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Abstract
Xin is a F-actin cytoskeletal remodelling adaptor protein important for skeletal muscle health,
including functionality and regeneration. Previous studies from our lab have proposed new
roles for Xin based on Xin -/- studies in murine skeletal muscle and satellite cells (SCs). We
discovered that Xin also maintained mitochondrial morphology and function and facilitated
extracellular Ca?* entry by stabilizing membrane protein channel components. However, these
observations lacked a molecular basis, as many of Xin’s protein binding partners remain
unknown. The main objective of this study was to utilize a Xin overexpression (OE) model to aid
in discovering the function of Xin within skeletal muscle and identify new Xin binding partners.
While Xin OE had a no discernible effect on myoblast morphological features and F-actin
distribution, it significantly hindered differentiation into multi-nucleated myotubes. Time based
differentiation assays from Xin OE myoblasts showed myotube lengths were decreased at day 5
(20%,; P<.001) and further decreased at day 7 (60%; P<.0001). Xin OE cells displayed an
abnormal increase mitochondrial enzyme content (~2.94 fold) and a reduction in myoblast
motility (~45%, P <0.05), both which likely contributed to deficits in differentiation. Tracking
Xin’s subcellular localization, Xin colocalized with mitochondria markers (~71 % Overlap; R?
0.68) and was present in mitochondria fractionations. Xin co-immunoprecipitated with
mitochondrial-associated membrane (MAM) tether proteins: VDAC, Mitofusin 1, and Mitofusin
2. Furthermore, Xin interacted with extracellular calcium entry channels and related proteins
such as: Orail, Stim-1, Junctin, Triadin, and Homer. These results provide further evidence that
Xin is a multi-functional protein which regulates mitochondria and cellular calcium entry by

directly interacting with MAM tethers and calcium channels. Based on our Xin overexpression



and knockout experiments, these molecular interactions ultimately play a role in myoblast

differentiation and maintain contractile and metabolic function within skeletal muscle fibers.
Literature Review

Myocyte cytoskeleton

Introduction to satellite cells

Muscle is one of the largest organs in the human body; accounting for 45% of total body
weight, and serving numerous metabolic and anatomical functions.! There are 3 primary types
of muscle classified as: smooth, cardiac, and skeletal. While each of these muscle types has the
common feature of contractility, there are many characteristics which differentiate these
muscle types from one another. For example, small, spindle-shaped smooth muscle cells are
found in the walls of hollow internal organs (e.g. bladder, gastrointestinal tract, blood vessels)
and their slow, rhythmic, involuntary contractions, under control of the autonomic nervous
system, propel substances through these hollow organs.! Cardiac muscle cells are found in the
walls of the heart, and like smooth muscle, have rhythmic contractions under the control of the
autonomic nervous system. However, cardiomyocytes are more rectangular in shape, striated
in appearance and produce strong contractile force.? Skeletal muscle, akin to cardiac myocytes,
is striated in appearance and can generate significant force upon contraction. In contrast,
contraction of skeletal muscle is voluntary in nature and is controlled by the somatic nervous
system.! Adult skeletal muscle myocytes consist of long, cylindrical, multinucleated striated
cells whose appearance resembles a ‘fiber’ and thus are frequently referred to as muscle fibers
or myofibers. Skeletal muscle fibers arise during embryonic development from the fusion of

approximately a hundred small mesodermal cells called myoblasts.! Due to this cellular fusion,



each mature skeletal muscle fiber is therefore multi-nucleated. Upon cell fusion, the nuclei of
the myofiber undergoes changes which render it post-mitotic, unable to undergo future rounds
of cell division® Thus, the number of skeletal muscle fibers is set before you are born. However,
a small population of myocyte progenitors known as satellite cells (SCs) persist in adulthood
which retain their cell division and differentiation ability. SCs lie in close apposition to a
myofiber underneath the basal lamina surrounding the myofiber.? These cells are normally
guiescent in uninjured muscle but can activate and proliferate upon stimulus such as muscle
injury. Upon injury, active immune cells invade the injured site and secrete growth factors
which help regulate the activation, proliferation and fusion of SCs.> These factors are detected
by quiescent SCs which then migrate to the site of injury. This niche exposes them to cytokines
and growth factors, whereby they proliferate in order to provide enough cells for proper
muscle repair and subsequently, differentiate into muscle cells.® Muscle cell differentiation is a
complex, multi-phase process involving a variety of cellular machineries and culminating in the
merger of plasma membranes. Cell culture studies from C2C12 mouse muscle cell lines
demonstrate multinucleated myotubes form from myoblasts in a series of steps. Upon
activation, myoblasts turn into slightly elongated myocytes which migrate, adhere, and then
fuse to one another to form small nascent myotubes.® Satellite cells are characterized by the
expression of the Pax7 transcription factor and they transform into myoblasts due to expression
of the myogenic factors MyoD and Myf5.% Nascent myotubes then further fuse with additional
myocytes or with other myotubes to generate mature myotubes. Mature differentiation is
characterized by the downregulation of Pax7 and MyoD, and the upregulation of terminal

differentiation markers like the transcription factor, Myogenin, and the contractile protein,



myosin heavy chain.” In extremely damaged muscle, the number of new skeletal muscle fibers
that can be formed by satellite cells is not enough compensate for damage. Instead, these
muscle areas are replaced by fibrous scar tissues.> Severe scarring may restrict movement,
cause pain, and damage surrounding muscle tissue. However, new studies suggest muscle
connective tissue fibrosis is a necessary hallmark of regenerating muscle, and resident
fibroblasts regulate satellite cell expansion.®’ During regeneration, there is an increase in
connective tissue surrounding the damaged area which maintains the structural and functional
integrity of regenerating muscle,® orients forming myofibers,® and sequesters and presents
necessary growth factors.'® However, excessive extracellular matrix can impede mechanical
function and hinder muscle regeneration.'! Thus, fibrosis must be precisely regulated as to not
generate deficient or excessive amounts of connective tissue during muscle regeneration. It is
clear, the current literature does not fully understand the biochemical processes by which

satellite cells repopulate and regenerate damaged fibers. This knowledge is vital to understand
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lllustration 1: Schematic of satellite cell muscle repair. SCs reside along the longitudinal axis
of adult myofibers. Upon activation they proliferate to repopulate the stem cell pool and
differentiate to fuse with new or existing myotubes to repair damaged muscle tissue.

human myopathies and create novel muscle therapies.



Myocyte cytoskeletal networks

The skeletal muscle cytoskeleton is a complex, intricately organized set of proteins essential in
virtually all cell functions. The cytoskeleton is comprised of 3 main filaments: microfilaments,
microtubules and intermediate filaments.? Microfilaments are composed primarily of
filamentous actin which form upon polymerization of globular actin monomers. Actin filaments
have a plus and minus ends, with more ATP-powered growth occurring at a filament’s plus end.
Networks of actin filaments allow cells to adapt specialized shapes and are involved in cell
division and motility.'3'* Muscle intermediate filaments are composed of many proteins such
as Desmin, Nestin, Lamins, and Cytokeratins.'? Desmin is the major muscle intermediate
filament protein and plays an essential role in maintaining cytoarchitecture.>*2 Desmin forms a
scaffold around the myofibrillar Z-disk and connects the entire contractile apparatus to the
subsarcolemmal cytoskeleton, nuclei, and organelles.'®> Microtubules are hollow, straw shaped
filaments composed of long strands of protofilaments made of Tubulin.>® Microtubules are
involved in cell division, intracellular trafficking, and maintenance of cellular architecture.® In
non-dividing cells, microtubule networks radiate out from the centrosome to provide basic
organization of the cytoplasm and position organelles. All together, these filaments organize
into networks which maintain cell integrity and connect organelles.'” In muscle cells specifically,

these filaments also compose highly specialized structures responsible for contraction.



Myocyte contractile apparatus

The basic contractile unit of myocytes, the sarcomere, is comprised of a meticulously organized
individual filament system including actin, myosin, nebulin and titin.*? These contractile
proteins chain together in series, to form a rod-like organelle known as a myofibril. The
filaments of myofibrils, consist of two types, thick and thin. Thin filaments are primarily
composed of actin, coiled with nebulin filaments.! Thick filaments consist of myosin, held in
place by Titin filaments.! The sarcomeric unit is categorized by structural protein filament
content. Sarcomeres are bordered by protein dense Z-discs, and its internal regions are
classified as A, I, and H bands. The A band contains the entire thick myosin filament including
overlapping thin actin filament, | band contains only thin actin filaments, and the H band
contains only thick filament.! Thin filaments are bound by regulatory proteins Troponin and
Tropomyosin, which inhibit the actin activated ATPase of myosin when calcium concentrations
are low. When calcium ions bind to troponin, it undergoes a conformational change which
removes tropomyosin away from myosin binding sites on actin, and muscle contraction
subsequently begins as myosin motor proteins bind to actin. This causes thick and thin
filaments to slide against one another, shortening the sarcomeric unit and bringing adjacent Z
discs close together. Many regulatory proteins contribute to the alignment and stability of
myofibrils. Key regulatory proteins, like Titin, connect the Z disc to the sarcomere, thus
stabilizing the position of the thick filament, and Nebulin which regulates the length of thin
filaments during development. Alpha-Actinin is another structural protein of Z discs that link

actin molecules of thin filaments to Titin molecules. Lastly, within the Z-disc lies the protein



Filamin C, connecting the sarcomere to sarcolemma.® This connection is thought to help
reinforce the sarcolemma and help transmit tension generated by sarcomeres to tendons.
Unique structures like the myotendinous junction (MTJ), the junction between muscle and
tendon, constitute a dynamic and functionally integrated unit that transduces mechanical force
to the skeletal system for locomotion.® The force generated by muscle contraction is
transmitted from intracellular contractile muscle proteins to the extracellular connective tissue
proteins of the tendon. At the MTJ, where fiber cross-sectional area is the smallest, the
sarcomeres must stretch further to balance the forces from larger areas. Thus, the MTJ and its
surrounding area, is a common location of injury in skeletal muscle.?° This specialized region
however adapts to excessive stress and tension by maintaining its protein structural integrity.
To maintain this integrity under constant stress, many cytoskeletal proteins are upregulated,
ready to repair sarcomeres and reinforce their cytoskeletal structures. Moreover, MTJ
extracellular matrix proteins like Laminin, Integrin, and Vinculin, enable a strong connection

between the muscle actin filaments and the tendon collagen fibers.?!
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lllustration 2: Dynamic regulators of sarcomeric F-actin. ADF/Co-filin proteins facilitate
depolymerization and severing of F-actin. Stabilizers of F-actin include Xin and Nebulin, cross-
linking facilitated by Xin and other proteins (not shown). Capping and inhibition of elongation
is done by CapZ and Profilin respectively.

Soluble monomeric globules of actin interact to form highly dynamic and tightly regulated
filamentous actin (F-actin).?? There are numerous distinct regulators of actin microfilament
function and length including nebulin,?® tropomodulin?® and Xin-repeat protein family.?>
Tropomodulin and Profilin inhibit actin polymerization at the distal ends.?® Leiomodin
antagonizes tropomodulin and promotes elongation at distal ends. ADF/cofilin enhances actin
filament turnover by severing actin filaments and promoting dissociation of actin monomers.*?
Lastly, F-actin stabilizers such as Nebulin and Xin not only stabilize F-actin but also stabilize
other thin filament proteins.'® The actin cytoskeletal network undergoes extensive remodelling
during contractions and serves many functions that are critical for muscle plasticity including
the generation of force,?’ determination of cell morphology,?? and regulating organelle size,

structure and localization.?® In fact, mitochondrial-cytoskeletal interactions have been well-
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established in coordinating mitochondrial motility,?° regulating distribution, anchoring 17,
fission®? , and respiratory capacity>!. Actin cytoskeletal networks thus play crucial roles in
maintaining cytoarchitectures which determine cell morphology and regulating organelle
distribution and function. Alterations to actin network protein regulators that go
uncompensated may result in detrimental cellular deficiencies and lead to muscular
pathologies.

Cytoskeletal remodelling during myogenesis

The formation of a multinucleated muscle fiber from individual myoblasts requires dramatic
cytoskeletal rearrangements. * During myogenesis, precursor cells must discard their “generic”
cytoskeleton and organize a muscle-specific contractile cytoskeleton. This multistep process
includes cytoskeletal rearrangements to facilitate myoblast fusion, myotube migration and
elongation, and attachment to form a stable adhesion complex. Myoblasts contain actin
filaments distributed throughout the cell, dispersed inftermediate filaments, and radial
microtubules.32 As myoblasts undergo the sub-processes of cellular fusion and motility
necessary for differentiation, they largely dependent on actin cytoskeletal networks. Current
models of myoblast fusion indicate F-actin remodelling and protrusions are necessary to
enhance membrane proximity.>3 Specifically, the coordinated polymerization of multiple actin
filaments produce protrusive forces which are important for whole-cell migration. Thus, F-actin
protrusions facilitate close proximity of cells necessary for fusion. 2 This highlights the
importance of F-actin accessory proteins during differentiation which control F-actin
elongation, cross-linking, disassembly, and interaction with other cellular structures.

Differentiated myotubes are characterized by strong myofibrillar structures and cytoskeletal
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networks. Intermediate filaments are present around Z-lines, microtubules dispersed
throughout the cell with no organizing center, and actin filament networks appear throughout
the cell but organize either in myofibrils or close to the sarcolemma.3?

Skeletal muscle calcium regulation
Excitation contraction coupling
To generate and maintain force, muscles require sufficient intracellular calcium stimulus to
support excitation-contraction coupling (ECC). ECC links action potentials (AP) generated at the
sarcolemma to stimulate muscle contraction.! A depolarized sarcolemma sends an AP down T
tubules, triggering SR calcium release. Specialized muscle structures known as triads, form the
anatomical basis whereby terminal cisternae of the SR are in close association with T-tubules.!
The tight spatial organization of the triad ensures efficient activation of Ca?* release from SR
stores upon membrane depolarization.3* Specifically, a depolarized T-tubule is sensed by the
voltage sensor dihydropyridine receptor (DHPR) which are located at the T-tubule membrane
and coupled to SR calcium release channels such as Ryanodine receptor-1 (RyR1).34 Voltage
activated DHPRs then open RyR1 channels to release calcium from the SR. Free cytosolic Ca?*
then binds to troponin, causing the troponin to change shape and remove the tropomyosin
from myosin binding sites. Myosin heads on thick filaments are then free to bind to thin
filaments for muscle contraction.! Calcium is then cycled back into SR stores from the cytosol
via ATP-powered SERCA pumps.3> Many calcium-related binding proteins work in concert to
transport and maintain calcium release and reuptake during muscle contractions. Calsequestrin
(CSQ) sequesters calcium in the SR lumen. Specifically, the primary function of CSQ is to provide

high local [Ca?*] at SR-T Tubule junctions and to communicate changes in luminal Ca%*
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lllustration 3: Illustration of Excitation-Contraction coupling. A) Sarcomere relaxation. Sarcomere is composed of
thick myosin and thin actin filaments, with actin anchored at Z lines defining the sarcomere border. Sarcomere can
be broken up into | band containing only thin flament, H zone containing only thick filament, and A band containing
the whole thick filament. Sarcoplasmic Ca2* is low and Troponin and Tropomyosin blocks the binding of myosin
heads. SR CaZ*release channels are closed and CaZ* active transport pumps are functional. B) Sarcomere contraction.
Muscle action potential propagates along the sarcolemma into T-tubules, Ca?*release channels open, Ca2* enters

sarcoplasm, binds to troponin, and moves tropomyosin away from myosin binding sites on actin allowing the
contraction cycle to begin.

concentration to Ca?* release channels.3® CSQ interacts directly with junctional SR
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transmembrane proteins, Triadin and Junctin, which form a quaternary complex with
Ryanodine Receptors (RyR) to inhibit calcium release during relaxation.3® This inhibition of
calcium release, supports the accumulation of high Ca%*levels near the RyR release channel for

immediate release timed with action potentials to trigger muscle contraction.

Store operated calcium entry

When SR-Ca?* stores diminish from continuous muscle contractions, the myofiber will replenish
Ca?* from the extracellular environment through a process known as Store Operated Calcium
Entry (SOCE).3” Functionally this serves to prolong muscle endurance and support rapid
recovery. In short, STIM-1 mediated calcium entry is initiated by SR Ca?* depletion which is
detected by SR- membrane bound Stim-1. As Ca? is depleted in the SR, Stim-1 oligomerizes or
dimerizes upon dissociation of Ca2. This activation causes Stim-1 oligomers to translocate to the
plasma membrane where it binds to and opens membrane-bound store operated calcium
channels Orail and Transient receptor potential cation channel (TRPC) members. 37:3%
Interestingly, TRPCs are not only mediators of extracellular Ca?* entry in skeletal muscle, but
have also been proposed to participate in migration and differentiation of C2C12 myoblasts via
calpain activation. 3° On a side note, studies by Mazéres et al, demonstrate calpains are calcium
sensitive proteases implicated in locomotion of muscle cells. 4° One such substrate of calpains
are myristoylated alanine-rich C-kinase substrate (MARKS). MARCKS is an actin-binding protein
involved in both myoblast fusion and migration, and is activated by calpain proteolysis.3%*
Inhibiting calpains in C2C12 myoblasts regulates cell migration negatively, by inhibiting new

focal adhesion formation between the cell and the ECM and destabilizing the actin
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cytoskeleton. 4° When myocytes do not require SOCE activation, TRPCs are stabilized and kept
functionally inactive by a scaffolding family of adaptor proteins Homer.3° On a molecular level,

this inactivation occurs by Homer cross-linking TRPC channels with IP3R and RyR, thus

ORAI
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lllustration 4: Store operated calcium entry. A resting myofiber contains ample stores of calcium in the
sarcoplasmic reticulum and Stim-1 calcium sensor monomers are bound to the SR membrane. Homer
maintains TRPC channels in a closed configuration, complexed with RYR1. Fatiguing contractions
deplete SR calcium stores. This depletion is sensed by Stim-1, upon which is dimerizes and translocates
to activate ORAI channels on the plasma membrane to facilitate entry of extracellular calcium to the
sarcoplasm. ORAI activation is kept open and stabilized by Homer.

modulating the cross talk and Ca?* signaling among these molecules.*? Upon calcium depletion,
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SOCE activation is required and Homer dissociates from TRPC, removing it’s inhibitory effect to
allow for Stim-1 mediated TRPC activation. 4>*? Additionally, Homer proteins act as a mediator
for Stim1’s negative regulation of voltage operated Ca®* channels (VGCC) and Stim-1’s
activation of store operated Orai channels.**45 Specifically, upon Ca** depletion, Homer, STIM1
and Cav1.2, form a complex that inhibits VGCCs. This interference of VGCCs during SOCE likely
prevents a further and significant increase in cytosolic Ca®'in response to Ca?* store depletion.
In summary, STIM1 negatively regulates Ca?* entry through voltage gated calcium entry but
positively regulates SOCE through ORAI1 interaction via a functional Homer.*

Xin
Biochemistry of Xin (CMYA-1)
An important F-actin binding cytoskeletal regulator is Xin. It was discovered in 1999 by Wang et
al, where differential mRNA display revealed a transcript markedly upregulated during
embryonic cardiac looping process of chicken heart.*® The protein was named Xin, the Chinese
character for heart in pronunciation. In humans, its gene is encoded on chromosome 3, and
entitled XIRP1 (formerly, CMYA1; cardiomyopathy-associated 1), comprising one large coding
exon which gives rise to three different isoforms, A, B, C, due to intraexonic splicing events.
Isoform A is the full length product (198kDa) containing 16 amino acid Xin repeats*’. These
repeats define an F-actin-binding motif and therefore identifies Xin-repeat proteins as members
of the plethora of actin-binding proteins. Other features of the full length product include a
putative DNA-binding domain, amino-terminus proline rich region (PRR) including an EVH1
domain binding consensus motif, which is capable of interacting with EVH1 domains of other

proteins like Mena/VASP% and nebulin/nebulette during myofibril development.*® The PRR in
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the carboxy terminus contains a Src-homology 3 domain (SH3), with the potential of binding to
other signalling molecules via SH3 domain mediated interactions.*®*° Most strikingly, the
carboxy terminus is capable of interacting with Filamin-C, which is important in the assembly
and repair of myofibrils and their attachment to the sarcolemma. 2° Isoform B (122kDa) is
identical to full length isoform A, however it lacks a C-terminus and hence a filamin-C binding
domain. The last is Isoform C which lacks an amino terminus, Xin-repeats, most of the proline-
rich regions and beta-catenin binding regions. °° Xin’s characteristic structural motifs allow for
an impressive variety of binding partners making it an integral part of a large cytoskeletal
protein network. The expression of Xin appears to be restricted to cross-striated muscle and its
precursors.*® During early embryonic development, Xin is detected in both cardiogenic cells of
the heart tube and in somites of the mesoderm.>! In the adult phase, sub-cellular localization
studies of the three Xin isoforms in rat cardiomyocytes revealed that all Xin proteins target to
myofibrils, while only Xin A and C are incorporated into the intercalated discs (ICD) and only Xin
C can colocalize with alpha-actinin at the Z-disc.?® In differentiating skeletal muscle cells, Xin A
and B interact with F-actin and are found in early myofibril formation and remodelling areas
along with their interacting partner Nebulin.*® As myofibrils matured, Xin A/B dissociated from
nebulin and its localization restricted to F-actin. Feng et al, investigated the tissue specificity of
Xin A and discovered Xin A in myotendinous junctions (MTJ) and blood vessel walls, but not in
neuromuscular junctions and nerve fascicles.>? Interestingly, Xin is enriched at the ICD of the
heart and the MTJ, which are both sites of actin filament anchorage to the plasma
membrane.>?>1° The MTJ complex resides at the muscle-tendon interface and is required for the

transmission of mechanical force and subsequent locomotion.'® Muscle tears occurring during
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muscle usage generally occur at the MTJ and a number of cytoskeletal re-modellers are

upregulated including actin-binding proteins like Xin. >3%°

Xin and skeletal muscle repair
One of the first discoveries of Xin’s role in striated skeletal muscle was it directly binds to F-
actin and reorganizes microfilaments into cytoskeletal networks by cross-linking.%¢ During

muscle repair, significant cytoskeletal remodelling occurs as structural proteins are remodelled
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lllustration 5: Xin isoform A and cytoskeletal protein binding partners. Xin isoform A contains actin
binding “Xin-repeat” regions that bind to F-actin and organize microfilaments into networks. Xin A is
an adaptor protein linking many other proteins together, although not necessarily all at the same time
as shown here. It’s binding partners include Mena/Vasp and Aciculin which are involved in the
regulation of the actin cytoskeleton. Filamin-C binds to Xin and attaches the ends of myofibrils to the
sarcolemma. Nebulin binds to Xin and has a similar function of F-actin stabilization. Indirect binding
partners include the Dystrophin complex, connecting Xin to a larger cytoskeletal network.

into sarcomeres. The importance of Xin early in regeneration is best demonstrated in its post

injury upregulation. Within the first 12 hours of cardiotoxin induced skeletal muscle injury in
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mice, levels of Xin mRNA are increased more than 16 fold, indicating the importance of Xin
early in regeneration.>® Furthermore, Xin has also been shown to co-localize with active satellite
cells.>*>> Early studies of Mus musculus that depleted all 3 isoforms of Xin (Xirp1),
demonstrated a mild cardiac phenotype with altered distribution of intercalated discs, delayed
skeletal muscle repair, and impaired satellite cell activation. #”>* Phenotypic delays in skeletal
muscle regeneration are likely a consequence of altered SC functionality. In Xin depleted
muscle, SCs exhibited hyperactivation but decreased number of dividing SCs compared to
controls.>* This delay in SC differentiation could be linked in part, due to the importance of
cytoskeletal reorganization during differentiation. Therefore, losing an integral F-actin
reorganizer such as Xin, resulted in detriments in skeletal muscle regeneration. More recent
studies from our lab illustrate Xin -/- muscles are more fatigable and recovered force slower
following in situ fatiguing contractions compared to wildtype muscles.”® Moreover, Al-Sajee et
al, assessed mitochondrial respiratory kinetics of permeabilized Xin -/- muscle fibers which

revealed significant impairments in mitochondrial enzymes complex | and complex 1.7

Mitochondria and calcium signalling

Ca?* is a critical messenger not only for muscle contraction, but also for promoting
mitochondrial ATP production. An increase of free calcium in muscles is required to stimulate
the electron transport chain of mitochondria, and thus ATP production. 8 It does so by
upregulating the activity of citric acid cycle dehydrogenases to increase the production of
reducing equivalents for the electron transport chain. Therefore, mitochondrial Ca?* uptake acts

as a local Ca?* buffer and an important modulator of muscle contractions. A study by Rudolf et
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al, clearly demonstrates significant mitochondrial Ca?* uptake during single twitches and tetanic
contractions.” The group demonstrated mitochondria will rapidly take up Ca?* during skeletal
muscle contraction and rapidly release it during muscle relaxation. Calcium uptake into
mitochondria during contraction may serve to adjust ATP production to match the muscle’s
physiological demand. Moreover, contractile relaxation is accelerated in mitochondria-rich
muscle fibers.®® To match this high energy demand, calcium is transported into the
mitochondria via the mitochondrial Ca?* uniporter (MCU). However, due to the poor affinity of
the MCU to Ca?*, the kinetics remain controversial. Recent studies report that although
individual mitochondrial Ca?* uptake is limited, mitochondria coalescing together in close
vicinity to the SR is sufficient to overcome the MCU’s low sensitivity.?? In addition, it is worth
noting mitochondria are dynamic organelles which undergo constant changes in localization,
mass, morphology and composition depending on cellular needs.®? In order to facilitate these
dynamics, studies show functional and physical communication between mitochondria and
other organelles in muscle, such as the sarcoplasmic reticulum (SR). SR-Mitochondria coupling
bi-directionally transfers Ca®* between organelles and is a critical regulator of cell

metabolism.61.63

Mitochondria — SR Contacts

Mitochondrial associated membrane (MAM) tethers structurally associate SR-Mitochondria
organelles in close-contact and function to couple multiple physiological processes such as
calcium signalling, lipid exchange, bioenergetics and apoptosis. One such family of MAM tethers

are the dynamin-like GTPases, Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2). In addition to being

21



required for mitochondrial fusion, they also bridge the mitochondria onto the ER allowing for
efficient Ca?* transfer. 4% Another important MAM tether is the voltage dependent anion
channel (VDAC) of the outer mitochondrial membrane (OMM). VDAC is thought to be the
primary means by which the metabolites diffuse in and out of the mitochondria. In addition to
MCUs, Ca?*import across the OMM is transported through VDAC. This calcium transfer is
accelerated when VDAC physically interacts with the endoplasmic reticulum (ER) -release
channel inositol 1,4,5 triphosphate receptor (IP3R) through the molecular chaperone glucose-
regulated protein 75(Grp75). Thus, forming a tripartite complex (IP3R-grp75-VDAC) and
tethering the ER and mitochondria in close proximity.® This complex will form a microdomain
of high [Ca?*] which facilitates mitochondrial calcium uptake through VDAC and near the
MCU.%” MAM subdomains not only allow Ca?*communication but also the interchange of
complex lipids. The majority of lipids are synthesized in the ER and transported to the
mitochondria to maintain the defined lipid composition of mitochondrial membranes.® In
contrast, mitochondria contribute significantly to the synthesis of membrane lipids in cells.®®
Consequently, extensive bidirectional lipid transfer occurs between the ER and the
mitochondrial outer membrane, facilitated by transfer proteins enriched at MAM sites 8 One
such protein regulator of mitochondria-ER cholesterol transfer is Caveolin-1 (CAV1).7° CAV1
deficient mice have reduced MAM physical extension and aberrant cholesterol accumulation at
ER subdomains’® Comparative proteomic analysis between CAV1 -/- and WT mice revealed Cav-
1 contributes to the recruitment and regulation of intracellular steroid and lipoprotein

metabolism processes accrued at MAM sites. Together, these studies portray MAMs as an
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intracellular signalling hub which coordinates the metabolic status of the cell with other cellular

processes.

Xin and mitochondria regulation

Electron micrographs of mouse Xin -/- muscle reveal mitochondria increased in population,
were swollen, mis-localized and displayed impaired respiration rates. ’* WT mitochondria are
primarily found in a triad adjacent location running parallel to Z-lines. However, mitochondria in
Xin-/- skeletal muscle displayed extensive swelling and mislocalization throughout the muscle
tissue. Moreover, Xin depletion in muscle tissue significantly blunts mitochondrial respiration
rates in ETC complex | and Il. Interestingly, while no differences were initially detected in either
complex | or complex Il, correcting to mitochondrial content indicated significant impairments
in Xin-/- muscle at both sites, implying that individual mitochondria may be dysfunctional and
that an increase in mitochondrial content appears to compensate for these deficiencies at the
whole tissue level.”! The ability of mitochondria to consume oxygen in response to energy
demands serves as a reliable hallmark of its functional state, reflecting cell viability. Thus, Xin
depletion resulted in abnormal mitochondria structure, function and localization. Despite
current literature lacking physical or functional link between Xin and mitochondria,
immunoelectron microscopy analysis of Xin from our lab illustrated its localization as focal
aggregates in peri-mitochondrial and mitochondrial spaces within human muscles.”*
Considering Xin localized near mitochondria and its depletion exhibited phenotypic changes
similar to other MAM knockout studies, it’s been speculated Xin is functioning as a MAM

tethering protein. For instance, disorganized triad structures and aberrant mitochondria have
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previously been shown to be a result of disrupted autophagosome formation whose precursors
localize to mitochondrial associated ER membrane (MAM) sites.’”? Autophagosome formation is
necessary to remove dysfunctional mitochondria and inhibiting its formation can result in the
accumulation of damaged mitochondria. These phenotypes are shared between Xin KO and
inhibition of autophagosome genesis at MAM sites. These similarities therefore provide

functional evidence that support a Xin MAM tether theory which needs further investigation.

Xin and calcium regulation

Whole body knockout of Xin in mice leads to a mild myopathic condition characterized by
increased muscle fatigability, impaired regeneration and satellite cell dysfunction.>® Moreover,
characterizing the function of these muscles through in situ muscle stimulation protocols
results in increased fatigability and decreased force recovery following fatiguing contractions
compared to controls. Al-Sajee et al, sought to understand the molecular basis of this increased
fatigability. Live-cell measuring of free calcium during muscle contractions revealed Xin-/-
muscle fibers had impairments in Ca?* release during tetanic contractions and in response to
prolonged contractions.>” This dysregulation in calcium handling was consistent with their
previous observations of the inability of Xin-/- muscles to maintain force throughout a tetanic
contraction. Moreover, decreased force production and calcium release are analogous to
phenotypes of Orail knockout muscles. 3’ Therefore, since Orail is an integral macromolecular
component necessary for SOCE, they hypothesized Xin associates with the SOCE complex by
directly binding to Homer and Stim-1. This association likely maintains the opening and

activation of SOCE complex through stabilization.
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Purpose & Hypothesis
Our current scientific understanding of the role and binding partners of Xin within striated
muscles is inadequate. Our experiments using a reduction in Xin expression have led to a
diverse set of possible functions, such as regulation of intracellular Ca?* and mitochondria
stability and localization. To carry out these functions, numerous potential protein binding
partners like Calsequestrin, Homer, Stim1, Desmin and other MAM tethering proteins have
been proposed. However, it is unclear as to which observed phenotypes are the result of a true
direct effect or a compensatory mechanism that cells have adapted to. Thus, the purpose of my
thesis was to use an overexpression model of Xin to aid in discovering the function of Xin within
skeletal muscle and identify new Xin binding partners within this tissue. We hypothesized that
Xin overexpression will impair differentiation and impact myoblast and/or myotube fitness,
induce mitochondrial damage, and compromise calcium homeostasis. These various functional
impacts are hypothesized to be facilitated by stabilizing other protein complexes such as SOCE

and MAM tethers.
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Methodology
C2C12 Cell Culture
Proliferating C2C12 cells (ATCC Virginia USA, CRL-1772) were cultured on polystyrene dishes
(Fisher Scientific Mississauga, 150350) in growth media containing high-glucose (4g/L)
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with sodium pyruvate and L-
glutamine, 10% fetal bovine serum (FBS) which did not contain penicillin/streptomycin . Cells
were incubated at 37°C with 5% CO,and kept at 25-80% confluence until passage number ~20.
To induce differentiation cells were grown until 95% confluence in time for the switch to
differentiation media (high-glucose DMEM with 2% horse serum). Media was changed every
two days and live cell images were taken thereafter. Plates were imaged at semi-sterile room
conditions. All imaging and analysis were conducted using a Nikon ECLIPISE Ti microscope and

Nikon NIS-Elements ND2 software (Melville, NY, USA).

Primary myoblast isolation and culture

Murine hind limb muscles including the tibialis anterior, soleus, and gastrocnemius were
dissected in a semi-sterile environment after cervical dislocation. Immediately after dissection,
muscles were transferred to 60 mm polystyrene dishes containing Dispase [1.2 U/mL] (Sigma
Aldrich Oakville, D4818) and collagenase IV [1.5 U/mL] (Thermo Fischer, 17104019). Tissues
were mechanically separated then incubated at 37°C and 5% CO2 for 45 mins. After, the muscle
slurry was washed in 15 mL of 1X phosphate buffered saline (PBS) (free of Ca%*2"d Mg?*)
containing 100 mM D-glucose. The slurry was then centrifuged (400 g, 4 mins) and

resuspended in 10 mL of 0.05% Trypsin-EDTA then incubated 37 °C and 5 % CO2 for 1.5 h.
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Proliferation media (10 mL; 20% FBS, 0.5% Chicken Embryo Extract, 4 g/mL glucose) was added
to deactivate trypsin and the slurry was filtered through a 100 um nylon mesh before being
centrifugated at 400 g, 4 °C for 4 mins. Following centrifugation, the pellet was suspended in
10mL of proliferation media and pre-plated for 1-2 hrs on an uncoated 100 mm polystyrene
dish (Becton Dickinson Labware, Franklin Lakes, NJ. USA ). Finally, media containing non-
adhered myoblasts were seeded on 1% GelTrex (Thermo Fischer, A1413201) coated plates. 5-7
mLs of diluted GelTrex was added to 100mm plates and stored at 4 °C. GelTrex was activated by
heating plates at 37 °C, 5 % CO; for 1 hour and aspirating leftover media. Cells were incubated
for 5 days in proliferation media in incubator and media was changed every 2 days. Myoblasts
were then induced to differentiate by switching to differentiation media (high-glucose DMEM
with 2% horse serum). Mature myotubes were then used for downstream applications like
adenoviral infection and subsequent semi quantitative-PCR analysis.

Adenovirus Infection

To increase endogenous Xin expression (mouse), C2C12 cells were incubated with a custom
recombinant designed XIRP-1 (Applied Biological Materials, Richmond BC, C070-42417) C-
terminally tagged with human influenza hemagglutinin (HA). The adenoviral system is driven by
a strong cytomegalovirus promoter, replication incompetent due to E1/E3 deletions and human
adenovirus type 5. Cells were washed once with warm sterile PBS and incubated with trypsin
for 5-10 mins at 37°C, 5% CO2. Cells were counted using a hematocytometer (Hausser Scientific
Pennsylvania, 3800) each plate was seeded with 200,000 cells and given 2 hours to adhere.
Following adherence, cells were infected for 6 hours. Viability of cells was accounted for by

0.4% Trypan Blue staining (Thermofisher Scientific, 15250061 ). For the duration of the
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infection, cells were kept in low volume of growth media (300 uL) to promote virus
incorporation. Control cells were infected with empty vector adenovirus (Vector Biolabs
Pennsylvania,1240 ). After infection, cells were returned to normal confluence in growth media
for 24 hours to allow for sufficient protein production. Protein overexpression was verified by

western blot before continuing downstream applications.

Live-cell cytochemical staining

MitoTracker Red CMXRos (Thermo Fischer, M7512) and DAPI (Thermofisher, D1306) were
diluted in sterile growth media at final concentrations of 50nM and 10 pg/mL respectively. Cells
were seeded in Falcon® 4-well culture glass slide with polystyrene vessel. At ~75% confluence,
cells were incubated in the staining solution under normal culture conditions for 30mins,
washed briefly in 1X PBS, and then visualized by fluorescence microscopy (ECLIPSE Ti, Nikon).
Cells were imaged for 30mins at standard room temperature and semi-sterile conditions.
Multichannel exposure times were set to negative control slides. For visualization of Xin and
MitoTracker, cells were fixed after MitoTracker staining and proceeded to immunocytochemical
staining for anti-HA. We excluded 0.3% Triton X-100 permeabilization as this causes

MitoTracker to leak out of the cell plasma membrane.

Western Blot
C2C12 cells for western blot were washed in ice-cold 1X PBS twice for 5 mins and then scrapped
in ice cold SBJ lysis buffer containing 50 mM HEPES, 150 mM NaCl, 100 mM NaF, 10 mM Na

pyrophosphate dibasic, 5 mM EDTA Na3, 250 mM Sucrose, 1 mM DTT, protease inhibitor
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cocktail (Thermo Fisher Scientific), 1 mM sodium orthovanadate, 1% Triton X-100. Samples
were sonicated (Qsonica Connecticut, XL2000) for 10 sec ON/OFF cycles at 10% power for 2
mins, rotated at 4°C for 1 hour and then centrifuged at 12,000 rpm for 10 mins at 4 °C.
Supernatants were collected and then stored at -80 °C until analysis. Protein concentrations
were determined using a Pierce BCA assay (Thermo Scientific, 23223) and to ensure protein
guantity was loaded equally. Western blot intensities were normalized using 1X Amido Black
staining solution (Sigma, A8181-1EA). Proteins were separated by 10% SDS-PAGE (100 V for 75
mins) and then transferred to nitrocellulose membrane (90 V for 90 mins at 4 °C). Membranes
were incubated in blocking buffer (5% BSA in 1X TBS-T or 5% Skim Milk in 1X TBS-T) for 1 hour
at room temperature and incubated overnight at 4°C using commercially available antibodies
validated by manufacturers for western blotting: mouse anti-HA tag- 1:1000 (Cell Signalling
Technologies CST Massachusetts, 6E2), rat polyclonal anti-Homer 1b + 1c 1:1000 (Abcam
Massachusetts, ab18550), mouse anti-Triadin 1:500 (Thermo Fischer, MA3-927), rabbit anti-
Junctin 1:500 (Sigma Aldrich, AV51356), rabbit anti-Calsequestrin-1 1:1000 (Abcam, ab191564),
mouse 1:500 anti-Myogenin 1:1000 (ThermoScientific, MA1-41042), rabbit 1:1000 anti-Vinculin
(CST, 4650), mouse 1:2000 anti-GAPDH (Applied Biosystems, AM4300), rabbit anti-Histone H3
(CST, 9715), mouse 1:250 anti-Total OXPHOS rodent antibody (Abcam, ab110413), 1:1000
mouse anti-Caveolin- 1 (BD Biosciences Mississauga, 610406), rabbit 1:1000 anti-Stim-1 (Sigma
Aldrich, S6196) rabbit 1:1000 anti-Orai-1 (Thermo Scientific, PA5-20402) mouse 1:1000 anti-
Filamin-C (Novus Biologics Oakville, FLM01), mouse anti- 1:1000 Mitofusin 1+2 (Abcam,
ab57603), mouse 1:1000 anti-Mitofusin 2 (Abcam, ab56889), rabbit 1:1000 anti-Parkin (Abcam,

ab15954), rabbit 1:1000 anti-VDAC 1 (CST, D73D12). Membranes were then washed in tris-

29



buffered saline, 0.1% (vol./vol.) Tween 20 (TBS-T) three times rocking for 10 mins each and
incubated for 2 hours at room temperature in horseradish peroxidase conjugated secondary
antibody. The following secondary antibodies were used: HRP-linked anti-rabbit 1gG, (CST,7074)
HRP-linked anti-mouse, (CST,7076) and HRP-linked anti-rat (CST, 7077). Membranes were
washed in TBS-T three times for 10 mins each and immunoreactive proteins were detected
were visualized using chemiluminescent reagent (BioRad Mississauga, 1705061) and detected
using a gel image system (Montreal BioTech, Fusion Fx7). Western blot band densitometry was

quantified using Image)J (v2.0.0-rc-69/1.52p).

Semi-quantitative RT-PCR and Analysis

Cellular RNA extraction and purification was completed following the manufacturer’s protocol
for PureLink '™ RNA MiniKit (Invitrogen, 12183018A). RNA concentration and purity was
assessed using a NanoPhotometer (MBI). Total mRNA was reverse transcribed to
complementary DNA (cDNA) using Superscript Ill reverse transcriptase (Invitrogen, 18080093)
random hexamers (Invitrogen, N8080127). First strand cDNA synthesis was performed
according to manufacturer’s protocol. Amplicons from cDNA template was amplified by
polymerase chain reaction (conditions: 1) 94° for 2 mins, 2) 94°, 1min 3) 54.5°, 45s 4) 72°, 1min;
steps 2-4 repeated 35 times, 5) 72° 5 mins) PCR primer sequences used are as follows: Xin ( Fwd
5’-CAGGTAGTTGGAGGTGATGTT -3’, Rvs 5’- TCTGCTGGGTTCAGAGATTG-3’) 18S (Fwd 5’-
CCGCAGCTAGGAATAATGGAATA-3’, Rvs 5’- CCTCTAGCGGCGCAATACGAAT-3’) GAPDH (Fwd 5’
GTGGCAAAGTGGAGATTGTTGCC-3’, Rvs 5'-GATGATGACCCGTTTGGCTCC-3’). Amplicons were

then diluted into 6X loading dye (iNtRON, 21161) and run on diluted EtBr 2% Agarose gels for
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1.15Hrs at 130V. Band fluorescence was visualized using gel imaging system (Fusion Fx7, MBI)

and band densitometry analyzed with Image) (v2.0.0-rc-69/1.52p).

Migration Scrape Assay

Following adenoviral infection, 95% confluent 60mm plates were laterally dragged with a razor
blade to remove C2C12 cells from one side of the scratch line. Plates were rinsed thoroughly to
remove detached C2C12 cells. At 0, 6 and 24 hour time points 8 images were obtained along
the land-marked scratch line using an inverted microscope (Nikon Eclipse TE2000U). C2C12

mean distance migrated was calculated by averaging results from all 8 image measurements.

Immunocytochemical staining

C2C12 myoblasts were seeded onto culture slides (BD Biosciences, 354104) and then infected
with either ADV-HA-Xin or ADV-Null and incubated for 24 Hrs to allow for ample protein
production. Wells were washed 3 times for 5 mins in warm 1XPBS and later fixed in 4%
paraformaldehyde for 7 mins at room temperature. Wells were washed in cold 1X PBS (5 mins
X3) and blocked for 1 hour at room temperature. Blocking reagent contained 5% normal goat
serum (Vector, S-1000), 0.3% Triton X-100 (BioRad, 1610407) diluted in 1X PBS. Primary
antibody mouse anti-HA tag- 1:100 (CST, 6E2) diluted in antibody dilution buffer was added in
enough volume to cover slides and incubated overnight at 4°C. For visualization of
mitochondria and Xin, a cocktail of mouse 1:100 anti-COXIV (Abcam, ab33985) was mixed with
rabbit 1:100 anti-HA tag (CST, C29F4). Antibody dilution buffer contains 1% dissolved bovine

serum albumin (Thermo Fischer, 12483020) and 0.3% Triton X-100. Wells were washed in cold
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1XPBS (5 mins X3) and Alexa Fluor™ 488 goat anti-mouse IgG1 (Life Technologies, MG120)
1:2000 for 2 hours at room temperature in dark. Wells were washed in cold 1XPBS (5 mins X3).
For visualization of cellular F-actin a working solution of Alexa Fluor™ 594 Phalloidin (Invitrogen,
A12381) was added and incubated for 20mins at room temperature in the dark. Wells were
washed in cold 1XPBS (5 mins X2) and then counterstained in DAPI for 5mins room
temperature. Slides were briefly washed again in 1X PBS and then mounted in fluorescence
mounting medium (Agilent Technologies Mississauga, S3023). Slides were dried overnight in the
dark and then visualized using fluorescence microscopy (ECLIPSE Ti, Nikon). Multichannel
images were taken using DAPI (Ex 360, Em 460), FITC (Ex 498, Em 520) TRITC (Ex 552, Em 578)

filter cubes.

Coimmunoprecipitation

Co-immunoprecipitation to elute HA-tagged fusion proteins and their binding partners was
done using immobilized anti-HA affinity resin from Pierce™ Anti-HA Agarose kit (Thermo Fisher,
26181). Cells were infected with either ADV-HA-Xin or ADV-Null and incubated for 24 Hrs to
allow for ample protein production. Cells were lysed in non-denaturing SBJ lysis buffer (cocktail
above) and sonicated for 10 sec ON/OFF cycles at 10% power for 2 mins, then centrifuged at
12,000 rpm for 10 mins at 4°C. Supernatants were collected and protein concentration was
quantified using BCA assay (Thermo Scientific, 23223). 600 pug of protein was loaded with
antibody linked resin and the co-immunoprecipitation procedure was followed according to
manufacturer’s guidelines. We followed SDS elution protocol for characterizing protein

fractions via western blot.
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For VDAC coimmunoprecipitation assays, 200 uL of cell lysate [1mg/mL] was first pre-cleared by
adding 20 L of Protein G PLUS/Protein A-Agarose (Calbiochem San Diego, IP05) for 1 hour with
rotation at 4 °C. To remove beads and nonspecific proteins, we centrifuged at 14,000 g for
10mins 4 °C and collected supernatant. Primary rabbit 1:100 anti-VDAC 1 was added and
incubated O/N rotation at 4 °C. The next day we added 20 L of Protein G PLUS/Protein A-
Agarose and incubated 4 hours with rotation at 4 °C. We then centrifuged for 30 s 14,000 g to
pellet beads and supernatant flow-through and wash fractions. To elute, we first resuspended
pellet with 20 pL of 3X non-reducing SDS buffer by vortexing briefly. To capture eluent, we then
heated the sample to 95 °C for 5 mins then microcentrifuged for 1 min at 14,000 g. Supernatant

was collected, diluted to 1X elution concentration and prepared for western blot analysis.

Mitochondrial Isolation

C2C12 cells myoblasts were terminally differentiated to mature myotubes over the course of 7
days in a 100 mm 1% GelTrex coated dish. On day 5, cells were infected with 60-80 uL of ADV-
Ha-Xin. After 48 hours of incubation, cells were trypsinized then washed with ice cold 1X PBS
(with of 100 mM Ca?*and Mg?*). Total protein yield was then calculated via BCA assay.
Mitochondria were then isolated using a mitochondria isolation kit for cultured cells (Abcam,
ab110170) following manufacturers protocol. Crude mitochondrial fractions were then
assessed for purity via western blot by measuring cytosolic and nuclear markers, and then used

for downstream applications such as co-immunoprecipitation.
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Statistical Analysis

All statistical analysis was conducted using GraphPad Prism 7.0. All results are expressed as
mean * standard deviation. An unpaired students t-test was performed for all statistical analysis
with the exception of measuring myotube and myoblast morphology which a 2-way ANOVA and

Bonferroni’s post hoc analysis was done. Significance was established as P<0.05.

Results
Validating recombinant XIRP1 transcriptome and Xin protein overexpression
To evaluate the efficacy of adenoviral mediated Xin overexpression and knockdown systems in
C2C12 myoblasts and primary myoblasts we utilized western blot and semiquantitative PCR
techniques. We confirmed HA-Xin protein expression was dose dependent in vivo by blotting
for the unique HA tag from cellular lysates (Fig.1). Moreover, HA tagged Xin appears at the
expected molecular weight of 150kDa. To confirm Xin overexpression at the transcriptome
(Fig.2), primary myoblasts and C2C12 myoblast RNA was extracted, purified then reverse
transcribed to cDNA templates. Expression of XIRP1 and GAPDH, 18S controls were assessed
using semiquantitative PCR (sqPCR). Normalized X/RP1 gene expression displayed a doubling of
XIRP1 content in both isolated primary myoblasts (Fig. 2A) and C2C12 myoblasts (Fig.2B).
Adenoviral mediated XIRP1 knockdown was effective at approximately halving gene expression
and infecting myoblasts with both overexpression and knockdown systems rescued normal

XIRP1 gene expression relative to the adenoviral empty vector control (Fig. 2B).

Xin overexpression had no discernable effect on myoblast morphological features or survival
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Myoblast features were assessed 24 hours post adenoviral infection with Xin OE vector or
empty vector control using light microscopy. No morphological differences in mean area or
length were noted between Xin overexpression cells and control (Fig.3). Slight decrease in cell
survival was noted however at higher Xin MOI titrations (87%) but does not significantly impact
cell confluence. Otherwise, there was no difference in cell survival of Xin overexpressing

myoblasts compared to control (Fig.3B).

Recombinant Xin overexpression attenuated normal cell differentiation

To examine whether full length Xin overexpression in myoblasts affected differentiation, we first
measured myotube terminal lengths at day 7 of differentiation. This revealed myoblasts
overexpressing Xin induced to differentiate had a decreased average myotube diameter
dependent on MOI (Fig.4A). In comparison to control, terminal length decreased by 29% (P<.001)
for MOI 100, 25% (P<0.05) for MOI 300, 42% (P<.0001) for MOI 500, and 22% (no statistical
significance) for MOI 700. Next, we investigated at what point in the differentiation time course
does Xin OE reduce myotube lengths. We measured individual myotube lengths (Fig.4B) and
widths (Fig.4C) at days 3, 5 and 7 of differentiation. The lengths of myotubes infected with the
adenoviral construct overexpressing HA-Xin were decreased at day 5 compared to control
myotubes (20%; P<.001) and further decreased at day 7 (60%; P<.0001). No effect was observed
on the width of myotubes exposed to an increase in Xin in comparison to control myotubes. Xin
overexpression (MOI 500) diminished nuclear accretion in myotubes as noted by decreased
proportion of highly multi-nucleated myotubes (>10 nuclei) and significantly increased

proportion of less nucleated myotubes (<4 nuclei) (Fig.5A). A further decline in myotube nuclear
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accretion was observed as Xin expression increases with higher MOI titres (Fig.5B). No
differences in western blot intensities for terminal differentiation markers, myosin heavy chain

and Myogenin, were observed compared to control when normalized to vinculin.

Xin overexpression had no effect on average mitochondrial membrane potential but
increased mitochondrial enzyme content

No change in average MitoTracker intensity signal per cell was observed between Xin
overexpression and control in C2C12 myoblasts independent of MOI (Fig.6B). MitoTracker
accumulation is dependent on differences in mitochondrial membrane potential. Enriching
mitochondria from cell lysate reveals increased OXPHOS western blot intensity (~ 2.94 fold

increase) of Xin OE myoblasts compared to control in technical triplicates (Fig.6D).

Xin overexpression decreased myoblast migration

As myoblast migration is an important component to their ability for fusion’ we investigated
migratory capacity via scrape assay to determine if Xin OE impacted myoblast migration. At 24
hours post-adenoviral infection and ~90% cell confluency, cells were scraped from one side of a
starting line and cell distance from the starting line was recorded at 6 hours, and 24 hours later.
We observed that Xin OE cells were unable to migrate as far as control treated cells at 6 hours
(~45% less) and 24 hours (~32% less) (Fig. 7). Measuring area under curve for average distance
of cells revealed a statistically significant decrease (P<0.05) in cell migration of Xin

overexpressing myoblasts compared to control (Fig. 7B).
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Xin overexpression does not change F-actin distribution

Xin overexpression resulted in no changes to F-actin distribution independent of MOI (Fig. 8B).
F-actin was stained using an Alexa conjugated phalloidin and its distribution within the cell was
quantitatively assessed using a freely available Image) macro by Zonderland et al.”® Staining
intensities in subcellular compartments (nuclear, cytosol) are measured automatically along a
drawn line over the cell. The average phalloidin intensities in subcellular compartments
corresponded to F-actin quantities, and the difference between them to F-actin distribution.
Moreover, there is remarkable visual overlap in localization and intensity between Xin and F-
actin (Fig. 8A). Therefore, Xin did not visually deviate from its expected localization and is likely

binding to F-actin.

Xin co-localizes to mitochondrial markers

MitoTracker staining in combination with immunocytochemical staining for Xin in C2C12 cells
revealed a high degree of signal overlap and intensities (Fig. 9A). We then quantified this
overlap using colocalization analysis tools Mander’s overlap coefficient (MOC) and Pearson’s
correlation coefficient (PCC) between MitoTracker and Xin per cell. PCC quantifies the degree to
which variability in pixel intensities can be explained with a linear relationship, and is sensitive
to both signal co-occurrence (the spatial overlap the probes) and signal proportionality (probes
co-distribute in proportion to one another).”® Unlike Pearson’s, MOC is almost independent of
signal proportionality, and instead it is primarily sensitive to signal co-occurrence. We used

both analysis tools to assess both overlap distribution and proportionality of the two probes

with the aim of confidently testing whether Xin occupies mitochondrial structures. We
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observed a high degree of overlap in mean MOC (~95%) between MitoTracker and Xin (Fig. 9B)
and a moderate PCC ~ 0.45 (Fig. 9C). These observations were independent of MOI. The high
MOC informs us there is a large degree of co-occurrence between Xin and MitoTracker.
Meanwhile, the PCC reported a moderate positive linear correlation between the
superimposition and intensity of the pixels. To provide further evidence of mitochondria and
Xin overlap, we repeated this experiment using another mitochondrial marker (COXIV) to
visualize mitochondria subcellular localization (Fig. 10A). The antibody approach to visualize
mitochondria was preferable, as we can observe mitochondria in higher resolution and visualize
features such as individual punctate and small networks. There is a strong mean Mander’s
overlap percentage ~71% (Fig. 10.B) and Pearson’s correlation coefficient ~0.68 (Fig. 10.C)

between intracellular Xin and COXIV signal.

Xin is present in mitochondrial fractionations

Enrichment of mitochondria from whole cell lysates revealed Xin’s presence in mitochondrial
fractions Assessing mitochondrial isolation efficacy and purity by western blotting for
mitochondrial, cytosolic and nuclear markers revealed the mitochondrial isolation was
imperfect. Although there is a strong increase in intensity for mitochondrial enzymes in crude
mitochondrial fractions there is also cytosolic and nuclear contaminations present. To
compensate for non-mitochondrial entities present in mitochondrial fractions which could
artificially inflate Xin’s quantity, we normalized Xin to Gapdh and total histone sum intensity
(Fig. 11B). We observe Xin is indeed present in mitochondrial fractions and there is 42% less Xin

in mitochondrial fractions compared to lysate controls (Fig. 11).
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Bioinformatic analysis identifies novel protein-protein interactions

Candidate protein interactors were investigated using STRING and GeneMANIA Cytoscape in the
organism Mus muscularis. XIRP1 queries were programmed using a “guilt by association
approach” which states that genes with related function tend to be protein interaction partners
or share features such as expression patterns. Novel interactors were given scores for genetic co-
expression, experiment, and text score. These scores were then compiled into a total output
score which candidates were ranked (Fig. 12B). We suspect Xin could be playing a role in
balancing calcium homeostasis and/or mitochondrial autophagy based on observed phenotypes
from full Xin knockout studies in mice such as susceptibility to muscle fatigue and abnormal
mitochondrial morphology. Candidate proteins which could provide a functional basis for these
observations include calcium ion homeostasis proteins: Calsequestrin, Homer, Triadin and
Junctin (Fig. 12A) and mitochondrial proteins such as Mitofusin 1/2 (Fig. 13A) and VDAC1 (Fig.

13B).

Xin interacts with calcium related proteins

To interrogate the molecular weight profiles of proteins which co-immunoprecipitated with Xin,
we analyzed Co-IP fractions via Coomassie staining of an SDS-PAGE gel (Fig. 14). After identifying
the molecular weights of bands present in the elution fraction, we then sought out to pair those
molecular weights with both predicted and known protein interactors. Now that our
bioinformatic predictions were grounded with molecular evidence, we next sought to verify

these interactions via western blot. Blotting for calcium related interactors (Fig. 15) we observed
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bands present at the expected molecular weight in elution fractions for proteins Triadin,
Caveolin, Stim-1, Homer. Proteins that were undetected at the expected molecular weight in
elution fractions include Calsequestrin and Orai. Out of the three technical replicates, Junctin
appears once in the elution fraction at its expected molecular weight with faint intensity. At best,
a Xin-Junctin interaction is weak. Positive controls include blotting for Xin and it’s known binding
partner Filamin C. To verify the CO-IP efficacy, we pulled down a different HA-tagged protein

(GST-PI3K-SH2-HA) and detected HA in the elution and flow-through fractions.

Xin interacts with mitochondria related proteins

Detecting mitochondrial associated proteins (VDAC, Mitofusin 1 + 2) in Xin Co-IP fractions
resulted in low resolution and poor intensity bands. To overcome these technical barriers, we
enriched mitochondria in lysate using a mitochondria isolation kit and performed the Co-IP from
crude mitochondrial fractions (Fig. 16). We observed intense bands in elution fractions for
mitochondrial proteins VDAC1 and Mitofusin 1, while Mitofusin 2 had a band with significantly
fainter intensity. To further validate the finding of Xin (bait) precipitating with VDAC (prey), we
reversed the Co-IP functional roles. Co-IP of VDAC (bait) co-immunoprecipitated with Parkin and
Xin (Fig. 17). Parkin has been previously shown to interact with VDAC and thus we used this
interaction as a positive control for our VDAC Co-IP. Xin was detectable in the VDAC elution
fraction albeit with minimal intensity. To validate the binding specificity of the VDAC primary
antibody used for this experiment appropriate isotype controls should be used such as a normal

rabbit 1gG.
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Discussion
The first aim of the study was to establish an effective adenoviral infection protocol which
overexpressed recombinant Xin and then measure its effects on cell morphology and
physiology. We were successful in validating Xin overexpression at proteomic and
transcriptomic levels. We then probed for differences in mitochondrial activity, F-actin

distribution, myoblast migration, and differentiation between Xin OE cells and control.

Store Operated Calcium Entry

SR-Mito
Contact

Mitochondria

F-Actin Remodelling

lllustration 6: Xin intracellular protein interactions. Previously known interactions related to F-actin
remodeling shown in the bottom left. Proposed interactions related to intracellular calcium handling
such as stabilizing Triadin, Junctin, Stim-1, Orai shown. Xin localizes to mitochondria and likely interacts
with Mitofusin 1, Mitofusin 2 and VDAC. Xin may also accompany scaffolding protein Homer as it
interacts with Cav1 at caveolae regions.
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Observing the detriment to cell migration and differentiation when Xin is overexpressed, we
sought to understand why. This led to our characterization of Xin’s subcellular location and
subsequent identification of its various molecular binding partners which may facilitate its

proposed physiological functions in calcium signalling and mitochondrial regulation.

Xin OE attenuated normal C2C12 differentiation hallmarked by a shorter myotube length and
reduced myotube fusion. Al-sajee et al, previously demonstrated that Xin -/- SCs displayed
increased basal activation but reduced proliferation, which was likely the cause of impaired Xin
-/- skeletal muscle regeneration following cardiotoxin injury.”® The impact of Xin OE on
myoblast differentiation in the present study resulted in similar outcomes to Xin Knockdown.>®
Meaning that levels of Xin must be fine-tuned for skeletal muscle regeneration to occur.
Myoblast migration is a key step in myogenesis and regeneration, as it allows myoblast
alignment and their fusion into myotubes.”33 The fusion process is known to be Ca?*
dependent, and early differentiation is preceded by an increase of cytosolic Ca?* from the
extracellular space. 7 For instance, studies in C2C12 cells show the entry of Ca?* through TRPC1
channels, induces transient activation of calpains and subsequent proteolysis of MARCKS, which
in turn, allows myoblast migration and fusion.3° Our lab’s experiments have confirmed a
functional need for Xin to associate with the macromolecular components of SOCE to allow
calcium entry during fatiguing muscle contractions,®” and we show Xin physically interacts with
those components such as Homer, Stim-1, and Orai. Moreover, Homer facilitates a physical
interaction with TRPC family members,’® and its upregulation in expression precedes myotube

fusion and thus skeletal muscle differentiation.**”” Thus, we propose that Xin’s effect to C2C12
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motility, fusion, and ultimately differentiation are due, in part, to a destabilization of SOCE

components necessary for extracellular Ca%* entry.

It is also important to consider that myogenic differentiation is an energetically demanding
process which is largely supported by mitochondrial ATP production, and differentiation is
attenuated by a decrease in functional mitochondria.”® Although we observed no differences in
global mitochondrial activity between Xin OE and control cells, we were surprised to note the
increased mitochondrial content in Xin OE cells as indicated by increased western blot
intensities of mitochondrial oxidative phosphorylation enzymes. This phenomena of the
myocytes increasing the number of mitochondria to compensate for individual mitochondria
dysfunction is well characterized. 7° For example, the first recognition of this phenomena came
from the skeletal muscle of a hypermetabolic patient which contained large numbers of
abnormal mitochondria.®% We observe this compensatory mechanism again in Xin -/- skeletal
muscle, as deficits in mitochondrial ETC respiration were only detected when normalized to the
increased mitochondrial content.” Thus, if Xin OE myoblasts also resulted in mild ETC
dysfunction, these changes would likely be invisible to mean MitoTracker intensity per cell, as
the cell will compensate with increasing abnormal mitochondria number. Although we were
unable to detect individual mitochondrial impairments in Xin OE cells due to our limited
methodology, Xin OE cells do share the phenotypic increase in mitochondria number as Xin -/-
skeletal muscle, which also had prominent mitochondrial swelling, abnormal cristae, and

dysfunction. In the present study, we provide further evidence that supports a physical Xin-
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mitochondria interaction. We show that Xin colocalized to mitochondria markers (MitoTracker,

COXIV) and is present in mitochondrial subcellular fractionations.

Deficits in myogenic differentiation when Xin is overexpressed have been explained by two
different theories; disrupted calcium entry and deficits in mitochondria bioenergetics. These
two seemingly separate theories intersect with the postulate that Xin is a MAM tether, or
stabilizes other MAM tethers. We show Xin is associated with a cohort of MAM tethering
proteins such as Mitofusinl, Mitofusin 2, and VDAC. These MAM tethers essentially juxtapose
mitochondria and sarcoplasmic reticulum in skeletal muscle to facilitate efficient calcium
transport,®”.%3 autophagy’? and mitochondrial dynamics.®%6! Structurally, the adaptor protein
Xin is likely playing an indirect tethering role by stabilizing the Mitofusin 1/2 tether and IP3R-
Grp-VDAC tether complex. Functionally, both of these tether complexes are important for
mitochondrial calcium uptake. 882 Considering Xin associates with the aforementioned calcium
proteins and mitochondrial tethers, localizes to mitochondria, and Xin -/- experiments result in
the mislocalization of mitochondria, we suggest that Xin structurally stabilizes MAM tethers for

calcium transfer.

Lastly, a recent 2020 study by Holt et al, illustrated an interaction of Popeye domain-containing
proteins 1/2 (POPDC 1/2) with Xin in human skeletal myotubes.®3 Interestingly, they suggest
caveolin-3 is part of the POPDC1/XIRP1 complex to repair plasma membranes in skeletal
muscle, although they were unable to verify this interaction using pulldowns. We instead report

a novel Xin caveolin-1 interaction. Caveolin-1 and Caveolin-2 are co-expressed in a variety of
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cell types, while caveolin-3 is a muscle-specific isoform.2* However, Cav-1 and Cav-3 form

heterooligomeric complexes in myocytes. & In addition, CAV1 has been identified as a hepatic
MAM tether protein which regulated intracellular steroid and lipoprotein metabolism-related
processes. O Therefore, Xin may interact with CAV1 to stabilize a MAM tether complex and/or

repair the plasma membrane as a complex with CAV1/CAV3 heterooligomers with POPDC1/2.

Future Directions
While we made significant advances in our understanding of Xin's role(s) within skeletal muscle,
future studies are necessary to fully uncover all aspects of Xin's functions. First, whether Xin OE
has a direct impact on mitochondrial health can be determined by visualizing mitochondrial
number, localization, morphology and testing respiratory function. For instance, measuring
mitochondrial oxygen consumption rate at electron transport complexes using Seahorse assays
is of interest. The specific role of Xin within MAM tethers should be addressed by measuring SR-
Mito contact surface area and distance between Xin -/- and WT muscle tissues, and Xin OE and
WT muscles. Second, characterizing Xin overexpression and calcium dynamics should be
explored. For example, to determine if Xin OE improves calcium handling or fatigue resistance,

we can measure calcium fluxes using Indo-1 during prolonged skeletal muscle contractions.

Lastly, the role of Xin in human development has been largely left unaddressed. Alazami et al,
found Xirp1 to be one of 69 candidate recessive genes identified where genetic mutation would
lead to encephalopathy.® In addition, our unpublished data in collaboration with Genematcher,

has identified patients with Xirp1 mutations who exhibit a variety of phenotypes including
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cardiac dysfunction, myotonia, cerebral calcifications, microcephaly and developmental delays.
Considering Xin is highly upregulated during ischemia/ reperfusion?’, its scaffolding partner
Homer plays a an role in neuronal development?*3, and bioinformatic prediction candidates
include neuronal proteins Notch-3 and Sushi domain containing protein 5 (SUSD5), the role of

Xin in neurons and brain vasculature should be investigated.
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Fig. 1. Protein verification of adenoviral mediated Xin overexpression system in
C2C12 myoblasts. Western blot of increasing anti-HA antibody signal associated
with increasing viral multiplicity of infection (MOI). Bar graph displays normalized
Xin intensity to Amido Black staining.
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Fig. 2. Transcriptomic verification of adenoviral Xin overexpression system in C2C12 myoblast and primary myoblast
cell lines. A) Semiquantitative-PCR analysis of reverse transcribed XIRP1 (~400bp) and GAPDH (~300bp) from cDNA of
primary myoblasts treated with ADV-HA-Xin and ADV-Null MOI 500, data points of normalized XIRP1 intensities
displayed adjacent. Analyzed using unpaired students t test (*= p <.05). B) Semiquantitative-PCR analysis reverse
transcribed XIRP1 (~400bp) and 18S (~300bp) cDNA of C2C12 treated with ADV-HA-Xin, ADV-Null, ADV-Xin siRNA, and
both ADV-HA-Xin and ADV-Xin siRNA. Bar graphs of normalized intensity displayed adjacent.
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Fig. 3. Effect of Xin overexpression on C2C12 myoblast morphology and survival. No demonstratable differences in
average cell area or length (Mean % St.dev) as MOl increases (N=130) analyzed using a 2 way ANOVA B) No major
differences in cell survival 40 hours after adenoviral infection, each bar graph represents 1 well (~250 cells counted).
Cells were trypsinized and stained with Trypan Blue to assess cell membrane integrity and infer viability. C)
Representative image, scale bar denotes 100 um.
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Fig. 4. Effect of Xin overexpression on C2C12 differentiation measuring myotube lengths and widths. A) After 2, 5 and 7
days of culture in differentiation media, myotube lengths (um) and widths (um) of ADV-HA-Xin infected and control
cells were measured. B) Xin OE myotube lengths measured at 7 days in differentiation media with increasing MOls and
compared to control (N>100) C) Representative images adjacent. Data was analyzed using a 2 Way ANOVA (Time and
group effects are significant P<.0001) post hoc multiple comparisons test (*= P<.05, ***=P <.001, **** = P<.0001).
Values are Mean + Standard Deviation (N>80).
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Fig. 5. Characterizing Xin overexpression on C2C12 differentiation measuring nuclear fusion and protein markers. A)
Distribution overlay of myotube count per nuclei in differentiated C2C12 cells infected with ADV-HA-Xin (Xin OE) and
ADV-Null (Control) with multiplicity of infection of 500 (N=50) B) Compiled bar graphs of myotube count per increasing
nuclei number for differentiated cells infected with ADV-HA-Xin and ADV-Null and Xin OE with increasing multiplicity
of infections of 100, 300, 500, 800. C) Western blots for terminal differentiation protein markers myosin heavy chain
(MHC), Myogenin, and Vinculin as a loading control taken from cell lysates at day 7 of differentiation (N=1).



A) Control Xin OE B)

+ Null = XinOE
6000+

4000+

JE§ 0 5§ B

o

Mean MitoTracker Intensity (RFU)

L) ) L]
&> N & N
c) D) __ W MitoCrude [ Mito Crude Xin OE
=)
S"' 6
OXPHOS 'g
2
£ 44
0
(]
I
o
3 21
©
Amido Black [N Ll g -
; 5 N a2 ~
= & «i"'} «*‘"}

Fig. 6. MitoTracker staining and mitochondria content of Xin overexpression C2C12 cells. A) Representative images of
Xin OE and control C2C12 myoblasts live cell stain of MitoTracker CMXROS and DAPI. B) No differences in mean
MitoTracker signal intensity per cell with Xin OE or knockdown compared to control. C) Representative image of
OXPHOS western blot of mitochondrial isolations and whole cell lysates after Xin overexpression (n=3). D) Technical
replicates of sum OXPHOS intensity from crude mitochondrial fractions of Xin OE myotubes and control.
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Fig. 7. Scrape assay of C2C12 cells overexpressing Xin. A) Time course of average (Mean + St. Dev) of migration distance
of Xin OE cells is shorter compared to control. B) Graphical representation of area under curve (Mean # St. Dev) of
migration distance is statistically significant using students unpaired t test (* = p<.05). C) Visual representation of
quantifying cell migration distance using light microscopy techniques.
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Fig. 8. Xin colocalizes to C2C12 myoblast actin cytoskeleton and does not change actin distribution A) Filamentous
actin visualized by Alexa fluorescent conjugated phalloidin and Xin visualized by anti-HA immunocytochemistry. No
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Fig. 9 Xin colocalizes to C2C12 myoblast mitochondria visualized by MitoTracker staining. Ha-Xin overexpressing C2C12
cells stained by anti-HA (green) and MitoTracker (red). Cells infected with increasing MOI and thus increasing
guantities of Xin protein. Mander's overlap percentage and Pearson's correlation analysis (n=50) performed using NIS
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Fig. 10 Xin colocalizes to C2C12 myoblast mitochondria visualized by COXIV staining. Ha-Xin overexpressing C2C12 cells
(MOI500) stained by anti-HA (red) and aniti-COXIV (green). Mander's overlap percentage and Pearson's correlation
analysis (n=50) performed using NIS elements software. Error bars denote standard deviation.
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Fig. 11 Xin is present in mitochondrial fractions. Nuclear (total H3), cytoplasmic (Gapdh), and mitochondrial (OXPHOS)
markers western blotted to determine purity of the mitochondrial fractionation. Bar graphs displaying Xin intensities
normalized to the sum of Gapdh and total histones between lysate and mitochondrial fractions shown adjacent.
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B) STRING Interaction Network Table

A) @

Interactor | Coexpression|Expt Score| TextScore Total Score

Myom?2 0.513 0 0.517 0.755

FInc 0.167 0.315 0.571 0.734

@ Nrap 0.417 0.092 0.506 0.716

Myoz 0.594 0 0.309 0.708

Cav3 0.541 0.098 0.306 0.687

@w Ttn 0.356 0 0.497 0.662
Myom1 0.588 0 0.208 0.66

SgCaNrap - Oxnad1 0 0 0.647 0.647
Obscn 0.283 0.086 0.494 0.639

W Susd5 0.062 0 0.604 0.612
'@ Myl3 0.725 0 0.397 0.544
% Actn2 0.36 0.103 0.268 0.543

@3 Tcap 0.226 0 0.275 0.415

Fig. 12. Xirp1 predicted protein interaction networks. A) GeneMania network of XIRP1 in Mus musculus, evidence
of physical interactions in pink, co-expression in purple, co-localization in blue. Interactors with gene ontology
categorized under calcium ion homeostasis highlighted in yellow. B) Table of functional protein associated STRING
network for top 13 interactors with XIRP1 ranked by increasing total score.
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Fig. 13. Xirp1 predicted protein interaction networks in Mus musculus. A) GeneMania networks for queries of XIRP1,

VDAC1 and CKMT2 B) Xirpl and Mitofusin 2 query. Physical interactions are coloured pink, co-expression purple,
predicted in orange, genetic interactions green, pathway in teal, co-localization in blue, shared protein domains in yellow.
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Fig. 14. Coomassie stained 10% gel of HA CO-IP fractions from whole cell lysate of HA-Xin overexpressing C2C12
myotubes. Predicted identities of eluted proteins labelled left to the gel. Predictions based on the molecular weight,
known interactions and bioinformatic methods. s
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Fig. 15 Western blot analysis of co-immunoprecipitation fractions of Xin OE (+ADV-Xin) differentiated mature
myotubes. Calcium related binding partners were assessed. Myotubes infected on day 5 of differentiation and lysed in
non-denaturing lysis buffer on day 7. Total of 600ug of protein was immunoprecipitated with anti-HA antibody linked
agarose. A representative image of at least 3 independent replicates are shown. 53



Fig. 16. Western blot analysis of co-immunoprecipitation fractions of Xin OE (+ADV-Xin) from purified mito crude lysate
using anti-HA antibody linked agarose. Mitochondrial associated membrane tethering proteins shown

Parkin
50 kDa

Fig. 17. Western blot analysis of VDAC co-immunoprecipitation from Xin OE cell lysates. VDAC and Parkin are used as
positive controls to show the efficacy of pulling down VDAC and published VDAC binding partner Parkin.
Immunoblotting for Xin shows strong bands in flow-through and whole cell lanes but a faint band in elution fractions.
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Supplemental 1: Internal control verifying efficacy of HA CO-IP kit. A) Anti-HA WB of IP
fractions from HA-tagged protein (GST-PI3K-SH2-HA). B) IP of HA-tagged protein (GST-PI3K-
SH2-HA) analyzed by Coomassie stain (from manufacturer)
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