the
Heart Bank are from patients with ischemic cardiomy-
opathies, end-stage heart failure, or healthy donor hearts
that failed to be transplanted. In the future, once we are able
to obtain a reasonable number of human diseased valve
samples, we could then design studies to examine if there
are any changes in MG53 protein expression, subcellular
distribution, or genetic mutations in human patients with
VHD.

We conducted immunohistochemistry to determine the
tissue distribution of MG53 in the pig aortic valves (Fig-
ure 1C). Clearly, the monoclonal antibody against MG53
detected signals in both interstitial and endothelial cell layers,
whereas the control immunoglobulin G showed negative
staining. Specificity of the antibody against MG53 used in the
immunohistochemistry experiments was confirmed with wild-
type and Mg53�/� mouse myocardium (Figure 1D).

Aged Mg53�/� Mice Develop Aortic Valve
Disease
The physiological role of MG53 in modulating aortic valve
function was investigated with in vivo assessments of wild-
type and Mg53�/� mice. Given the marked and well-
established contributions of aging to VHD,25–28 we screened
10-and 24-month-old wild-type versus Mg53�/� mice for
aortic valve disease via echocardiography and histology.

In clinical echocardiography, color Doppler imaging and
peak aortic valve outflow velocity are the most robust tools to
assess aortic valve dysfunction.29 Stenotic valves have more
turbulent flow and increased peak aortic valve velocities
attributable to the fluid dynamics of blood flowing past
fibrocalcific leaflets that narrow the valve lumen. Such
environments contribute to continued cycles of pathological
valve remodeling. In murine echocardiography, numerous
studies have used peak aortic valve outflow velocity as a
metric to evaluate aortic stenosis.30–34 Some studies have
used echocardiographic calculations of aortic valve cusp
separation distance to quantify the dimensions of the aortic
valve lumen.33–37 While cusp separation distance provides a
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unidimensional assessment of VHD, it is often less sensitive
than peak aortic valve velocity measurement in screening for
aortic valve dysfunction in rodents.

Echocardiographic analysis of mice at 10 months showed
no differences in peak aortic valve velocity between wild-type
and Mg53�/� mice (1335�317.5 mm/s versus

Figure 1. MG53 is expressed in pig and human patient aortic valve tissue. A, Western blotting shows that MG53 (53 kDa, arrow) is expressed in
pig myocardium and aortic valves. rhMG53 (0.03 ng) and wild-type mouse myocardium (0.06 lg) were used as positive controls and Mg53�/�
myocardium (0.06 lg) as a negative control. 10 lg of lysates from pig tissues were loaded from 3 different animals. The apparent lack of GAPDH
expression in the mouse myocardial tissue reflects the �150-fold less loading of mouse vs pig protein lysates. B, Western blotting shows that
MG53 (53 kDa, arrow) is expressed in human myocardium and aortic valves. rhMG53 was loaded in lanes 1 to 2 (0.05 and 0.02 ng, respectively);
ladder in lane 3; non-failing myocardium (2.5 lg) in lane 4; non-diseased valves (10 lg) in lanes 5 to 9; and a stenotic valve (10 lg) in lane 10.
C, Immunohistochemistry of axial sections of pig aortic valve shows that MG53 (red) is expressed in the valve interstitial layers as well as its
endothelial linings. In the top-most row, 920 magnification images are shown of (left to right) MG53 staining, rabbit immunoglobulin G control
staining, and hematoxylin and eosin staining. In the lower rows and from the920 boxed area,940 magnification images are shown of MG53 and
rabbit immunoglobulin G control staining (red) and overlaid DAPI (40,6-diamidino-2-phenylindole) staining (blue). D, MG53 staining (red) of wild-
type andMg53�/�mouse myocardium are positive and negative controls, respectively. AV indicates aortic valve; HAV, healthy aortic valves; HM,
healthy myocardium; IgG, immunoglobulin G; KO, knockout (Mg53�/�); MW, molecular weight; SAV, stenotic aortic valve; rh, recombinant
human; WT, wild-type.
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1274�66.3 mm/s, P=0.9962) (Figure 2A). Wild-type mice
did not show apparent changes in peak aortic valve velocity
from 10 to 24 months (1335�317.5 mm/s versus
1516�414.3 mm/s, P=0.8578). However, 24-month-old
Mg53�/� mice developed significant increases in peak
aortic valve velocity compared with those at 10 months,
presenting hemodynamic evidence of aortic valve disease.
Figure 2A shows the mean peak aortic valve velocity of
Mg53�/� mice increased from 1274�66.3 mm/s (at
10 months) to 2929�1073 mm/s (at 24 months,
P<0.0001) and rose significantly higher at 24 months than
that of age-matched wild-type mice (1516�414.3 mm/s,
P<0.0001). Representative color Doppler images and pulse
wave aortic valve jets are shown (Figure 2B), and represen-
tative videos are provided (Videos S1 and S2).

Histologic analysis of mouse hearts with hematoxylin and
eosin staining showed that aged Mg53�/� mice have
thickened aortic valve leaflets compared with age-matched
wild-type controls, pathology consistent with the development
of aortic valve disease (Figure 2C). Furthermore, Masson
trichrome staining showed increased valvular fibrosis (Fig-
ure 2D, see also Figure S1). Alizarin Red S staining showed
increased valvular calcification (Figure 2E). Together, these
stainings provide histologic evidence of fibrocalcific aortic
valve remodeling in aged Mg53�/� mice. Interestingly,
similar histologic changes were also observed in mitral valves
of aged Mg53�/� mice (Figure S2).

Echocardiographic assessment previously showed that
Mg53�/� mice up to 10 months of age display normal
cardiac function under basal conditions.12,13,38 Here, we also

Figure 2. Welcome3jah3Aged Mg53�/� mice develop aortic valve disease. A, Peak aortic valve outflow velocities were measured via
echocardiography with higher velocities associated with presence of aortic stenosis. Ten- and 24-month-old wild-type mice had no statistical
difference in peak aortic valve velocities. Twenty-four-month-old Mg53�/� mice showed statistically significant higher velocities compared with
both 10-month-old Mg53�/� mice and 24-month-old wild-type mice. A 2-way ANOVA test with Tukey multiple comparison testing (a=0.05) was
used to obtain P values. n=9 ten-month-old wild-type mice; n=6 ten-month-oldMg53�/� mice; n=14 twenty-four-month-old wild-type mice; n=6
twenty-four-month-oldMg53�/�mice. B, Representative color Doppler images and pulse-wave aortic valve jets are shown for wild-type (left) and
Mg53�/� (right) mice. Aortic valve disease is associated with more turbulent color images and higher velocities as measured by the y-axis of the
pulse-wave jets. C, Coronal sections of aortic valve leaflets are shown opening upwards, left ventricle below and aorta above. Histologic analyses of
agedwild-type (left) andMg53�/� (right)mousehearts using hematoxylin and eosin staining showed increased area; (D)Masson trichromestaining
showed increased fibrosis; and (E) Alizarin Red S staining showed increased calcification in Mg53�/� aortic valve leaflets (n=4) compared with
those from wild-type control mice (n=4). Mann–Whitney test was used to obtain the P value for (C), and 2-tailed Student t tests were used to obtain
P values for (D and E). AV indicates aortic valve; KO, knockout (Mg53�/�); WT, wild- type. *P<0.05, **P<0.01, ****P<0.0001.
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found no significant differences between wild-type and
Mg53�/� mice in left ventricular ejection fraction, fractional
shortening, heart rate, and volume, even at 24 months of age.
Cardiac morphology measurements (heart weight and heart
weight/body weight) similarly showed no statistical differ-
ences (Figure S3). These results demonstrate that valve
dysfunction observed in Mg53�/� mice is not a conse-
quence of more general cardiac dysfunction or disease.
Further, other investigators have also observed that mice with
significant aortic stenosis may have well-preserved ventricular
function.34 Such preserved physiology may be a result of
adaptive changes in Mg53�/� mouse hearts or reflective of
mice that have not yet progressed to heart failure.

MG53 Protects Against VIC Membrane Injury
MG53 orchestrates membrane repair patch formation in
various cells, protecting them from membrane injury caused
by various stimuli.11,13–16,18,19 Here, we used live cell imaging
to demonstrate that GFP-MG53 translocates to membrane
injury sites following microelectrode needle penetration of
primary cultured VICs (Figure 3A, Video S3). This is similar to
our previous findings with skeletal muscle, cardiac muscle,
and epithelial cells, where formation of a membrane repair
patch is associated with rapid movement of GFP-MG53 to
injury sites.11,13–15,18,19

LDH release was additionally used as a marker of cell
membrane injury.14–16,18 Glass bead-induced damage to the
cell membrane leds to exposure of phosphatidylserine (PS) to
the extracellular space. The rhMG53 protein can bind to the
exposed PS, facilitating membrane patch formation. We have
shown previously that incubation of cells with rhMG53 could
reduce LDH release in multiple cell lines including HEK, C2C12,
alveolar lung cells, keratinocytes, and proximal tubular epithe-
lial cells.14,15,18,39,40 Here we found that rhMG53 applied to the
culture medium protected VICs from glass bead-induced
membrane damage in a dose-dependent manner (Figure 3B).

Recently, Anstine et al reported increased EBD accumulation
in aortic valves from aged versus young mice.21 While Anstine
et al studied EBD accumulation as a marker of valve endothelial
permeability, EBD is a cell-impermeable dye and will not enter
cells with intact plasma membranes. We thus performed EBD
uptake experiments in24-month-oldwild-type versusMg53�/�
mice and found thatMg53�/� mice had more EBD uptake per
aortic valve leaflet, indicating increased in vivo membrane
damage to aged Mg53�/� valvular cells (Figure 3C). We also
conducted experiments in younger Mg53�/� and wild-type
littermate mice and found no significant differences in EBD
uptakes between the 2 groups (Figure S4).

We previously demonstrated that rhMG53 protein deliv-
ered via intravenous infusion could protect against ischemia-
reperfusion-induced myocardial infarction in pigs.17 To test if

Figure 2. Continued.
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systemic administration of rhMG53 could penetrate aortic
valves, we performed intravenous injection of rhMG53 to an
aged Mg53�/� mouse and found that at 4 hours after
intravenous infusion, rhMG53 could be detected in the aortic
valve but not in the myocardium (Figure S5). We have shown
that the exogenous rhMG53 protein could recognize and
accumulate in injured tissues but not in healthy tissues.14,17

Thus, this finding provides additional evidence that Mg53�/�
mice had aortic valve dysfunction despite preserved ventric-
ular contractile function.

Together, these results demonstrate that MG53 maintains
its ability to promote cell membrane repair in VICs and that
membrane injury may represent a mechanism contributing to
the development of age-related VHD. Without MG53, the
valvular cells show an increased burden of membrane injury.
In time, accumulated cell injury may lead to remodeling of
valve tissue and hemodynamic and histologic signs of valve
disease as observed in Mg53�/� mice (Figure 2). The ability
of MG53 to modulate VIC injury responses lays the foundation

for our next set of studies to investigate MG53-mediated
protection against signaling processes that contribute to the
development of VHD. Since systemically-administered
rhMG53 could access the injured valves, this finding supports
the potential for the usage of rhMG53 protein to treat valvular
disease.

rhMG53-Mediated Suppression of TGF-ß Signaling
in Aortic VICs
One signature of VHD is the increased fibrotic remodeling in
valve leaflets. Immunohistochemistry demonstrates signifi-
cantly elevated fibronectin staining in aortic valves of aged
Mg53�/� mice compared with age-matched wild-type con-
trols (Figure 4A).41–45

Recent studies show that MG53 exerts protection against
fibrosis, protecting tissues and organs beyond acute cell
membrane repair.17,18,46 Given that fibrosis represents a
critical process in the pathogenesis of VHD, we tested the

Figure 3. MG53 protects against valve interstitial cell (VIC) membrane injury. A, In pig VICs transfected with GFP-MG53 (left), microelectrode
needle penetration of the VIC membrane causes translocation of GFP-MG53 to the membrane injury site (right, boxed; n=10 cells). B, VICs were
exposed to physical damage via vigorous shaking with glass micro-beads. rhMG53 reduces LDH release—an index of cell membrane injury—in
a dose-dependent manner (n=3 biological replicates). An ordinary, 1-way ANOVA test with Dunnett multiple comparison testing (a=0.05) was
used to obtain P values. The ANOVA P-value was P<0.0001. Multiple comparison testing compared each rhMG53-treatment group to the
control, non-treated group to obtain P values <0.05 for cells treated with 50, 100, and 200 lg/mL rhMG53. C, EBD is impermeable to cells with
intact membranes. Aortic valve leaflets of 24-month-old Mg53�/� mice (n=4) show significantly increased EBD uptake compared with those of
littermate wild-type mice (n=3). Representative images are shown on top, and relative fluorescence quantification is shown below. A 2-tailed
Student t test was used to obtain the P-value. These results suggest increased endothelial permeability in 24-month-old Mg53�/� compared
with wild-type controls. Further, given that EBD will not penetrate cells with intact plasma membranes, these results also suggest a greater
in vivo burden of cell membrane injury in aortic valves from Mg53�/� mice. Imaging shows increased damage particularly in endothelial and
subendothelial cell layers. KO indicates knockout (Mg53�/�); LDH, lactate dehydrogenase; rh, recombinant human; WT, wild-type. *P<0.05,
**P<0.01, ***P<0.001.
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ability of rhMG53 to modulate TGF-ß signaling, a central
signaling pathway associated with valvular injury response
and fibrocalcific remodeling.36,47–57

Canonical TGF-ß signaling occurs via ligand-induced TGF-ß
receptor II (TßRII) dimerization with and phosphorylation of
TGF-ß receptor I (TßRI) followed by TGF-ß receptor I
phosphorylation of Smad2. Smad2 then heterodimerizes with
Smad3 and translocates to the nucleus where it acts as a
transcription factor to increase expression of fibrotic
genes.58,59

For live cell imaging, we conjugated rhMG53 and BSA with
Alexa647, a fluorescent probe with high quantum yield. Thirty-

minute incubation of VICs with rhMG53-Alexa647 resulted in
protein uptake into the cells, not observed with BSA-Alexa647
(Figure 4B). Based on this time point, VICs were pretreated
with rhMG53 for 30 minutes, followed by a 20-minute
treatment with TGF-ß (1 ng/mL). Western blot confirmed
the uptake of rhMG53 by the VICs (Figure 4C and 4D).
Figure S6 demonstrated the expression of low level of native
MG53 protein in VICs derived from the pigs. Figure 4C shows
that TGF-ß causes Smad2 activation, indicated by elevated
Smad2 phosphorylation. Cells pretreated with rhMG53
showed significantly less TGF-ß-induced Smad2 phosphoryla-
tion as compared with BSA-pretreated control cells. Moreover,

Figure 4. rhMG53 suppresses TGF-b-induced fibrocalcific signaling in valve interstitial cells. A, Immunohistochemistry of aged wild-type (left)
and Mg53�/� (right) mouse hearts show increased fibronectin staining in Mg53�/� aortic valve leaflets (n=3) compared with those from
wild-type control mice (n=4). A 2-tailed Student t test was used to obtain the P value. In different tissues, fibronectin mediates both fibrosis
and calcification such as that observed in histologic analysis of 24-month-old Mg53�/� mouse valves (Figure 2).41–44 Fibronectin is a
downstream product of the TGF-ß pathway and has been associated with VIC injury, facilitating continued signaling events and VIC
activation.7,8,45,48–50,57 Given the relationship between TGF-ß and fibronectin and with increased fibronectin staining in Mg53�/� aortic
valves, we aimed to target our in vitro studies through our histopathology findings. Specifically, we tested if rhMG53 treatment could modulate
VIC TGF-ß signaling and downstream fibronectin expression. B, To guide our mechanistic insights, we first wanted to determine if rhMG53
could enter pig aortic VICs. Here, we conjugated rhMG53 and BSA as a control to the Alexa-647 fluorophore to allow visualization of rhMG53-
specific cell entry via live cell imaging (n=10 cells). Importantly, rhMG53 VIC entry was observed after treating cells for 30 minutes, thus our
use of this pretreatment time in our in vitro signaling studies. C, Short time points to study cell signaling events in pig VICs showed that
rhMG53 reduces TGF-b-induced Smad2 phosphorylation (n=3). D, Longer time points to study differences in protein expression in pig VICs
demonstrated that rhMG53 reduces TGF-b-induced fibronectin expression (n=4). Ordinary, 1-way ANOVA tests with Tukey multiple comparison
testing (a=0.05) were used to obtain P-values. AV indicates aortic valve; BSA, bovine serum albumin; KO, knockout (Mg53�/�); rh,
recombinant human; TGF, transforming growth factor; WT, wild type. *P<0.05, **P<0.01, ***P=0.001.
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in downstream studies, prolonged (24-hour) treatment of VICs
with TGF-ß (1 ng/mL) increased fibronectin expression; this
change was also mitigated by rhMG53 (Figure 4D).

Discussion
In this study, we demonstrate that MG53, an essential cell
membrane repair protein, can facilitate repair of injury to VICs
and modulate the fibrocalcific processes that contribute to the
development of VHD. We show that MG53 is expressed in pig
and human aortic valves. Aortic valves of aged Mg53�/�
knockout mice had increased tissue injury and displayed signs
of aortic valve dysfunction and disease. We found that MG53
protects aortic valve interstitial cells from both membrane
injury and fibrocalcific remodeling. Given the preserved
contractile function of Mg53�/� mouse hearts under phys-
iological conditions, the observation that agedMg53�/�mice
display hemodynamic and histological signs of aortic valve
disease highlights a critical in vivo mechanism of MG53-
mediated valvular protection (Figure 5).

Disruptions in cell membrane repair in response to injury
contribute to a vast number of diseases in many different
tissues.60–63 However, valvular cell membrane injury and repair
remain an understudied aspect of heart valve biology. Under
physiologic conditions, heart valves experience tremendous
mechanical stress from hemodynamic forces, and maladaptive
valve injury responses are directly associated with VHD. VICs
represent �80% of the cells in the valve and maintenance of

their integrity is critical for the valve function. After damage to
the valve endothelial cell layer, VICs are prone to continued
injury from the maladaptive hemodynamic environment. In
these processes, quiescent VICs become “activated”, experi-
encing a fibroblast-to-myofibroblast-like transition, and later
“osteoblastic” in nature, cumulatively resulting in valvular
fibrocalcific changes and the development of VHD.

Many studies have characterized the vital roles for VICs in
the valve injury response, with excessive TGF-ß signaling
activation as a result of VIC injury.3–9 The injury response and
TGF-b signaling contribute to the vicious cycle of valvular
fibrotic remodeling and disease. We provide evidence to show
that MG53-mediated protection against VIC injury represents
a promising means to maintain valve cell homeostasis and
prevent progression of valvular pathology. Beyond membrane
repair, our studies show that rhMG53 can mitigate TGF-b-
induced fibrotic response in VICs. Through Smad2 phospho-
rylation, TGF-ß drives pathologic remodeling of quiescent,
fibroblast-like VICs to an activated, myofibroblast-like pheno-
type. Fibronectin is recognized as a potent downstream
mediator of TGF-ß activity, contributing to VIC activation and
hence progression of valve disease.7,8,45,48,49,57 We showed
that rhMG53 interferes with TGF-b signaling to reduce the
Smad2 phosphorylation and fibronectin expression, mediators
of fibrocalcific activation in VICs. Clearly, the anti-fibrotic
function of MG53 requires the entry of MG53 into the VICs;
whether or not it involves the intrinsic E3 ubiquitin ligase
activity will require further studies in the future.

Figure 4. Continued.
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The greatest limitation in the valve biology field remains
the lack of suitable mouse models of acquired valve disease.
Most mouse valve disease models involve single- or double-
knockouts of genes critical to cholesterol handling, still
requiring a long-term high-fat diet or aging thereafter.35,37,64

Studies from Weiss et al demonstrated that aging and
cholesterol handling may play a significant role in the
pathogenesis of aortic valve disease.37 Despite these insights,
clinical trials utilizing cholesterol-lowering medications have
yielded insignificant benefits, highlighting the need for a
therapy more specifically targeting valvular cells.65 We found
that the Mg53�/� mice displayed an age-dependent pheno-
type of VHD, without baseline changes of ventricular
contractile function. Thus, the Mg53�/� mice could poten-
tially provide a useful model for VHD research. We previously
demonstrated a cardioprotective function of rhMG53 in a
porcine model of ischemia-reperfusion-induced myocardial
infarction.17 Here, we provide important findings to show that
systemically-administered rhMG53 could penetrate the
injured valve tissues, thus supporting the therapeutic poten-
tial for rhMG53 protein to treat valvular disease.

Since our discovery of MG53 in 2009,11 notable progress has
beenmade in advancing the mechanistic action of this protein in
the biology of tissue repair as well as in regulation of metabolic
syndromes. MG53 belongs to the TRIM family of proteins that
contain the conserved RINGmotif with E3-ligase activity. Several
studies have shown that insulin receptor substrate 1 66–68 and
focal adhesion kinase69 are E3-ligase substrates for MG53-
mediated ubiquitination and degradation. Song et al67 reported
MG53 protein was increased in animal models of diabetes

mellitus and proposed that MG53-mediated downregulation of
insulin receptor substrate 1 served as a causative factor for the
development the diabetic phenotype. Yi et al68 and others70–72

observed normal MG53 expression in human diabetic muscle
and murine models of diabetes mellitus. Early publications with
mice lacking insulin receptor substrate 1 revealed no clear
phenotype of type 2 diabetes mellitus.73,74 Thus, MG53-
mediated down-regulation of insulin receptor substrate 1 cannot
be a causative factor for the development of type 2 diabetes
mellitus. While this remains a controversial field of research,
future studies need to be performed to determine the role of
MG53 in modulating the metabolic aspect of VHDs.

Overall, this study contributes to our understandings of
valve biology—an understudied field of cardiovascular biology
despite valve disease representing a fast-growing clinical
burden in the United States and throughout the world. Our
work demonstrated a dual function for MG53 in maintaining
the integrity of the VICs and in controlling TGF-b-mediated
fibrotic remodeling associated with VHD. Further understand-
ing of the signaling components associated with MG53/TGF-b
crosstalk in modulation of the fibrocalcific response in the
diseased valves could advance our basic understanding of cell
membrane repair in valve physiology and disease, as well as
facilitating the translation of therapeutic application of
rhMG53 to alleviate and treat VHD or improve its surgical
management. Such therapies may include an oral or injectable
rhMG53-based formulation that targets valve cells, rhMG53-
coated sutures or bioprosthetic valves that can be used during
valve operations, or a topical rhMG53-based formulation that
can be applied during valve repairs.

Figure 5. A suggested model summarizes our results. Accumulated membrane injury to VICs (dashed
lines) is associated with increased TGF-b-induced fibronectin expression, allowing for pooled TGF-b
signaling, constitutive VIC activation (red lines), and downstream fibrocalcific changes. These remodeling
processes result in VHD. MG53 protects VICs from both membrane injury (green patches) and fibrocalcific
TGF-b signaling to prevent such remodeling and maintain valvular homeostasis. Future studies will specify
mechanisms of MG53-mediated protection and will assess the translational potential for MG53-based
protein therapies or MG53-coated cardiovascular materials in preventing or treating VHD.
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Supplemental Material 

 



Table S1. De-identified patient details are provided for the human tissue western blot. 

 

 

Healthy aortic valves were excised from non-failing hearts from donors who had been declared 

deceased from non-cardiac conditions as noted in the “Cause of Death” column. The stenotic 

aortic valve was excised from a failing heart from a patient undergoing cardiac transplantation. 

No aortic valves were from patients with left ventricular assist devices were used, ensuring the 

all valves experienced physiological, pulsatile blood flow. AV, aortic valve.  

 



Figure S1. Intensity of the trichrome staining in mouse aortic valve.  

 

 

 

 

Intensity of trichrome staining in the mouse aortic valve (data presented in Figure 2D) was 

calculated.  Significant difference was observed between the wild type and Mg53-/- mice. A two-

tailed Student’s t-test was used to obtain the p-value. **p<0.01 

 

 

 



Figure S2. Coronal sections of mitral valve leaflets are shown opening downwards, left 

ventricle below and left atrium above. 

 

 

 

 

Mitral valve leaflets (n=2) of aged wild type (left) and Mg53-/- (right) mice showed similar 

trends as aortic valves in leaflet (A) thickness (via H&E), (B) fibrosis (via Masson’s trichrome), 

and (C) calcification (via Alizarin Red S). WT, wild type; KO, knockout (Mg53-/-). 

 



Figure S3. Wild type and Mg53-/- mice show similar cardiac function. 

 

 

 

No statistical differences in left ventricular ejection fraction (EF) (A), fractional shortening (FS) 

(B), heart rate (HR) (C), heart weight (D), and ratio of heart weight/body weight (E) were noted 

between wild type and Mg53-/- mice. EF and FS measurements were made with mice in reverse 

Trendelenburg position. Ages of the mouse groups are listed. Significance was tested via two-

way ANOVA tests with Tukey’s multiple comparison testing (α=0.05, Figures S3A-S3C) and 

two-tailed Student’s t-tests (Figures S3D-S3E), showing no statistically significant differences 

between groups. WT, wild type; KO, knockout (Mg53-/-). 

 

 

 



Figure S4. Evans blue dye (EBD) uptake in a limited number of younger wild type and 

Mg53-/- littermate mice. 

 

 

 

 

2 pairs are 7 months and 1 pair is 17 months age. EBD was administered to littermate wild type 

and Mg53-/- mice via intraperitoneal injection. Mice were euthanized 24 hours post-injection, 

and hearts were excised and OCT-embedded for cryosectioning. Histological examination was 

used to locate the aortic valve, and the intensity of EBD uptake was quantified with no 

statistically significant difference observed. 

 

 

 

 

 

 



Figure S5. Systemically administered rhMG53 protein can penetrate murine aortic valve 

tissue. 

 

Mg53-/- mouse (24 months age) was intravenously injected with 2 mg/kg rhMG53 for 4 hours. 

Afterwards, the heart was excised, cryo-embedded, and stained for MG53. We observed uptake 

of rhMG53 in the aortic valve leaflet (red, top row) but not in the myocardium of the Mg53-/- 

mouse (middle row). As rhMG53 is excreted via the kidney, we also observe rhMG53 uptake in 

the renal glomeruli (bottom row). DAPI was used to stain the cell nuclei. 

 



Figure S6. Western blot of MG53 expression in the pig aortic valvular interstitial cells 

(AVICs).   

 

 

While short exposure did not reveal the presence of the 53 kD band in the western blot (top), 

longer exposures showed that native MG53 (53 kDa, arrow) is expressed in pig AVICs. Wild 

type mouse myocardium (0.06 µg) and pig aortic valve tissue (20 μg) were used as positive 

controls and Mg53-/- myocardium (10 µg) as a negative control. 50 µg of lysates from pig 

AVICs were loaded from three different animals (1, 2, 3).  

 

 

 



Supplemental Video Legends 

 

Videos S1-S2. Representative color Doppler videos from 24-month-old wild type (left) and 

Mg53-/- (right) mice. Best viewed with Windows Media Player. 

 

Video S3. GFP-MG53 translocates to VIC membrane injury site after microelectrode 

needle penetration. Best viewed with Windows Media Player. 

 

 


