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Abstract

Maintaining cellular homeostasis is an essential aspect of maintaining physical health and
dysregulation of cellular homeostasis leads to potentially life-threatening pathological
disorders. For example, coronary heart disease, or heart attacks, affects approximately
635,000 Americans a year and about 300,000 with a recurrent attack with high morbidity
and mortality rates. While diseases like Gastro-Esophageal Reflux Disorder, although not
necessarily life-threatening, still require a lifetime of antacid medications. Living
organisms have developed intrinsic mechanisms to maintain and counteract disruptions in
homeostasis. In order to improve outcomes for patients and develop new therapies for
diseases like heart attacks and GERD, we must better understand the mechanisms behind
how homeostasis is maintained or reestablished. Recently, TRIM family proteins have
been identified as essential factors that mediate protein catabolism, as well as other
functions in cell-associated innate immunity, cancer, membrane repair, and autophagy, to
name a few. Of interest are TRIM72, also known as MG53, and TRIM50. MG53 is
essential to cell plasma membrane repair after mechanical or chemical injury, making it
an attractive therapeutic agent to treat cardiovascular diseases. Additionally, MG53 may
have a novel function in mitochondria protection. TRIMS50 has recently been described as
a regulator of gastric acid secretion in parietal cells. These two proteins share a common

N-terminal TRIM domain; however, they have divergent PRY/SPRY domains. Given the
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prevalence of the PRY/SPRY domain encoded in the human genome and within the
TRIM family and the apparent importance of MG53 and TRIM 50, the goal of this this
dissertation research was to elucidate the roles of MG53 in mitochondrial protection and
TRIMS5O0 in gastric acid secretion. I hypothesize the divergent functions are driven by the
divergent C-terminal PRY/SPRY domains. Through confocal imaging and biochemical
analysis, I show MGS53 does localize to mitochondria after oxidative injuries and this
localization prevents mitochondrial damage. In a TRIM50 knockout mouse model, I
show TRIMS50 is essential for maintaining the cell’s ability to buffer its internal contents
which, in turn, causes a dysregulation of gastric acid secretion upon stimulation. Finally,
generating chimeric proteins between the N-terminal and C-terminal domains of MG53
and TRIMS50, I show the divergent C-terminal domain of MG53 connected to the
conserved N-terminal domain of TRIMS5O0 is insufficient for providing the well-
established membrane repair function of MGS53. Overall, this dissertation provides
evidence of a novel function of MG53 in maintaining cellular homeostasis through
mitochondrial protection. Identifying this novel function brings us one step closer to
being able to make MGS53 a therapeutic approach after oxidative injuries such as
coronary heart disease. Additionally, the results I present in this dissertation suggests a
new mechanism for TRIMS50’s involvement in gastric acid secretion. Finally, this

dissertation clarifies role of the MG53 PRY/SPRY domain in membrane repair.
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Chapter 1. Introduction

Physiology is the study of “normal” functions of living organisms and how those
organisms maintain homeostasis, or equilibrium. Organisms use a variety of methods to
maintain homeostasis such as modulating ion transport, protein synthesis, and protein
degradation. When one or more of these methods is interrupted or altered, homeostasis is
lost, causing pathologies like inflammation, disease susceptibility, and necrosis, to name
a few. As life became more complex cells and organisms evolved many elegant
mechanisms to maintain homeostasis. Many of these mechanisms involve regulating ion
concentrations across membranes for functions like energy production as well as intra-
and extra-cellular signaling. Other mechanisms rely on the regulation of protein
biogenesis, localization, or catabolism.

In 2004, the regulation of homeostasis through catabolism via a ubiquitin-
mediated pathway won Aaron Ciechanover, Avram Hershko and Irwin Rose the Nobel
Prize in Chemistry [1]. In this pathway, E1 activating enzymes provide energy to
ubiquitin or ubiquitin- like proteins including Nedd8 and small ubiquitin modifier
(SUMO) by using ATP to create a thioester bond between ubiquitin and itself, releasing
AMP. The energized E1 and ubiquitin complex binds with the catabolic E2 enzyme to
transfer the thioester bond from the E1 enzyme to the E2 enzyme, releasing the E1

enzyme [2]. When an E3 ubiquitin ligase enzyme encounters its substrate, it will form a
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complex with the substrate protein and the E2/ubiquitin complex. From there, the E3
ligase facilitates ubiquitin transfer from the E2 enzyme to specific lysines on the substrate
protein. After mono- or poly-ubiquitination, the tagged substrate protein will be
transported to the proteasome where it gets degraded into amino acids and small peptide
chains and ubiquitin will be released for future use. Therefore, E3 ubiquitin ligases act as
regulators of protein and organelle catabolism, or degradation, and are historically
categorized into two groups: RING (really interesting new gene) type and HECT
(homologous to the E6AP carboxyl terminus) type E3s [3]. In order to understand
some ways cells have evolved to maintain cellular and tissue homeostasis through
mechanisms like ubiquitination, we must understand the diverse roles of TRIM
family proteins.
TRIM family proteins: Diversity in form and function

TRIM proteins have been implicated in a variety of cell and tissue processes
including but not limited to differentiation, development, autophagy, immunity, and
oncogenesis [4—7]. Over 75 TRIM proteins coded for in the human genome with some of
these proteins be conserves across vertebrate and invertebrate species [8]. They are all
zinc binding proteins containing a conserved amine (N) terminal domain, also known as
the RBCC or TRIM domain, consisting of a RING domain, one or two B-box domains,
and a Coiled-coil domain. TRIM family proteins are further subclassified into eleven
subfamilies by their divergent carboxy (C) terminal domains, as seen in Table 1 [4, 5].
Most known TRIM protein functions arise from the conserved RBCC domain as a zinc

binding E3 ubiquitin ligase domain.



Table 1 TRIM Subfamilies

Subfamily TRIM C-Terminal Subfamily Members
Domain Domain
C-1 R-B1-B2-CC- -COS-FN3-PRY- MIDI, MID2, TRIM9, TIRM46,
SPRY TRIM67
C-1I R---B2-CC- -COS----- TRIMS54, TRIMSS, TRIM63
C-1II R-B1-B2-CC- -COS-FN3--- TRIMA42
C-1v R-B1-B2-CC- ----PRY-SPRY TRIMLI, TRIM4, TRIMS5a,

TRIM7, TRIM10, TRIM1 1,

TRIM15, TRIM17, TRIM21,
TRIM22, TRIM25, TRIM26,
TRIM27, TRIM34, TRIM35,
TRIM38, TRIM39, TRIMA41,
TRIM43, TRIM47, TRIMA4S,
TRIM49, TRIM50, TRIMS53,
TRIMS5S, TRIM60, TRIM62,
TRIM69, TRIM72, TRIM75

C-V R-B1-B2-CC-  —---- PML, TRIMS, TRIM3 1, TRIM40,
TRIMS52, TRIM61, TRIM73,
TRIM74

C-VI R-B1-B2-CC- -PHD-BROMO---- TRIM24, TRIM28, TRIM33

C-VII R-B1-B2-CC-  -FIL-NHL---- TRIM2, TRIM3, TIRM32,
TRIM71

C-VIII R--B2-CC-  -MATH-— TRIM37

C-IX R-B1-B2-CC-  -ARF-— TRIM23

Cc-X R-B1-B2-CC  -FIL-— TRIM45

C-XI R---B2-CC-  -TM---- TRIM13, TRIM59

Adapted from Ozato, K et al. 2008 [4] and Hatakeyama 2011 [5]

Within this family of proteins, the divergent C-terminal domains provide
functional and subcellular localization specificity. TRIM proteins with the PHD-BROMO
domains often function as transcriptional co-activators or co-repressors often associated
with oncogenes [6, 9]. Indeed, investigations into the role of the PHD and BROMO
domains showed both domains together were necessary for interreacting with the
nucleosome [10]. Interestingly, the nuclear transcriptional function of TRIMs 24, 28 and

33 are not associated with their functional ubiquitin ligase domain, the RING domain,
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rather, it is directly associated with their c-terminal domain [9, 11]. However, TRIM33 is
also known to ubiquitinate Smad4 for degradation, exhibiting unique multi-function
properties seen in some TRIM proteins, regardless of c-terminal domain characteristics
[6].

Subfamily C-II containing a c-terminal subgroup one signature (COS) domain.
Sub-group C-II proteins TRIMs 63, 55, and 54 are also known as Muscle RING Fingers,
or MuRF-1, -2, or -3, respectively [12, 13]. These TRIM proteins are essential for
maintaining skeletal muscle homeostasis through direct interactions with myofibrillar
proteins like titin, nebulin, troponin-I, troponin-T, and myosin light chain 2, to name a
few [12]. Deletions or mutations in these proteins often lead to multiple functional and
metabolic disorders in skeletal muscle like cachexia and sarcopenia [13—15].

The c-terminal PRY/SPRY, or B30.2, domain characterizes the largest subfamily
of TRIM proteins with, arguably, the most diverse functions [4, 6, 16]. The PRY/SPRY
domain has an antibody-like structure with four variable loops in the gene sequence and
is found in over 500 identified human proteins in the SMART database [16, 17]. This
variable loop allows for diverse protein-protein interactions, even within the same family
of proteins like TRIM proteins. Indeed, this subfamily of TRIM proteins is dynamic,
evolving much faster than other TRIM subfamily types [8]. For example, PRY/SPRY
containing TRIMs 1, 5a, 19, 22 and 32 participate in innate immunity, recognizing motifs
within retroviral capsid proteins and ubiquitinating them for proteasomal degradation [16,
18]. PRY/SPRY containing TRIMs 9, 27, and 33 translocate to loci of oncogenes in

various cancers with TRIMs 11, 25, 26, 62, and 72 either positively or negatively



regulating TGF-P signaling [6, 19, 20]. Interestingly, for some TRIM proteins, like
PRY/SPRY containing TRIM72 and TRIMS50, their non-ubiquitination related functions
are better characterized. Understanding the non-ligase functions of TRIM proteins
like TRIM72 and TRIMSO0 will move towards a better understanding of functions of
the PRY/SPRY domain.
Membrane Repair for Tissue Protection and Regeneration

Cell membrane damage is caused by many types of physical or chemical
perturbations to the lipid bilayer; whether that is a physical cut, locomotion-induced
tearing, or contact with pore forming toxins, to name a few. When a hole is formed in the
plasma membrane, ions within the cell (K" and CI") rush out of the cell, down their
concentration gradient, while ions outside the cell (Ca**, Na*, and Mg?") rush in. Most
importantly, the inrush of Ca®" into the cell causes a dramatic increase in intracellular
Ca**, which is one of the major intracellular signaling molecules whose persistence inside
the cell at a high concentration will activate autophagy or apoptosis [21, 22]. Because
Ca”'is integral to most signaling pathways within the cell, Ca® concentration is highly
buffered [23, 24]. Theoretically, this means the influx of extracellular Ca** only affects
the organelles like the ER and lysosomes immediately surrounding breaks in the plasma
membrane. Too large a wound in the plasma membrane, therefore, would cause aberrant
Ca”* signaling, leading to cell death. Because of this, living organisms have developed
several mechanisms for repairing holes in the plasma membrane: contraction, exocytosis,

patching, internalization, externalization, and plugging [22].



Plasma membrane contraction involves recruitment and formation of an
actomyosin ring around the injury site. From there, the hole in the membrane seals
following a mechanism similar to membrane sealing for cytokinesis. Internalization and
externalization, and exocytosis are mechanisms proposed for sealing small holes in the
membrane. For exocytosis, the increase in intracellular calcium signals for movement of
vesicles to the plasma membrane to effectively add additional lipid bilayer to force the
hole closed. In internalization, an invagination would form at the region of membrane
with the hole that would be pinched off, similarly to receptor-mediated endocytosis.
Opposite of internalization is externalization where plasma membrane around the hole is
externalized via ESCRT-mediated budding [22, 24]. Plugging and patching can both
filler larger gaps in the plasma membrane with the recruitment of intracellular vesicles,
however patching only stoppers holes without re-establishing a continuous membrane
[25]. Whereas, patching occurs as the influx of extracellular calcium signals to TRPMLI1
transiently release lysosomal Ca®", activating Ca®" sensors like synaptotagmins, ferlins,
and annexins to fuse lysosomal vesicles for exocytosis-like repair [24, 26]. These
mechanisms are still not fully defined and require more study to better understand
the various ways our cells re-establish homeostasis through membrane resealing.

TRIM72/MGS53: Regenerative Medicine’s “Miracle Protein”

In 2009, Cai et al. described a novel TRIM protein TRIM72, at the time named
MG53, while elucidating what proteins are involved in maintaining the structure of the
skeletal muscle t-tubule and calcium signaling. Unlike any other PRY/SPRY containing

TRIM protein, MG53 mediated patch or exocytosis-associated plasma membrane repair.



A coordinated event by oxidative sensor MG53 and Ca®" sensor annexin V bind to the
exposed membrane lipid phosphatidylserine (PS) while interacting with caveolin 3 and
dysferlin to form a membrane repair “patch” [27-29]. Without MG53, dysferlin-
associated vesicles cannot migrate to the injured plasma membrane, resulting in a
significant reduction of cell survival [28].

The repair function depends on MGS53 ability to polymerize upon changes in
oxidative state. For this, cysteine 242 located between the coiled-coil and PRY domains,
but not cystine 313 in the middle of the PRY domain is responsible for polymerization.
Mutations in cysteine 242 result in an inability to polymerize, as shown in western
blotting experiments with or without DTT as an oxidative reducer [27]. This inability to
polymerize was directly correlated with a significant reduction in nucleation at the
plasma membrane injury site and increased entry of FM4-64 dye into wounded cells [27].
In addition to polymerization for membrane repair, MG53 requires cholesterol-associated
lipids for translocation to damaged plasma membrane as well as the molecular motor
non-muscle myosin I[IA [30, 31]. Other RBCC motifs have been identified as essential
for its membrane repair function of MG53 such as the two leucine zippers found in the
coiled-coil domain [32] and the two zinc-finger in the RING and B-box domains [33].
MGS53 is incapable of migrating to the plasma membrane without the ability to bind to
zinc or if zinc is chelated, as indicated in Figure 1 [33, 34]. Altogether, these components
of MG53 allow interaction with lipid rafts and vesicles inside the cell and nucleate at a

damaged plasma membrane for repair and cell survival.



l Extracellular Zn?* flows into l

Cell Survival the cell through injury site Cell Death
P7 T 2IP7T T
MG53 binds Zn®* to Ablation or Chelation of
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form a repair patch prevents membrane repair
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Figure 1 MG53 binds zinc for membrane repair.

Zinc binding to the RING and B-Box of MG53 contributes to repair of injury to skeletal
muscle through facilitation of intracellular vesicle trafficking to the injury site.

See ref 34 (Gumpper and Ma, book chapter)

As an essential mediator of plasma membrane repair, many studies have assessed
MG53’s ability to prevent or heal various injuries such as membrane fragility in
Duchenne’s Muscular Dystrophy [35-37], dermal wounds [20], calcification of aortic
valvular interstitial cells [38], and ischemic damage to multiple tissue types including, but
not limited to: skeletal muscle, lung, kidney, and brain [28, 29, 39—-44]. Indeed, one of the
best characterized functions of MG53’s tissue protection is in response to ischemia /
reperfusion (I/R) injury which causes oxidative damage to cells. MG53 has been
implicated in regulating the PI3K/Akt/mTOR pathway during oxidative stress injuries by
inducing phosphorylation of Akt, glycogen synthase kinase-38 (GSK-3f), and ERK1/2
[45]. Additionally, MG53’s protection of cell membrane integrity can reverse muscle
degeneration in several muscular dystrophy models via activation of the cell survival Akt,

ERK1/2, and GSK-3B pathway [29, 35, 46].



As an E3 ubiquitin ligase, MG53 has two known substrates, IRS-1 and focal
adhesion kinase (FAK), for regulation of cell differentiation and proliferation [47].
During myogenesis, total FAK is transiently reduced by MGS53 via ubiquitination, a
critical step after cell commitment to differentiation. After the temporary reduction in
FAK, expression is increased to promote fusion of myoblasts into myotubes [48].

Since its initial discovery in 2009, many groups have worked towards
understanding MGS53 in physiology and how to target MG53 for tissue repair in
regenerative medicine. As it turns out, MG53 may be a mediator in metabolic syndrome
and insulin signaling in skeletal muscles, however this function is hotly debated [33, 49,
50]. Song et al. reported MG53 expression was markedly elevated in animal models of
insulin resistance, related to MG53’s ubiquitination of IRS-1 [51]. Adverse effects of
MGS53 as an E3 ligase in harnessing IRS1-mediated insulin signaling and metabolic
function in muscle have been reported [50, 52—54]. Additionally, they suggest muscle
samples derived from the db/db mice and human patients exhibit elevated MG53,
however this has not been reproducible in some studies on MG53 [49, 52]. Additionally,
there are three other homologous proteins in the IRS family all of which contribute to
insulin signal transduction in skeletal muscle. An absence of IRS-1 or IRS-3 is not
enough to induce type II diabetes [55, 56]. Only through a combination of IRS-1 and
IRS-3 deficiency does a manifestation of diabetic phenotypes result, indicating that IRS-1
and IRS-3 serve overlapping physiological functions in insulin signaling[56]. Thus,
MG53-mediated IRS-1 down-regulation cannot solely induce type II diabetes. Indeed, we

show MG53 expression remains unchanged in skeletal muscle after a high fat diet that



resulted in metabolic syndrome, and less MGS53 is secreted into the blood stream [49, 50].
Additional toxicological studies on MG53 in both mice and beagle dogs indicate that
repeated i.v. administration of MGS53 results in no adverse effects with no changes to
blood glucose or other pathological changes [29, 40].

The above-mentioned studies on MG53 included many imaging experiments
analyzing the movement and subcellular localization of MG53 that was either
fluorescently tagged via plasmid or conjugation to an NHS-ester dye. Although plasma
membrane repair is an incredibly important mechanism for cell survival, many imaging
studies also revealed a scattering of MG53 throughout the cytoplasm of the cell that has
not been well understood. As seen in Figure 2, after high-fat diet induced oxidative stress,
MGS53 localized to both the sarcolemma membrane and to COX-IV a commonly used

marker for mitochondria [49]. This novel MG53 localization around the mitochondria

Figur 2 MG53 Surrounds COX IV After Oxidative Stress
Skeletal muscle from mice fed a long term normal or high fat diet stained for
mitochondrial marker COX IV (green) and MG53 (red)

Adapted from Ma et al. [49]
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suggests MGS53 may be aiding cell survival through the maintenance of

mitochondria integrity via mitophagy.

Mitophagy and Reactive Oxygen Species: Driving Diseases

The concept of ROS accumulation was established over 50 years ago by Denham
Harman whose theory asserted that aged cells accumulate free radicals [57, 58]. This
accumulation of ROS as we age is associated with many diseases like diabetes, cancer,
neurodegenerative disorders, and ischemia-reperfusion injuries, to name a few. To
combat an accumulation of ROS inside the mitochondria, cells express three different
superoxide dismutases (SODs) that bind metals like zinc and copper, manganese or iron
to transform superoxides into H>O; and O>. Mutations in these proteins have been
associated with degenerative diseases such as mutations in Cu-Zn-SOD1 contributing to
the ROS buildup seen in neurons in amyotrophic lateral sclerosis (ALS). Mn-SOD2 is
found primarily in mitochondria and loss of activity for this protein contributes to the
progression of Alzheimer’s and Parkinson’s disease [59]. Sometimes, ROS accumulation
in mitochondria cannot be overcome by SOD function, leading to mitochondrial damage.
To preserve cellular function, damaged mitochondria must be removed from the cell in a
highly regulated process, maintaining a healthy pool of mitochondria in a process called
mitophagy.

Autophagy is a highly regulated process whereby the cell removes unwanted or
damaged organelles or other cellular components. Mitophagy is the specific autophagic

process where damaged mitochondria are degraded for recycling into other cellular
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components. As seen in Figure 3, when mitochondria are damaged, ATP production is
reduced with a concurrent secretion of the mitochondrial-specific reactive oxygen species
(ROS) Oz as well as mitochondrial proteins like cytochrome ¢ through the mitochondrial
permeability transition pore [60, 61]. If the damaged mitochondria secreting ROS are not
removed, a negative feedback loop known as “ROS-induced ROS-release” will occur,
damaging more mitochondria leading to cell death [60, 61].

In normal cells or under limited stress, the damaged mitochondria are partitioned
from healthy mitochondria via Drp1-associated fission [62]. From there, E3 ubiquitin
ligases like PINK 1 and Parkin nucleate at the damaged mitochondria to ubiquitinate
proteins on the outer mitochondria membrane that are exposed after damage [63—65]. An
autophagosome forms around the ubiquitinated mitochondria in an Atg8, p62, LC-3
dependent manner. The formed autophagosome merges with a lysosome for degradation
of the damaged mitochondria to recycle building blocks for future use. Although the
PINK1/Parkin mechanism is the best understood, there are other E3 ubiquitin ligases
responsible for tagging damaged mitochondria. Recent studies have indicated
metabolically demanding tissues like brain and heart exhibit PINK1-independent
mitophagy that is not well defined [66, 67]. It is imperative we explore the possible
function of MGS53 in mitochondrial maintenance or mitophagy as we move towards

making MGS53 into a therapeutic agent.
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Figure 3 MG53 in Mitophagy Hypothesis

Figure adapted from Dolman et al. 2013 with permission.

TRIMS50: A Mediator of Gastric Acid Secretion

TRIMSO0 is another TRIM protein who’s non-E3ubiquin ligase function is better
understood than its ligase function. TRIMS50 was first identified by Micale et al in 2008
associated with their research into Williams-Beuren syndrome [68]. Williams-Beuren
Syndrome is a genetic disorder where a small region of the 7th chromosome is has a
microdeletion of approximately 23 genes proteins such as elastin, syntaxin 1, and
TRIMSO0 [68, 69]. Deletion of these genes causes symptoms such as joint laxity, low
muscle tone, hypercalcemia, kidney abnormalities, and developmental disorders, amongst

other symptoms. The characteristic elfin-like craniofacial abnormalities have been
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associated with the deletion of general transcription factor II-I gene family including
repeat domain-containing protein 1 gene (GTF2IRDI1) . The supravalvular aortic stenosis,
hypertension and abnormalities in connective tissue has been clearly linked to the
deletion on elastin (ELN) Glucose intolerance has been associated with deletion of
syntaxin 1A (STX1A). TRIMS50 is one of several other identified proteins deleted in
Williams-Beuren syndrome, however its involvement in the pathologies of this disorder
have not yet been characterized.

Like MGS53, TRIMS50 contains a PRY/SPRY domain and is relatively similar in
sequence to MG53, diverging from the rest of the TRIM family proteins together before
separating into two distinct proteins [70]. Unlike MG53, TRIMS50 is mainly expressed in
the parietal cells of the stomach and does not participate in plasma membrane repair.
Rather, removing TRIMS50 expression from mice resulted in dysfunction of gastric acid
secretion. Trim50 -/- mice displayed an alkaline gastric pH without changes in H"/K"
ATPase (ATP4A) expression or activity [70]. Additionally, after stimulation with
histamine, the luminal membrane of the parietal cells became disordered, with truncated
microvilli and multilamellar membrane complexes, suggesting a possible dysregulation in
the ATP4A-associated vesicle trafficking in trim50 -/- mice.

Gastric acid secretion is a highly regulated biological process required for the
proper digestion of food and absorption of essential nutrients. When this process is
dysregulated, several outcomes occur. Either patients secrete too much acid and
experience painful symptoms like peptic ulcers and GERD, resulting in the development

of cancers such as esophageal or peptic cancer, or patients do not secrete enough acid
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resulting in iron deficiency anemia, hypochloridria, and or bacterial overgrowth [71, 72].
Current therapy for dysregulated acid secretion involves either ingesting products like
TUMS or Rolaids to temporarily neutralize the highly acidic environment of the stomach,
or take H2 receptor blockers, or proton pump inhibitors (PPIs) for more chronic
conditions. In the past several years, there has been some controversy over the safety of
long-term use of PPIs for GERD [73—75]. Some studies have indicated long-term use of
PPIs results in hypocalcemia or hypomagnesemia which could lead to an increased
chance of bone fractures, dementia like Alzheimer’s disease, and renal complications
[76]. However, although many of these studies have limitations that cannot definitively
determine a relationship between PPI use and these disorders. To avoid more
controversy, learning more about the mechanisms that mediate gastric acid
secretion at a cellular level may provide new targets for managing hypersecretion

disorders, providing alternatives to PPIs.

Overview of Proposed Hypotheses
Ischemic heart diseases like myocardial infarctions (Mls), also known as heart
attacks, have a heavy burden on morbidity and mortality world-wide [77]. Indeed,
Coronary heart disease affects approximately 635,000 Americans a year and about
300,000 with a recurrent coronary attack [78]. MIs are caused by a cessation of blood
flow to an area of the cardiac tissue, preventing oxygen and nutrients getting to the
blocked area. This causes oxidative stress which, in turn, prevents energy generation by

the cellular organelle mitochondria. Lack of energy production and an increase in ROS
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secretion from the damaged mitochondria results in signaling for cell death and scarring
in the blocked tissue. Current treatments for myocardial infarctions involve clearing the
blockage then a lifetime of anticoagulants, beta blockers, calcium channel blockers,
cholesterol-lowering medications and/or vasodilators, to name a few [79]. These
treatments help maintain heart function with the remaining healthy tissue, but do not
address the damaged and scarred tissue. A goal for helping patients with MIs is to help
heal the damaged tissue before cell death and scarring occurs, restoring or preserving
function without the need for long-term medications. In this context, the first goal of
this dissertation is to assess the localization of MGS53 around mitochondria after
oxidative damage in hearts/cardiomyocytes to improve our understanding MGS53-
mediated cardioprotection.

Dysregulation of gastric acid secretion is often associated with the occurrence of
peptic ulcers in an overly acidic gastric environment and nutrient deficiencies in an
overly alkaline gastric environment. Since TRIMS50 is involved in acid secretion, a major
component of digestion, it is imperative that we understand exactly how TRIMS50 is
involved in vesicle trafficking and acid secretion to better aid in the understanding of how
Williams Syndrome patients are affected by this deletion. In this context, the second
goal of this dissertation is to clarify how TRIMS0 mediate gastric acid secretion.

Currently, there is a gap in knowledge about the functions of the PRY/SPRY
domain in many TRIM proteins containing this domain. Recently, Fusco et al. provided
some clue to the function of the c-terminal SPRY domain of TRIMS50. In 2012, Fusco et

al. showed TRIMS50 is a component of aggresomes with HDAC6 and p62/Sequestosome
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1 in mouse embryo fibroblasts [80]. A polyubiquitin CO-IP in normal and -/- SH-SY5Y
cells with MG132 indicated TRIMS50 an important component of aggresome clearance
[80]. TRIMS50’s interaction with HDACG6 lead Fusco et al. to discover acetylation of
TRIMS5O0 lysine 372 by the p300 acetyltransferase and that this acetylation regulates
TRIMS50s E3 ubiquitin ligase function as a regulator of proautophagic protein Beclin 1
[80—82]. From this evidence, it is reasonable to conclude there may be other factors
within the PRY/SPRY domain that mediate MG53’s membrane repair function.
Therefore, the third goal of this dissertation is to determine whether the divergent
PRY/SPRY domain of MGS53 sufficient to provide membrane repair functionality

to another TRIM RBCC domain through the creation of a TRIM-MGS3 chimera.
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Chapter 2. Materials and Methods

Purification and quality control of rhMG53
High quality recombinant human MG53 (thMG53) was produced through E. coli
fermentation as previously described [36]. Quality of the purified protein was determined
via western blot for size and purity. A lactose dehydrogenase (LDH) release assay was
used to determine functionality of each batch of protein using a microbeads damage

model as previously described [36] as well as briefly detailed below.

Porcine Model of Angioplasty-Induced Myocardial Infarction

Chinese experimental miniature swine were provided by Beijing Experimental
Animal Reproduction and Regulation Center (Grade 11, Certificate No. Jing-030). All
porcine experiments in this study were performed in accordance with China Academy of
Chinese Medical Sciences Guide for Laboratory Animals that conforms to the Guide for
the Care and Use of Laboratory Animals published by the U.S. National Institutes of
Health. Experimental pigs underwent balloon inflation of the left anterior descending
(LAD) coronary artery according to established methods as described 6. Administration
of rhMG53 at different times of experimental interventions was achieved through the

jugular vein.
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Murine Model of Myocardial Infarction

All murine experiments in this study were performed in accordance with The
Ohio State University IACUC-approved protocols. The mg53-/- mice were generated as
described 4 and wild type littermate mice were used as indicated. Saline or 1mg/kg
rhMGS53 dissolved in saline was injected via the jugular vein 10 minutes prior to
induction of myocardial infarction via LAD ligation. Ischemia was maintained for 60
minutes. After ischemia, another Img/kg of rhMG53 was injected via the jugular vein
and the mouse recovered for 6 hours before cardiac tissue collection for histology,

immunofluorescent staining and biochemical analysis.

Myocardial Tissue Pathology
Porcine and Murine tissue samples were embedded in paraffin, sectioned (5 um
thickness), and stained with antibodies against MG53, COXIV (Cell Signaling
Technologies, 11967S), and/or cleaved caspase 3. Cleaved caspase 3, MG53 and COXIV
stained slides were imaged on a Zeiss 780 Confocal microscope using Zen 2012 software

(Zeiss). Colocalization and fluorescent intensity was quantified using FIJI (ImageJ).

STORM Single Molecule Imaging
HelLa cells plated on 35mm glass bottom dishes (MatTek Corp) were transfected
with myc-MGS53. Cells were fixed and background signal was reduced with 3%
paraformaldehyde and 0.1% glutaraldehyde for 10 minutes. Cells were blocked with 3%

IgG-Free BSA and 0.2% Triton X-100 in BSA for 1hr at room temperature and
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subsequently probed with 914 antibody directly conjugated to AlexaFluor-647 at
approximately 1-2 fluorophores per antibody for 30 minutes at room temperature. After
washing, antibodies were secured in a post-fixation step using 3% paraformaldehyde in
PBS for 5 minutes. After staining, cells were immersed in ImL STORM Imaging Buffer
(10% glucose, 50 mM Tris pH 8.5, 10 mM NaCl, 14mg Glucose Oxidase, S0uL.
20mg/mL catalase, and 1XB-mercaptoethanol (Sigma Aldrich)). The dish was sealed with
parafilm to reduce oxygen entry into the dish. Stochastic “blinking” of the fluorophores
was achieved through a brief bleaching step before temporal data was collected under
TIRF conditions. Image reconstruction was performed through a program built in

MATLAB as described previously [83, 84].

HL-1 Cell Oxidative Damage Models

HL-1 cardiomyocytes, a kind gift from Dr. W. Claycomb (Sigma, SCC065), were
cultured at low passages (7-20) according to established protocols 12,13. For H>O»
damage, HL-1 cells were subjected to 300uM H>O:> in unsupplemented Claycomb media
for 1h and recovered in unsupplemented Claycomb media with either 10ug/mL BSA or
rhMGS53 for 2h. For a hypoxia/reoxygenation model, we adapted the protocol for
hypoxia, energy depletion, and acidosis (HEDA) from Astrom-Olsson et al. 14. Briefly,
HL-1 cells were immersed in PBS pH 6.7 without glucose, Mg?" or Ca** and placed in a
sealed chamber gassed with 5% CO, 1% O, and balance N> to establish the HEDA
environment. Control cells were incubated in a Balanced Salt Solution (BSS) (140mM
NacCl, 2.8mM KCI, 2mM MgCl,, ImM CaCl,, 12mM Glucose, 10mM HEPES, pH 7.4)

in a regular tissue culture incubation chamber at 5% CO: and ambient air. HEDA-treated
20



cells were recovered in the BSS solution for 1h. For each treatment group, either

10pg/mL of BSS or rhMG53 was added to the media before the 24h incubation.

Confocal Microscopy

HL-1 cells cultured on 35mm glass bottom dishes were assessed for
mitochondrial health using the fluorescent dyes TMRE (company and number) and
MitoSOX Red (Invitrogen, M36008). Briefly, dyes were dissolved in DMSO. Cells were
incubated with either 50nM TMRE or SuM MitoSOX Red for 15min at 37C protected
from light. Excess dye was rinsed away with BSS then immersed in BSS. Images were
collected with a Zeiss 780 confocal microscope and analyzed in FIJI, measuring the
integrated density of each cell. Integrated density of each cell divided by integrated
density of the background was used for quantification.

Mitochondrial morphology was assessed using FIJI by performing a Z-projection
of the z-stack of images. The image was processed by using the FIJI processes of
background subtraction function which utilizes a 50um rolling ball radius, followed by
CLAHE (contrast limited adaptive histogram equalization), median filter at 1.5. Finally
ridge detection with width estimation was then performed to determine the shape and size
of the mitochondria.

Lipid Binding Assay

rthMGS53 was applied in increasing concentrations to the ELISA Snoopers®

(Avanti Polar Lipids) lipid strips. ELISAs were performed according to manufacturer’s

protocol. MG53 5259 antibody conjugated to biotin was used for detection. Signal was
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developed using Streptavidin-HRP detection antibody and TMB Substrate Reagent (BD

OptEIA, 555214) and quantified using a Flex Station III plate reader.

Western Blotting

Twenty-four hours after surgery, proteins from different area of porcine
myocardium were collected and diluted into 0.5 mg protein/mL for the measurement of
pro-survival pathway proteins. Protein content was determined with BSA as a standard
according to Bradford assay. Protein samples (20 pg/lane) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to PVDF
membranes (Millipore, Billerica, MA) through electroblotting. Blots were probed with
antibodies against GFP (Abcam, ab13970), MG53 (914), Drpl (Santa Cruz, sc-271583),
Mifn2 (Santa Cruz, sc-515647), GAPDH (CST, 2118S), alpha tubulin (Abcam, ab6160),
COX 1V (CST, 11967S), and Cytochrome C (CST, 4280). The blots were developed by
chemiluminescence using SuperSignal west femto maximum sensitivity substrate
(Thermo Fisher Scientific, 34095) using a Bio-Rad Chemidoc Imaging System. Bio-Rad
Image Lab™ Version 6.0 software was used to calculate the numerical value of every
blot.

Gastric Gland Isolation

Gastric glands were isolated from trim50 -/- and WT mice following an amended
protocol as described previously [85—87]. Briefly, mice were fasted overnight and
sacrificed via CO2 asphyxiation. The circulatory system was perfused with 10mL

warmed and oxygenated PBS with 1mM MgCI2 and ImM CaCl2 to remove blood from
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the organs. The stomach was removed and opened along the lesser curvature to expose
the rugae and rinse out any remaining contents in the stomach with more warmed,
oxygenated PBS, then in warmed, oxygenated MEM (company). The stomach was
minced into small pieces and placed into a 25mL conical flask with 10mL Digestion
Media (MEM with 100mM HEPES pH 7.4, 0.1% BSA, 1% Gentamycin, 10mg/mL
Collagenase D). The tissue was incubated at 37C for 30 minutes shaking at 155rpm. After
digestion, FBS was added for a final 1% concentration to inhibit the collagenase and the
tissue was shaken vigorously to dissociate the intact glands from the rest of the tissue.
The gland solution was centrifuged at 200xG for 3min to pellet the glands. The pellet was
gently resuspended in Gland Rinse Media (DMEM/F12 1:1 with 0.1% BSA, 1%
Pen/Strep, 1% Gentamycin, 250mM DTT) and glands were separated from remaining
tissue by filtration through a 100um cell filter. The glands were allowed to gravity settle
for 20 minutes before removing the rinse media and resuspending in Gland Culture
Media (DMEM/F-12 1:1 with 0.1% BSA, 1% Gentamycin, 100ng/mL EGF, 1x ITSS,
4ng/mL Hydrocortisone, 10mM HEPES-Na+, 0.5% Pen/Strep) for plating on Matrigel-

coated 35mm glass bottom dishes. Glands were kept at 37C with 5% CO- for up to 1 day.

Intracellular Gastric Acid Secretion Analysis
Primary isolated gastric glands were loaded with 10uM BCECF-AM (Thermo
Fisher Scientific, B1150), a ratiometric fluorescent pH indicator at 37C, CO2-free in
HEPES solution (145mM NaCl, 3mM KCI, ImM CaCl,, 1.2mM Mg>SO4, SmM Glucose,

32.2mM HEPES (acid), pH 7.4) for 15 minutes. Excess BCECF-AM was rinse 3x in
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HEPES solution. The dish containing the loaded glands was placed on a PTI Easy Ratio
Pro microscope system (Horiba Scientific) and measured at 440 and 490nm emission
with approximately 20ms between channels. Glands were perfused with HEPES solution
for 2 minutes, then acid loaded with NH4CI solution (3mM KCI, I1mM CacCl2, 1.2mM
Mg2S04, 5SmM Glucose, 32.2mM HEPES, 125mM NMDG-CI, 20mM NH4CI, pH 7.4)
for 5 minutes. After acid loading, the glands were perfused with 0 Na+ buffer (3mM KClI,
ImM CaCl2, 1.2mM MgCl2, 5SmM Glucose, 32.2mM, 125mM NMDG-CI, pH 7.4) for
10 minutes. Cells were returned to HEPES solution for 2 minutes before being perfused
with the High K+ Calibration solution (105mM KCI, ImM CaCl2, 1.2mM MgS04,
32.2mM HEPES, 10mM Mannitol, 10ug/mL nigericin) at pH 7.0. pH measurements were
determined using the pH 7.0 calibration measurement against a calibration standard
performed each day with one of the dishes ranging from pH 5 to 9 to make a sigmoidal
curve.
Live Cell Imaging of Vesicle Movement

TMK-1 cells, a kind gift from Dr. Sakamoto Naoya were transfected with
mCherry-TRIMS50. Movies of TRIM50-associated particle motion was collected with
confocal microscopy at 0.5 frames/sec. Percentage of particles with directed motion was
determined using a MATLAB-based, analysis program written in our lab. Output is in the

percent of particles that move in a directed motion.
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Chimeragenesis
GFP-TRIMS50/MGS53 chimera was constructed by using PCR to produce MG53’s c-
terminal domain including cysteine 242 with the primers in Table 2, adding Mfel and
BspEI digestion sites. GFP-TRIMS50 plasmid was digested with BspEI and Mefl, creating
a break in the TRIMS50 sequence at leucine 285, just before the PRY/SPRY domain. The
constructs were verified through PCR using a TRIMS50 n-terminal primer and the MG53-
Mfel primer and run on a gel. To ensure the base pair sequence was correct without the
addition of a premature stop codon, the plasmid was verified through sequencing using
the Ohio State University Comprehensive Cancer Center Genomics Sequencing

Resource.

Table 2 Primer sequence for chimeragenesis

Primer Name Sequence

BspEI-MGS53 5’-gcagTCCGGAc cacagacagaattcctcatgaaatt-3°

MGS53-Mfel 5’-gcagCAATTGGTTATCTAGATCAGGCCTGTTC-3”
Cell Poking Assay

HelLa cells were plated on a low-walled glass bottom dish and transfected with
GFP-TRM50/MG53. Media was changed to a warmed 1x BSS solution (NaCl, KCl,

MgCl12, ImM CaCl2, 20mM Glucose, HEPES, pH 7.4).Cells were damaged by
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mechanical quick penetration of a microcapillary needle and signal motion was collected

using a Bio-Rad Confocal Microscope.

LDH Release Assay

HelLa cells were transfected with either control GFP-C1, GFP-MGS53, mCherry-
TRIMS50, or GFP-TRIMS50/MG53 chimera. After expression was visible, cells were
trypsinized and approximately 300,000 cells were added to each well of a 96-well dish in
50uL of PBS. Each construct had 3 wells and either, PBS with 2mM CaCl2, PBS with
2mM CacCl2 and 1% Triton X-100, or PBS with 2mM CaCl2 and glass microbeads
(Sigma, G4649-100G). The plate was shaken vigorously on an orbital shaker at 100prm
for 6 minutes, then centrifuged at 3,000 xG for 5Smin to pellet cells and beads. S0uL.
supernatant was transferred to a fresh 96 well plate and assayed for LDH concentration

following the kit’s protocol (Clontech, MK401).

Urinalysis
Mice were housed in urine collection cages overnight with free access to water
and food. Urine was collected for 12 hours and subjected to protein analysis via the
Bradford method (Bio-Rad, 500-0006) and Creatinine content via the Jaffe method

following the QuantiChrom™ kit protocol (BioAssay Systems, DICT-500).
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Statistical Analysis

Data was analyzed by several statistical methods (e.g., paired or unpaired t-tests,
ANOVA, etc.) using commercial Prism software (GraphPad Prism 8). Data were
presented as means + SD. For comparisons between two groups, significance was
determined by Student t-test parametric analysis. For comparison of multiple groups,
multifactorial analysis of variance (ANOVA) was used to determine statistical
significance. Corrections, such as Brown-Forsythe or Welch’s correction, were used if
there was a difference in variance between groups. For all statistical tests: *p<0.05,

*#p<0.01, **¥%p<0.001, ****p<0.0001
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Chapter 3. MG53 Mediates Survival of Cardiac Tissue Through Maintenance of Healthy

Mitochondria

Introduction

With the increasing prevalence of obesity and unhealthy lifestyles, ischemic heart
disease remains a major cause of mortality and morbidity world-wide, responsible for
approximately 1/3 of all deaths in individuals over 35 years [77]. Ischemic injury causes
a loss of healthy mitochondria, resulting in loss of energy production and either necrosis
or apoptosis [88]. Cells can undergo a process called mitophagy to remove damaged
mitochondria and preserve healthy mitochondria to promote cell survival. Canonically,
proteins PINK1 and Parkin are recruited to promote ubiquitin-tagging of damaged
mitochondria, signaling for lysosome formation and breakdown of the damaged
mitochondria [63, 65]. However, there are many other ubiquitin ligases located on and
around the mitochondria involved in the mitophagy process.

As of yet, MG53’s link to mitochondrial protection remains tenuous at best, with
only a few studies showing overexpression of MG53 preserving mitochondrial membrane
potential or increases in expression of LC3 and Tom20 via co-localization [89, 90]. These
papers, although important in indicating a potential interaction of MG53 with the
mitochondria, only show correlations between MG53 and mitophagy. Here, |

demonstrate that in addition to cell membrane repair, exogenous rhMG53 protects cells
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from ischemic damage by maintaining mitochondrial function by mediating oxidative-
stress induced mitophagy. In particular, we show MG53’s protection of heart tissue after
a myocardial infarction is a two-fold mechanism of plasma membrane repair, as
previously reported [39, 41], as well as preserving mitochondrial function to maintain

energy production and reduce mitochondrial ROS secretion into the cell cytoplasm.

Results

MG353 oligomerization increases after oxidative stress

Early studies on MG53 established it will dimerize or trimerize after changes in
oxidative state and speculated these changes enable MG53 to form membrane repair
patches. To further clarify MG53’s polymerization after oxidative stress, HeLa cells
underwent normoxia or hypoxia and stained for MG53 using our homemade 914
antibodies directly conjugated to AlexaFluor-647. Superresolution single-molecule
fluorescence microscopy using the STORM method revealed the expected dimerization
or trimerization of MG53 under normal conditions. However, four to five MG53 proteins

will oligomerize in large clusters after hypoxia treatment(Figure 4).
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Figure 4 MG53 forms larger oligomers in response to oxidative stress

(A) STORM image of HeLa cells transfected with MG53. Hypoxia conditions were
created by placing transfected cells in a sealed chamber and gassed with 1%02, 5%
CO2, and 94% N2 for 10 minutes before the chamber was sealed and incubated at
37C for 24 hours before imaging. (B) Quantification of MG53 density in response to
hypoxia condition. Control = 3.6 +/- 0.4 particles per cluster. Hypoxia =4.5 +/- 0.3

particles per cluster. In all cases, n=10 cells. p = 0.0003
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MGS53 translocates to cardiac mitochondria after oxidative stress

In cardiac tissue, endogenous MG53 and exogenous rhMGS53 typically localizes
to the intercalated discs, an area of constant low-level plasma membrane microtears as
the heart expands and contracts for each beat [41]. Because there is an apparent change in
localization of MG53 to COX IV after high-fat diet induced oxidative stress injury in
skeletal muscle, we hypothesized exogenous MG53 will also translocate to the
mitochondria in cardiomyocytes after ischemia/reperfusion injury. To address whether
MG53’s localization changes in cardiac tissue, we subjected Chinese experimental
miniature swine to myocardial infarction and recovery. As seen in Figure SA (top) MG53
localizes to the intercalated discs of the cardiomyocytes. After myocardial infarction
injury, MG53’s intracellular distribution appears to change, partially co-localizing with
COX-IV, a subunit in the terminal enzyme complex of the electron transport chain
(Figure SA (bottom) and B). In order to examine the purpose of MG53 recruitment to the
mitochondria, we used the HL-1 immortalized mouse atria-derived cardiomyocytes for in

vitro studies.
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Figure 5 MG53 Translocates to Mitochondria in Cardiac Tissue After Myocardial
Infarction Damage

(A) Representative images of pig hearts treated with rhMGS53 with or without
myocardial infarction stained for DAPI (blue), COX IV (green) and thMGS53 (red).

(B) Profile plots of images as indicated with yellow dotted line in the zoom panels.
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Figure 6 thMGS53 Enters HL-1 Cells to Preserve Mitochondrial Membrane Potential

(A) HL-1 cells were subjected to either normoxia or HEDA damage with either
10pg/mL BSA or 10pg/mL thMGS53. Cells were fractionated into a cytoplasmic and
mitochondria fraction, indicated by the presence of tubulin or COX IV. (B) HL-1 cells
were plated on 35mm glass bottom dishes and underwent either normoxia or HEDA
damage with either 10pg/mL BSA or 10ug/mL thMGS53. Cells were stained with TMRE
for mitochondrial membrane potential. (C) Quantification of TMRE normalized to

average intensity of control. n=3 dishes/treatment
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MG53 reduces markers of mitochondrial damage

After establishing MG53 localization around mitochondria after oxidative stress,
we recapitulated the environment that would normally surround cardiomyocytes during
myocardial infarction in vitro using a hypoxia, energy depletion, and acidosis (HEDA)
model to assess MG53 function at the mitochondria[91].This model recapitulates
physiologic changes that occur in the myocardium after ischemia/reperfusion injury.
During injury active cells without access to oxygen and energy sources like serum
glucose undergo metabolic changes due to energy depletion, reducing ATP production..
Subcellular fractionation of normal and HEDA treated cells revealed an enrichment of
MGS53 in the mitochondrial fraction (Figure 6A). Using an H>O> model of oxidative
stress, MG53 co-localization with the mitochondria prevented loss of mitochondrial
membrane potential as revealed by the TMRE intensity preservation as seen in Figure 6B

and C.
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Figure 7 thMGS53 prevents release of superoxides from mitochondria

integrated Density (a.u.)

Representative images of HL-1 cells that underwent normoxia or HEDA treatment with
either 10pg/mL BSA or 10pug/mL rhMGS53 and stained with MitoSOX Red. (B)

Quantification of MitoSOX Red signal. n= 3 dishes/treatment

35



A

Intensity Control 50 e 0.15
Legend ‘E' ns ———
. 40
High 7 3010
= [/, ] - =
@ 30— g
i 9 '
= 20 ™
o L i
- ° ‘ 508 ‘
10— £ 0
<
L
B Low 0 — 0.00-1& —
<° \Q' o (°\ & &
H/R + thMG53 & T & T
&Q’ Y @Q’

Figure 8 MG53 reduces MitoFlash in isolated cardiomyocytes

Cardiomyocytes from transgenic mice expressing mt-cpYFP underwent normoxia (Control), hypoxia/reoxygenation (H/R), or
hypoxia/reoxygenation + thMGS53 treatment (H/R + thMGS53). (A) Representative z-projection images averaging 100frames of live
cell imaging after each treatment. (B) Quantification of images counting the number of flashes per cardiomyocyte/cardiomyocyte

cluster and the area of each cell/cluster that flashed over 100frames. n = 3 mice, 6 images per mouse.
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MGS53 prevents the release of superoxide anions after oxidative injury

One of the hallmarks of mitochondrial damage and instigators of mitophagy is an
increase in ROS within the cell [60, 61]. HL-1 cells underwent normoxia or HEDA
treatment for 24 hours and stained with MitoSOX Red, a cytoplasmic fluorescent
indicator that only fluoresces in the presence of superoxide radicals, but not other reactive
oxygen or nitrogen species. Figure 7A and B shows treatment with either BSA or
rhMG53 under normoxic conditions did not alter release of superoxides from the
mitochondria. Cells given BSA during HEDA damage showed a significant increase
in MitoSOX Red fluorescent intensity. Treating cells with rhMG53 after HEDA
significantly reduced MitoSOX Red fluorescent intensity, indicating either prevention of
mitochondrial membrane injury or maintenance of a healthy pool of mitochondria. The
reduction in ROS secretion was also seen in an ex vivo model using the fluorescent
protein cpYFP (Figure 8A). Treatment with hMGS53 reduced the number of ROS flashes

as well as the area of each flash (Figure §B).

Mitochondria preservation is mediated by MG53 interaction with cardiolipin

After mitochondrial damage, cardiolipin gets flipped from the inner mitochondrial
membrane to the outer mitochondrial membrane and oxidized as a signal for mitophagy
[92, 93]. To determine whether hMG53 binds to cardiolipin on mitochondria like it does
the exposed phosphatidylserine of injured plasma membrane, we reanalyzed the lipid
binding properties of rhMGS53 to include mitochondria-specific cardiolipin. Lipid dot blot

assay shows the expected strong binding affinity MGS53 has for phosphatidylserine (PS)
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(Figure 9A). However, we also see binding between MG53 and cardiolipin (CL). The
binding affinity between MG53 and cardiolipin was assessed using a lipid binding ELISA
assay. Figure 9B shows MG53 binds to cardiolipin but not as strongly as it does to

phosphatidylserine, similar to the intensity of binding in the dot blot.
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Figure 9 MG53 binds to cardiolipin

(A) Lipid dot blot assay for thMGS53 binding to phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylglycerol, and cardiolipin (CL). (B) Lipid binding ELISA of

rhMG53 to PS and CL. n=3
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Discussion

Finding methods of tissue preservation after ischemic events like stroke and heart
attack is essential to improving quality of life of surviving patients. Maintaining a
healthy mitochondria population after ischemic insult is essential for cell, and
consequently tissue, survival. We have previously described how MG53, either
endogenous and exogenous an protect cells and tissue from ischemic injury by fixing
damage to the plasma membrane [27, 31, 33, 36, 40, 43, 45, 89]. Here, we provide
evidence that MG53’s ability to improve cell survival and tissue function after
ischemic injury is, at least partially, due to its ability to preserve a healthy pool of
mitochondria through mitophagy.

We identified exogenous thMGS53 translocates to both plasma membrane and
mitochondria after oxidative stress injuries like myocardial infarctions, HEDA, and
treatment with H>O5. This co-localization of MG53 with the mitochondria was
correlated with maintenance of a strong mitochondrial membrane potential (Figure 6)
and a reduction in mitochondrial-associated reactive oxygen species leak into the
cytoplasm (Figure 7)). Previously, we have shown that MG53 can interact with the
lipid, phosphatidylserine, which is exposed from the inner leaflet of the plasma
membrane upon damage. Here, we show MG53 can also bind to cardiolipin (Figure
9), a mitochondrial-specific lipid that is flipped from the inner mitochondrial
membrane to the outer mitochondrial membrane after oxidative stress. This suggests

MG53 may have similar function in mitochondria protection as it does plasma
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membrane repair by nucleating lipid rafts to wound sites in the mitochondria through
lipid binding to patching damaged membrane to preserve membrane potential.

MGS53 is classified as an E3 ubiquitin ligase and, to date, only two targets have
been identified: focal adhesion kinase, and IRS-1 [47, 52]. Interestingly, FAK binds
to MGG53 at the b-box domain and not the PRY/SPRY domain which is predicted to
provide specificity to TRIM family proteins. A recent paper by Lijie et al. published
in early 2019 indicated MG53 expression is correlated with Ambral expression in
the skeletal muscle of rats with chronic kidney disease [90]. Ambral is a key
component of parkin-mediated mitophagy as a regulator of autophagosome formation
as an interacting partner with LC3 [94]. Their study suggested MG53 promotes
Ambral expression and formation of the autophagosome with increased TOM20/LC3
co-localization, markers of mitophagy [90]. In conjunction with the data presented
here, MG53 may drive mitophagy by binding to exposed cardiolipin for
ubiquitination of currently unidentified mitochondrial membrane proteins to nucleate
Ambral to the damaged mitochondria for formation of the autophagosome and
subsequent degradation of the damaged mitochondria.

Previous studies have shown that the human heart does not express MG53 as
strong as rodent hearts, suggesting the need for exogenous application of the protein
for cardioprotection [95]. Therefore, this study focused on the application of
exogenous MG53 rather than an overexpression of MGS53 to assess the possibility of
using MGG53 as a therapeutic agent for mitochondrial protection as a means for

cardioprotection. The ability for exogenous MG53 to enter the cells as seen in the
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western blots of Figure 6 and preserve healthy mitochondria is a strong argument for
the effectiveness of using MGS53 as a therapy for ischemic injury. Using MGS53 as a
therapeutic agent is likely to be safe as the protein is naturally expressed in skeletal
muscle and secreted into the serum via exosomes as a myokine [96]. Additionally, we
have developed a mouse model that constitutively overexpresses MG53 in the
skeletal muscle and have clearly shown the elevated plasma concentration of MG53
in these mice does not affect glucose or insulin tolerance tests [97].

This study provides a novel mechanism behind how rhMGS53 treatment may be a
clinically relevant strategy to reduce cardiomyocyte injury and maintain cardiac
function in patients after ischemic injury. Indeed, this novel mechanism for MG53’s
function in the cell goes further to explain the near miraculous cell and tissue
preservation after ischemia/reperfusion injury by MG53 seen previously.
Understanding more about MG53’s interactions with mitochondria could be yet
another attractive avenue for the development of MG53 as a therapeutic reagent for

regenerative medicine.
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Chapter 4: TRIMS50’s Involvement of Gastric Acid Secretion

Introduction

In an effort to better understand the roles of the PRY/SPRY domain in TRIM
family proteins and possibly identify another TRIM family protein involved in plasma
membrane repair, our lab identified TRIMS50 as the most homologous TRIM family
protein to MG53 [70]. Unlike MG53, which is highly expressed in striated muscle,
TRIMS50’s expression appears to be limited to the stomach and testis. Deletion of
TRIMS50 in a mouse model indicated gastric acid secretion is regulated by TRIMS50,
however the mechanism behind this is tenuous [70]. Deletion of TRIMS50 does occur in
patients born with Williams-Beuren syndrome and may be related to nutrient absorption
issues with these patients. Understanding how TRIMS50 is involved in gastric acid
secretion may provide some clues to how we can best treat these individuals. Therefore,
the goal of this project is to better understand how TRIMS50 regulates secretion in gastric
parietal cells. Here, I use a knockout (KO) mouse model of TRIMS50 to gain a clearer

picture of TRIMS0’s role in gastric acid secretion.
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Results

TRIM50’s mediation of intracellular vesicle trafficking

After stimulation with histamine, ATP4A-associated vesicles in gastric parietal
cells move in a directed motion on growing actin filaments to merge with the luminal
plasma membrane. To determine whether this motion is directly associated with TRIMS50
movement in the cell, TMK-1 cells, a human gastro adenocarcinoma-derived cell line
with parietal cell-like characteristics [98], were transfected with mCherry-TRIM50 and
monitored for directed versus ballistic vesicle movement after treatment with cytoskeletal
and molecular motor small molecule inhibitors. Figure 10 shows directed motion of
TRIMS50-associated vesicles is strongly inhibited by Ciliobrevin D, Nocodazole, and
Colchicine, but only mildly inhibited by Cytochalasin D. Ciliobrevin D is a dynein
inhibitor, preventing that molecular motor from moving on microtubules. Nocodazole
and Colchicine are both inhibitors of microtubule polymerization. Cytochalasin D
inhibits polymerization of actin. Together, this data suggests TRIM50-associated vesicles
most likely move on microtubules via the dynein molecular motor rather than on the actin

cytoskeleton like the ATP4A-associated vesicles.

TRIMS50 mediates cytosolic buffering

Previous assessment of TRIMS50 on gastric acid secretion monitored pH changes
in the luminal stomach contents [70]. Because TRIMS50 does not appear to be directly
involved with the trafficking of ATP4A-associated vesicles, gastric glands were isolated

from TRIMS50 WT and KO mice to assess intracellular pH changes which can be
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correlated to acid secretion. To assess TRIMS50’s influence on gastric acid secretion, |
used a model of acid loading the cells with NH4Cl in a sodium-free buffer as depicted in
Figure 11. The addition of NH4Cl outside the cell allows NH3 (gas) to cross through the
cell membrane where it binds with free intracellular H" and CI” ions to reform NH4Cl

inside the cell. The cell then equilibrates the internal pH to extracellular pH as NH4"
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Figure 10 Percent Directed Motion of TRIM50-Associated Vesicles
TMK-1 cells transfected with mCherry-TRIMS50 were incubated for 1 hour with
100uM Ciliobrevin D, 1uM Histamine, SuM Cytochalasin D, 20uM Colchicine, or

5uM Nocodazole and imaged. n>10.
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slowly enters the cell through ammonia transporters, establishing an equimolar solution
of NH4Cl inside and outside the cell. After equilibration, removing the extracellular
NH4Cl causes a transient acidification of the cytoplasm of the cell as NH3 rapidly leaves
the cell, moving down its concentration gradient, to restore ammonium equilibrium. H+
ions builds up inside the cell allowing the H/K" ATPase (ATP4A), stimulated by
histamine pretreatment, to pump out the excess H' ions, allowing us to measure function
of the ATP4A function in WT and KO cells. The cells are maintained in a CO»,
bicarbonate, and sodium-free media to prevent the Na'/H" pumps from removing excess
H", which would confound the data or extracellular buffering from bicarbonate. Figure 12
shows the average of all trials for gastric glands from WT and KO mice using this model.
Initial assessment of the intracellular pH from the glands of WT and KO mice
indicate a dysfunction in intracellular pH buffering. Indeed, baseline acid secretion in
gastric glands treated with cimetidine, an H2 histamine receptor antagonist to prevent
endogenous stimulation of parietal cells, shows glands from KO mice exhibit intracellular
acidosis (Figure 13A). After stimulation with histamine, the intracellular pH of glands
from KO mice become alkaline (Figure 13B). Together this suggests TRIM50 may be

mediating intracellular buffering rather than directing mediating gastric acid secretion.
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Figure 11 Experimental model to assess gastric acid secretion
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Figure 12 Average traces of gastric acid secretion
Average intracellular pH traces from primary cells from TRIM50 WT (black) and KO

(pink) mice pre-treated with 100uM histamine for 1h in HEPES solution.
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Figure 13 Effect of TRIMS50 on basal intracellular pH

Gastric glands from TRIMS50 WT and KO mice were pretreated for 1 hour with either
100uM cimetidine, an H2 histamine receptor antagonist, to prevent acid secretion
stimulation of the glands from endogenously secreted histamine or 100uM Histamine to

induce gastric acid secretion. Glands were derived from at least 3 different mice.
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The experimental model used here enables us to determine the buffering capacity
of the cell at the transient acidification step upon removal of extracellular NH4Cl. Before
removal of the extracellular NH4Cl, we see in Figure 13 NH4" and NH3 are in equilibrium
both inside and outside the cell since the internal pH of the cell stabilizes. Because NH3
gas leaves the cell immediately upon removal of extracellular NH4Cl, we can calculate
the mean intrinsic buffering power (f3) of the cell:

A[NH;];
ApH;

ﬁ =
Equation 1
, where ApHi is the total change in internal pH after removing the extracellular NH4Cl
and A[NH4"]; is the change in intracellular ammonium concentration [99]. This can be
calculated by:
[NH}]; = 19.37 * 10PHo~PHimM
Equation 2
, where 19.37 is derived from the pK for NH4*/NH? at an extracellular pH (pH,) of 7.4
and a starting extracellular concentration of 20mM NH4Cl [99]. Using this equation,
Figure 13 shows parietal cells from TRIMS50 KO mice have a significantly reduced
buffering power compared to WT cells.
Finally, using this experimental model, we can assess the effect of TRIM50 on

ATP4A-associated vesicle translocation and pump function in stimulated parietal cells.

Figure 14 measures the change in pH; over time as the cell pumps the excess H' ions out
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of the cell. Here, we see no different between the WT and KO -derived glands indicating

the proton pump is functioning, just like Nishi et al. [70] reported.
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Figure 14 Cells from TRIM50 KO mice have reduced buffering power

B was calculated using Equations 1 and 2.
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Figure 15 Deletion of TRIMS50 does not alter ATP4A translocation or activity

The rate of acid secretion from the cell was calculated as the slope between pH; 6.6-6.8
for all cells.

54



Discussion

Overall, the experiments presented here indicate TRIMS50 may be involved in
maintenance of intracellular pH buffering (Figures 10 and 13). Additionally, the majority
of intracellular trafficking of TRIM50-associated vesicles appears to be through the
molecular motor dynein on microtubules and not strongly on the actin cytoskeleton
(Figure 15). When the minimal inhibition of TRIMS50 associated vesicle movement is
taken in conjunction with the fact there is no difference in the rate of acid secretion from
the WT and KO cells (Figure 14), we believe this indicates it is not likely TRIMS0
directly interacts with ATP4A vesicles to drive acid secretion.

When characterizing the role of TRIMS50, Nishi et al. described an increase in
multi-lamellated structures in the gastric parietal tissue of KO mice, leading to the
conclusion that TRIM50 may be directly involved in intracellular vesicle trafficking of
ATP4A-associated vesicles [70]. As noted by Nishi et al. the formation of multi-lamellar
compartments appears to be a normal aspect of gastric acid secretion during the vesicle
re-uptake phase of ATP4A-associated vesicles [70, 100]. The multi-lamellar vesicles
formed as autophagosomes during the endocytotic pathway can then develop into Golgi
apparatus and lysosomal compartments [ 100]. Recently, Fusco et al. has shown that
TRIMSO0 directly interacts with p62/Sequestosomel for clearance of polyubiquitinated
proteins in the aggresome via its PRY/SPRY domain [80, 81]. TRIMS50 also interacts
with Beclinl, another protein essential to initiation of autophagy through the regulation

of PI3K, to positively regulate the initiation phase of starvation-induced autophagy [82].
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The pathology seen by Nishi et al. [70] may be related to TRIM50’s regulation of
autophagosome formation.

Similar pathologies to TRIM50 deletion-mediated dysregulation of pH and the
formation of multi-lamellar membranes after secretion are seen in parietal cells from
transient receptor potential mucolipin 1 (TRPMLI) [101], AE2 (anion exchanger 2, Cl°
/HCOs™ exchanger, Slc4a2) [102], or NHE2 (Na'/H" exchanger 2, Slc9a2) [102] deficient
mice. TRPMLI1 is an endo-lysosomal Ca*>" permeable channel, allowing both Ca®" entry
or release from lysosome and ER stores, whose deletion causes mucolipidosis type IV, a
neurodegenerative lysosomal storage disorder, and chronic achlorhydria [101].
Interestingly, these exchangers all regulate intracellular pH, which is dysregulated in
TRIMS50 parietal cells (Figures 10, 12, and 13). This suggests TRIM50’s E3 ubiquitin
ligase function may actually be related to regulating intracellular pH buffering through
mediation of aggresome/autophagosome formation or regulation of membranes
associated with anion exchangers other than the ATP4A-associated acid transport
function.

As mentioned before, TRIMS0 is one of the 23 proteins deleted in Williams-
Beuren syndrome [68]. RNA expression analysis of TRIM50 found on the Human
Protein Atlas suggests it may be expressed in the liver, pancreas, and kidney as well as
the stomach and testis [103]. Considering TRIMS50 deletion results in aberrant
intracellular homeostasis and secretion, TRIM50 deletion may be one of the causative

factors of the hypercalcemia, digestive and urinary issues seen in Williams-Beuren
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Syndrome patients. Further assessment of TRIMS50 deletion in these other tissue types

may help drive finding therapies to alleviate the symptoms of these unique patients.
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Chapter 5: Role of PRY/SPRY Domain in Membrane Repair

Introduction

Although expressed in different tissues, TRIMS50 and MGS53 retain a high
sequence homology as TRIM family proteins containing both an RBCC and a
PRY/SPRY region and are categorized into the same subfamily of TRIM proteins [4, 5].
Between the two proteins, only the crystal structure for the MG53 PRY/SPRY domain
has been solved [104]. From the crystal structure of MG53 and other TRIM proteins
containing the PRY/SPRY domain, we know that there are 2 binding pockets formed by
six variable loop domains which create specificity for each TRIM protein [16,

105]. Currently, we do not know what role the PRY/SPRY domains in MG53 and
TRIMS50 perform in relation to vesicle trafficking and wound healing and because we do
not have an entire structure of MG53 or any part of TRIMS50, all comparisons between
the proteins must be done via mutagenic studies.

In 2009, Cai et al. identified cystine 242 as essential for oxidation-mediated
oligomerization of MG53 [27]. Additionally, a leucine zipper motif in the coiled-coil
domain of MG53 was shown to mediate intermolecular interaction and modulate the
efficiency of the oxidation-mediated oligomerization [32]. Less is known about important
TRIMS50 domains. However Fusco et al. (2012) indicated the coiled-coil domain in the

RBCC region of TRIM50 was needed for binding to p62, one of its interacting partners
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[80]. Therefore, the goal of this project is to characterize functions of the MG53
PRY/SPRY domain through chimeric mutagenesis with TRIMS50 and assessing for

membrane repair function.
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Figure 16 ClustalW alignment between TRIMS50 and MG53
Box 1 shows the leucine zipper region in MG53, highlighting the missing leucine zipper

region in TRIMS50. Box 2 indicates MGS53 cysteine 242 showing a histidine in the
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corresponding TRIMS50 location. Box 3 shows an extended tail on the TRIM50 SPRY

domain.

Results

TRIMS50 and MG53 have many amino acid sequences in common, however differ
in several key areas, as indicated in Figure 16. In order to determine the PRY/SPRY
function of MG53 in relation to subcellular localization, the GFP-TRIM50/MG53 mutant
was expressed in HeLa cells and imaged under confocal microscopy. The chimera was
generated with the TIM50 RBCC domain amino acids M 1-1285 and the MG53
PRY/SPRY domain, including C242 with amino acids Q234-A477 and the sequence
verified through sanger sequencing. Normally, MG53 localizes mainly at the plasma
membrane and faintly throughout the cytoplasm, whereas TRIMS50 typically forms
punctae throughout the cytoplasm. Imaging of GFP-TRIMS50/MGS53 revealed a punctae-
like pattern, similar to that seen with TRIMS50 (Figure 17). This suggests there may be
some domain on the N-terminal of TRIMS50 and MGS53 that drive their subcellular
localization.

Because MG53 needs to sense changes in oxidative state in the cell to perform its
membrane repair function, TRIM50/MGS53 chimera’s response to changes in oxidative
state were assessed. HeLa cells transfected with mCherry-TRIMS50, GFP-MGS53 C242A,
GFP-MG353, or GFP-TRIM50/MG53 were lysed in cold, non-reducing RIPA (50mM
Tris-HCI, pH 7.4, 150mM NaCl, ImM EDTA, 1% NP-40, and 1x protease inhibitor

complex). Equal concentrations of lysates were diluted in 2x non-reducing SDS Loading
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Buffer (125mM Tris-HCI pH 6.8, 4% SDS, 20% Glycerol, and 0.004% Bromophenol
Blue) with increasing concentrations of DTT (0, 1, 10, 100mM) to de-oligomerize
proteins. Figure 18 shows the TRIMS50/MG53 chimera does oligomerize in an oxidative
fashion and respond to changes in oxidative state, similar to MG53. TRIM50 and MG53
mutant C242A do not respond to changes in oxidative state. The oligomerization of the
mutant still may be related to cysteine 242 as that was designed to be a part of the MGS53
c-terminal domain in the chimera.

Finally, to determine whether the c-terminal domain is sufficient to convey
membrane repair function to a TRIM RBCC domain, we performed 2 forms of
mechanical injury to HeLa cells transfected with TRIM50/MGS53. Figure 19A shows the
chimera does not translocate to the plasma membrane and, in fact, the cell begins
shrinking in size as in the beginning stages of apoptosis. We also performed an LDH
release assay to gain a quantitative view of whether the TRIM50/MG53 chimera can
participate in maintaining cell integrity. Figure 19B shows that, although MGS53 prevents
LDH release, as seen in previous publications, TRIMS50 and the TRIM50/MGS53 chimera

do no prevent LDH release, indicating a lack of plasma membrane integrity.
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Figure 17 Localization of TRIM constructs

Hela cells were transfected with either GFP-MGS53, mCherry-TRIMS50, or GFP-
TRIMS50 RBCC domain/MG53 PRY/SPRY domain chimera and imaged on a

confocal microscope for intracellular localization
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Figure 18 TRIM50/MGS53 chimera dimerizes in oxidative conditions
Representative western blots of HeLa cells transfected with mCherry-TRIMS50, GFP-
MGS53-C242A, GFP-MGS53,0or GFP-TRIMS50/MGS53 and subjected to increasing

concentrations of DTT (0-100mM).
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Figure 19 TRIM50/MG53 does not participate in plasma membrane repair

(A) HeLa cells transfected with GFP-TRIM50/MG53 were damaged with a
microcapillary needle and monitored for 5 minutes. Red arrow indicates location of
microcapillary needle injury. (B) % lactose dehydrogenase (LDH) release from beads
damage assay of HeLa cells transfected with control GFP-C1, GFP-MG53, mCherry-

TRIMS50, or GFP-TRIMS50/MG53
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Discussion

Overall, this project indicates that the RBCC domain of MG53 necessary for cell
membrane repair function and subcellular localization, as the chimera did not translocate
to the injured plasma membrane or prevent LDH release after injury from microbeads
damage (Figure 19). The MG53 PRY/SPRY domain is enough to cause a change in
oligomerization in response to changes in oxidative state (Figure 18), however this was
already established by Cai et al.[27] as being driven by cysteine 242 (C242), which is
present in this construct. It is likely a construct that begins after C242 will not be capable
of dimerization, similar to TRIMS50.

One of the ways MG53 localizes to breaks in the plasma membrane and most
likely localizes to the mitochondria is through preferential binding to phosphatidylserine
and cardiolipin. The subcellular localization of the chimeric protein resembles that of
TRIMS50. This suggests the lipid binding domain of these proteins may be on the RBCC
region, associated with one or a few amino acids the two proteins do not share, such as in
the leucine zipper domain (Figure 16, Box 1) or around TRIM50 aa. 79-89 / MG53 aa.
79-87, an unusually divergent section of the RBCC region.

Currently, a mechanism for MG53 packaging into exosomes has not been
determined. Because we have not seen any evidence of TRIMS50 also being secreted into
the blood, We suspect the packaging and secretion of MG53 is driven by the divergent
PRY/SPRY domain. Assessing the ability of the chimera to be secreted from the cells
will be another useful avenue of research in determining how MGS53 is secreted as a

myokine for tissue regeneration. Being able to implant stem cells with a modified MG53
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protein for enhanced secretion into the bloodstream would be an extremely beneficial tool
in the field of regenerative medicine. Therefore, determining the function of the
PRY/SPRY domain of MG53 or elucidating the domain responsible for MG53 exosome

packaging will be essential for future MG53 therapy research.
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Chapter 6: Conclusions and Future Directions

Research on TRIM family proteins have been gaining notoriety, particularly for
their functions in the innate immunity, oncogenesis, autophagy, and membrane repair. To
this end, this work’s goal is to build upon our current knowledge of TRIM family
proteins by focusing on TRIM72 (MG53) and TRIMS50.

In accordance with previously published literature, MGS55 preserves cell function
after ischemic injury, however evidence presented here provides a novel mechanism for
that preservation by regulating mitophagy. By promoting mitophagy, MG53 effectively
reduces mitochondrial ROS production while maintaining a healthy supply of ATP.
Although this project focused on preserving myocardial function through the
maintenance of cardiomyocytes the application of this novel function provides another
basis for explaining how application of MGS53 can restore injured cells and tissue
function after major injuries like myocardial infarctions [39, 41], acute kidney injury
[40], acute lung injury [44], and stroke [43]. Given the number of aging related diseases
that result from ischemic injury or a buildup of damaged mitochondria, it is tempting to
speculate the addition of MGS53 as a therapy as we age may prevent the onset of disorders
like Alzheimer’s or Parkinson’s disease. Indeed, a recently published study demonstrated
MG53 can pass the blood brain barrier to heal injured neurons after traumatic brain injury

[43]. Studies on MG53’s mitochondria protection should focus on whether MG53
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treatment can prevent or at least slow the progression of Parkinson’s disease, which is
often characterized neuronal loss in the substantia nigra, causing a reducing in dopamine
production [106]. Treatment with exogenous MG53 may prevent loss of these neurons
through the maintenance of a healthy mitochondrial population.

A limitation of this study as it stands is there is no direct readout of mitophagy.
Rather mitophagy is inferred based on the prevention of ROS release (Figure 8) and
increased mitochondrial fission (Figure 9). Current and future work on this project
involve utilizing the innovative molecular tool, mt-Keima, to directly assess the rate of
mitophagy in cells with rhMGS53 treatment after oxidative stress [107, 108]. Additionally,
a direct measurement of O2 consumption and ATP production after oxidative damage and
MG53 treatment will be required to prove MG53’s preservation of mitochondria
function. Future studies should also focus on whether MGS53 can ubiquitinate proteins
that are translocated to the outer mitochondrial membrane after oxidative injury. It is
possible that MG53 may be involved in trafficking lipid rafts to the mitochondria to seal
the mitochondrial permeability transition pore, the site of mitochondrial ROS release
after mitochondrial damage. However, the mechanism for the increased fission seen in
MGS53-treated cells after oxidative damaged (Figure 9) must be assessed either way.

A second goal of this dissertation was to clarify the role of TRIMSO0 in gastric
acid secretion. In conjunction with papers published by Fusco et al. [68, 80-82], the
evidence provided in this work help clarify the role of TRIMS50, particularly in relation to
gastric acid secretion. Here, the data indicate TRIMS50 is involved in mediating

intracellular pH buffering (Figures 10, 12, and 13). Future studies on TRIMS50 in
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mediating intracellular buffering should assess whether TRIMS50 is involved in Alkaline
Flux, the balance of CO2 and bicarbonate into and out of the cell for intracellular pH
buffering. Determining whether TRIMS50 mediates the creation of protons from carbonic
acid or the exchange between chloride and bicarbonate will be an essential next step in
this project.

Other recent work on TRIMS50 have implicated it in inhibiting oncogenesis in
hepatocarcinoma [109] and possibly renal cancer (Figure 19) [110]. The paper by
Xiaoxiao Ma et al. describes TRIMS50’s inhibition of hepatocarcinoma through K-48
polyubiquitination of SNAIL, a transcription factor that mediates the epithelial-to-
mesenchymal transition (EMT) [109]. This function of TRIMS50 is intriguing as some
unpublished in the Ma lab suggests MG53 may also mediate the EMT process. TRIMS50
acting as a cancer inhibiting factor may also explain how higher expression of TRIMS50 is
correlated with a longer survival probability of patients with renal cancer, as shown in
Figure 19.

Some preliminary data in our lab (shown in Figure 20) indicates some TRIMS50
KO mice spontaneously exhibit an elevated urine protein to creatinine ratio when
compared to WT mice. The increase in urine protein to creatinine may signify kidney
damage and/or chronic kidney disease. Because kidneys are responsible for systemic
HCOs™ concentration, dysregulation of intracellular pH buffering in renal cells may be
responsible for the spontaneous development of proteinuria in TIRMS50 KO mice. Some
people affected by Williams-Beuren syndrome have reported digestive and urinary

problems associated with hypoplasia and malformation of these organs. Studies
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determining whether the deletion of TRIMS50 is associated with the hypoplasia and
malformation in relation to dysregulated intracellular pH buffering and lysosome
formation in the cells.

A final goal of this project was to further characterize the role of MG53’s PRY/SPRY
domain in cell membrane repair through the generation of a TRIM chimera using the
TRIMS50 RBCC domain. Although the PRY/SPRY domain of MG53 was not sufficient to
provide membrane repair functionality, future studies on whether the TRIM50/MGS53
chimera may localize with mitochondria after oxidative stress injury would provide
useful information on the newly described function of MG53. The generation of an
MGS53 RBCC TRIMS0 PRY/SPRY chimera together with the current TRIM50/MGS53
chimera will allow us to test for preferential lipid binding domains which appear to drive
MG353 localization within the cell.

This dissertation describes a novel mechanism for MG53 as a mediator of
mitochondrial protection after ischemic injury. Addition of extracellular MG53 was
effective in preventing ROS-induced ROS-release from the mitochondria as well as
promoting mitochondrial fission, an essential step in the mitophagy process. In addition
to a novel role for MGS53, this work updates the role of TRIMS50’s role in gastric acid
secretion, showing how TRIMS50 mediates intracellular pH balance . We propose this
balance is associated with its previously described function in formation of the
aggresome for p62/LC3-assocated lysosomal degradation of proteins and organelles.
Finally, this dissertation clarifies that the PRY/SPRY domain is not sufficient for driving

plasma membrane repair, even with the ability for oxidation-associated oligomerization,
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an essential component for MG53 membrane repair. The three projects presented herein
adds to our understanding of TRIM family proteins and their role in health and disease

while driving new directions for future TRIM research.
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Figure 20 TRIMS50 expression may be predictive of renal cancer outcomes
Kaplan-Meier curve of renal cancer patients with low (blue) and high (pink) TRIMS50
expression from the Human Protein Atlas [110] available from

https://www.proteinatlas.org/ENSG00000146755-TRIM50/pathology/tissue/renal+cancer
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Figure 21 TRIM50 KO mice may develop proteinuria
Urine from TRIMS50 WT and KO mice was collected for 12 hours in a metabolic cage

and assayed for protein and creatinine content.
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