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ABSTRACT

Myogenesis is differentiationdependent process involving migration and fusion of
uninucleated myoblasts to form multinucleated myotuties building blocks of striated,
contractile muscle fibersSeveral actibinding proteinsare involved in remodeling the
actin cytskeleton and one such protein is synaptop@d{synpo?. Synpo2binds and
polymerizes actin and is upregulated during myogenesis, however, its functional role in the
multistepmyogenic prograns unknown.My objective was taise cell culture anih vivo
models of myogenesis to determine the roléSXdIPO2 isoforms dimg myogenesisThe

first model used ectopic expression of the thremise SYNPOZ2 isoforms (SYNPO2A,
SYNPO2B and SYNPO2Asn stably transduced mouse2C12 myoblast®r shRNA
knockdown of endogenous synpo2, ahd effecs of theseisoforms on migration ah
fusion was assesseding various approachdResults indicated that onlyYNPO2Asis
upregulated following differentiation and that knockdown of endoge®NPO2As
inhibits myotube formation. Ectopic overexpressionSOfNPO2Asincreased myotube
formationand gharmacological inhibition aheRho effector kinase ROCK resulted in loss

of the enhanced fusion phenotyp€onversely, etopic expression of SYNPO2A or
SYNPOZ2B inhibited myotube fusiononsistent with the lack of upregulated expression of
these isoforms following differentiatio’ll three isoforms increased C2C12 migration
independent of ROCK inhibition indicatir®Y NPO2As utilizes two different pathways to
promote myoblasimigration and fusion. To understand the functiorsyafpo2in vivo,
studies were carried out using zebrafish embrytebrafish Synpo2 expression was
restricted to the musculature of developing embryos and inhibBymgo2 expression
using morpholino knockdown or CRISPR knockout resulted in abnormal muscle
developmentMorpholinainjected embryoshowed a dramatic curved tail phenotype and
immunostaining and electromicroscopyrevealed disorganized actin fibers, reduced
myotube formation and disorganizeeligk filaments CRISPR knockouémbryos did not
show a curved taphenotype buklectron microscoprevealed immature myofilaments
and reduced | band widthLoss ofthe curved tail phenotype and abnormal myotube
formationdid not reflect upregulated genes that could be compensating for the absence of
Synpo2, as assessed by RNAseq analysis, but numerous genes associated with myofibril
organization were significantly downregulatdagether, these results identify synpo2 as
anew promyogenic factor.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Cell fusion is a multistep process that includes: (1) alignment of two cells in close
proximity of less that 10 nm; (2) rearrangement of the lipid bilayer to form a transient
hemifusion intermediate that results in merging of the outer leaflets; and¢¥ppmation
and expansion that merges the inner leaflets and completes the fusion reaction allowing
cellular content mixing. Proteins that are sufficient to fuse membranes -d@isiog cells
are called fusogen#lernandez & Podbilewicz, 201 ell-cell fusion occurs in different
cell types during development and regeneration and is important to maintain the structural
integrity of an organism. Examples$ cell-cell fusion processes are gamete fusion during
fertilization, cytotrophoblast fusion during placenta formation to generate the
syncytiotrophoblast, osteoclast fusion during bone development and maintenance, and
myoblast fusion during muscle devetoent (Brukman et al., 2019)Since my project
focuses on myoblast fusion, in the following sections | will discuss in detastépes
involved during muscle development and myoblast fusion and the role of several proteins
that regulate the different steps of myogenesis.

A simplified model of the different steps involved in myoblast fusion and myofiber
formation is depicted in Figl (top panel). Myoblast fusion begins with uninucleated
myoblasts that have a fibroblddte morphology. External and internal cues trigger
expression of differentiatiedependent myogenic factors, mainly transcription regulators,
that upregulate exprass of proteins needed for myoblast fusion and myofiber
organization. Upon differentiation, the cells become elongated and spindle shaped, migrate
to facilitate celicell contact and fuse to form myotubes. Each myotube contains several
myofilaments that & made of actomyosin filaments and sarcomere building proteins that
form repeating contractile units called sarcoraebeveral such myotubes align next to one
another to form muscle fibers that form the functional unit of the skeletal muscle system.
This process is not limited to development but also takes place during muscle injury and
regeneration Fig. 1 (bottom panel). In adults, muscle stem cells called satellite cells are
activated and differentiate into myoblasts that migrate to the site of muschgdaand

fuse to repair the damaged muscle. Migration and fusion of myoblasts both require intense



actin remodelling that is regulated by numerous daitidling proteins. My Ph.D. research

was focused on identifying the role of the actin remodelling pratgmaptopodir? during
myogenesis. Hereinafter, synaptopoediprotein will be referred to generically as synpo2,
and as SYNPOZ2 in places referring specifically to human and mouse protein isoforms. The
protein and gene names of human, moisesophilaand zebrafish will be mentioned
according to the nomenclature guidelines mentioned in the respective databases.

Synpo2 is the second member of the podin family and is an actin regulator that
promotes actin nucleation, polymerization and bundling. The funcfieynpo2 has been
intensely studied in invasive prostate cancer where hu8MNPO2gene deletion
correlates with increased tumour invasiveness. Functioning as an actin regulator, this
invasive cancer biomarker differentially regulates cancer cell nogrand invasion and
has been implicated in invasive prostate, bladder and breast ¢alvegezMugica et al.,

2010; Arianne De Ganck et al., 2009; Gakis et al., 2012; Jing et al., 2004; Lin et al., 2001;
Liu et al., 2018; Xia et al., 2018)

In skeletal muscle, synpo2 has been reported to localize in the nucleus of
undifferentiated myolaists and translocate to the cytoplasm upon differentiation where it
localizes in the Alisc and binds actin filamenfg/eins et al., 2001)Synpo2 &o binds to
other actifbi ndi ng pr o taeinim Slamis € amd zyxiglLinigmann et al.,
2010) Apart from its localization and binding partners in skeletal muscle, the functional
role of synpo2 in muscle cells is unknown. In the last decade, the roles of several actin
regulatingproteins in myoblast fusion was explored in differi@ntivo models, especially
in Drosophila melanogastemwhere the formation of an actin rich structure called an
invasive podosomébke structure (PLS) plays an important role during fusion. Adhesion
proteins, cytosolic adapter proteins, and acéigulating proteins all play a role in the
formation of such structures. Since synpo2 is expressed in skeletal muscle and binds actin
filaments in these tissues, we were interested in determining how synpo dffe
different steps of myogenesis such as the differentiation program, myoblast migration and
myoblast fusion to form multinucleated myotubes.

Before describing the details of what we know about synpo2 in cancer cell
migration and skeletal muscle, liliwfirst focus on describing the different steps of
myogenesis and how different sets of proteins regulate these processes to bring about



myoblast fusion. Due to the complexity of the different steps, the number of proteins
involved and the use of diffaneanimal and cell culture models, | will divide the following
section into 6 subheadings: 1) Overview of skeletal muscle development; 2) steps involved
during myoblast fusion; 3) proteins that regulate myoblast fusibnasophila 4) proteins

that regudte myoblast fusion in mouse; 5) proteins that regulate myoblast fusion in
zebrafish; and 6) actiregulating proteins. This section will be followed by a detailed

description about the synpo family of proteins.

1.2 Myogenesis

Myogenesis or muscldevelopment is a multistep process that is regulated by
several transcription factors and proteins. The three types of muscle are skeletal, cardiac
and smooth muscles that arise from different segments of the mesoderm. Striated cardiac
and skeletal muscleontains repeating units called sarcomeres which consist of thick
(primarily myosin) and thin filaments (primarily actin) associated with several other
myofibrill ar -gctinio tflamim tiin, Sopaniosira sopolin, etc. Cardiac
muscle cel are elongated, branched, mononucleated cells filled witlikedundles of
myofibrils (myosin and actin) and are separated from each other by intercalated discs.
Smooth muscle cells are single cells, divided into two subgroups based on the mode of
function. One is referred to as the singieit type since the entire muscle contracts and
relaxes (e.g., blood vessels [except large elastic arteries], urinary tract and digestive tract).
The other type is the multiunit type where single cells are innergatgd trachea, large
elastic arteries and the iris of the eye). Throughout the rest of the Introduction | will be
discussing in detail skeletal muscle development and its regulating proteins, as this is the

muscle type germane to my thesis research.

1.2.1 Skeletal muscle development

In vertebrates, the notochord and neural tube form the axis of a developing embryo
and the paraxial mesoderm that gives rise to muscle cells flank this axis. The specification
and patterning of the paraxial mesoderm is regdlaly WNT and FGF signallingCiruna
& Rossant, 2001; Tada et al., 1994)The paraxial mesoderm has a dorsal and ventral

section. The dorsal section is the dermomyotome that gives rise to muscles of the back,



limb, body wall and diaphragm. The cells that reside in this segment elAE8sPAX7

and MYF5 (Lepper & Fan, 2010)The ventral section is the sclerotome that gives rise to
the skeleton, and thesellseexpress pax1l andKX 3.2 (Zeng etal., 2002) Lateral to the
paraxial mesoderm is the intermediate mesoderm that gives rise to kidney and gonads. The
final layer is the lateral plate mesoderm that gives rise to tendons, cartilages, smooth muscle
and cardiac muscle. The tip of the ardegparaxial mesoderm contains the somites that
give rise to skeletal muscle cells. Some of thes¥ P cells have the capacity to proliferate

and renew to become satellite c€Nén et al., 2013) Most of the other pax7 cells express
MYF5, MYOD, slow muscle myosin (MH7), embryonic myosin heavy chain W 3)

and s k-actine Thase cells form the primary myotome and fuse to form nascent
myofibers during the phase of fusion called primary myogenesis. AK& Rells further
undergo differentiatio and express fast myosin heavy chairvf@2, 4 and 1), myosin

light chain 3 and acetylcholine receptors to allow innervation. These cells fuse during the
secondary myogenic phase to form mature myofifehsl & Pourquié, 2017)

Similarly, in Drosophila the mesoderm is located between the ectoderm and
endoderm. The mesoderm underdoes segmentation and each segment gives rise to somatic
mesoderm and splanchnic mesoderm. The somatic mesoderm gives rise to founder cells
(FC) and fusion competent myoblastC W) that fuse to form multinucleated myotubes;
the splanchnic mesoderm gives rise to the mesothelial covering of visceral organs. Cardiac
muscle cells also develop from the dorsal side of the mesd@eayties et al., 1998)The
cell in each segment of the somatic mesoderm expresses the transcription factor twist
important forspecification of the cell type. The anterior cells in each mesoderm segment
express eveskipped Eve) and give rise to vascular smooth muscle and fat body, while
the posterior cells express sloppy pairSighY and give rise to cardiac and somatic muscle
(Dobi et al., 2015)Further, the FC and FCM cells specifically expresses lethal of scute
(Lbsc) and Lihd, nespectvelfChrmdna et al., 1995; Duan et al., 20Q13ing
the two cell system iDrosophila (FCs andFCMs), numerous proteins and signaling
pathways involved in myotube formation have been identified and informed establishment

of a fusion mode(Kim et al., 2015}hat will be discussed in detail later hretIntroduction.

1.2.2 Differentiation of skeletal muscle myoblasts



Myoblast differentiation is an irreversible and important step in myogenesis. The
differentiation program induces the expression of musgéxific genes that help in
migration, fusion and myofiber organization. In cell culture, the differentiation program
can by turned on by cell to cell contact or by switching culture conditions from growth
media (containing 10% fetal bovine serum [FBS]) to differentiation media (containing 2%
horse serum). It is still unclear what factors in the differentiation medggetri
differentiation. Inin vivo conditions, cell patterning and signalling molecules trigger the
program. Myoblasts in the dermomyotome of vertebrates exp#eX3 andMYF5. The
expression of these proteins is maintained in proliferative myoblasts byandttvnt7a
that in turn activates protein kinase A (PKA). PKA phosphorylates cAMP response
element binding protein (CREB), which translocates into the nucleus to trarRéie
MYF5 andMYOD (Chen et al., 2005)n these proliferative myoblasts, several proteins
involved in cell cycle control such as cycliependent kinases CDK2/4, FGFR, Aktl are
activated(Knight & Kothary, 2011) CDK2/4 phosphorylas myoD (ser200), thereby
retainingMYOD in the cytoplasm and inhibiting its transcription actiykytzmann et al.,
2015)

Mitogen withdrawal orcell-cell contact activates kinases and other proteins to
trigger the differentiation program. Celéll contact mediatedifferentiation is initiated by
a multifunctional celsurface coreceptor,BON, which interacts itranswith N-cadherin
to recruit aprotein complex including p3&Krauss et al., 2017)The p38 kinase
phosphorylates downstream targets that form a complexMMB®D in the nucleus to
transcribe othebasic helixloop-helix (bHLH) myogenic regulatory factors (MRFs) such
as MYF5, MYOD, myogenin and MRF4 that regulate expression of skeletal muscle
specific genes. Mice witMYF5 orMYOD gene deletions develop normal muscles while
a double knockout preventwrmal muscle tissue developmdRudnicki et al., 1993)
(Kaul et al., 2000; Rudnicki et al., 19920dicating some redundancy in the functidn o
these two proteins. Tight regulation of these proteins is necessary for the development and

maintenance of musculature in different animal models.

1.2.3 Steps involved in myoblast fusion



Once the cells differentiate by the abawentioned pathways, they are now primed
to fuse and form multinucleated myotubes. During myoblast fusion, anrrattifusion
synapse is formed at the site of ezl fusion. To drive fusion synapse formatidre tells
need to be brought into close proximity (~20@ nm) to aid in membrane remodelling and
this process is favoured by celllhesion proteins. The engagement of-adhesion and
membrane proteins inis and intransis essential to initiate cedell contact and drive
downstream signalling and actin remodelling. Our most detailed understanding of the
fusion synapse derives from studiedDirosophila where the fusion synapse is termed a
podosomdike structure (PLS) (Fig. 2). Several cell adhesionenoles and membrane
receptors have been identified that drive downstream signalling, activating actin
polymerization via the SCARrp2/3 and RheROCK pathways to form the fusion
synapse. The role of these proteins will be explained in the following seatidine order
of migration, celicell contact, downstream signalling, and fusion synapse formation. The
list of the proteins and functions are listed in Tablds 1

1.2.4 Proteins that regulate myoblast fusion in Drosophila

During myoblast fusion ilbrosophilg two different cell types, fusion competent
myoblasts (FCMs) and founder cells (FCs), are brought close to one another to initiate cell
to cell contact and form a fusion synapse. Some of the proteins involved in this process are
specific for one ell type, while others play similar roles in both cell types. The major
players involved in this process and the structure of the resulting fusion synapse are
illustrated inFig. 2 (Kim et al., 2015) 1 will briefly explain the different proteins and their
functions during fusion synap formation and myotube formation.

Formation of the fusion synapse is first initiated by immunoglokddimain
containing transmembrane receptor proteins (IgSF). The FC expresses Dumfounded
(Duf/kin of IrregularchiasmC [Kirre]) and its paralogue Rougste(Rst/irregulaichiasm
C[(IrreC]), and the FCM expresses Sticks and Stones (Sns) and its paralogue Hibris (Hbs).
Single knockouts ofluf or rst have no effect on muscle development whereas double
knockouts fail to form celtell adhesion sites and comigly block myotube formation
(Striinkelnberg et al., 2001Thus, as with the transcription factors MYF5 and MYOD,

there is some redundancy in function between adhesion proteins involved in myoblast



fusion In contrast,Sns and Hbs paralogs act antagonistically duringbhagd fusion
(Artero et al., 2001)Thesnsknockout embryos shoawcomplete block of fusio(Bour et

al., 2000) whereasbsknockout shows a partial blo¢Artero et al., 2001 )suggesting that

Sns and Hbs do not play a redundant functionng) myoblast fusion. Upon interaction,

the cytoplasmic tails of these cell adhesion proteins recruit adaptor proteins that activate
downstream signalling. In FCMs, Sns recruits the adapter protein Crk that interacts with
Blown fuse (Blow) or Solitary (#1) and Wiskoft Aldrich Syndromeprotein (WASp)Kim

et al.,, 2007 Doberstein et al., 1997; Schroter, 2Q0dhd in the FCs adaptor protein
Loner/Schizo, is a guanidine exchange factor (GEF) that activates the R&FBCAR
pathway(Kim et al., 2007; Rushton et al., 1995; Chen et al., 200&)er mutants show
irregular Rac localization and abnormally large actin foci that are unfavourable for
functional fusion synapse formatidiRichardson, Beckett, Nowak, & Baylies, 2007)
Together, the WASP/SCAR pathways activate the Arp2/3 complex to remodel the actin
cytoskeletorand form the PLS structure. In the FCs, Ants and Rols are recruited to the
cytoplasmic tail of Duf after celtell adhesion. Ants functions by interacting with Myoblast
city (Mbc) to regulate actin cytoskeleton remodelling through an undefined mechanism.
Ants deficient mutants show normal eedlll adhesion and differentiation of myoblasts by
they fail to fuse due to abnormal actin cytoskeletal remode{ltigen & Olson, 2001)
Similarly, in FCs Rols7 interacts with Duf and recruitdifin to form myofibers that
connect the actin cytoskeleton to the membrane to enable myoblast(fsioon & Chia,

2001) The function of these and other actin regulatory proteins are explained in detail in
section 12.7.

1.2.5 Proteins thatregulate myoblast fusion in mouse

There are several proteins identified to date that play a role in mouse myoblast
fusion. However, a defined fusion synapse model or pathways that regulate myoblast fusion
as determined irosophilais yet to be identifid. Some of these proteins and their
localization on myoblasts is illustrated Fag. 3. Since, a defined fusion structure is not
established in mouse, the function of these proteins is defined based on their effect on

differentiation, migration, and myolsafusion.



1.2.5.1Myoblast migration

Inin vivoconditions, migration is assessed by the ability of the myoblasts to migrate
from the dermomyotome to the somite or limb to form the specific type of muscle. Live
imaging of myoblast migration in mice is challenging due to tissue thickness, wirereas
vitro culture systems allow easy analyses of migration; however, this method has certain
limitations such as 2D culture, absence of extracellular matrix and the affects of external
and internal cues. Several of the membrane receptors that play a role inmyolxast
migration are highlighted in the boxed region iig.F3. Knockdown of these proteins
inhibits migration and fusiofJansen & Pavlath, 2006; Bae et al., 2008; Horslegl.et
2003; Lafreniere et al., 2006; Mylona et al., 200jostaglandins are the one example |
am aware of where a protein decreases migration and enhances(Bmidesen et al.,
2007) While most of the abovmentioned proteins show a direct correlation between
increased migration and increased fusion, it has not lestablished whether these
processes are directly coupled. Additionally, knockdavactin binding proteins such as
palladin (Nguyen & Wang, 2015)lecrease migration and fusion of C2C12 myoblasts.
However, these studies did not examine changes in the actin cytoskeleton and how such

changes might lead to decreased migration and fusion.

1.2.5.2Membrane proteins and receptors that regulate fusion

In Drosophila, the Duf and Sns immunoglobudiomain containing membrane
proteins directly regulate myoblast fusion and are indispensable. However, in the mouse
model, several membrane proteins play a role iobfast fusion and the absence of one
such membrane protein is compensated by other membrane proteins. In the absence of these
proteins, myoblast fusion is usually perturbed but not completely inhibited.

The Duf homolog in mice is KIRREL3. The vivo function of KIRREL3 has not
been examined, but KIRREL3 knockdown in C2 myoblasts inhibits cell elongation, induces
randomized migration and reduces fusion. In control C2 myoblasts, kirrel3 is localized in
the cell front to promote cetlell adhesion. This lodaktion also enables directed
migration of myoblasts and aids in myoblast fusfdamir-Livne et al., 2Q7). The Sns
homolog in mice is nephrin. Nephrin knockout in mice is lethal, so the function of nephrin

has been assessed in myoblasts isolated from nephrin knockout mice. These cells



differentiate normally but remain mononucleated even after 4 daydifi@sentiation

(Sohn et al., 2009)Although these homologs function tegulate myoblast fusion, it is
unclear whether they function ams or trans, or whether they interact with each other like

Duf and Sns, and their effects on downstream signalling and actin regulation remains an
open question (Fig. 3papart from KIRREL3 and nephrin, IgSF cellhesion molecules
NCAM, VCAM and ICAM also play a role in myotube formati¢@harlton et al., 2000;
Hirayama & Kim, 2008; Pizza et al., 2017; Choo et al., 2017; Rosen et al.,. J98tkout

of NCAM, VCAM and ICAM does not completely block muscle development as these
proteins play a redundant role during muscle developmenmvo.

Several other membranegpeins and receptors have also been implicated in mouse
myoblast fusion, including CDON, BOC, cadherins and intedfiiakaesu et al., 2006;
Kang et al., 2002; Kang et al., 2004) cell culture, Ncadherin interacts with CDON and
activates the p38 kinase pathway to enhance myogenic differentiation, wieelirin
interads in trans to activate Racl in a Trdependent pathway to enhance myotube
formation(Charrasse «dl., 2007) Knockout of N or M-cadherin does not affect myoblast
differentiation and fusion due to redundancies in their funct@mariton et al., 1997,
Hollnagel et al., 2002)Integrins also play a role in myoblast fusion, however, the
mechanism by which they regulate fusion is unkn¢@&chwander et al., 2003; Brzéska et
al., 2006; Lafuste et al., 2005)

The long search for the elusive fusogen that mediates the actual membrane fusion
reaction recently discovered a ta@bmponent membrane protein system that functions as
the mouse myoblast fusogen. First discovered was Myomaker, a-tsansmembrane
domaircontaining protein expressed in skeletal muscle and required for myoblast fusion
of vertebrate myoblasts in mouse, zebrafish and chifidéray et al., 2013; Goh & Millay,
2017; Landemaine et al., 2014; Luo et al., 2015; Zhang & Roy, 2EXpression of
myomaker in fibroblasts allowed fusion with C2C12 myoblasts but not with other
fibroblasts expressing myomaker, indicating that othgogenic proteins are required for
myomakesinduced fusior{Millay et al., 2013) The search for the other myogenic fusogen
required for myomaker function identified a small, siAgéss membrane protein,
variously referred to myomergéQuinn et al., 2017)minion (Zhang et al., 2017)or
myomixer(Bi et al., 2017) Expression of myomerger alone in two sets of fibroblasts did



not result in fusion, however, expression of myomerger in only one of two sets of
fibroblasts, both of which were expressing myomaker, generatedetiefusion and the
formation of multinucleated fibroblasts. This indicates that myomaker functions
symmetricaly while myomerger is required in only one of the two fusing ¢€lsinn et

al., 2017) A recent study showed that myomaker is important to initiate hemifusion
between two fusing cells (i,emerger of only the outer leaflets of the two plasma
membranes) and requires myomerger for pore formammhexpansion to complete the
fusion procesgLeikina et al., 2018)Treatment of C2C12 cells with cytochalasin D to
block actin remodelling inhibits myoblast fusion in myomaker transduced myoblasts,
clearly indicating the requirement of actin cytoskeleton to drive the fusion prdtiisy

et al., 2013)

1.2.5.3Cytoplasmic proteins that regulate mouse myoblast fusion

Several mouse orthologs Bfosophilacytoplasmic proteins involved in myoblast
fusion have been identified, some of which share similar functionsDidsophilaRols
ortholog in mice is tetratricagptiderepeat, ankyrifrepeat, coileetoili containing protein
1 (TANC1). In rhabdomyosarcoma, TANCL1 level is upregulated and blocks myoblast
differentiation and fusion, retaining the cells in a proliferative state. This function of
TANCL1 is entirely diffeent from Rols that regulates titin recruitment, and it is not known
whether TANC1 is recruited by KIRREL3 during fusigAvirneni-Vadlamudi et al.,
2012) The mammalian ortholog @frosophilaArf6, ARF6, increases PIP2 level in C2C12
myoblasts. This allows the formation of a tertiary complex containingatiherin, Trio,
and Raclat cellcell contact sites. ARF6 knockdown also reduces PIP2 levels and
localization of Trio and Rac at the contact site indicating that ARF6 is required to assemble
the protein complex at contact sites to mediate fusion. Alternatively, ARF6 increases
phospholipase D (PLD) production, which also increases PIP2 produEimi3) (Bach et
al., 2010) This pathway varieslightly in Drosophila PIP2 is recruited to the membrane
by an unknown mechanism and triggers Arp@épendent actin polymerization, and Loner
activates ArféeRactArp2/3 pathway, however, it is unknown whettignosophila Arf6é
activates PIP2 to trigger the Arp2/3 pathway (FigBthe et al., 2014; Chen et al., 2003)
The DOCK180 vertebrate ortholog BfosophilaMbc and BRAG2 are the two GEFs that
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serve the same defined function as in Drosophila, to activate the -RREW/AVE
complex to polymerize actin cytodkéon (Laurin et al., 2008; Pajcini et akD08) There
are other cytoplasmic proteins, such as kindlithat regulate actin remodelling and fusion
but a defined mechanism is yet to be identifiPdwling et al., 2008) These orthologs
functionin a similar manner as th®rosophilaproteins to regulate actin polymerization,
based on fusion index and biochemical approaches such-H3 aiod GTPase assays.

However, it is unclear how these proteins remodel the actin cytoskeleton to regulate fusion.

1.2.6 Proteins that regulate myoblast fusion in zebrafish

The zebrafish is another model that has been used to identify-fesaded proteins
in vertebrateVery few proteins have been identifidtht play a role in myoblast fusion.
Although the identified proteins play a role in myoblast fusion, their integaoartners or
the downstream pathways activated by these molecules are yet to be identified. The Duf
homolog Kirrel is expressed in zebrafish fast muscle, and Kirrel morphants show normal
differentiation but have a fast muscle fusion defect charactdniz@ttreased numbers of
mononucleated myotubgSrinivas et al., 2007)t is unclear if Kirrel interacts irrans
with other receptor proteins. Zebrafish immunoglobdlamain containing cell adhesion
proteins Jamb/Jamc, interact heterotypically or homotypigallsans, and mutants show
a complete block of fast myoblast fusiort the myoblasts differentiate normally and show
no defects in muscle performan@owell & Wright, 2011) This effect of Jamland Jamc
mutants on myoblast fusion is only observed in early developmental stages, however, adult
fast muscle fibers are multinucleated, suggesting a role in early muscle development but
not in muscle growtliSi et al., 2019)The Sns homolog in zebrafish is nephrin. Nephrin
morphant embryos have a curved tail and abnormal musculature due to inhibited myoblast
fusion that results in formatioof clusters of mononucleated myoblasts in the sorfBieisn
et al., 2009)Apart from these cell adhesion proteins, the only adapter protein identified in
zebrafish is Cridike (Crkl). Crkl is the zebrafish homolog @rosophila Crk, whose
knockdown in zebrafish blocks fast muscle cell fusion generating binucleated myoblasts
(Moore et al., 207). Again, whether Crkl drives an actin pathway or activates other

downstream signalling pathways is unknown.
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1.2.7 Actin-regulating proteins that regulate myoblast fusion

As is evident from the above discussion, numerous steps in the myogenic program
are regulated by actin remodelling proteins. Our most detailed understanding of myogenic
actin regulators derigfrom theDrosophilafield where reverse genetics approaches a
in vivo imaging have identified several myogenic actin regulators and integrated the
function of these different proteins into a fusion synapse model (Fig. 2). The following
sections present an overview of normal actin regulatory pathways, followasddmgsion
of the Drosophila, mouse and zebrafish proteins involved in actin regulation and myoblast

fusion.

1.2.7.1 Mechanism of Factin filament formation

There are the two different types ofaEtin filaments, branched and linearaétin.
Branched Facin filaments are formed by the actiaelated protein 2/3 (Arp2/3) complex.
This complex is activated by suppressor of cAMP receptor/WASp family Verprolin
homologues (SCAR/WAVE) or Wiscott Aldrich syndrome protein (WA@gachesky &
Insall, 1998; Padrick et al2011) the SCAR (inDrosophild/WAVE (in vertebrates)
complex is in turn activated by the R&I'Pase Racl (Fig. 4Ansall & Machesky, 2009)

In contrast, the WASp protein is activated by Gddund cdc42 that releases the WIP
WASp interaction. Upon activation both WAVE and WASp expose the VCA domain to
bind an actin monomer and the AfpZomplex(Higgs & Pollard, 2000) This actin
WASpP/WAVE-Arp2/3 complex binds the barbed end of an actin filament and initiates the
addition of new actiilnonomers to build a new filament at an angle Sttrzat appears as

a branched filamer(Pollard et al., 2002)Fig. 4B). Formation of linear-BActin filaments

is dependent on formins such as the Diaphanous homolog (Dia). The formins are activated
by Rho GTPase to expose the actin nucleating domain, which binds tarbwesl lend of
actin filaments and recruits-&ctin (Vizcarra et al., 2014pchonichen & Geyer, 2010)
Several linear actin filaments can be bundled together in pawaftaim linear actin fibers

and filopodia at the cell front (Fig. 4C).

1.2.7.2 Factin foci at the fusion synapse mediate myoblast fusion Drosophila
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Several actifrich structures have been described at the fusion synapse in
Drosophila FCs and FCMsThese actifrich foci were first believed to be formed
symmetrically in both fusing cell&im et al., 2007)and were termed fusicnestricted
myogenicadhesive structures (FURMASKesper et al., 2007)Later, the Chen lab
identified the nature of thesedetin foci and showed FCMs and FCs make distinct actin
structures(Sens et al.2010) The FCM extends long, fingdike protrusions called
podosomdike structures (PLSs) into the receiving FC, which senses the mechanical
membrane tension induced by the invading PLS and forms a contractile actomyosin sheath
beneath the plasma memhbe to resist this force thereby driving close membrane
apposition and fusion (Fig. ZKim et al., 2015b; Kim et al., 2015 he actirregulating
proteins that regulate the formation of the PLS are summarized in Zable

Formation of the PLS in FCMs is regulated by several pathways. The interaction of
Duf with Sns recruits Mbc or Crk to the cytoplasmic tail of Sns. Mbc activates the Rho
GTPase Racl wbh in turn activates the SCAR complex that interacts with the Arp2/3
complex to generate branched actin filaments that form the PLS structurescRaelso
activates DPak1/3 to polymerize actin in the RDBan et al., 2012)Alternatively, the
adapter protein Crk interacts with WIP or Blow to displace WASp which in turn activates
the Arp2/3 compleXBerger et al., 2008; Richardson et al., 2007; Massarwa et al., 2007,
Schéafer et al., 2007; Berger et al., 2008; Chen et al., 2003; Haralalka et al., 2013)

Protrusion of the PLS from the FCM into the FC generates membrasiertén the
FC, resulting in activation of the Rhol GTPase and its associated kinase, ROK, that are
recruited to the cytoplasmic tail of Duf. Activated ROK phosphorylates myosin light chain
(MLC) to generate actomyosin contractile filaments and cortieasion to resist the
invading FCM(Kim et al., 2015) The adapter protein loner/schizo is also recruited by Duf,
which activates the ArfRacSCAR-Arp2/3 pathway(Chen et al., 2003)Fig. 2).
Knockdown or heterozygous knockout of the above aetjulating proteins iDrosophila
inhibits myoblast fusion and myotube formation by -%&86 (Berger et al., 2008;
Richardson et al., 20Q0®assarwa et al., 2007; Kéfer et al., 2007)

In addition to Factin enrichment at the fusion site, the Baylies lab showed the
formation of filopodia structures emanating from the actin foci. Formation of these

structures is driven by Dia that polymerize actin into linear ®#ats as opposed to
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branched actin filament¢Deng et al., 2015)Dia mutants or embryos expsasg
constitutively active Dia enhance filopodial protrusion by increasing actin polymerization,
leading to increased filopodia numbers and random actin polymerization at sites not
involved in the fusion synapse, hindering myoblast fugideng et al., 2015)This data
shows compelling evidence for proper spatiotemporal regulation of the actin cytoskeleton
to mediate myoblast fusion.

1.2.7.3 Actin-regulators in mouse nyoblast fusion

As mentioned before, there is no definite model proposed for mouse myoblast
fusion, however, several actin regulators are known to be involved in this procest Table
summarizes the actiregulating proteins identified in mouse myoblasidosandFig. 3
outlines the pathways regulated by these aetyulating proteins. For example, the
pleckstrin homology domain containing protein (CKIP(Baas et al., 2012; Safi et al.,
2004) the mouse ortholog of Kette (ilbrosophilgd, NAP1 (Nowak, Nahirney,
Hadjantonakis, & Baylies, 2009and NWASp (GruenbaunCohen et al., 20123re all
required for mouse myoblast fusion, though knockdown of these proteins does not
completely inhibit fusion. The homologs of Drosophila Mire the guanine exchange
factors (GEFs), DOCK180, Trio and BRAG2. The role of DOCK is already explained in
section 12.5.3 Trio interacts with filamin C in membrane ruffles and plays a role in actin
remodelling(Dalkilic et al., 2006)and is recruited as a complex withdddherin and Rac
at celktcell contact during myoblast fusion in a ARB6&pendent manné@Bach et al.2010)
BRAG2 activates ARF6 GTPase that is required for recruitment of paxillin to focal
adhesion siteswhich maintairs the morphology of differentiated myoblasteededfor
myotube formatiorfPajcini et al., 2008)

Similar to RaciGTPase irDrosophilamyoblast fusion, Racl and Cdc42 are also
important for the recruitment of Arp2/3 at ceBll contacts for mouse myoblast fusio
(Vasyutina et al., 2009)in contrast, the Rho&TPase level is downregulated during
mouse myoblast differentiation and fusion. A canonical-RRCK pathway (Fig. 4D)
regulates actomyosin cwaction. Constitutively active RhoA levels inhibit differentiation
and fusion by promoting interaction of myocardatated transcription factor (MRTF) with
SMAD, which upregulates expression of inhibitor of DNA binding (ID3). ID3 béock
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myoD-dependent &mscription(lwasaki et al., 2008)explaining why the RhoROCK
pathway mustbe downregulated in differentiating myoblasts. This downregulation
dephosphorylates forkhead in human rhabdomyosarcoma (FKHR), a transcription factor
that regulates transcription of myogenic ge(idishiyama et al., 2004)Active RhoA is
deactivated by either RhgiEl90RhoGAP or Rh&TPaseactivating protein (GRAF1) that
induces the differentiation and fusion progrédoherty et al., 2011; Fortier et al., 2008)
Hence a spatiotemporal regulation of Rho and ROCK is required for myoblast fusion.

There is also evidence that asymmetric actin structures are formed in apposed
mouse myoblasts undergoing fusion, similar to the situatiddrasophila The Leu lab
recently studied the function of invadopodoseassociated proteins tyrosine kinase
substrate vth five SH3 domain (TKS5) and dynamih(DYN2) during myoblast fusion.
TKS5 and DYN2 accumulate in the tip of an invadopodosome structure in differentiated
myoblasts where they bundle actin filaments. This occdi@ ®ins before fusiorfChuang
et al., 2019)and only in one of the two apposing cells. These filopodial structures contact
the other cell, myoblast or myotube, and complete ftksion process. Similar to the
actomyosin sheath that forms beneath the membranes of FCs Duwsuphilamyoblast
fusion, studies in a mouse myoblast cell line have shown that actomyosin contractile units
align parallel and beneath the plasma membearteaccumulate on only one side of the
aligning membranes, with nemuscle myosin IIA (NMIIA) being the predominant isoform
required for myoblast fusiofDuan & Gallagher, 2009; Swaliles et al., 2008pwever, it
is unknown how these bundles are formed under the membranes and whether these
actomyosin units sense cortical tension as seBmasophilamyoblast fugon.

Although several actibinding proteins are clearly involved in mouse myoblast
fusion, it is unclear how these proteins interact with each other to regulate actin
polymerization and drive the fusion process. Further, it is unknown whether thesesprotei
promote linear or branched actin polymerization. The recent identification of an
invadopodosome structure in mouse myoblast fusion provides a target for future analysis
of localization of these actiregulating proteins and how they alter the invadogodte

structure for myoblast fusion.

1.2.7.4 Actin-regulators in zebrafish myoblast fusion
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The function of actifregulating proteins in zebrafish has not been studied to the
same extent as in ti@rosophilaor mouse models. The two proteins whose functions are
determined are Ckift and Racl. Similar to mouse CKIR Ckip-1 knockdown using
morphdinos in zebrafish results in the accumulation of mononucleated myo(Basts et
al., 2012) Racl knockdown zebrafish embryos also impairs myoblast fusion, with about
35% of myoblasts being mononucleated and 60% binucleated, while expression of a
constitutively activdorm of Racl significantly enhances myotube formati®rnivas et
al., 2007) Though the function of these actiegulating proteins is conserved across
organsms, it is unclear whether the same pathways are regulated to mediate fusion in the
different model organisms.

As can be appreciated from the above discussion, multiple complex networks are
involved in remodelling the actin cytoskeleton to mediate myobtagtation and/or
construct a fusion synapse needed for myoblast fusion. It is also apparent that we have an
incomplete understanding of how these networks function donygjubefusion, and that
additional actin regulators may well be involved in thecpss. One such protein is synpo2.
Synpo2 is an actin binding and polymerizing protein known to regulate cancer cell
migration and localize with actin filaments in striated muscle. The following sections will
summarize what is known about the different membof the synaptopodin family of

proteins and their actiregulating function in different cell types.

1.3 Synaptopodin family of proteins

The podin family comprises three members, synaptopb@8ynpol), synpo2 and
synaptopodin 2ike (Synpo2L). Each ember of the podin family generates different
isoforms by alternate splicing. Synpol is expressed in telencephalic dendrites and kidney
podocytes and produces three isoforms: Systpmt expressed in neurons (685aa), Synpo
long (903aa) expressed in reniaste, and Synp® (181aaAsanuma et al.,G05; Mundel
et al.,, 1997) Synpo2 is expressed primarily in muscle tissues and generates different
isoforms in different vertebrates. Human SYNPO2 has five isoforms: SYNPO2A (1093aa),
SYNPO2B (1109aa), SYNPO2C (1261aa), SYNPO2D (1230aa) and SYNPOZBsa)69
(Fig. 5A) (Kai et al., 2013) Mouse SYNPO2 has three isoforms: SYNPO2A (1087aa),
SYNPO2B (1257aa) and SYNPO2As (757aa) (Fig. 5B). The third member of the podin
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family, synpo2L, also known as cytoskeletal haantiched actirassociated protein
(CHAP), is expressed in heart and skal muscle and has two isoforms: CHAPa (978aa)
and CHAPb (749aa). The following sections provide a brief overview of the known
functions of the founding member of the family, synpol, followed by a more detailed

discussion of synpo2 and its known featwaed functions.

1.3.1 Actin-regulating ability of synaptopodin-1 in kidney podocytes

Expression of synpol is restricted to telencephalic dendrites in the brain and to
differentiated podocytes. In both tissue types, synpol binds actin filaments and focal
achesion proteingMundel et al., 1997)The predicted molecular mass of humdNEO1
is 74kDa and the human and mouse homologs share 84% sequence identity. There are
three mouse isoforms, SYNP@dng, -short and-T al | of whiacthin i nt er
and enhance actin bundling in podocytes and dendrBgapo?  knockout mice
completely lack the dendritic spine apparat{Reller et al., 2003)whereas the kidneys
develop normally(Asanuma et al., 2005Most of our understanding of synpoérives
from studies in kidney podocytes. These cells form the filtration barrier and contain foot
processes near the basement membrane that are decorated with actin cytoskeletal proteins
and actomyosin filaments (i.e., stress fibe®)pol promotes strediber formation and
podocyte cell migrationandloss of this cellular architecture impairs podocyte migration
and leads to proteinuria.

In podocytes, Synpol regulates stress fiber formation by competitive binding with
RhoA and Nckl. Overexpression of Synpol in undifferentiated podocytes significantly
enhances active RhoA levels by competing with Smurfl, a HECT domain E3 ubiquitin
ligase hat degrades RhoA. Thus, Synpol interacts with activated@y inhibits
Smurfl:mediated RhoA degradation, and increases stress fiber fornfdsanuma et al.,
2006) In parallel, Synpol also outcompetes binding-@ibt, an E3 ubiquitin ligasep
Nckl therebypreventing Nckl degradation which activatesWM\Sp and Arp2/3 to
enhance actin polymerizatigBuvall et al., 2013)

Synpol has also been shown to compensate for the loss of a structurally unrelated
protein, tropomyosin. In general, tropomyosin inhibits RhoA ubiquitination and restores
stress fibers and cell migratiotharacteristics shared with Synpo1l in kidney podocytes. In
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tropomyosin deficienDrosophilaand human NIH3T3 fibroblasts, cells exhibited loss of
stress fibers and enhanced migration. Overexpression of Synpol in a tropedefasent
mutant cell lineestored high RhoA levels, stabilized stress fibers and reduced migration
(Wong et al., 2012)The concept that nemomologous actin regulatory proteins can serve

compensatory functions in mutant cells will appear again later in the thesis.

1.3.2 Synaptopodin2

Synpo2 is the second memhbmrthe podin family. Northern blotting confirmed
expression of synpo2 in various muscle tissues including heart, prestdtmlon, with
the highest expression in skeletal mugtie et al., 2001)Until a decade ago, the smallest
synpo2 isoform, synpo2Asvas theonly intensely studiedynpo?2 isoformin both the
cancer and muscle fieddThe human SYNPO2 isoforms regulate cancer cell migration and
invasion, andnvasiveness is related to cancer relapse in patients. In the muscle field, the
human and mouse SYNPOZ2As isoforms bind actin and otherragfimating proteins and
localize in the Zdisc of skeletal muscle, however, its functional role remains unknown.
The following sections will explain in detail the biophysical characters of synpo2 isoforms

and their known functions in cancer and muscle tissues.

1.3.2.1Synpo2 isoforms and their biophysical properties

The short isoform, synpo2As was first identifiedsieletal (80kDa) and heart
muscle (95Da) extractgWeins et al., 2001)in 2008, three human SYNPO?2 isoforms
were identified in PC3 cells thateagenerated by alternate splicing: SYNPO2A (1093aa),
SYNPO2B (1109aa), SYNPO2C (1261éajiane De Ganckteal., 2008) In 2013, a fifth
isoform was identified by the Duncan lab, named SYNPO2D (1¢R@)Boon Kai &
Duncan, 2013{Fig. 5A). The long isoforms of both human and mouse SYNPO2 have PDZ
domains in the Nerminus whose function is not determined in humans, but in mice it plays
arole in the chapereassisted selectevautophagy (CASA) pathway, that will be discussed
later in the thesis. The remaining part of the protein is predicted to be intrinsically
disordered, containing basic and proline rich regions with an isoelectric point of ~9.3
(Leinweber et al., 1999)Further, these isoforms also exhibit an aberrant migration
phenomenon in SBBAGE. For example, the short isoform, synpo2As, has a molecular
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mass of 8&kDa but migrées as a 10@Da bandn some studiefAriane De Ganck et al.,
2008) The reason for aberrant migratie speculated to be due to paistinslational
modification or to the intrinsically disordered nature of the protein.

Apart from the PDZ domain present only in the long isoforms, all five human
SYNPO?2 isoforms (Fig. 5A) and three mouse SYNPO2 isoforms (Fig. 5B) share a central
conserved region encoded by exon 5 in human and exon 4 in mouse. Several interacting
partners a identified to bind to this conserved region (Fig. 6A and B). The human
SYNPO2As isoform containsvo actin binding regions (13268 and 268108), a filamin
C binding region (24® 2 1 a a ) ;actinirhbinding redjons (13286, 268521 and 506
698), andan importirl3 binding region (30698) (Fig. 6A)(A Linnemann & Ven, 2010;

Anja Linnemann et al., 2013\part from these actihinding proteins, humaB8YNPCRAs

also contains an integrimked kinase (ILK)binding region (82157) and zyxin binding

regon (606624). These regions play a role in prostate cancer cell migration, which will be
discussed in the prostate cancer section. Similar truncation analysis of mouse SYNPO2As
also identified an actibinding region from 41®63aa (Weins et al., 2001)
Immunofluorescence staining of rat and human skeletal muscle revealed localization of
SYNPQAs in the Zdisc and colocalization with known interactio par t ners suctk
actinin, zyxin and filamin QA Linnemann & Ven, 2010)Both the human and mouse

SYNPQ isoforms also contain nuclear localization sequences (NLS) whose function will

be discussed in the following section (Fig. 6B).

Fesselin, the avian homolog of synpo2, is expressed in chicken gizzard muscle, a
type of smooth muse| as a 7%Da and 10&Da protein, and has an isoelectric point of
9.3, similar to synpol and 2. It is also expressed in chicken tissue lysates extracted from
thigh, breast and heart, and localizes in dense bodies in smooth muscléRessegar et
al., 2009) Experiments with fesselin have been carried out onig iritro conditions. In
co-sedimentation assays, fesselin polymerizescth and binds actia n dactibin (Beall
& Chalovich, 2001; Leinweber et al., 1999)he Synpo2 isolated from rablstomach
muscle also exhibits actin polymerizing propef8chroeter et al., 2008fesselin also
binds to calmodulin, which inhibits -@ctin binding but not factin binding and
polymerization(M. Schroeter & Chalovich, 2004Jurther, fesselin also binds to the S1
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ATPase subunit of myin and inhibits actin and myosin binding. This can be reverted
when excess myosin is preséit M. Schroeter & Chalovich, 2005)

1.3.2.2Nucleocytoplasmic shuttling property of synpo2

The nuclearcytoplasmic shuttling property of mouse SYNPO2As has been shown
by the Mundel lab, where SYNPO2As resides in the nucleus in undifferentiated myoblasts
and translocates to the cytoplasm where itlbiactin filaments in differentiated myoblasts
and myotubegWeins et al., 2001 Heat shock treatment of myotubes was also shown to
trigger nucleatocalization of SYNPO2As, a unique property for -@i&c protein(Weins
et al., 2001)Nuclear localization of endogenous SYNPOZ2As has been sholyrnwith
the mouse isoform, while another group showed that ectopic expression efaggésl
human SYNPO2 localizes in the nucleus of PC3 ¢allne De Ganck et al., 2008)

Nuclear localization sequences (NLS) are present in thentl Gtermini of both
human and mouse SYNPO2/&8-61 and 61619aa in mouse) (Fig. 6BHowever, ge-
directed mutation fothe two NLS sequences in mouse did not inhibit nuclear localization
(Weins et al., 2001 Although the two NLS motifs are not required for nucleaalization
of mouseSYNPQ2As, paradoxically, these motifs are important for impeidin bi ndi ng,
protein important for nuclear localization. MouS&NPQRAs also has two 13-3 b
interacting motifs (residues 22R7 and 26274) (Fig. 6B). Phosphorylatio of
SYNPO2As at serin@25 and threonin@72 is required for both 33 b6 and -U mpor t |
interaction, and for nuclear localization of SYNPO2As in mouse myolflaktsstian Faul
et al., 2005) The S225 and T272 residues are phosphorylated by PKA and CaMKIl, and
inhibiting this phosphorylation abrogated nuclear localization and retained SYNPO2As in
the cytoplasm wiére it interacts with severaldisc associated proteins such as mAKAP,
myomegalin, and the catalytic subunit of calcineurin (CnA). The functional importance of
this complex remains unknowRaul et al., 2007)in kidney podocytes, dephosphorylation
of synpol eventually subjects it to cathepstimediated degradation, but in skeletal
muscle cells dephosphorylation results in interaction with other-gegulating proteins
that might be important to maintain thetia cytoskeleton and-disc arrangement. These
studies highlight how the same signalling pathway can differentially regulate the function
of a protein in a celtype specific manner.

20



A motif important for nuclear localization was mapped to tHei@inus of human
SYNPQRAs (306698aa) that interacts with importit8 (Fig. 6A). This interaction was
confirmed in HEK293T cells and NIH3T3 fibroblasts, and knockdown of impdfin
inhibited nuclear localization c8YNPQR2As by 80%(Liang et al., 2008)The importance
of nuclear localization and its functional relevance in myogenesis remains an open
guestion. Nuclear localization of hum&YNPC2As has gained importance in the cancer
field. Bladder tissues from bladder cancer patients were stain&YMPC2As and based
on the ratio of nuclearytoplasmic localization, the grade of the tumor was rated; patients
with nuclear localization suived longer and had low grade tumors while those with
predominant cytoplasmic stainilgdhigh grade tumoréSanchezCarbayo et al., 2003)

1.3.2.3Role of synpo2 in cancecell migration and invasion

Shortly after the discovery of mouse SYNPO2As expression in skeletal muscle
(Weins et al., 2001)humanSYNPO2gene delBon was identified as a correlate of the
severity/stage of prostate cancer patients. Around 84% of individualSWkiPO2yene
deletion were shown to be associated with high invasiveness and 78% of patients reported
cancer relapsgin et al., 2001)As mentioned in the nuclear cytoplasmic shuttling section,
bladder cancer patients with cytoplasmic localizatibsynpo2 hadhigh grade tumarand
shortersurvival times (SanchezCarbayo et al., 2003)Further, the low expression of
SYNPOZ2As in bladder cancer and itdat®n to the invasiveness of the disease was
attributed to the hypermethylation status of the gé€rebrian et al., 2008Based on the
expression level and methylation status, SYNPOZ2As is a considered a biomarker of bladder
cancer(Gakis et al., 2012)

Several studies support the role of synpo2 as a tumour suppressor. Overexpression
of SYNPO2As in PC3 and LNCaprostate cancer cells inhibits proliferation and
suppresses invasion in Matrigel assays compared to control cells. Injection of SYNPO2As
overexpressing cells into SCID mice reduces tumour size signifiodiiky et al., 2004)
Deletion of the zyxin or ILK binding regions in SYNPO2As@lincreases cancer cell
migration,(Y. P. Yu & Luo, 2011; Yan Ping Yu & Luo, 2006)he above data correlates
with gene dedtion and invasiveness studies in prostate cancer p&ftieémtst al., 2001)
and supports the concept that SYNPO2As is a tumour suppressor. Two recent studies
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further supportedhe role of SYNPO2 as a tumor suppressor in breast cancer cells.
Knockdown of SYNPO2 in several breast cancer cell lieekanced migration and
invasion by increasing the phosphorylated levels of phosphoinosikioha8e (PI13K), Akt

and mTOR, a criticapahway that regulates cancer progression, and via the- VAP
pathway(Xia et al., 2018; Liu et al., 2018Fontradictory to the previous studies, the
Gettemans group reported that sSiRNA knockdown of SYNPO2As inhibits migration and
invasion of PC3 cellg¢ArianneDe Ganck et al., 2009%uggesting synpo2 functions as a
tumor promoter.

The contradictory data on the effects of synpo2 on migration was resolved by the
Duncan lab. They showed that the human SYNPO2 isoforms differently affect migration
and this depais on the externamigration stimulus PC3 cells expressing SYNPO2
isoforms decreased migration when cells were cultured in conditioned media (CM) and
enhanced migration in a chemokinetic, rather than chemotactic, manner when cultured in
10% fetal bovineerum (FBS). Under serum stimulation conditions, SYNPO2As was also
shown to increase Rhe&TP levels in PC3 cells, and treatment with the ROCK inhibitor,
Y27632, inhibits the enhanced migratory effect of SYNPO2As. This data clearly suggested
that SYNPOZ2 istorms regulate the migratory response of PC3 cells to external stimuli and
enhance migration in response to serum stimulation in aRROK dependent manner
(Kai et al., 2012)

Consistent with synpol, SYNPO2As also localizes along actin stress fibers. The
five human SYNPOZ2 isoforms generate different actin structures in PC3 cells. SYNPO2A
and As forms thick actin mdles in the cell body, SYNPO2B forms both thick and thin
actin bundles in the cell body, SYNPO2C and D stain in a punctate manner with stress
fibers along the axis of the céliKai & Duncan, 2013)A subsequent study showed that
stress fiber formation was due to retrograde flow-aickn from the cell periphery to the
cell body(Kai et al, 2015) The short isoform, SYNPO2As, enhanced “daectional
migration by generating large membrane protrusions or lamellipodia formed by branched
actin filaments generated by Arp2t3diated actin polymerization. SYNPO2As cells
treated with the Arp3 inhibitor, CK666, lost these membrane protrusions and the
enhanced migration phenotype. Videomicroscopy of PC3 cells expressingagderel
SYNPO2As showed that SYNPO2As enhances cancer cell migration by polymerizing
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linear actin filaments at the leading edge of cell® generate filopodidike structures,
incorporating these linear-&ctin structures into actin stress fibers in the cell body by
retrograde flow in a NMHdependent manner and generating mature focal adhgkians

et al., 2015)

1.3.2.4Role of synpo2 in mouse myoblasts

Our knowledge of the function of synpo2 inet muscle field is very limited.
According to the literaturen the proliferative stage of mouse myoblaStsNP(RAs
localizes in the nucleus and upon differentiation translocates to the cytoplasm where it
binds to actin filamentgWeins et al., 2001)Immunofluorescence staining of rat and
human skeletal muscle revealed localizatioB YSNPQ2As in the Zdisc and colocalization
with known i nt er a c-aciinmnzyxip and filamenr G (Figg 6AdA a s
Linnemann & Ven, 2010)Apart from the abovenentioned roles, the exact function of
synpo2 isoforms during myogenesis remains largely unknown,

One exception is the long mouS&¥ NP2 isoforms that have a defined rofe
muscle maintenance. The two main regions of synpo2 that play a role in muscle
maintenance are the PPXY motif and the PDZ domain. The human and $%"\uB©2As
isoforms have a PPXY motif (Fig. 6A and B), a motif known to bind proteins that contain
a WW danain (Bedford et al., 2000)The two PPXY maotifs in synpol interact with the
WW domain of the tight junction protein MA@ that links the cytoskeleton to tight
junctions by interacting with actibundling proteingPatrie et al., 2002 'he PPXY motif
of mouse SYNPO2 interacts with the WW domainBL2-associated athanogene 3
(BAG3) protein (Ulbricht et al., 2013) The BAG3 protein plays a major role in the
chaperonassisted selective autophagy (CASA) pathway. This pathway is activated in
striated muscle when mechanical tensimfuced damage generates misfolded protein
aggregates that need to be degraded. In@stnation, BAG3 forms a complex with heat
shock proteins and autophagosome proteins to degrade the damaged proteins by autophagy.
PDZ domaincontaining proteins link the BAG3 complex and autophagosome complex.
Since the long huma®YNPQ2 isoforms (i.e.SYNPQRA, B, C and D) have a PPXY motif
and a PDZ domain they act as a linker protein between the BAG3 and autophagosome
complexes (Fig. 7). Interaction of BAG3 with the PPXY motif of large tumour suppressor
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kinase 1 (LATS1l) or angiomotin (AMOT) releasebet Yesassociated protein
(YAP)/transcriptional coactivator with PDEinding motif (TAZ) transcription factors into

the nucleus. Here, YAP/TAZ regulates transcriptadnconnective tissue growth factor
(CTGH genes that play a role in muscle maintenance (e.g..filamin C). We know from
breast cancer studies tf&YNPC2, by an unknown mechanism, enhances phosphorylated
LATS that in turn regulates YAP localizati¢d. Liu et al., 2018)It is conceivable that
SYNPQ2 could interact with BAG3 in these cancer cells to regulate YAP/TAZ localization
andthereby regulate cancer cell migration. Although these two studies c@MRECR2

with YAZ/TAP function, the effects of this relation on the actin cytoskeleton of cancer cells

and skeletal muscle remains unknown.

1.4 Hypothesis and objectives

It is evident that the podin family of proteins are important actin regulating proteins.
While the expression and localization of synpo2 in skeletal muscle has been examihe
several interacting partners have been identified, the functional role of synpoZeialske
muscle development remains unknown. The main objective of my Ph.D. project was to
determine the functional role of synpo2 during skeletal muscle developmentrusitig
andin vivomodels.

Several key results from previous studies provided tienade for my studies: (1)
synpo2 localizes in the nucleus in undifferentiated cells and under stress conditions in
differentiated cell§Weins et al.2001) (2) both synpol and synpo2 regulate cell migration
by remodelling the actin cytoskeleton; (3) several aggulating proteins play a role
during myoblast fusion; and (4) synpo2 interacts with several skeletal muscle proteins and
localizes in the Aiscof skeletal muscle celiC. Faul et al., @07; A Linnemann & Ven,

2010; Weins et al., 2001Yhus, we hypothesized that synpo2, as a nucigaplasmic
shuttling protein could regulate the differentiation program, and as anrectodelling
protein could regulate myoblast migration and fusiddditionally, the humarsYNPQ2
isoforms differentially remodel actin stress fibers in cancer cells and regulate cell
migration, and the PDZ domain containing isoforms play a role in CASA pathway.

Therefore, we first wanted to determine whether diffeisaforms are generated in mouse

24



myoblasts and whether the different isoforms differentially regulate myogenesis. The
results of these objectives are explained in Chapter 3 of the thesis.

We next wanted to determine the mechanism by which synpo2 regulpbéast
migration and fusion. The RheROCK and Arp2/3 pathways play a specific role in
Drosophila myoblast fusion(Kim et al., 2015) Both synpol and synpo2 enhance the
RhoA-ROCK pathway to regulate cellignation, and synpo2 enhances cell migration by
generating Arp2/2lependent membrane protrusiofi&ai et al., 2015) We therefore
wanted to determine whether synpo2 regulates migration and fusion inRBEX and
Apr2/3 dependent pathways, and whether these two processes are directly correlated. The
results of this objective are also explaimehapter 3 of this thesis.

My last objective was to determine the function of synpo2 imnavivo model.

Synpo2 is expressed in skeletal muscle and localizes in ttliscZof sarcomeres,
suggesting synpo2 knockdown or deletion inimrvivo model mightlead to muscular
dystrophy. Recently, the zebrafish model has gained considerable attention to study
myogenesis, with the advantages being different stages of development that can be easily
visualized, and larger animal numbers compared to a mouse mabds|.td understand,

the functional role of synpo2, we used zebrafish as &vo model. The results of tha

vivo study are explained in Chapter 4 of this thesis.
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Table 1: Immunoglobulin superfamily of proteins that regulate myoblast fusion
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Table 2: Membrane proteins that regulate myoblast fusion
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Table 3. Cytoplasmic proteins that regulate myoblast fusion
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Table 4. Actin-regulating proteins that regulate myoblast fusion
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Table 4 (continued): Actin-regulating proteins that regulate myoblast fusion
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Table 4 (continued): Actin-regulating proteins that regulate myoblast fusion
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Figure 1. Myogenesis during muscle development and regeneration.
The upper panel depicts the steps involved during skeletal muscle development and the
lower panel depicts the steps involved during muscle regeneration. Proteins expressed in
each step of the myogenic program are mentioned below each cell type. Thepapater
represents one sarcomeric unit of skeletal musthe lower panel depicts muscle
regeneration whermyofiber damagectivatesmuscle stem cells (greergalled satellite

cells, thatdifferentiate and fuse to repair the damaged muscle fiber.
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Figure 2: Model of drosophila myoblast fusion.

The founder cell (FC) and fusion competent myoblast (FCM) interact via cell adhesion
proteins Duf and Sns. This interaction drives the following downstream signalling pathway
in each cell type. FCM specific signalling: adapter proteins Crk and Mbc are recruited to
the cytoplasmic region of Sns. Mbc activates the -BAi®ase, Racl, which iturn
activates SCAR and the Arp2/3 complex to initiate actin polymerization. Activated Racl
also activates DPak3 to initiate actin polymerization. The adapter protein Crk recruits Blow
that competes for Sltr to bind to WASp. The WASRKE complex activatethe Arp2/3
complex to initiate actin polymerization. All these signalling pathways drive the formation
of extensive branched actin filaments that form the invasive podeldcerstructure (actin

core of podosome) that invades the FC. FC specific siggadiulapter proteins Ants, Mbc

and loner are recruited to the cytoplasmic region of Duf. Loner activates Arf6 GTPase to
activate Racl. Similar to the role in FCM, Racl activates SBARR/3 to polymerize
actin; Ants and Mbc bind to Duf to polymerize actimddorm an actin sheath beneath the
plasma membrane. Simultaneously, Rhol is recruited to the cytoplasmic tail of Duf and
activates the RR®OK-Myoll pathway to form actomyosin fibers to resist the invading
podosome. Phosphatidylinositol sphosphatéPIP2) is recruited to the membrane and
initiates Arp2/3mediated actin polymerization in both the FCM and FC.
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Figure 3: Pathways and protein that regulate mouse myoblast fusion.

Three different membrane complexes drive actin polymerization in myoblasts. (1)
CDon/BOC/Neogenin forms a complex in the membrane of fusing cells. This complex
drives the p38 kinase pathways to activate muspézific gene transcription. (dyans
interadgion of cadherins recrigt U a n d-caténin to initiate actipolymerization.
Alternatively, the cytoplasmic domain of cadherins Bitwda protein complex containing
Trio, ARF6 and Racl. The two GEFs, Brag2 and Dackivate ARFEGTPase and Rael
GTPase respectively that initiate actin polymerizationActivated ARF6also activates
phospholipase £1 (PDL1). Both ARF6 and PDL1 increase PIP2 production that plays a
role in actin polymerization. (3) Integrin binds to ADAM12 that recruits focal adhesion
kinage (FAK) for actin polymerization. Integrassociated protein kindh also initiates

actin polymerization. Nephrin, kirrel3, myomaker and myomerger are membrane
associated proteins required for myoblast fusion. Actin regulating proteins Ckipl, Napl,
N-WASp,andRhoA-ROCK initiate actin polymerization, and Cdc42 GTPase activates N
WASp. The RheROCK pathway also blocks musdeecific gene transcription in
proliferating myoblasts. The GRAF1 GAP inactivates RhoA to initiate misgpeeific

gene transcriptio during differentiation. Proteins that regulate myoblast migration and
fusion are highlighted in the dalk box: odorant receptor, MOR23, PA|®, IL4-ILR4,
CD164CXCR4SDF1U and mannose receptor (MR). The
guestions that renmaito be explored
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Figure 4: Actin regulating pathways.

(A) Branched Factin polymerization initiated by the active Racl pathway. (B) Branched
F-actin polymerization initiated by the active Cdcgathway. (C) Linear factin
polymerization initiated by the RhoA pathway. (D) The canonical RR&CK pathway
that initiates actomyosin contraction.
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Figure 5: Human and mouse SYNPO2 isoforms

Exonarrangements of the human (A) and mouse (B) SYNPO2 genes and protein isoforms.
The protein $oforms are translated from alternatively spliced mMRNAs generated from an
upstream promoter, or in the case of the short isoforms (As suffix) from an internal
promder (downward arrow in each panel). Upper panels depict the gene, with exons
indicated by numbered shaded rectangles and introns by alphabetically labelled chevrons.
Amino acid sequences above each protein isoform indicate thandl Gterminal
sequenceshe number of amino acid residues and predicted molecular mass (in brackets)
for each isoform are indicated. The centrally located conserved exon (white rectangle)
contains the epitope recognized by the commercial antiserum (indicated by the Y symbol)
andseveral protein interaction motifs described in the text.
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Figure 6: Interacting partners of human and mouse synpo2As.

(A) Human SYNPOZ2As and (B) mouse SYNPOZ2A®racting proteins are highlighted in
di fferent -actioin wndisy.regidnk are dénoted by chevrons. Breeketed
numbes are the amino acid residue boundaries of the indidateting motifs.
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Figure 7: Role of SYNPOZ2 in chaperom-assisted selective autophagy.

Image modified fromUlbricht et al., 20130n the right: Schematic presentationtio#
BAG-3-containing chaperone complex. Filamin is damaged during migration due to
mechanical stresndis ubiquitinated and degraded by the CASA complex. BAG3 uses its
BAG domain to bind to the ferminal ATPase domain of Hsc70, while at the same time
CHIP occupies the @&rminal domain that covers the peptlading region of the
chaperone. BA& provides a physical link between HspB8 and the Hsc70/CHIP complex.
The WW domain of BAG3 bindshe PPPY motif of SYNPO2. The PDZ domain of
SYNPO2 binds vacuolar protein sorting 18/16 (Vps18/16), which in turn interacts with
ATG16 and syntaxin 7 to form the paetophagosomal structure (PAS). The PAS engulfs
the CASA complex and fuses with lysos@te degrade the ubiquitinated substrate. On
the left: BAG3 when localized in the cytoplasm birtle PPXY motif of large tumor
suppressor (LATS1/2) or angiomotike (AMOTL1/2), releasingthe YAP/TAZ
transcription factor into the nucleus. YAP/TAZ transcribes taggeessuch adilamin and
connective tissue growth factor (CTGF).

40



CHAPTER 2: MATERIALS AND METHODS

2.1. Cells, Antibodies and Reagents

Cells C2C12 (CRE1772) mouse myoblast cells were obtained from the American
Type Culture Collection (ATCC). Phoenix cells were kindly provided by Craig McCormick
(Dalhousie University). Cells were grown in Dulbecco Modified Eagle Medium (DMEM)
supplemented with 10% fetal bo@ serum (FBSand 25 mM4-(2-hydroxyethyl}1-
piperazineethanesulfonic acilEPES)at 37C with 5% CQ. HEK293T cells used for
generating lentivirus were grown iDulbecco Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) &E3vith 5%CO?. For differentiation
experiments, growth medium was replaced with Dulbecco Modified Eagle Medium
(DMEM) supplemented with 2% horse serum (HS).

Antibodies Primary antibodies againstynp® (Abcam Ab103710 and Abcam
Ab50192), emyc (Sigma M439), myosin heavy chain (MEO, Developmental Studies
Hybridoma Bank), MyoD (Santa Cruz Biotechnology3#8; DakoM3512), myogenin
(SigmaAldrich F5D), Pax7 (Developmental Studies Hybridoma Bank), Troponin T
(SigmaAldrich T6277), LC3-11 (3868, Cell signding), NMIIA (M8064, Sigma),and actin
(A2066, Sigma), and secondary antibodies -@gwaitrabbit HRP (4741506, KPL), goat
antrmouse HRP (s2005, Santa Cruz), and gemtimouse Alexa 488, 568 (Molecular
Probes) were purchased from the indicated suggplie

ReagentsDRAQS5 (Cell Signalling)r Hoechst 33342 (Thermo Fischer Scientific)
were used interchangeabfgr nuclear stainingAlexa fluor-555 phalloidin (A34055,
Thermo Fischer Scientifjdor actin staining0.1% naphthol blue solution wapsepared in

house and used for total protein loading.

2.2. Molecular cloning
RNA was extracted from proliferating C2C12 cells using the RNeasy Mini Kit
(Qi agen) as per manufacturerds instruction
using an oligo(d@) primer, and cDNA was amplified using isoform specific primaand
PfuUltra High Fidelity DNA polymerase (Agilent Biotechnologies). The primers used for
PCR amplificationflanked the translation start and stop sites in the mouse mMRNA

41



sequences for SYNP®2 (Accession #Q91YES8.2), SYNPO2B (Accession
#NM_080451.2) and SYNPO2As (Accession #AJ306625.1). Amplicons were cloned into
the BamHiNotl sites in the pBMN retrovirus plasmid vector. All cDNA clones were
sequenced in their entirety in both directions, emafirmed toagreewith those deposited

in the database.

2.3. Transfections

Phoenix cells were seeded at 3Xtélls per 100mm dish in DMEM medium
containing 25mM HEPES and 10% FBS he ells werethentransfected witran empty
pBMN retrovirus plasmid vector (kindly provided by Dr. Craig McCormick, Dalhousie
University) or with the same vector containing the SYNPO2 cDNAs using
poly(ethylenimine) (PEI) transfection reagefitter 22 h of seeding, growth medium was
replaced wth serumfree medium. Six pg of plasmid DNA was added to 600 pl of -Opti
MEM | Reduced Serum Medi81985070 Thermo Fisher Scientific) and 18 pul of PEIl was
added to 600 ul of OpMEM and incubated separately at reeemperature (RT) for 5
min, and then mixed together and incubated for another 15 min at RT. ThePBN#ix
was added to the cells anftlea 6 h posttransfection serudAree medium was replaced with
growth medium.

Todetermine the knockdown efficiency of shRNAZ shRNA2 plasmid construct
was transiently transfected into HEK293T cells along with the pBMN plasmids expressing
the SYNPO2A or SYNPOZ2B isoformssing PEI reagent in serufree medium using the
abovementiored transfection protocol. Briefly, HEK293T cells were seeded innelb
plate in growth medium. One pg of pSMMRNA2 plasmid and 1 pug of pBMN
SYNPO2A or pBMNSYNPO2B plasmid was added to 100 ul of @d&EM and 6 pl of
PEI was added to 100 ul of O EM and incubated separately at rect@mperature (RT)
for 5 min, and then mixed together and incubated for another 15 min at RT. TR BENA
complex was added to cells in serin@e medium. After 24 h postansfection, cells were

lysed and processed for wastélotting.

2.4 Generation of stable SYNPO2 overexpression cell lines
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For generation of retroviruses, Phoenix cells were transfected as mentioned above.
After 48 h posttransfectioncell culture supernatants werallected and filtered through a
0.45 pM filter to remove cell debris. Sequabrerg2667,Sigma) was addedt a final
concentration of 4 pg/mio the supernatant to increase the efficiency of viral infection
C2C12 cellg0.36x16) were infected with the retroviruzontaining supernatant for 24
and then cultured in fresh growth meh containing 1ug/ml puromycin (Invitrogen) for
3 days to select pBMI$YNPO2 transduced cells.

2.5. Generation of knockdown cell lines

Two short hairpin RNAs , -exonnad SYNBO2@4set i ng
(shRNA1) and the other targeting the conserved exon present in all SYNPO2 isoforms
(shRNA2), were designed using RNAI Central software
(http://cancan.cshl.edu/RNAI_central/RNAi.cgi?type=shRNA) and cloned into the pSMN
retroviral plasmid (kindly provided by Dr. CcaMcCormick, Dalhousie University}-or
stably transducing C2C12 cells with the two shRXM&Aknockdown endogenous SYNPO2
the abovementioned protocol was used and cells weskected using 2ng/ml G418
(Sigma) for 5 days. Western blotting with aBtYNPO2 antibody was used to determine
the knockdown efficiency of the shRNAs.

2.6. Western blotting

Cells were trypsinized, harvested by centrifugation at 500xgranswashed with
phosphate buffered saline (PBS), and cell pellets were storedCatsol analyzed. Cell
pellets were lysed in cell lysis buffer (50 mM Tris, 10 mM MgCI2, 0.5 M NaCl)@8pal,
pH 7.5) containing protease inhibitor cocktail (Pierce), sonicated using a staitdeks
probe sonicator, and insoluble debris removed by centrifugation at 15000xg for 10 min. An
aliquot of each sample was used to determine protein concentusiiog the BieRad
DC™Mprotein assay kit, as per manufacturer0:
frozen using liquid nitrogen until further processing. Frozen samples were thawed, diluted
with cell lysis buffer 5X protein sample buffer (5% sodiudodecyl sulfate, 0.25%
bromophenol blue and 50% glycerdPX buffer was used] and 500 mM
dithiothreitol (DTT [50 mM was used}to equalise the protein concentration, boiled 4£95
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for 5 min, and equal protein loads were fractionated by-BBRSE (7.5%polyacrylamide).
Fractionated samples were transferred onto polyvinylidene difluoride (PVDF) membranes,
blocked for 1 h atoom temperatureRT) using 5% skim milk in TBST (50 mM THBICI,

150 mM NacCl, 0.1% Tween 20), and probed with the respective pranébodies diluted

in TBST at the following dilutionssynp@, 1:2500; MHC, 1:250; myoD, 1:250; myogenin,
1:100; LC3Il, 1:1000; and actin, 1:5000. Blots were washed extensively with TBST,
treated with horseradish peroxidasmjugated secondary antibogll.5000), developed
using ECL:Plus reagent (GE Healthcare) and visualized diy@hoon 9410 multimode
imager,or developed using Clarity western ECL substrate &al) and visualized on a
Bio-Rad ChemiDoc imaging system. Western blots to examine anygehan the
differentiation program were performed in triplicate and relative expression levels were
normalized to protein loads detected by staining blots with 0.1% naphthol blue for 30 min

prior to blocking and imaged using the Bad ChemiDoc calorimetrsetting.

2.7. Satellite cell isolation and immunofluorescence microscopy

Care and handling of animals were in accordance with the federal Health of Animals
Act, as practiced by McGill University and the Lady Davis Institute for Medical Research.
Satellie cells were preparedy Dr. Colin Crist (McGill University)from abdominal
muscles and diaphragms dfi®-week oldPax3™"* mice by enzymatic dissociation as
previously describefZismanov et al., 2016J-or live cell sorting, singleells were stained
with 1 pg/ml propidium iodide (P1) to exclude PI+ dead cells. Cell sorting was performed
with a FACSAria Fusion Cell Sorter (BD). Isolatdebx3™* satellite cells were
resuspended in 39% DMEM, 39% F12 (Gibco) growth medium containing 20% FBS
(Gibco) and % Ultroser G (Pall, Port Washington, NY). Cells were cultured Hm3%
dishes coated with 0.2% gelatin at a density of 7500 cells per dish. For
immunocytochemical analysis, cultured cells were fixed with 10% formalin and
permeabilized with 0.2% Triton X100 mM NHCl in PBS. Cells were incubated with
0.2% fishskin gelatin in PBS (Sigma). The following antibodies were used as primary
antibodies: antMyoD (1:100, Santa Cruz Biotechnology, Santa Cruz, CA); Brajponin
T (1:300, Sigma) and arsiynp@® (1:100, Abcam Ab103710). Secondary antibodies were
coupled to flurochromes Alexa 488 or 59430, Molecular Probes, Carlsbad, CA).-4,6
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Diamidino-2-phenylindole (DAPI, 1:500, Molecular Probes) was used to costder
nuclei. All images were captured at tkeme microscope settings so that fluorescence

intensity was representative of detection levels.

2.8. Indirect immunofluorescence microscopy

To observe endogenous SYNPO2 subcellular localization, C2C12veeiseeded
at 40% or 80% conflueng on coversps and induced to differentiate using medium
containing 2% horse serum urd or 3-days posinductionof differentiation(dpi). Cells
were fixed with 4% paraformaldehyde, permeabilized with 0.25% tritd@Xin 1x PBS
and blocked with 1% BSAn 1x PBSat RT. Cells were then incubated with as§inpo2
antibody (1:500) overnight at 4U n@GrabbiCel | s
secondary antibody (Alexa fluor 488), and Aléd&b conjugated phalloidin for 1 h R,
and cell nuclei were stained using DRAQ5 (1:1000) forri0. A similar protocol was
used for detecting ectopically expressed ffagged SYNPO2 isoforms ugj antic-myc
primary antibody A Z-stack of the cells were imaged using a 63X 1.4 NArmihersion
objective on a Zeiss LSM 510 Meta laser scanning confocal microstopgiantify the
cortex/cytoplasm ratio of actiand NMIIA, cells were fixed with thebmve protocol and
stained using phalloidin or arfiIMIIA (1:50). Images were acquired using Zen software
(Zeiss) and a single slice from eacistack was used. The orthogonal view of thstack
was obtained by selecting the slice of interestthedmage were processagsinglinear
adjustments witlPhotoshop C&(Adobe).

2.9. Quantification of myotube formation

Duplicate or triplicate wells in a 2&ell plate were seeded with C2C12 cells at 80%
confluercy (1.5x1@ cells), cultured in growth medium for42h, and then induced to
differentiate using medium containing 2% horse serum w#itpi. Cells were fixed with
methanol for 15min and stained with WrighGiemsa stain (Siemens). A total of-12
random fields from each well were imaged using a 10rativie. For the actin inhibitor
studies, 1uM ROCK-inhibitor (Y-27632) or 2QuM Arp2/3 inhibitor (CK666) were added
to cells 8 h after differentiation (to ensure the inhibitors did not affect the differentiation
program), and media containing the inhibst@r solvent control was replaced every 24 h
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until 3 dpi. Cells were methanol fixed, permeabilized with 0.25% tritetORin 1x PBS
blocked with 1% BSANn 1x PBSat RT, andimmunostained with anrtiHC andnuclei
stained withHoescht Plates werémaged at 10X using the EVOS FL cell imaging system
(Thermofisher). All experiments were repeated three times and the fusion index was
guantified as the percent of the total number of nuclei in a field preddirt@+ myotubes
containing 3 omore nucleto the total number of nuclei present in a fiedl results are

presented as the mean EN of two or three experiments.

2.10. Live cell fluorescence video microscopy and cell migration analysis

For determining migration parameters pdsterentiation,mock and SYNPO2
transduced C2C12 cells, or C2C¢&lls transduced with control shRNA or SYNPO2
shRNA, were seeded @0% confluencg0.43x10 cells) in tissue culture treated glass
bottom quadrant dishg&reiner bieone, #62787Q)culturedfor 24 h in growth medium,
and differentiated with 2% horse serum. For the ROCK and Arp2/3 studies, cells were
treated with the inhibitors starting at 8 h pddterentiation. Before imaging, nuclei were
stained with 0.2pug/ml Hoechst (Invitrogen;) to taaie tracking by fluorescence video
microscopy. Cell migration at 2 dpi was recorded for 3 h capturing images every 5 min
usingthe 20x objective o Zeiss Cell Observer Spinning Disk Confocal System, and cells
from each experiment were tracked usingARIS version 9.1.2 software to determine

velocity (um/min). The data were analyzed using GraphPad Prism version 6.

2.11. Zebrafish husbandry
Adult zebrafish(Danio rerio) both AB strain andasper andsynpo28 knockout
lineswere housed and maintained in the zebrafish core facility, Dalhousie UnivErsity.
were grown in fish water and maintained ataall experiments were carried out with
the approval of Dalhousie University Animal Care Committee (protocol ntt34y.Adult
male and female zebrafish were set in breeding tanks separated by a divider the day before
breeding in the ratio 1:2. The following morning, the dividers weneoved and embryos
were collected in a 10 cm dish in egg wgdtemM NacCl, 0.17 mM KCI, B3 mM CacCl2,
0.33 mM MgS0O4)The embryos were grown in a'B8incubator and used for downstream

analysis.
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2.12. Synpo2b morpholino treatment

A morpholino oligonucleotidwvas desi gned to target the
synpo2kand was purchased from GENBOLS, LLC. The morpholino was resuspended
in DNAse and RNAse free water amd500 nM concentration of the morpholino was
injected into the yolsac of the embryos along with phenol red to make sure the
oligonucleotide was injected. A scrambled morphoiiras injected as a control. Embryos

were fixed in 4% paraformaldehyde (PFA) for immunofluorescence analysis.

2.13. Generation ofsynpo2l- knockout fish line

Design and synthesis of sgRNA and cas9 mRINAsynpo2l- knockout linewas
generated using the clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPRassociated endonuclease (cas9) system. Guide RNAs (sgRNAs) were
designed using the Sequence Scan for CRISPR ($8g)/istrome.org/SSG(Xu et al.,
2015)and six sgRNAs were chosen based on the score that predicts specificity-and off

target effects. Each sgRNA was designed with a T7 promoter, target sequence and a 20
nucleotide sequence that overlaps with the sgRNA scaffold sequence. The sgRNAs were
synthesized by carrying out overlagxtension PCR using each of the forward sgRNA
oligonucleotides with the reverse scaffold oligo {sgRNA-scaffold). The PCR products
were gel extracted and transcribedifyitro transcription usinghe MEGAshortscript T7
kit (AM1354, Thermo Fisher Scientific). The cas9 mMRNA was prepared ffo87TS
nCas9n plasmid(Prykhozhij et al.,, 2018)Addgene, 46757)using the mMassage
mMachine T3 kit (AM1348, Thermo Fischer Scientifex)d purified using LiCl as per the
kitds instruction.

synpo2b targeted sgRNA injectiofhe six gRNAs along with cas9 mRNA were
injected in theonecell stagecasperembryos. The embryos were grown for one month and
genotyped using primers targeting héa n d 3 Sof the §eRe. The FO containing gene
knockouts were grown to adulthood. The knockout fish were outbred witkiypikdfish
to remove offtarget effects of the gRNAS, and to determine germline transmission of the
gene knockout. One out of HO fish was able to transfer the gene knockout (1720bp

deletion) to F1 oflspring. These heterozygotes were thewmrossed and screened for
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homozygous knockouts (F2). The F2 knockout wererassed to obtain the F3 generation
that were used for breedifi@ embryos for all downstream experiments.

2.14. Protocol for genotyping knockout fish

Genotyping was carried ooh onemontholf fish. Each fish was anesthetized in
water containing 4% TricairkIS-222. The caudal fin was clipped using a surgical blade
and added tan8-strip PCR tube that contained fDof lysis buffer (10mM Tris pH § 2
mM EDTA, 0.2% Triton X-100, and200 pg/mlProteinase K)The tubes werencubated
at 98.C for 10min, kriefly vortexed and 5l (20mg/ml) ofproteinase K was added to each
tube and incubatka t C508 20 min, andthen incubatedat 981C for 10min and vortexed
again. The extracted genomic DNAswvdiluted 1:20 irelutionbuffer and PCR was carried

out using Hotstart Taq polymerase (abm, GOBRLy per t he manufactur er

2.15. Wholemount in situ hybridization of zebrafish embryos

Generation of Digoxigenin (DIGpbelled RNA prokbe The N-terminus of
synpo2bS exon 1 ENSDART00000137869)2comprising a 100®p fragment and the
unigue region ofsynpo2bL exon 2 ENSDART00000193375)1comprising a 46(p
fragment were PCR amplified from cDNA. The fragments were amplified using a forward
primer and a T7 promoteontaining reverse primer. TiHG-labelled RNA probs were
generated using an vitro transcription kit with DIG RNA labeling mix (#11277073910,
Roche).

In situ hybridization protocolEmbryos at different stages of developm@iiours
postfertilization [hpf]), 12 hpf, 18 hpf, 25 hpf, 48 hpf, and 72 hpf) were fixed with 4%
PFA overnight at Y, washed twice with 1x PBST (PBS with 0.1% Tw&é) and stored
in methanol at-20<. Embryos were rehydrated with a series of methavedhes
(95/75/50/25% methanol in PBST) and washed three times for 5 min with 1x PBST. The
48hpf and 72hpf embryos were treated with a bleaching solution (1% KOH and@%6 H
in H20) at RT until embryos appeared bleached (decolorizatitineafye). The embryos
were then washed in 1x PBST three times every 5Imsituhybridization was performed
as described ifLauteret al, 2011)with modifications. Briefly, after washing with 1x
PBST, embryos were treated with proteinase Kud/nl in PBST) to enhance accessibility
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of probes. Embryos younger than 24 hpf were not treated with proteinase K, while 25 hpf,
48 hpf and 72 hpf embryagere treated for 1, 16 30 min respectively.Treated embryos
were then posfixed with 4% PFA fo 20 min at RT and washed with 1x PBST four times
for 5 min. Embryos were transferred into 1 ml of-pgdridization buffer (Hb4) and
incubated at 6 in a hybridization oven. The buffer was replaced with [206f Hb4D5

(Hb4 containing 5% dextrasulfate) containing 20@g of DIGlabelled RNA probe and
embryos were incubated at“ﬁ(bvernight for 16 h. Embryos were then subjected to a series
of washes with saline sodium citrate at different concentisdpd3C. After thefinal wash

with PBST atRT, embryos were incubated in 8% sheep serum for 1 h at RT by gently
rocking on a shaker. The blocking solution was completely removed and replaced with
alkaline phosphatase (AP) aitlG antibody(1:2000)in blocking solutiorand incubated
overnight at ¥ without agitation. The embryos were then washed with PBST six times for
15 min at RT, and then washed with alkaline tris buffer three times for 5 min. The antibody
was detected by addin§-bromo4-chloro-3-indolyl phosphate/nitroblue tetrazolium
(BCIP/NBT) akaline phosphatase (APubstrate(SK-5400, Vector Laboratories) as per
protocol. The embryos were incubated in the dark 4 amitil staining was visibleéThe
reaction was stopped by washing in PBS and fixing embryos again in 4% PFA. During
imaging,embryos were suspended in 80% glycerol and imaged asiegss V20stereo

microscope

2.16. Quantitative PCR

Around 30 embryos each at different stages of developmieti lipf) were snap
frozen for gPCR analysis. RNA was extracted using Traajent (#15596026, Invitrogen)
according to the protocoBriefly, 500ul of Trizol reagent was added atitke tissue was
homogenized using a 2fauge needle. The homogenized samples were centrifugegghat hi
speed to remove fat content and transferredhés®maker (A33248, Invitrogen) tub&60
pl of chloroform was added and the tubes were shaken vigorously. Upon centrifugation,
the mixture separated into three phases, and the aqueous phase was transferred to new tubes.
RNA was precipitated by adding 2f0of isopropanol and centrifuging atghispeed. The
pelleted RNA was washed with 500 pl of 75% ethanol, centrifuged and resuspended with
DNAse and RNAse free water. cDNA synthesis was carried out using RNA to cDNA
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EcoDry™ Premix kit. Briefly, 2 ugof RNA was added to the mix and incubated dt42
for 1 h. A standard curve was performed for primer validation. The synthesized cDNA was
diluted 1:40 and used for gRHCR analysis.

2.17. Wholemount immunofluorescence of zebrafish embryos

Embryos at 48 hpf we fixed with 4% PFA overnight at@, washed twice with 1x
PBST and stored in methanoa6'C. Embryos were rehydrated with a series of methanol
washes (925% methanol in PBST), and washed three times for 5 min in 1x PBST.
Embryos were permeabilized 286 Triton X100 in PBS for 2 h at RT and stained actin
with Alexa Fluor 555 phalloidin (1:20) in 2% Triton-X00 overnight at € for actin.
Following staining, embryos were washed in 1x PBST three times for 15 min at RT and
stored in PBS at@ until imaging.

For MHC staining, permeabilized embryos were blocked for 2 h at RT with
blocking solution,2% BSA, 5% goat serum, 0.1% Triton200 in PBS,and {f or b
dystroglycan staining, permeabilized embryos were washed in a solution containing 0.1%
PBST, 0.2 Tween20 and 0.3% saponin for 10 min at RT. The embryos were then blocked
in a blocking solution containing 0.1% PBST, 0.1% Tw26n0.3% saponin and 1% BSA.
Primary antibody amMHC ( MF 2 0, -d¢stragl9can Novocastra, #NCLbDG
1:250)) was aded in the blocking solution and incubated overnighf@t Embryos were
then washed six times for 15 min in 1x PBST and incubated with Alexa-#88r
conjugated secondary antibody (1:250) in blocking solution overnigh?:atEttnbryos
were again washedxstimes for 15 min in 1x PBST and treated with 1 pg/ml DAPI in 1x
PBS for 30 min at RT. Finally, embryos were washed in 1x PBS three times for 15 min.
During imaging, embryos were embedded in 1% low melting agarose in a glass bottom
dish and imaged usinthe 20X 1.5 NA objective on deiss Axioplan lIfluorescent

microscope.

2.18. Electron microscopy

Embryos at48 hpf were fixed in 2.5%glutaraldehyde diluted with 0. sodium
cacodylatebuffer for 2h at RT. Samples were then rinsed three times fanihOwith 0.1
M sodiumcacodylate buffer. Samples were then fixed ind®miumtetroxide for zh and
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rinsed with distilled water, and then incubated in 0.25%myl acetate at ' overnight.
Embryos were ehydrated with a graduated seriesx#tone treatment and infiltered with
eponaralditeresin in a 3:1 ratio (3 parts dried 10@&etone 1 part resin) for 3; 1:3 ratio
(1 partdried 100%acetone: 3 parts Resin) overnight and 100% Egaidite resin two
times for 3h. Curing was performed by embedding the embryos in 100% Biaddite
resin at 68C for 48 h. Thin sections (approximately 1@0n thick) were obtained using a
ReichertJung Ultracut E Ultramicrotome with a diamond knife and placedfoonvar
grids (#F200Cu, EMS)andstained with 2% agousuranyl acetate for 1Gnin, washed
with distilled water two times for &in each, treated withkeadcitrate for 4min, quickly
rinsed with distilled water and airigd. The samples were then viewssihg a JEOL JEM
1230 Transmission Electron Microscope at 80kV and imaged using a Hamamatsu ORCA

HR digital camera.

2.19. Laserinflicted muscle injury

Embryos were maintained untildpf (days posfertilization) in egg water at 8.
Before injuring, he embryos were anesthetized in egg water containing 0.02% tricaine
MS-222 and then transferred ontacBamber glass slide (#C7182, Nunc H&k) in 1%
low melting agarose. Each chamber contained one embryo oriented in such a way to allow
the laser to cuthe muscle fibers. The Zeiss photoactivated localization microscopy
(PALM) was set at 20X and to excite lag@wer intensity set t65%. The same somite
number was chosen for each of the embtgde injured. Upon activation of the laser, the
muscle fibes in the somite were cut and the injury was evident from curled up fibers.
Injured embryos were then gently removed from the agarose and placed in separate wells
in a 12well dish in egg water, and allowed to recover 4628

The injured embryos were imag on a Zeiss V20 stereo microscope at 89% zoom.
The damaged somite along with surrounding healthy somites were imaged using
birefringence. Images were taken at 0,-2ar®8d 4days posinjury and regeneration of the
damaged somite was quantified using g@al. The birefringence of the injured somite,
somite 12 in this case, and uninjured somite number 10, was obtained as the mean grey
value. The value of the injured somite was then normalizaduainjured somite to report

regeneration.
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2.20. Touch respnse assay

Embryos were maintained until 2 dpf in egg water dt2&nhatched embryos were
dechorionated with pronase and the embryos allowed to recover for 30 min before imaging.
During imaging, a 36 mm dish with a 10 mm diameter circle was placed on the illuminated
stage of aZeiss Axiovert 200Mstereo microscopé.ive imagingwas acquired using a
Hamamatsu Orca R2 Cameat 25 frames per second. Each embryo was placed in the
center of the 10 mm circle and the tail was touched using an insect pin. Video was acquired
until the fish swam out of the field of view. The Brtaken in seconds for each embryo to
swim outside the circle after the touch stimulus was quantified and reported as the escape

time.

2.21. RNA sequencing

RNA segencing Three sets containing 30 embryos each of WTsympo2" KO
were snap frozen @&2hpf. The frozen tissue samples were shipped to Genewiz, New
Jersey, USA, for RNAeq analysis. Briefly, RNA was extracted from the tissues and an
RNA-seq library was prepared as described by the comgmigllows: (1) fragmentation
and enrichment of RNA,; (2) synthesis of first strand cDNA and double stranded cDNA; (3)
end repair, 506 pTaing; prd @)agaptar tigatiom PCa mrdplifidation
and sequencing.

RNA sequencing data analysi$ie obtained reads were trimmed to remove adaptor
sequences and mapped to the Danio rerio GRCz10.89 reference genome on ENSEMBL
using the STAR aligner v.2.5.2b to obtain the raw counts. A Bioconductor platform, edgeR,
was used for determining the differetity expressed genes. The raw counts were processed
in the edgeR platform, where the counts were first filtered to remove very low and no value
counts, and then normalized to the total read counts. The normalized counts were subjected
to theFisher exactest to determine the fold change and pValue. From the data obtained, a
volcano plot was generated using the log2 fold changelagtO pValue.

Gene set enrichment analysis (GSEA) and pathway analyssedgeR platform
generates a file containing thigraficantly regulated genes, and this data was subjected to

GSEA, pathway analysis, and gene ontology (GO) enrichment analysis using the
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ClusterProfiler and ReactomePA Bioconductor platforms. The data generated from this

analysis was used for generatihg tnetplot and heat map.

2.22. Statistical analysis
All results reported herein are the meanBMsof duplicate or triplicate experiments as
indicated. Statistical significance was determined using an unpaired Sttedsfp < 0.05)

as indicated in the figure legends.
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CHAPTER 3: SYNAPTOPODIN-2As IS A NOVEL PROMYOGENIC
MARKER THAT DIFFERENTIALLY REGULATE MYOBLAST
MIGRATION AND FUSION USING TWO DISTINCT PATHWAYS

3.1lIntroduction

In the fruit fly, intense research has been done to identify the players of cell fusion
during muscle development and regeneration. As mermtione the Introduction,
Drosophilamyoblast fusion comprises a tveell system, founder cell (FC) and fusion
competent myoblast (FCM), and the difference in their genetic makeup has made it easy to
study the effect of each protein in these specific cekgyfarly screens identified cell
recognition and adhesion molecules, cell signalling, and actin remodelling proteins
required for myoblast fusiofKim et al., 2015)More recently, the Chen lab identified the
formation of actifrich invadopodosomes in the FC{8ens et al., 201@nd mechanical
tension put forth by actomyosin contraction e +C against the invading podosomes of
FCMs at the fusion site as key feature®obdsophilamyoblast fusion(Kim et al., 2015)

In vertebrates, actin cytoskeleton remodelling proteins such asd$écciate protein 1
(Napl), SCAR/WAVE complex, Arp2/3, Racl and Rh@shiyama et al., 2004; Nowak
et al., 2009; Richardson et al., 2007; Vasyutina et al., 28@3ll involved in muscle cell
fusion. These studiekighlight the importance of actin remodelling proteins during
myoblast fusion.

The aim of my PhD project was to determine the function of one such actin binding
protein, synpo2, in vertebrate myoblast fusion. The function of human SYNPO2 has been
studiedin-depth in the prostate cancer field, however, very little is known about the role of
synpo2 in myogenesis. In the cancer field, human SYNPO2As (Fig. 5A) is a biomarker for
invasive prostate cancer as its deletion correlates with increased invasivehessrabur,
however it is not clinically used as a biomarfden et al., 2001) The nucleaicytoplasmic
ratioof SYNPOZ2is alsorelated to the grade and stage of bladder cqSeerchezCarbayo
et al., 2003) In additionto the abovanentionedSYNPO2Asisoform, the Gettemans lab
isolated three other transcripts from human prostate cancer cells, SYNPO2A, B and C (Fig.
5A), all containing a PDZ domain in thetrminus that is absent in the short SYNPO2As
isoform. These longsoforms bind actin fibers in the cytoplasm, but only the short isoform

showed some localization in the nucléAsiane De Ganck et al., 20083 fourth isoform,
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SYNPO2D (Fig. 5A) was later isolated from PC3 cells, and the functional role of all the
isoforms was reported by the Duncan (#ai et al., 2013) The different isoforms all
induce formation of actin stress fibers (SF) andhezitenhance or supress PC3 cell
migration depending on the external stimiidai et al., 2012) The formation of SFs and
enhanced migration were both shown to bedR@lependen(Kai et al., 2013)

Almost all studies in the myogenesis field use the short isoform, SYNPO2As (Fig.
5A and B). Mouse and human SYNPO2As are both 80 kDa nuxygaplasmic shuttling
proteins that bind actifWeins et al., 2001)In human skeletal muscle, SYNPO2As
interacts with otheracttb i ndi ng pr ot ei ns -a&tinio,landavigh fotal | a mi n
adhesion proteins such as zyff Linnemann & Ven, 2010)In vitro studies report the
actin binding and actin polymerization property of SYNPOZ2Bkalovich & Schroeter,
2010; Schroeter et al., 2013part from the abovenentioned studies, the functional role
of synpo2 isoforms during myogenesis remains largelynowk. My project aimed to
decipher the functional role of mouse SYNPO2 isoforms during myoblast migration and
myotube formation.

In addition to SYNPO2As that is expressed in differentiated mouse and human
skeletal muscle, we isolated two additional longfasms, SYNPO2A and B from the
C2C12 mouse myoblast cell line, and | examined the functional role of all three isoforms
in myogenesis. Consistent with results from the prostate cancer field, overexpression of all
three mouse isoforms significantly enhancgagloblast migration whereas knockdown
significantly reduced migration. Contrary to the human SYNPO2 isoforms in prostate
cancer cells, the mouse SYNPO2As isoform enhanced myoblast migration in a-ROCK
independent manner. Most notably, SYNPO2As enhanced ulsgotormation while
SYNPOZ2A and B inhibited myogenesis, and SYNPO2As promoted myotube formation in
an Arp2/3independent and ROCGHependent manner. These results provide the first
evidence that mouse SYNPO2 isoforms exert differential effects on myalast,fand
they identify SYNPO2As as a new promyogenic factor that regulates two actin remodelling

processes, cell migration and fusion, using two independent pathways.

3.2 Results
3.2.1 Isolation of SYNPOZ2 isoforms from C2C12 myoblasts
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To determine theuinctional role of SYNPO2 isoforms on myogenesis, we used the
well-established C2C12 mouse myoblast cell (Bkawu et al., 1985)hroughout this study.
The Synpoyene is locateth the reverse strand of chromosome 3 and the gene contains 5
exons. In addition to the known short isoform, SYNPO2As, we found sequences of two
long isoforms annotated in the NCBI database. The larger isoforms, SYNPO2A and
SYNPOZ2B, have the same-tdrmin but different Gtermini while the smaller isoform,
SYNPO2As, has the samet@minus as SYNPO2A and a uniquetédminus that is
transcribed from the intron region of the gene (Fig. 5B), similar to human SYNP@2As
Linnemann & Ven, 2010)The difference in the Nand Gtermini between the isoforms
was used to design isoforgpecific ER primers and the cDNAs were cloned from RNA

extracted from undifferentiated C2C12 myoblasts.

3.2.2 SYNPOZ2As is upregulated during myogenic differentiation

SYNPOZ2As is the only isoform reported to be expressed during differentiation
(Weins et al.,, 2001)We wanted to determine the expression pattern of all the three
SYNPO?2 isoforms in C2C12 myoblasts. Throughout this study, we followed the below
protocol to differentiate C2C12 myoblasts, and a representative Geaisad image of
the morphology of the cells during different stages of myogenesis is shown 8\Fiche
C2C12 myoblasts are mononucleated in growth/proliferation media (Day 0). C2C12
myoblasts were seeded at 70% confluence and differentiated in 2% horse serum (HS). Two
days posinduction of differentiation (dpi), the fibroblast shaped mononucleated cells
elongate and appear spindle shaped and align next to one anothe&rdply @ifferentiated
myoblasts have fused to form multinucleated myotubes. Western blots of cell lysates from
different days postlifferentiation were probed with a commercial ssyhpo2 antiserum
raised against a peptide from the conserved exon 4 region preséinsoforms (Fig5B).
As previously reporte(Linnemann et al., 2010; Weins et al., 2004¢ were only able to
detect upregulated expression of the snsallorm, SYNPO2As, which appeared as a 80
kDa band (Fig8B). We were not able to detect the long isoforms, SYNPO2A and B whose
predicted molecular weights are 1k®a and 135kDa, respectively (Fig8B). To
determine whether the antibody could detectltimg isoforms, we cloned the cDNAs of

the three isoforms into retroviral plasmids and generated stably transduced C2C12 cell
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lines: mock, SYNPO2A, SYNPO2B and SYNPO2As. As shown @&g, western blotting
of cell lysates collected fromndifferentiatedstably transduced C2C12 myoblasts readily
detected all three isoforms. We noted the large two isoforms migrated aberrantly-in SDS
PAGE, with calculated molecular masses of ~160 kDa and ~170 kDa, considerably larger
than the predicted molecular masses of Hbé and 135 kDa. This aberrant migration of
the long isoforms is consistent with the aberrant migration of human SYNPO2 isoforms
reported in PC3 cellAriane De Ganck et al., 20Q8urthermore, SYNPO2Asvhen
ectopically expressed migrated as a predominant band atkBEldl@nd faint band at 80
kDa (Fig.8C), contrary to endogenous expression where &kDEband was not readily
detected (Fig8B).

A recent publication reported that the long isoforms, SYNPO2A and B that contain
a PDZ domain play a role in chaperone assisted selective autophagy (CASA) and are
detected in differentiated C2C12 myoblasts and A7r5 rat smooth muscl@biisht et
al., 2013) To determine if we could detect the long isoforms by inhibiting autophagy,
C2C12 myoblasts were treated with bafilomycin Al (autophagy inhibitor) in both growth
media and differentiated media. Cell lysates were cig@te both before and after
differentiation, and with and without the treatment. Irrespective of the treatment, we were
only able to detect expression of SYNPO2As, but not SYNPOA and B, by western blotting
(Fig. 8D).

3.2.3 Mouse SYNPO2 isoforms associatath cytoplasmic actin filaments

To examine subcellular localization of endogenous SYNPOZ2, parental C2C12 cells
at 3 dpi were imaged by immunofluorescence using-ayiipo2 antibody. As previously
reported(A Linnemann & Ven, 2010; Weins et al., 2008)Y NPO2 associated with actin
filaments in the cytoplasm of myotubes displaying a punctuated gjgiattern along these
filaments (Fig.9). To examine the staining pattern of the different isoforms, stably
transduced C2C12 cells expressing Aggged versions of the SYNPO2 isoformsved
dpi were similarly imagedThe etopically expressed mytaggedSYNPO2As isoform
showed a similar punctuated staining pattern along cytoplasmic actisdgbendogenous
SYNPO2As (Figs10C). SYNPO2A and SYNPO2BIso showed a similar punctuated
staining pattern along actin filaments as SYNPO2As, although the intesfsitiye
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fluorescent foci varied qualitatively between the different isoforms (E@sand B). The
human SYNPO2 isoforms also show different staining patterns along actin fibers in PC3
cells, even though all of these isoforms have similar effects on BIC&igration (Fui

Boon Kai & Duncan, 2013)

In collaboration with Coh Crist (McGill University)we further used satellite cells
isolated fromPax3°™™* mice and immunofluorescence staining to confirm expression of
SYNPO2 in primary cells. Freshly isolated cells were stained with Pax7 antibody, a
satellitecell specific maker, to confirm they were satellite cells (FIOLA). Cells were
then cultured for three days during which time they differentiated into myoblasts, as evident
from positive immunostaining for MyoD. By five days pasiture, cells had differentiated
into myotubes and stained positively for troponin T (Ri§A). At all stages of preand
postdifferentiation, cells were estained with antsynpo2 antibody to confirm its
localization in primary cells. Cells at day 0 stained positively for SYNPO2, withraipipa
nuclear staining although the small size of the cells made it difficult to differentiate between
nuclear and cytoplasmic localization. At three dpi SYNPO2 staining was more evident in
the cytoplasm of the myoblasts, and by 5 dpi in the myotubesl(Eg, showing similar
colocalization with actin filaments in the cytoplasm as observed in C2C12 myoblasts (Fig.
9).

To determine if the primary satellite cells expressed the three SYNPO2 isoforms,
satellite cell lysates at 3 dpi and 5 dpi were examinesdsgern blotting using artiynpo2
antibody. We were able to detect clear upregulation of an 80 kDa band that was presumably
the short isoform, SYNPO2As, but were unable to detect expression of the other two long
isoforms, SYNPO2A and B (Fid.1B). Cell lysates were also probed with myosin heavy
chain (MHC) (Fig.11C) and myoD (Fig11D) to confirm myogenic differentiation of
satellite cells. These results demonstrated that all three mouse isoforms of SYNPO2
associate with actin fibers in differgated myoblasts and that only the short isoform,
SYNPOZ2As, is upregulated following myoblast differentiation.

3.2.4 SYNPO2As promotes myotube formation
To determine the function of the SYNPOZ2 isoforms during myotube formation,
stably transduced C2C12 otylasts expressing the individual SYNPO2 isoforms were
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seeded at 70% confluency, differentiated with 2% HS, then fixed at 4 dpi and Giemsa
stained to visualize myotubes. Cells were imaged by bright field microscopy and images
from five random fields per viitriplicate samples) were used to quantify the fusion index,
which is the ratio of the total number of
nuclei) to the total number of nuclei in the field. A representative image of each isoform at

4 dpiis shown in Fig. 2A. Overexpression of SYNPO2A and B significantly reduced
myotube formation by ~50% compared to mansduced cells whereas SYNPO2As
effectively doubled myotube formation (Fig2B).

These ectopic expression results were confirmedgu8&iNA inhibition. We
designed two shottairpin RNAs (shRNAs) to knockdown the three isoforms; shRNA1
was designed to target the uniqudexminus of SYNPO2As while shRNA2 targeted the
conserved region of all the three isoforms (Fi@AL The shRNAs wereloned into
retroviral plasmids and used to generate stable cells lines. As shown by western blotting,
both shRNAs decreased endogenous SYNPO2As expression at 3 dpi-8§%5With
shRNA2 showing the most pronounced effect (FB)1 Since endogenous SYRRA and
B were undetectable in C2C12 myoblasts, HEK293T cells were used to determine
knockdown efficiency of the long isoforms. HEK293T cells weretraasfected with
SYNPO2A or B along with shRNA2, which reduced expression of both SYNPO2A and B
to beyonddetectable limits (Fig.3C).

To determine the effect of endogenous SYNPO2 knockdown on myotube
formation, C2C12 myoblasts stably transduced with the shRNAs or a control shRNA were
differentiated, fixed on 3 dpi and Giemstined to visualize myotubesidathe fusion
index was quantified as described above. As noted figni3D, the fusion index showed
that knockdown of SYNPO2As using shRNA1 and shRNA2 significantly inhibited
myotube formation by 50% on 3 dpi. Analysis of a time course from 2 dpipoghdwed
a significant reduction of myotube formation ¥§0% until 3 dpi,which was reduced to
~25% inhibitionby 4 dpiin knockdown cells (data not showripdicating SYNPO2
knockdowndelays fusion kinetics. Targeting all three SYNPOZ2 isoforms with sARN
gave approximately the same reduction in myotube formation as shRNA1, consistent with

the western blotting results indicating the long isoforms are not expressed following early
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differentiation. This is the first data to show that SYNPO2As is a pronrmjodgctor that
enhances early myotube formation.

Since SYNPOZ2 is an actin polymerizing and bundling protein, we hypothesized that
knockdown of SYNPO2 would alter actin structures, which could affect myoblast fusion.
Knockdown cells were fixed at 3 dpi asidined with phalloidin to image filamentous actin
structures. Contrary to our hypothesis, we did not observe any significant change in cell
morphology orin the overall appearance of the actin cytoskeleton in the knockdown cells
compared to control celostdifferentiation (Fig. #). If SYNPO2As functions as an actin
regulator to enhance myotube formation, then its affects on actin dynamics do not alter the
gross actin cytoskeleton structure.

3.2.5 SYNPO?2 isoforms overexpression or knockdown does ndffexct the overall
myogenic differentiation program

To determine whether ectopic expression or knockdown of SYNPO2 isoforms
affected the myogenic differentiation program, C2C12 myoblasts expressing mock and
SYNPO?2 isoforms or expressing control or shRNAsengifferentiated. Cell lysates were
collected at various daymost induction and western blots were probed using antibodies
against myogenic differentiation (myoD), myogenin (myoG), and myosin heavy chain
(MHC); myoD and myogenin are early differentiatiomarkers and MHC is a late
differentiation marker. Ectopic expression of SYNPO2 isoforms or shRNA knockdown of
endogenous SYNPOZ2 did not affect expression of the atmevegioned myogenic proteins
(Figs. BA and B). These results show that the effect of BORAs on myotube formation

is independent of the differentiation program.

3.2.6 SYNPOZ2As significantly enhanced migration podifferentiation

Human SYNPOZ2 can increase or decrease prostate cancer cell migration depending
on the external stimuli, and the enhanced cell migration is influenced by the Rho/ROCK
pathway(Kai et al. 2012) We know that migration is an important step in myogenesis as
the cells need to migrate close to one another to enableetiatbntact and initiate fusion.
However, it is unknown whether mouse SYNPO2As exerts any effect onlastob
migration and whether altered migration has a direct effect on myotube formation. To

60



guantify migration, cells were differentiated and videomicroscopy was used to quantify the
migration of individual cells at 48 houpostinduction ofdifferentiation(hpi), just prior

to the first appearance of myotubes. To more easily track the migration of individual cells,
cell monolayers were stained with 0.2 pg/ml of Hoechst to visualize nuclei, and migration
was recorded for 3 hours, taking an image every fiveitas using a spinnindisc confocal
microscope. The velocity of the migrating cells was quantified using IMARIS software.
Overexpression of all three mouse SYNPO?2 isoforms significantly enhanced the velocity
of the migrating cells compared to meitknsdiced cells (Fig. 8A), while knockdown of
endogenous SYNPO2As had the converse effect, significantly reducing cell velocity
compared to cells expressing control shRNA (F&B)1 Specifically, in the knockdown
studies control cells migrated with an averag#ocity of 0.153um/min while SYNPO2
knockdown cell migrated with an average velocity of 0.143um/min. In addition, only 23%
of SYNPO2 knockdown cells migrated faster than this average velocity. Thus, all SYNPO2
isoforms have modest, though statisticaligngficant effects on upregulating C2C12

migration but only SYNPO2As enhances myotube formation.

3.2.7 Converse effects of ROCK inhibition on SYNPO2Asnhanced migration and
myotube formation

Myoblast fusion inDrosophilais controlled by two actinegulaory pathways, the
Arp2/3 and the RhirOCK pathways. The Arp 2/3 pathway is required to form actin foci
made up of branched actin filaments in the invading myoblast, whereas tHROTK
pathway is required to form a contractile actomyosin sheath beheatheimbrane of the
receiving myoblast/myotub@im et al., 2015) From the prostate cancer field, we know
that human SYNPO2 polymerizes actin at the leading edge of the cell favouring cell
migration by utilizing the Rh&ROCK pathway (Kai et al., 2012) and promotes
lamellipodia formation in an Arp 2/8ependent mannefKai et al., 2015) Therefore, we
used pharmacological inhibitors of Arp 2/3 and ROCK to determine whether SYNPO2As
influenaad migration and fusion of myoblast using these aetgulatory pathways that are
known to be involved ibrosophilamyoblast fusion. Mock and SYNPO2As transduced
cells were induced to differentiate in the presence or absence of the Arp 2/3 inhibitor,
CK666 (20uM). Cells were fixed at 3 dpi and myotubes were stained witHVeit(
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antibody and Hoechst to quantify the fusion index. Treatment with CK666 reduced the
overall fusion efficiency of mock and SYNPO2As transduced cells compared to DMSO
treated cellsHowever, SYNPO2As significantly enhanced myotube formation compared
to mocktransduced cells to approximately the same extent both in the presence and absence
of CK666, suggesting that SYNPOZ2As enhancayoblastfusion in an Arp 2/3
independent manner @&i17A). Similarly, the fusion index was quantified for both meck
and SYNPO2Adransduced C2C12 cells treated with the ROCK inhibitor Y27632 (10uM).
Treatment with the ROCK inhibitor increased myotube formation of mock transduced cells,
as reported previesly (Nishiyama et al., 2004 However, Y27632reated SYNPO2As
cells did not significantly enhance myotube formation compared to treated- mock
transduced cells (Fig.7B), indicatingSYNPO2Asenhanced fusion is sensitit@ROCK
inhibition.

To determine whether SYNPO2&snhanced fusion and cell migration were both
sensitive to ROCK inhibition and possibly causally related the cell migration experiments
were repeated in the presencel atbsence of the ROCK inhibitor. As observed before,
untreated SYNPO2As cells significantly enhanced the velocity of the migrating cells
compared to mock transduced cells, and the same results were obtained in cells treated with
the ROCK inhibitor, implyig SYNPO2As enhances myoblast migration independent of
ROCK (Fig. I¥C). Thus, SYNPO2As influences myoblast migration and myotube
formation using different actin regulating pathways. Coupled with the data indicating that
SYNPOZ2A and B also increase migratiout decrease fusion, these results suggeke
SYNPO2Asenhanced migration and myotube phenotypag not becausally linked.

3.2.8 SYNPO2As does not alter the actomyosin levels to mediate myoblast fusion

A recent study revealed that a reduced cortical to cytoplasmic ratio of actin and
NMIIA leads to uncontrolled C2C12 myoblast fusion leading to the formation of massive
myotubeqTsuchiya et al., 20185tudies irDrosophilahawe also shown that a contractile
layer of cortical actomyosin in FCs is needed to appose the protrusive forces of invadopodia
from adjoining FCMqKim et al., 2015) Therefore, we used argMLC and phalloidirto
stain actomyosin fibers in differentiated C2C12 cells (Fig8B)1 and used
immunofluorescence microscopy to quantify the ratio of cortical to cytoplasmic
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actomyosin fibers (Fig.8C and D). A Zstack of myotubes at random fields were imaged
usingconfocal microscopy and the fluorescemtensity for actin and NMIIA staining was
guantified separately using imageJ software. Briefly, two egjuald rectangular boxes
were drawn, one on the membrane and the other in the cytoplasm, and the meangrey va
was determined (Fig.8R). This was done on several regions of each myotube and the
average ratio of pixels in the cortex to cytoplasm was calculated for each myotube to
determine changes in distribution of NMIIA andaEtin. As shown (Fig. & and D),
knockdown of SYNPO2 had no effect on the distribution of filamentous actin or
actomyosin fibers between the cortex and cytoplasm. This data suggested that, if
SYNPO2As enhances myotube formation via alterations to actin dynamics, then it does so
without inducing detectible changes in the overall architecture of the actin or actomyosin

cytoskeleton.

3.3 Discussion

Myogenesis is a mulstep process that turns uninucleated myoblasts into
multinucleated myotubes. Two crucial processes for myoblast fusian (@yethe
differentiation program that converts myoblasts to myocytes that encode proteins required
for muscle development and function; and (b) actin remodelling to enable the cells to
migrate and fuse to make myotubes. A detailed list of myogenic psotid actin
remodelling proteins that play a role during myoblast fusion is mentioned in the
Introduction of this thesis. During development several myotubes align next to one another
to form myofibrils that form the contractile units of muscle. These ioytsf contain
repeating sarcomeric units made of actin and myosin fibrils and several actomyosin
regulating proteins. Each sarcomere is bordered bgliaczand further contains arl#and,
| band and Mine. Someproteins in the Alisc and Mline act as rachanosensory and
signalling molecules shuttling between the nucleus and cytoglasatl et al.,2011)

Of the many proteins in the-disc, the protein of interest to us is synpo2. Mouse
SYNPO2As is a nucleasytoplasmic shuttling protein that localizes in the nucleus in the
myoblast stage and shuttles to the cytoplasm upon differentiation, ¢pbochctin filaments
and localizing in the glisc of skeletal muscle fibers. Nuclear accumulation of SYNPO2As
in myotubes can also be triggered by heat shdkins et al., 2001)Additionally,
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SYNPOZ2As binds actin and other aetalated proteins in differentiated myoblasts and
myotubes(Linnemann et al., 2010he abovanentioned studies report the localization
and actirbinding ability of the short isoform SYNPO2As, however, itsclional role
during muscle development is unknown.

My research focused on studying the functional role of mouse SYNPO2 during
myogenesis. We have for the first time identified a functional role for SYNPO2As as a
promyogenic marker required for myoblassifin. This study was carried out using three
mouse isoforms, SYNPO2A, B and As (Fig. 5B), to understand how the different isoforms
affect myotube formation. As reported previously, SYNPO2As is the only endogenously
expressed isoform we were able to detiecting myoblast differentiatio(A Linnemann &

Ven, 2010; Weins et al., 2001)Jpregulated SYNPO2As expression coincided with
increased myotube formation while inhibiting endogenous SYNPO2As expression had the
opposite effect. Unlikeitamin C and drebrin, two actiregulating proteins that reduce
differentiation markers and fusion when knocked down in C2C12 myolf{@alkilic et

al., 2006; Mancini et al., 2011) SYNPO2 knockdown or oveaxpression regulated
myotube formation independent of the differentiation pathveayilar to other actin
regulating proteins such as Brag2, ARF6, ELMO and BBi&ch et al., 2010; Hamoud et

al., 2014; Pajcini et al., 2008)Conversely, and consistent with their lack of upregulated
expression during early myotube formation, ectopic expnessfoSYNPO2A and B
significantly inhibited myoblast fusion. Like the human SYNPO2 isoforms that enhanced
PC3 cell migration, the mouse SYNPO2 isoforms also significantly enhanced migration.
Studies aimed at identifying the mechanism by which SYNPO2As eaflanigration and
fusion clearly showed that migration was RO®@Iidependent, whereas the enhanced
myoblast fusion phenotype was sensitive to ROCK inhibition. Though the two processes,
migration and fusion, are regulated by independent mechanisms, thisad@lude the
possibility that these processesy becausally related, as | discuss further below. Thus,
we have determined that only the SYNPOZ2As isoform exerts an effect on the early steps of
myogenesis, functioning as a pmyogenic factor in a ROCGIKensitive manner to enhance

myotube formation.

SYNPOZ2As is the only detectable endogenous isoform in primary and C2C12 myoblasts
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The NCBI database has three annotated mouse SYNPO2 isofaraste studies
have reported the actin bindipgoperty of only the smallest isoform, SYNPO2As, which
lacks the Nterminal PDZ domain present in the longer SYNPO2A and B isoforms. Cell
lysates from C2C12 myoblasts and primary satellite cells confirmed the presence of the 80
kDa protein, SYNPO2As, buoh SYNPO2A and B (Fig8B and Fig.11B). In the prostate
cancer field, a commercial antibody or arhiouse polyclonal antibody raised against the
actin binding region of human SYNPO2 isoforms both detected the ectopically expressed,
but not the endogenoueng SYNPO2 isoform§Ariane De Ganck et al., 2008) study
carried out by the Bhfeld group identied that the PDAlomain containing long SYNPO2
isoforms play a role in the CASA pathw@ylbricht et al., 2013)This CASA complex
degrades the damaged muscle filaments that are generated during mechanical tension, and
the HDZ domain containing Synpo?2 isoforms are also degraded during this process leading
to reduced steadstate levels of Synpo2. In the same study they showed expression of the
longer isoforms in differentiated mouse C2C12 myoblasts and A7r5 rat smooth muscle
cells by western blottingUIlbricht et al., 2013) This is the only report of upregulated
expression of the long isoforms in differentiating myoblasts.

The results of Ulbricht et alUlbricht et al., 2013are contradictory to our resus
we were not able taletectexpression of the long isoforms in differentiated C2C12
myoblasts, even in the presence of an inhibitor of autophagic flux, bafilomycin ABHig.
and even though the commercial antisera was clearly capable of detestwmptisoforms
when they were ectopically expressed in cells (8@). The basis for this discrepancy is
not clear but may reflect differences in the antibodies used to detect SYNPO2 since we
used a commercial antiserum while théhiféld group used a monoclonal antibody. We
note that the same group used the same monoclonal antibody to detect upregulated
expression of the longer SYNPO2 isoforms in differentiated C2C12 myoblasts but failed
to detect these isoforms in differentiated lamnskeletal muscle extragtsnnemann et al.,
2010; Ulbricht et al., 2013As we have now shown, upregulated expression of the longer
isoforms actually impedes early myotube formation, which seems more consistent with our
results that the longer SYNPO2 isoforms are not expressedrigt stages post
differentiation in C2C12 myoblasts or in primary satellite cells. However, we were able to
clone the long isoforms from mRNA extracts of undifferentiated C2C12 myoblasts,
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implying the long isoforms are pestanscriptionally downregulatedidng early steps of
myogenesis in C2C12 myoblasts.

It is conceivable that the long isoforms may play a role in muscle maintenance
rather than muscle development. Our western blot results, and those of others, only
examined expression patterns until @gostdifferentiation, which might be an early time
point to determine expression of the long isoforms. Thus, it would be reasonable to run
western blots with samples from adult mice under normal and stressed conditions to assess
the presence of the largisoformsRegardless of the above discrepanc®aNPO2As is
the only readily detectible isoform during early muscle development and the only isoform

that exerts a positive effect on myotube formation.

Aberrant migration of synpo2 isoforms

All SYNPO2 isoforms showed anomalies in their gel migration patterns, a
phenomenon noted in some previous studies. We showed that the ectopically expressed
SYNPO2A and B long mouse isoforms, which have predicted molecular masses of 117
kDa and 136 kDa, respectively,grate more like 15060 kDa proteins in SDBAGE
(Fig. 8C). This aberrant migration on SEFSAGE is also reported in the prostate cancer
field with respect to the human SYNPO2 isofoliipe Ganck et al., 2008; Kai et al., 2012)

This could be attribied to postranslation modifications; synpo2 is known to be
phosphorylatedFaul et al., 2007; Faul et al., 2005ut no other podranslational
modifications have been reported. A second possibility is the intrinsically disordered nature
of the protein. From prediction databases, mouse SYNPO2 contains several disordered
regions and intrinsically disordered proteihave been shown to migrate aberrantly during
SDSPAGE (lakoucheva et al., 2001)

Another migration anomalyas noted for SYNPO2As, which is expressed as an 80
kDa protein in both mouse and human skeletal muscle and as a 95 kDa protein in human
heart muscléLinnemann et al., 2ID; Weins et al., 2001We, and otherd.innemann et
al., 2010; Weins et al., 20Q1etected endogenous SYNPOZ2As in muscle cells as only an
80 kDa polypeptide but during ectopic expression, SYNPO2As migrated predominantly as
a 110 kDa polypeptide with lesser amounts of the 80 kDa polypeptide8(FigSimilar
expression of both 110 kDa and 80 kDa polypeptides was previously noted following
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ectopic expression of human SYNPO2As in PC3 prostate cancef2ellSanck et al.,

2008; Kai & Duncan, 2013; Kai et al., 2012) ~110 kBa SYNPO2 polypeptide was also
detected in normal differentiated mouse C2C12 myoblasts and A7r5 rat smooth muscle
cells by western blottingUlbricht et al., 2013) The origin of the 110 kDa species is
unclear, as is an expiation for why this species is only readily detected following ectopic
expression. Expression of the 110 kDa SYNPO2As species was cause for concern when
analyzing our stably transduced cells, but this concern was mitigated using our knockdown
cell lines tlat gave the opposite results of the over expression system, confirming a
promyogenic function for SYNPO2As in myogenesis Additional studies are needed to
define the basis for the appearance of the 110 kDa SYNPO2As polypeptide and whether

this species hasg biological relevance to myotube formation.

Is SYNPO2As a nucleocytoplasmic shuttling protein?

Another interesting anomaly was the absence of preferential nuclear localization of
both endogenous and ectopically expressed SYNPO2As in C2C12 cells. mtelgroup
first reported nuclear localization of SYNPO2As in undifferentiated C2C12 myoblasts
using their inRhouse antibodyWeins et al., 2001)end the same antibody was usgdthe
same groupn subsequent studi€¢Baul et al., 2007; Faul et al., 2005; Weins et al., 2001)
Other groups have shown EGERyged constructs of human Synpo2As in the nucleus in
HEK293 cells and bladder cancegliclines (De Ganck tal., 2005; Liang et al., 2008;
SanchezCarbayo et al., 2003; Van Impe et al., 2008)our hands, GFRagged human
SYNPO2As in PC3 cells showed staining in the nucleus as large bundled threads (Dr.
FuiBoon Kai, personal communication), similarinepppr ance t o t he nucl ea
reported by Weins et al. in C2C12 cells when using E@Gligged SYNPO2A¢§Weins et
al., 2001) The Getteman lakhowed nuclear localization of Magged human SYNPO2As
in prostate cancer cells, however, they did not show endogenous staining of SYNPO2As
(Ariane De Ganck et al., 2008)hus, the nuclear localization of endogenous synpo2 has
only been shown by one group using theihouse antibody.

My results indicated that undifferentiated C2C12 cells stainedthdtiscommercial
antisynpo2 antibody showed a faint speckled staining pattern throughout the cytoplasm

with some evidence of nuclear localization, as shown bstaiaing with the nuclear stain
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DRAQS5 (Fig. BB). However, there was no evidencecoflocalization of this speckled
staining pattern with cytoplasmicdetin (Fig. DA), a hallmark feature of SYNPO2. We
believe this faint speckled staining pattern in the cytoplasm and nucleus reflects cross
reaction with another protein present in uretiéintiated myoblasts since the staining was
not associated with actin filaments and was unchanged by knockdown of endogenous
SYNPO?2 (Fig. ®A). Moreover, SYNPO2As expression in undifferentiated myoblasts was
undetectable by western blotting with the samt@sarum (Fig.8B), suggesting limited
amounts of SYNPO2As are present in these cells. We did note, however, numerous cross
reacting bands in most western blots of O dpi cell lysates probed with theyapd
antiserum (Fig8B and D). The speckled, posbi nuclear, staining pattern observed in
satellite cells at day 0 in the absence of detectable SYNPO2As expression assessed by
western blotting (Fig8B) may reflect a similar cross reaction. It is notable that the Mundel
group also showed no 80 kDa batetectable in samples extracted from C2C12 lysates at

O dpi but still detected nuclear localization at this time using immunofluorescence
microscopy. The issue of whether the description of SYNPO2 as a nucleocytoplasmic
shuttling protein is relevant to mgenesis remains debatable. However, we did observe an
increase in the staining intensity of endogenous SYNPO2As following differentiation with
increased punctuated staining along cytoplasmic actin fibers (B{g), the expected
staining pattern for SYNP@, suggesting this antiserum does recognize SYNPO2 by
immunofluorescence microscopy in addition to western blotting. The apparent cross
reaction of this only available commercial antiserum limited its use in further

immunofluorescence analyses.

The oveall architecture of the actin cytoskeleton is not altered by overexpression or
knockdown of SYNPO2 isoforms

While SYNPO2As is a known actin effector protein and actin dynamics is a key
feature of myoblast fusion, it remains unclear if and how the actindelling capacity of
SYNPO2As directly influences myotube formatidn.vitro analysis confirms the actin
bundling and polymerizing ability of SYNPO2Asinnemann et al., 2013; Schroeter et al.,
2013) and the human isoforms induce formation of different typesaudtia structures in
PC3 cellgKai & Duncan, 2013)However, wealid not observe any conspicuous changes
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in the overall architecture of filamentous actin following ectopic expression of the different
isoforms, where all isoforms colocalized in the cytoplasm with actin filamentsl@im

a similar staining patterrsabserved for endogenous SYNPO?2 in differentiated myotubes
(Fig. 9). Knockdown of endogenous SYNPO2 expression also did not alter the overall
appearance of -Bctin in differentiated myotubes (Fig4)L The cortical actomyosin
cytoskeletons also importahto regulate myoblast fusigii suchiya et al., 201&im et

al., 2015) Quantification othecortical vs cytoplasmic ratio @ictin and NMIl in SYNPO2
knockdown cells (Fig. 8C) suggested SYNPO2As does not alter actomyosin levels and is
enhancing myotube formation using an alternate mechanisactirF stained human
SYNPO2 expressing PC3 cells did increassctn stress fiber fonation(Kai & Duncan,

2013) and videomicroscopy showed that SYNPO2 enhances actin polymerization at the
cell front and these actin filaments flow centripetally into the cell body to be incorporated
into stress fibergKai et al., 2015) In earlier studies, this actin dynamic regulation of
SYNPO2 at the cell front was masked by cytoplasmic stainingaudtifh. Similarly, he

lack of appreciable differences in the actin cytoskeleton, as detected by phalloidin staining
of C2C12 cells with perturbed SYNPO2 expressimuld reflect a role for SYNPO2 in
regulating actin dynamics near the cell periphery that are not detecyalbhading fixed

cells. The spatiotemporal regulation ofEtin by SYNPO2 should be determined using
live imaging.

Though we did not observe gross actin cytoskeleton changes, we hypothesize that
SYNPOZ2As could be playing a role at the fusion synapse adminvolved in recruiting
other fusionrelated proteins. Apart from the known PLS and FURMAS structures in
Drosophila myoblast fusion,(Kim et al., 2015) studies have also highlighted the
importance of actimich filopodial structures durinBrosophilamyoblast fusior(Segal et
al., 2016 Girardi et al., 2019; Nowak et al., 2009 heterotypic, twecell system
equivalent to FCMs and F@sDrosophila has not been identified in vertebrate myablast
but a recent study did identify an asymmetriad&in structure in the invading mouse
myoblast cell (i.e, equivalent to the FCM Drosophilg that uses TKS5 and DYN2 to
generate an actienriched invadosom@ huang et al., 2019)In my search for actinch
structures during fusion, at higher magnification | was able to tdet&o-rich protrusions
in some of the SYNPO2As expressimdjfferentiated myoblasts and SYNPO2As
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colocalized at the tips of these protrusive structures PR#R). These structures were also
observed idifferentiatednocktransduced cell$esser in numér with faint staining at the

tips (qualitative data, not showrlowever, using fixed cells we were unable to confirm
whether cells with such actin structures were fusing with neighbouring cells or not. These
structures were not apparent during live aelhging of GFPtagged actimat a lower
magnification (data not shown).

Finding such actin structures is challenging when using fluorescently tagged
constructs in a confluent layer of cells since the cell boundaries tend to overlap in different
planesmaking it difficult to focus on a particular cell. Expressing the SYNPO2 constructs
under a differentiatiomelated gene promoter such as MHC would allow analysis to focus
only on the differentiated cells. Fluorescerttigged actin constructs umdan MHC
promoter can also be used to understand actin dynamics during mouse myoblast fusion.
With the recent discovery of asymmetric actin structures in differentiated mouse myoblasts,
it could be interesting to study whether SYNPO2As knockdown myobtasitain
persistently longer actirich protrusions that prevent cell fusjoas occurs in some
Drosophila actin regulatory mutants, or to determine the dynamic recruitment of proteins
such as TKS5, DYN2, or DOCK180 to fusion sites. Such studies shouldnieebg live
imaging to study the spatiotemporal changes that take place during fusio?2Og)ig.

Is SYNPO2As an accessory or essential promyogenic factor?

The inhibitory effect of SYNPO2As knockdown on myoblast fusion was partial and
merely delayed theate of myotube formation, suggesting SYNPO2As may be more of an
accessory than an essential promyogenic factor. However, information from the mouse
genome informatics (MGI) database indica@gpo2mutant mice are lethal at the
preweaning stage, suggestitBYNPO2 could be an essential regulator of myotube
formation and muscle development. SimilarlyWASP and filamin C knockout mice die
at the embryonic stage due to reduced skeletal muscle mass and improper lung function
(Dalkilic et al., 206; GruenbaurCohen et al., 2012)and Drosophila null mutants of
kette, SCAR or Arp2/3 lose the ability to dissolve the aftitl at the fusion synapse
resulting in a complete block of fusi@Richardson et al., 200.However, a careful review
of the literature revealed the effects of SYNP@2¢ockdown on myotube formation in
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cell culture are comparable to levels observed when the functions of othenegctiating
proteins considered important in myotube formation are perturbed. For example,
homomorphic and maternal/zygotic mutant®odsaphila proteins kette, WASp, WASP
interacting protein (WIP/sltr), SCAR, mDia, and Rhol and ROK reduce myotube formation
by ~30-80% and slow down, but do not eliminate, muscle develop(Behtoter, 2004; S.

Kim et al., 2007; Massarwa et al., 2007; Deng et al., 2015; J. Kim et al., 2015; Duan et al.,
2012) Knockdown of regulators of actin remodelling pathways such as ARF6, Brag2 or
DOCK180 in C2C12 myoblasts also show a partial868% decrease in myoblast fusion
(Bach et al., 2010; Nowak et al., 2009; Pajcini et al., 20@8)hways that regulate actin
polymerization are complex and several proteins pdyndant role in this process. Thus,
knockdown or partial loss of function of such proteins does not necessarily completely
block fusion but perturbs myotube formation and muscle development. Similar to the
abovementioned proteins, SYNO2As also appetrde an important actin remodeler
required for efficient myotube formation at early stages of muscle development.

SYNPOZ2As upregulates myoblast migration

As explained in Fig. 1, myogenesis is a matep process involving migration of
myoblasts to iniate celtcell contact, formation of a fusion synapse and subsequent
myoblast fusion, all of which require actin remodelling. In prostate cancer cells, human
SYNPOZ2As can either enhance or inhibit cell migration in response to different external
stimuli (Kai et al., 2012)We hypothesized that SYNPO2 isoforms could similarly regulate
myoblast migration, either by increasing migration to promote initialogdlicontict or by
inhibiting migration to promote fusion synapse formation. We therefore determined the
effect of SYNPO2 over expression and knockdown on migration of myoblasts post
differentiation. Our data showed that all three isoforms increased myoblastiomgrat
irrespective of whether they increased or inhibited myotube formation, indicating no direct
correlation between migration and fusion exerted by the three SYNPO2 isoforms.

Like SYNPOZ2As, there are several examples of proteins that show a direct
correldgion between enhanced myoblast migration and fu@aeet al., 2008 Jansen &
Pavlath, 2006 Lafreniere et al., 20Q6Griffin et al., 2010) including actiaregulating
proteins such as casein kinase 2 interacting prdi€¢@®KIP-1) (D. Baas et al., 2012nd
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palladin(Nguyen & Wang, 2015)in these instanceknockdown of the protein decreased
migration by 2550%, while SYNPO2As knockdown inhibited migration by only 10%
compared to control cells. If SYNPO2As is altering actin dynamics to promote both
migration and fusion, and if these two processes are tausdhted, then why do
SYNPO2A and B increase migration but decrease fusion? Possible explanations include
small changes in actin dynamics exerted by SYNPO2A and B that alter formation of a
fusion synapse and decreased fusion, perhaps reflecting recrudime different set of

actin effectors by the PDZ domain present in these long isoforms. As discussed above,
whatever effects the SYNPO2 isoforms might have on actin dynamics that affect migration
and/or fusion were not apparent in immunofluorescencgesiahowing the gross actin
cytoskeleton architecture. Conversely, the migration phenotype may be unrelated to the
fusion phenotype, as suggested by the very small differences in migration velocity between
control cells and SYNPQ@xpressing cells and blye lack of a direct correlation between
migration and fusion. Additional studies using live imaging with fluorescently tagged actin
probes could provide more insight into the spatiotemporal changes in actin dynamics

favouring the migration and fusion phéyyges and whether these processes are coupled.

SYNPOZ2As regulates migration and fusion by using distinct actin remodelling pathways
As discussed in the introduction of this thesis, the fusion synapse formed between
a founder cell (FC) and fusion competemyoblasts (FCMs) during myotube formation
involves the role of several cell adhesion proteins, adapter proteins, GTPases, and actin
regulating proteins. Of interest to us, the podosomes in the FCM at the fusion synapse are
driven by branched actin strucéis that are polymerized by the Arp2/3 complex, and the
actomyosin resisting sheath formed in the FC by the RBEK-MLC pathway(Kim et
al., 2015) Furthermore, human Synpo2 enhances migration in aRRMNOK-dependent
manner that triggers Arp2f3ependent formation of lamellipodlii&e protrusiongKai et
al., 2015; Kai et al., 2012)herefore, we used inhibitors against Arp2/3 and ROCK to
determine if SYNPO2As was dependent on these pathways to enhance myotube formation
and migratbn.
Treatment with the Arp2/3 inhibitor CK666 inhibited the basal level of fusion of
both mock and SYNPO?2 cells but treated SYNPO2As cells still significantly enhanced
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myotube formation compared to treated mock cells (Fi¢pA)1 This suggested that
SYNPO2As significantly enhanced myotube formation via an ArpRI8pendent
pathway. Treatment with a ROCK inhibitor significantly enhanced myotube formation of
mock treated cells (Fig.7B), consistent with decreased activation of the RI@CK
pathway upa differentiationdependent nuclear translocation of the FHKR (Forkhead
in humanrhabdomyosarcoma) transcription factor to upregulate transcription of myogenic
related proteins, as reported previou@lyshiyama et al., 2004)Under conditions that
limited the levels of activated ROCK, SYNPO2As cells fused at the same rate as inhibitor
treated mock cells, indicating the ability of SYNPO2As to enhance myoblast fusion is
sensitive to the levels 6 OCK in cells during the fusion process.

The level of activated ROCK in cells and its effect on fusion remains contradictory.
Treatment with the Y27632 ROCK inhibitor was shown to enhance myotube formation in
C2C12 myoblasts, whereas knockdown using siRiMAsfection had no affect on fusion
efficiency (Pelosi et al., 2007while ROK knockouDrosophilamutants inhibit myotube
formation by 30%(Kim et al., 2015) The RO inhibitor Y27632 is known to exert
several offtarget effects, such as on protein kinaseeldted kinase and citron kinase
(Davies et al., 2000; Ishizaki et al., 200Therefore, the increased fusion phenotype of
mock cells seewith the ROCK inhibitor could be due to off target effects. Further, there
are two isoforms of ROCK, ROCK and ROCK2, of which ROCK2 is the skeletal
musclespecific isoform, and the ROCK inhibitor is more specific to RGLCiKan ROCK
2 (Pelosi et al., 2007 herefore, it remains unclear whether the loss of the enhanced fusion
phenotype in SYNPO2As cells reflects-tdifget effects of the drug or is due specifically
to one of the two ROCK isoforms. This data needsetoeassessed using specific ShRNAs
and/or transient CRISPR knockouts for the two different ROCK isoforms.

While the enhanced fusion phenotype was sensitive to ROCK inhibition, such was
not the case for the enhanced migration phenotype. Treatment ofamdckYNPO2As
C2C12 cells with the ROCK inhibitor reduced the basal velocity of both cell types
compared to untreated cells, showing the importance of ROCK to myoblast migration.
However, unlike the situation with human SYNPO2As in PC3 c&l&s et al., 2012)
mouse SYNPOZ2As still increased migration relative to mock cells under limiting ROCK
conditions (Fig. IC), indicating SYNPO2As enhances migration in a R@adependent
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manner. The disconnect between the sensitivity of the SYNP®@2Bhanced migration and
fusion phenotypes suggested these two processes are not directly coupled. It is conceivable
that SYNPO2As functions through a RO@€pendent pathway to alterethactin
cytoskeleton and enhance fusion but can alter the actin cytoskeleton independent of ROCK
to enhance migration. The specific mechanism by which SYNPO2As regulates these two
processes remains unknowut some potential models are discussed in Ch&pdé this
thesis

As | have shown, whatever effects SYNPO2As might be having on actin dynamics
in C2C12 postifferentiation, these effects are not apparent in gross changesctmfor
actomyosin structures in cells (Figd.dnd B). Phalloidin staining of C2C12 cells also did
not reveal intense actin foci or increased numbers of filopodia at sites-oeltalbntact
and fusion, as reported duriyosophilafusion (Kesper et al., 2007; Kim et al., 2015;
Segal et al., 2016 Human SYNPO2 polymerizes actin at the leading edge of migrating
cells to enhance the migratory phenotype of PC3 @€lis et al., 2015) This phenotype
was originally missed by simple phalloidin staining of the actin cytoskeleton that stained
the predominant factin stress fibers present in PC3 c@flai & Duncan, 2013)and only
became apparent using live cell imaging and conditions that inhibited stress fiber formation
(Kai et al., 2015)We speculate that mouse SYNPO2As could be similarly regulating actin
dynamics at the cell periphery of uninucleated migrating cells, facilitating the organization
of other fisionrelated proteins into a fusion synapse. As discussed above, additional
studies using videomicroscopy to image actin dynamics at the cell periphery could be used
to test this hypothesis. Additional interrogation of factors that function downstream, or
parallel, to the ROCK pathway, and determining subcellular localization of SYNPO2As
with other actiaregulating proteins during myoblast fusion might also shed more light on

the effects of SYNPO2As on actin dynamics and myotube formation.
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Figure 8: SYNPO2As expression is upregulated following myoblast differentiation

(A) Representative microscopic images of Giestsaned C2C12 mouse myoblasts
cultured in growth medium (Day 0) or following 2 ordéays growth in differentiation
medium. Scale bars = 2um. (B) Western blot of C2C12 cell lysates collectedogti and
probed with antiSYNPO2. (C) Western blot of C2C12 cell lysates from transduced cells
stably expressing the three mouse SYNPO2 isofd@®¥sN2A, SYN2B and SYN2ASs)
collected at 3 or 4 dpi and probed with @8¥NPO2. (D) C2C12 cells at O or 4 dpi were
treated with DMSO (Ctrl) or bafilomycin A1 (BafAl) to inhibit autopfadux, and
western blots of cell lysates were probed with antibosjiesific for SYNPO2 (SYN2AS)

or LC31l as a marker of autophagic flux. Molecular weight markers in kDa (MW) are
indicated on the left of each blot and naphthol blue (NB) stained membranes were used as
loading controls.
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Figure 9: Endogenous SYNPO2 binds actin filaments in myotubes

Top panel:Parental C2C12 cells were fixed atdpi and stained with arBYNPO2
antibodyand Alexa fluor 48&onjugated secondary antibody (green). Actin stress fibers
were stained with phalloidin (red) attte nucleus stained with T®@RO-3 (blue). Bottom
panelis the magnified image of the white inset b&cale bar = 10um
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SYNPO2As

Figure 10: SYNPOZ2 isoforms associate with cytoplasmic actin filaments post
differentiation.

Top panel: C2C12 cells stably transduced with-t&fminally myctagged SYNPO2
isoforms (SYNPO2A, SYNPO2B, SYNPO2As) were induced to differentiate for 2 dpi and
stained with antmyc antibody and Alexa fluor 48&njugated secondary antibody
(green). Filamentous activas stained with Alex&55 conjugated phalloidin (red) and
nuclei were stained with DRAQ5 (blue). Images are one slice frostack. Bottom panel

is the magnified image of the white inset b&cale bar = 10um.
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Figure 11: SYNPO2As expression is upregulated following differentiation of primary
satellite cells

(A) Satellite cells fromPax3"™"* mice were sorted and immunostained at 0, 3 or 5 dpi.
Cells were immunostained with antibodies against SYNPO2 (black and white) and either
Pax7, a satellite cell marker (O dpMlyoD, a myoblast differentiation marker (3 dpi), or
Troponin T, a late myogenimarker (5 dpi) (all green). Nuclei were stained with DAPI
(blue). Merge is an overlay of the DAPI and SYNPO2 imag¢B}¥.Western blots of
Pax¥F™"* satellite cell lysates at 0 or 5 dpi and probed with antibodies against SYNPO2
(SYN2As), myosin heavy cha{MHC) or MyoD. Molecular weight markers in kDa (MW)

are indicated on the left of each blot. Scale bars =.2um
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Figure 12: Differential effect of SYNPO2 isoforms on C2C12 myotube formation.

(A) Giemsastained microscopic images of C2C12 cells stably expressing the indicated
SYNPO2 isoforms at 4 dpi. Scale bars = 2|{B). C2C12 cells stably transduced with an
empty retrovirus vector (Mock) or with retrovirus vectors expressing the indicated
SYNPOZ2isoforms were induced to differentiate, and the fusion index of cells at 4 dpi was
guantified from the Giemsstained microscopic images. Results are presented as the mean
+ SEM of the fusion index (percent of nuclei present in syncytia) from triplicatgles

in three independent experiments. Statistical significance: * p < 0.05; ** p < 0.01.
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Figure 13: Knockdown of SYNPO2As inhibits myotube formation.

(A) Diagram ofthe SYNPO2As isoform. The black box represents the unigteridinus

and the white box represents the conserved region of the SYNPO2 isoforms: dineé N
C-terminal amino acid sequence is indicated above. The Y symbol represents the
commercial antibody bindingegion. The number of amino acid residues is indicated on
the right and the predicted molecular weight in brackets. The two black lines below the
boxes represent the regions targted by the two shR{iBA 3Nestern blot of cell lysates

from C2C12 cells at @pi stably expressing shRNAL or 2 (shl, sh2) that target the regions
encoding the unique-erminus of SYNPO2As isoform or the conserved region present in
all isoforms, respectively, or a ndargeting control shRNA (Ctrl), probed with anti
SYNPO2. Numbes indicate the fold change of the SYNPO2As polypeptides relative to
cells transduced with the naargeting shRNA at 3 dpi. Naphthol blue (NB) stained
membrane was used as a loading control. (C) Western blot of cell lysates from HEK293
cells transiently ansfected with empty plasmid (Ctrl) or with plasmids expressing
SYNPO2A or SYNPO2B (SYN2A and SYN2B) and -tansfected with plasmids
expressing the netargeting shRNA-) or expressing shRNA2 (sh2) that targets all three
SYNPO?2 isoforms, probed with afBiYNPO2 (top panel) or actin (loading control).
Molecular weight markers (MW) are indicated on the left of each blot. (D) Data represents
the fusion index of cells at 3 dpi. Results are presented as the mean + SEM of the fusion
index (percent of nuclei psent in syncytia) from triplicate samples in three independent
experiments. Statistical significance: ** p < 0.01; *** p < 0.005; *** p < 0.001; NS
non-significant.
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Ctrl Sh1 Sh2

3 dpi

Figure 14: SYNPO2 knockdown does not altethe actin cytoskeleton

C2C12 cells stably expressing control, shRNA1 and shRNA 2 constwets
differentiated until 3 dpi (upper panel) and stained éindilaments using phalloidin (red),
andthe nucleus stained with DRAQS5 (blue). Bottom paiselhe magnified image of the

white inset boxScale bar = 10um.
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Figure 15. Knockdown or ectopic expression of SYNPO2 isoforms does not affect
differentiation .

Western blots of C2C12 cells moetlansduced or transduced with retrovirus vectors
expressing the indicated SYNPO?2 isoforms (SYN2A, SYN2B, SYN2As) (Agtaoly
expressing shRNA1 (Shl) that targets SYNPO2As or shRNA2 (Sh2) that targets all
SYNPO2 isoforms (B) were harvested at the indicated dpi and blots were probed with
antibodies specific for MyoD, myogenin or myosin heavy chain (MHC). Moleadaght
markers are indicated on the right, and naphthol blue stained blots (lower panels below
each of the antibody probed blots) were used as a loading control.
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Figure 16: SYNPO2As enhances C2C12 cell migration poslifferentiation.

(A) C2C12 cells transduced with the indicated SYNPO2 isoforms (SYN2A, SYN2B,
SYN2As) were monitored for cell migration by videomicroscopy at 2 dpi. The velocity of
cells from three independent experiments was calculated, and resydtesepted as the
mean (horizontal line), standard deviation (shaded rectangles), and maximum and
minimum (whiskers). (B) As in panel A, except using C2C12 cells transduced wih non
targeting control shRNA (Ctrl) or shRNAZ2 targeting SYNPO2 (Sh2). The wglotcells

from two independent experiments was calculated. The numbers below each panel
represents the total number of cells analyzed from the three independent experiments.
Statistical significance: ***p value < 0.005; ****p value < 0.001.
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Figure 17 Ectopic expression of SYNPO2As enhances myotube formation in a
ROCK-dependent manner and enhances migration in a ROCknhdependent manner.
C2C12 cells stably transduced with an empty retrovirus vector (MocEB)YDIPO2As
(SYN2As) were induced to differentiate in the presence or absence of the Arp2/3 inhibitor
CK666 (A) or the ROCK inhibitor Y27632 (B). The fusion index was quantified at 3 dpi
and results are presented as the mean + SEM from triplicate sampie=eimtiependent
experiments. (C) C2C12 cells transduced with empty (Mock) or SYNPO2As (SYN2AS)
retrovirus vectors were monitored for cell migration by videomicroscopy at 2 dpi in the
presence or absence of the ROCK inhibitor Y27632. The velocity offoafls each of

three independent experiments was calculated and results are presented as the mean
(horizontal line), standard deviation (shaded rectangles), and maximum and minimum
(whiskers). The numbers below panel C represents the total number of aalifieg from

three independent experiments. Statistical significance: *p value < 0.05; ***p value <
0.005; ****p value < 0.001; NS not significant.
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Figure 18: SYNPO2 knockdown does not altecortical actomyosin levels in myotubes.

(A) Representative image of actin stained myotubes. The white boxes represent the area
measured for determining the staining intensity at the cortex and cyto@2€?2 cells

stably transduced with control aBY¥ NPO2 targeted shRNAs were seeded at high density
and induced to differentiate for 3 dpi. Actin was stained with Ale%% conjugated
phalloidin (red, top panel), nemuscle myosin IIA (red, bottom panel) and nuclei were
stained with DRAQS5 (blue). (B and) Cortex vs cytoplasmic ratio quantified from actin

and NMIIA fluorescent signal. Images are one slice fromstazk. Scale bar = 10um.
Statistical significance: NS = not significant.
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Figure 19 SYNPO2As specifically binds actin filaments in myotubes but not in
myoblasts.

C2C12 cells stably expressing control, ShRNA1 and shRNA 2 constveotdixed at O

dpi and 3 dpi, and stained with asfinpo2 antibody andlexa fluor 488-conjugated
secondary antibody (greermgtin filaments were stained using phalloidin (red), and nuclei
stained with DRAQ5 (blue). (A) A representativeergedimage of a myoblast fixed and
stained at O dpi. (B) The top panel is a representatiagenof SYNPO2As stained
myoblasts at 0 dpi, and the bottom paeel merged imag&.he image is one slice from a
z-stack and orthogonal views (white lines depict the xz and yz slice) are shown on the top
and right of each image. (C) Top panel is a repriasiwe image of SYNPO2As stained
myotube of control cells at 3 dpi, and the bottom p&almerged image. Images on the
right are the magnified images of the white inset. [8pale bar = 20um.
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Figure 20: Model depicting possible mechanism of SYNPO2As during myoblast
fusion.

(A) SYNPO2As overexpressing C2C12 myoblasts were differentiated and fixed at 3 dpi
and stained with anbYNPO2 antibodyand Alexa fluor 48&onjugded secondary
antibody (green), and actin filaments were stained with phalloidin (red). The white circle
shows the accumulation of SYNPO2As and actin in filopelkaltip. (B) Diagramof two

fusing cells. The invading cell recruits actin, Tks5, Dyn2,RiR® to invadopodosome tips
during fusion. As seen in (A), SYNPO2As could also be recruited to invadopodosomes
during fusion.
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CHAPTER 4: IN VIVO ANALYSIS OF THE BIOLOGICAL
FUNCTION OF SYNAPTOPODIN -2B IN DANIO RERIO ANIMAL
MODEL

4.1 Introduction

To examire the influence of synpo2 on muscle developnrertvol turned to the
zebrafish model. The following brief introduction to zebrafish muscle development and
how it relates to mouse muscle development provides some context for my studies. Mouse
muscle deviepment takes place from embryonic day 8 (E8.0), when the somites start
forming. Primary myogenesis takes place from E10.5 to 12.5 followed by secondary
myogenesis from E13.5 to 17®&. Rossi & Messina, 2014)in zebrafish, muscle
development takes places from 10.5 hours-festization (hpf) to 48 hpf, regulated by
the hedgehog signalling pathway. Hedgehog signalling regulates expression of Prdmla and
MyoD/Myf5 expression. Prdmla is a z#finger DNA-binding protein that mediates
expression of slovtwitch specific muscle genes such as Proxla, Smyhcl and slow troponin
c. The Prdmla protein does not directly regulate expression of these genes but instead
represses the function of the Sox6 transcription faittar inhibits expression of slew
twitch specific muscle gendgsgon Hofsten et al., 2008Dn the other hand, MyoD/Myf5
regulates the expression of fasitch muscle genes Mylz2, fastyHCx, Tnnt3a and
Tnni2 (G. Rossi & Messina, 2014)

Similar to mouse skeletal muscle development, the somiteshirafish arise from
the paraxial mesoderm. Each somite is an arrangement of cuboidal cells containing
medially located slovtwitch muscle cells, laterally located fastitch muscle cells and
anterior border cells (ABQYsoody et al., 204). Zebrafish muscle development tafpéace
as myogenic waves. First, the anterior border cells migrate laterally to form the external
layer of fast precursor/satellite cells (PaaBd Pax7). Then, the medial slowwitch cells
elongate and migratetixally through the fadivitch cells to form the superficial layer of
the skeletal muscle. This medial to lateral migration of glwitch cells is necessary to
induce the elongation of faswitch cells that forms the inner mass of the skeletal muscle
(Henry & Amacher, 2004)As the migration of sloviwitch cells take place, the fatstitch
cells elongate and adherethe myotendinous junction. Simultaneously, these cells fuse to
form multinucleated fagtwvitch myofibergSnow et al., 2008)n zebrafish, the fast muscle
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cells are multinucleated and slow muscle cells are mononucleated. As summarized in
Tables 14, there are several zebrafish proteins thgtlae fastmuscle fusion. We took
advantage of the rapid and external development of zebrafish embryos to study the function
of Synpo2 during skeletal muscle development.

| identified two synaptopodi2b (Synpo2b) isoforms in zebrafish that are
differentially expressed during zebrafish development via alternate splicing, one of which,
Synpo2b, is an apparent homolog of mouse SYNPO2As. My initial studies using Synpo2b
targeted morpholinos were promising, with embryos showing deleterious phenotypes such
as a curved tail, inability to swim, and disorganized myofibrils. | then used the
CRISPR/cas9 system to knockout the gene, and the FO generation showed similar
phenotypes as seen in the morpholino injected embryos. However, in homozygous mutants
we were unald to recapitulate the morpholino data; the embryos developed normally with
no obvious muscle deformitietlltrastructural analysis of the skeletal muscle in these
knockout embrygshowever,showed the presence of immature myofibers in addition to
reduced arcomere unit length and significantly reduced | band length. RNA seq analysis
of synpo2b” knockout embryoslsoshowed significantly reduced mRNA transcript levels
of muscle contractile proteins. Though the contractile protein mRNAs were significantly
downregulated, the knockout embryos did not delay muscle regeneration following laser
injury and swimming behaviowssessed by touch response was unaffected. Though we
did not observe gross morphological muscle deformities, the presence of immature
myofilaments and reduced | band length suggested that Synpo2b in zebrafish acts as an

importantfactor required for normahuscle development and/or muscle maintenance.

4.2. Results
4.2.1 Zebrafish Synpo2b isoforms are spatiotemporally expressed during zebrafish
development

Using the ZFIN and ENSEMBLE websites | identified two isoforms of zebrafish
Synpo2b generated by altate splicing (Fig21A). The mouse SYNPOZ2As ortholog of
zebrafish Synpo2b has a sequence identity of 40%. This short isoform encodes a 617 amino
acid polypeptide named Synpe2) and the long isoform encodes a 660 amino acid
polypeptide named Synpo2b The short isoform is encoded from a single exon, exon 2,

94



and the long isoform shares thet&minal region encoded by exon 2 and a unique C
terminal region encoded by exon 3. Since there is no antibody against zebrafish Synpo2b,
| usedin situ hybridizationon different stages afasperembryos (8, 12, 18, 25, 48 and 72

hpf) to determine expression of Synpo2b. For each time poifits Ebryos from each

of the three breeding sets were pooled and fixed. Each time point was then separated into
two sets and bed for the two isoforms separately. The probe for Symfo®is designed

to target the conserved 50 r elgwasdesigoetitoe x on
target t-hegionofeiom3uWER1B)OEXpression of the shortisoform, Synpe2b

S, was evident from the -6omite stage (12 hpf) and expression increased during
development along the skeletal muscle of the embryos. At 72 hpf, Sy$®peab localized

in myofibers and in the chevron/myotome boundary (FR24\)2Synpo2hS expression was
notobserved in the heart of the embryos. Expression of the long isoform, Sybhpaab
transient, only becoming evident in embryos at 25 hpf and decreasing at 48 and 72 hpf
embryos (Fig. 2B). Most notably, the staining pattern of Synpd2bwhich localized
particularly strongly in the notochord and was absent from muscle sarcomeres, was quite
distinct from that observed for Synpe3b To quantify the expression levels of the two
isoforms, embryos were pooled from three breeding sets and a quantitative 8&CR w
performed on 4, 9, 12, 25, 48 and 72 hpf embryos. Two primer sets, one targeting the
conserved region in exon 2 and the other targeting the unique region in exon 3 were
designed (Fig. 2A). Similar to then situhybridization data, expression levelsSyinpo2b

S increased significantly fromfbld at 9 hpf to 2ifold at 72 hpf, whereas Synpco2bwas
expressed only around 1 fold at 12 and 24 hpf and the expression diminished at 48 and 72
hpf (Fig. Z8B). These results are the first report of expressidghefwo Synpo2b isoforms

in zebrafish during development.

4.2.2 Zebrafish Synpo2b knockdown disorganizes myofibril arrangement

Since knockdown of SYNPO2As in C2C12 myoblasts significantly inhibited
myotube formation during development, we examined ware8ynpo2kS was similarly
required for myoblast fusion of fast myocytes during zebrafish muscle development. To
study the functional role of SynpoZbin zebrafish, we designed an antisense morpholino
oligonucl eoti de t ar g e tnockdgwntSyngo2bserpressierg(Figon o f
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24A). The control morpholino and Synpo2érgeted morpholino were injected separately

in the singlecell stage of AB strain embryos. The AB strain was originally generated by
crossing two groups purchased from a pet stoi®70. The AB strain is the regular striped

fish used for generating all the transgenic laboratory ([Hetden & Brown, 2018; Meyer

et al., 2013) Interestingly, Synpo2btargeted morpholino injected embryos exhibited
pronounced bent and curved tail phenotypes at 48 hpf compared to embryos injected with
a controlmorpholino (Fig. 2B), and visual examination showed the Synpo2b knockdown
embryos had reduced swimming capability (data not shown).

The knockdown embryos were fixed at 48 hpf and stained with phalloidin to
determine whether there were changes to the agtoskeleton by confocal microscopy.
The knockdown embryos contained loosened myofibrils, evident by the wavy pattern of
phalloidin-stained myofibers compared to the compact and rigid myofibers seen in the
control embryos (Fig.£&C, top panel). Embryoseave also stained for myosin heavy chain
(MHC) to determine if Synpo2b knockdown inhibited myotube formation. The sghpo
knockdown embryos exhibited an irregular staining pattern of MHC compared to control
embryos, and qualitatively it appeared as if $aip knockdown reduced myotube
formation (Fig. 2C, bottom panel), suggesting a role for Synpo2b in normal zebrafish

muscle development or maintenance.

4.2.3 Zebrafish synpo2bknockout recapitulates Synpo2b knockdown morpholino
data at the FO and F1 generation

The morpholino data was very promising, however, it is known that morpholinos
are prone to offarget effects and toxicity. We therefore used the CRISPR/cas9 system to
generate asynpo2bnull mutant to confirm the morpholino data. To generate the knockout
fish line, | generated six guide RNAs targeting different regions of exon 2 gA{. Phese
gRNAs along with cas9 mRNA were injected into the single cell stagaspke embryos.
The casperstrain is a double mutant line devoid of genes encoding melanocytes and
iridophores, making it transparent for easy imaging of internal tigg\lese et al., 2008)

To confirm deletion of theynpo2bgene, primes (P1 and P2) were designed to
flank exon 2 (Fig. BA). Heterozygous mutants contained both the ayjok (1851bp) and
knockout (35%p) PCR amplicons (Fig.5B, lane 2). Approximately 75% of the gRNA
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injected embryos were shorter in length andhwaded tails showing aberrant musculature
(Fig. Z7). These embryos were unable to swim and died 5 dpf. The curved tail phenotype
seen in the FO generation was the same phenotype observed in the moiipjesied
embryos (Fig. 2B). The remaining 25% ohe gRNA injected embryos were normal and
comparable to uninjected embryos. These viable embryos were grown to adulthood (1
month old) and each embryo was genotyped for the heterozygous gene knbick@t.

shows an outline of the different steps caroatito generate the homozygous mutant line.
Briefly, the FO embryos were genotyped and 11 fish were screened for heterozygosity. Each
of the 11 fish were outrossed with WT fish to remove dffirget effects of the gRNAs and

to identify fish with the gernme mutation that were able to transfer the gene knockout to
the F1 offspring. Only one fish of the 11 fish screened at one month old for germline
transfer was able to transfer the gene knockout to the offspring. The F1 fish were grown to
3 months old an¢h-crossed to generate homozygous F2 mutants. The F2 generation was
then screened for homozygous mutants and the homozygous F2 mutants-evessed

to produce F3 homozygous mutants. The F3 generation was further screened to confirm
gene deletion, and ¢hF3 adult fish were Harossed to produce homozygous F4 animals.

Only 20% of the F1 embryos at 48 hpf had the curved tail phenotype @AYy. 2
while the remaining embryos appeared normal. Several of the curved tail embryos were
fixed at 48 hpf for ultrastictural analysis. Compared to the wiighbe embryos that had
highly organized and compact sarcomeric units, the heterozygous F1 msyapts2(y")
had reduced myofilaments and the myofilaments that formed appeared disorganized and
loosely packed (Fig.8B). These mutant embryos also showed increased accumulation of
double membrane vacuoles, empty vacuoles and vacuoles similar in appearance the
glycogen storage vacuoles seen in pompe dis@aseet al., 2014) all features of a
muscular dystrophy phenotygPomingoHorne & Salajegheh, 2018Fig. 22A). When
guantified in six heterozygous mutant embryos, the total number of empty vacuoles ranged
from 40 to 100 compared to 10 vacuoles in WT embryos, autophagic vacuoles ranged
between 50 to 125 compared to 20 in WT embryos, and lipid stbkageacuoles ranged
between 15 to 35 compared to 1 in WT embryos (F)2The accumulation of such

vacuoles suggested that there could be constant turnover of damaged myofibrils. Hence,
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both the morpholino and heterozygous F1 mutant results suggested zebrafish Synpo2b is

required for efficient muscle development or maintenance.

4.2.4. Zebrafishsynpo2bd- KO embryos (F4 generation) develop normally without
muscular defects

The morpholino and F1 heterozygous mutants showed promising and exciting
results, so we moved forward to generate homozygous mutants. The F1 fish (12 out of 45)
were grown to 3 months aland incrossed to generate homozygous F2 mutants. PCR
screening identified 24 out of 53 F2 fish that were homozygous mutants. The homozygous
F2 mutants were werossed to produce F3 homozygous mutants and the F3 adult fish were
in-crossed to produce F4fgpring that were used for all subsequent experiments.

Surprisingly, we were not able to reproduce the morpholino and F1 data in the F4
generation. All the F4 embryos had straight tails like the WT embryos and did not show
the swimming disability obserdein the morpholino injected or heterozygous F1 mutant
embryos. To confirm the genotype of the F4 embryossympo28 F3 line was set as
three breeding pairs and-@mossed. Around 30 embryos from each set were pooled,
genomic DNA was extracted and dstor PCR, and the single amplicon product was
sequenced, which confirmed a homozygous Synpo2b gene deletion of 1720 bp that
removed almost all of exon 2 (F80A and30B-lane 2). Additionallyjn situhybridization
was carried out using both WT arsynp@b’” KO embryos at different stages of
development (8 12, 18, 25, 48 and 72hours posfertilization (hpf)). There was no
detectible expression of Synpa3bin the knockout embryos compared to WT embryos
that showed clear skeletal muscle expresgkig. 31A). Thus, two different methods
confirmed homozygous gene deletion of the central region of Synpo2b despite loss of the
curved tail phenotype and any obvious muscular defects. As an aside, sirsigun
analysis of Synpo2h expression showed trgame notochord expression pattern as the
WT embryos. Since thia situprobe for Synpo24h. recognizes the unique exon 3 present
in this longer isoform (Fig21), which is still present in the homozygous F4 deletion mutant
(Fig. 31B), this result suggestthese mutants are expressing a truncated Syrpo2b

transcript, although it is unclear whether this transcript is a functional mMRNA.
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4.2.5 Zebrafish synpo2d- KO embryos have ultrastructural defects in myofibril
organization

Loss of the curved tail phetype in the homozygous F4 knockout embryos was
unexpected but did not exclude the possibility that muscle defects might exist at the cellular
level. To explore this possibility, both WT asghpo2i” embryos were fixed at 48 hpf and
stained for myosin fay chain (MHC) or phalloidin to observe myofibril organization.
The myofibers of the knockout embryos appeared indistinguishable from the WT embryos,
with well-organized, multinucleated myofibers that were indistinguishable from the
myofibers in WT embrys (Fig. 2), but quite distinct from the loosely packed myofibrils
present in the morpholirmeated embryos (Fig.4€). Thus, knocking ousynpo2bin
zebrafish did not affect myotube formation during development as it did in mouse C2C12
myoblasts, nor did grossly alter myofibril organization as seen in the morpholino treated
embryos.

| did, however, note several changes to myofibril organization at the ultrastructural
level. During zebrafish development, the fast muscle myoblasts become elongateskand f
with one another, and these fused myofibrils span between myotome boundaries. To
examine the muscle ultrastructure in more detail, thirty WT and KO embryos were stained
with antib-dystroglycan and somites 15, 16, and 17 were imaged by fluorescence
microscopy. Visually, the KO embryos did not appear to be different from the WT embryos
(Fig. 3BA). However, quantifying the angle of the myotome boundaries for each embryo
between somites 15, 16 and 17 using image J revealed knockisgnpo2lsignificantly
increased the angle of the myotome boundaries (Big). 3 his change did not result in
gross muscle deformities, but it could affect muscle performance at later stages of
development.

Additional changes were noted in the myofibersyripo2 KO embryos when
compared to WT embryos using electron microscopy. Ten WT and eight KO 48 hpf
embryos were fixed and processed for ultra thin, longitudinal sectioning such that each
section covered from head to tail of a fish. Using this method, it was easyind the
somite number and compare somites between the WT and KO embryos. Electron
microscopic images of WT embryos showed highly organized sarcomeric units with well
formed Zdiscs (Fig. &, top panel), whereas tsgnpo2l” KO embryos contained regisn
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with loosely packed myofilaments and these abnormal myofilaments lackeddefiedd
Z-disc (Fig. 3, bottom panel), similar to the appearance of immature myofilaments. |
guantified the percentage of somites that had immature myofilaments in eaddy fish
counting the total number of somites having immature myofilaments and normalizing this
value to the total number of somites imaged in each fish. The number of somites imaged
for each embryo ranged from-20, depending on the preparation. There waatsstally
significant 34-fold increase in the number of somites that had immature myofilaments in
the KO embryos when compared to the WT embryos, where <10% of somites in the WT
embryos had immature myofilaments (Fi§A3.

During muscle contraction drrelaxation, the distance between twaligcs that
flank each sarcomere shortens and expands during every cycle of contraction and
relaxation. Since mouse and human SYNPO2As ales@ associated proteins, | wanted
to determine whethesynpo2® KO embrys altered the length betweendics.
Sarcomere length, which is the length between tvadisgs in electron microscope images,
of random sarcomeric units from different myofilaments was measured and an average
sarcomere length quantified. Compared to @fiibryos, the average sarcomere length of
synpo2i” KO embryos decreased from 1.5 pm to 1.29 pm, although this difference was
not statistically significant (Fig.58). From the same images we also quantified the | band
length, which is the narrow regiontleen two Abands and consists of a singledic.
The synpo2i” KO embryos showed significantly reducetidnd lengths compared to the
WT embryos (Fig. 8C), with average | band lengths ranging between 0.23um to 0.29um
for WT embryos and 0.19um to 0.26por KO embryos. Thus, three different data sets
(i.e., presence of immature myofilaments, reduced sarcomere length and reduced | band
length) all suggest that Synpo2b is required for the efficient formation and/or maintenance

of sarcomere organization imyofilaments.

4.2.6Synpo2b- knockout embryos did not show any defective swimming behaviour
Zebrafish embryos show spontaneous tail coiling by 17 hpf, and by 21 hpf they

respond to mechanical stimuli. Both these types of tail coiling require musdesttact

and relax normally. Actin and myosin make the thin and think filaments, respectively, of

myofibers, and are the most important proteins required for muscle contraction. To
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determine whether the ultrastructural defects observesympo2d embryos affected
muscle contraction or function, | performed a toesioked response assay on both WT
and KO embryos. Individual embryos were analyzed by placing them imanl@iameter

circle, and the tail of the embryo was touched using an insect pin. Bef@atge images

from the video recorded at 25 frames per second (fps) show that both the WT and KO
embryos exited the field of view within approximately the same time frame @Ay. Bhe

time taken to exit the circle (~260 milliseconds) was noted fravitheo, and the escape

time was calculated by subtracting the exit time from the start time. The escape time ranged
from 114374ms for WT embryos and between 1387ms for KO embryos, except for
three KO embryos that had escape times of 524, 562, ands388¥HB). Therefore, the

majority of synpo2l embryos displayed no defect in their muscle contraction capability.

4.2.7Synpo2b- knockout does not delay muscle regeneration following laser injury

To determine whethesynpo2 embryos had any defect in muscle regeneration,
as opposed to muscle development, | used then8btaser on a PALM laser dissection
microscope to inflict mscle injury in 72 hpf WT and KO embryos. The same laser intensity
was used to injure the same somite in all embryos. Each injured embryo was placed in a
separate well of a 1&ell plate and imaged every 24 hours using birefringence under
polarized light 6 observe myofibril repair. Qualitatively, as seen in the birefringence
images, both the WT argynpo28” embryos regenerated the damaged somite efficiently
and to the same extent (FIgA3. | further analyzed the birefringence data of 4 dpi embryos
with imageJ, using increased light refraction as an indicator of more organized myofibers
and regeneration. As shown (FigB3, there was no difference in the relative intensity of
both WT andsynpo2b” embryos, suggesting loss of Synpo2b does not adveaffelgt

zebrafish muscle regeneration.

4.2.8 Muscle contractilespecific proteins are downregulated insynpo2l- KO
embryos

While the morpholino, FO and Bynpo2t- embryos showed gross muscle defects,
this phenotype was lost in the homozygous mutdimts loss of phenotype by gene deletion

could be attributed to compensatory genes that get upregulated upon gene deletion but not

101



upon knockdowr{A. Rossi et al., 2015)To understand whether the loss of phenotype in

our synpo2t embryos was reflected in a compensatory change in the expression of other
genes, | performed RNAseq analysis of both the WT and KO embryos. Since S¥$po2b

is expressed in developing somites, three sets each of 22 hpf WT and KO embryos were
analyzed as @eribed in detailinth#let hodds section of this thi

The differentially regulated genes list generated by the edgeR platform was used to
generate a volcano plot (Fig8)3 The differentially expressed genes were plotted based on
the false discoveryate (FDR) values and the pValue cutoff was set to <0.05. Based on the
FDR value, 404 gene transcripts out of the 21358 gene transcripts detected were
significantly differentially regulated (orange dots in Fif).3These genes are listedtire
AppendixA. A few of the significantly ugand downrregulated genes of interest are marked
on the plot. The significantly differentially regulated genes were then subjected to GSEA
and GO analysis using ClusterProfiler and ReactomePA platforms to group the gene list
based on the gene ontology term (GO terms) that represents a biological process. From our
analysis, we were not able to identify any gene(s) that was both significantly upregulated
and had defined musepecific functions that could potentially compendatehe loss of
Synpo2b.

Interestingly, several downregulated genes that clustered together based on their
annotated biological function as muscle contractile proteins were all significantly
downregulated (Fig.&8. As shown more clearly in a categorywerk (CNet) plot (Fig.

39), these downregulated genes involved in muscle development and maintenance grouped
together under different processes such as sarcomere, contractile fiber part, myofibril,
contractile fiber and actin cytoskeleton. The gene namvedsed in each of these processes

are detailed in Tablg. Genes that were downregulated more thémidlincluded ankyrin

repeat domain 2 (Ankrd2), actin binding Rho activating protein b (Abrab) and melanophilin
a (Mlpha), where Ankrd2 and Abrab are f@ias localized in the | band of skeletal muscle.
Genes that were downregulate®-#old included myosin heavy chain 4 (Mhc4), myosin
heavy chain a (Myha), troponin | type 2a (skeletal, fast), tandem duplicate 4 (Tnni2a.4),
and troponin T type 3b (skeletdhst) (Tnnt3b), that function as a part of the contractile
fiber. Other genes that were significantly downregulated, but less thad, 2ncluded
Synpo2b itself, as well as other genes that regulate the actin cytoskeleton and/or the
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function of fast skletal muscle fibers (Tab®. The differential expression of these genes
across the three different sets of samples for both the WT and KO embryos is plotted as a
heat map, normalizing the p value of each gene to only the gene set included in the heat
map (Fig. 40). Hence, deletion of Synpo2b results in ultrastructural changes to myofiber
organization in zebrafish embryos that do not affect overall muscle performance as
analyzed, but which paradoxically have significant deleterious effects on maintéiaing

transcript levels of numerous muscle contractile proteins.

4.3 Discussion

| identified two Synpo2b isoforms in zebrafish, Synp&and Synpozh, that are
differentially expressed during zebrafish development (B@A). Since SYNPO2As
localizes in the Alisc(Weins et al., 2001and is required for myoblast fusion (our data),
we hypothesized that knocking down Synpo2b should cause defects in fast muscle cell
fusion and therefore affect muscle performance. As predicted, morpholino injected
embryos and heterozygous FO and F1 mutantiryos showed gross muscle defects such
as curved tails and an inability to swim properly, and myofibers appeared abnormal when
examined by fluorescence microscopy. Unexpectedly, the gross muscle defect phenotype
did not persist in the homozygous F2 gatien or subsequent generations, although
ultrastructural changes in myofilament organization were observed in the homozygous
deletion mutants. Furthermore, RNAseq analysis revealed substantial downregulation of
numerous factors and pathways controltimg formation and function of actomyosin fibers
in the homozygous deletion mutants. Despite these changes in muscle architecture and
actomyosin pathways we did not observe any functional defects when quantifying muscle
regeneration or swimming performanddis is the first direct evidence that Synpo2 is a

promyogenic factor that influences normal muscle developmexito.

Spatiotemporal expression of Danio rerio Synpo2b isoforms

There is not much known about the expression profile of synpo2 in niisstle,
other than information contained in curated lasgeeen databases that report the mRNA
expression levels of synpo2 in several tissues isolated from human and mouse. In human

fetal samples between week-20, SYNPO?2 transcripts increase in the heatestine and

103



stomach with low levels of mMRNA expression detected in adrenal glands and kidneys
(Szabo et al., 2015Human SYNPO2 mRNA expression is also reported to be increased

in human prostate, skeletal muscle, snmbstine, stomach, uterus and heart tissues with
very low expression detected in other tiss(i2zsff et al., 2015 Lin et al., 2001) Similar

mouse gene expression databs report SYNPO2 mRNA expression in the intestine,
bladder, colon, genital fat pad, heart, mammary gland, ovary, stomach and subcutaneous
fat pad in adult mic€Yue et al., 2014)In both the human and mouse databases, it is not
clear which of the several synpo2 isoforane specifically detected.

To examine then vivo effects of synpo2 on muscle development | exploited the
advantages of the zebrafish model system which include a 70% similarity to the human
genome, external fetal development, transparency in the casaspérfish for easy
imaging, fecundity, and easy genetic manipulation. | identified two isoforms of Synpo2b
in the ZFIN database, which we named Synp82fshort isoform) and Synpo2b(long
isoform) (Fig.21A). These isoforms share 43% and 38% sequederdity, respectively,
to mouse SYNPO2As. Zebrafish is well known for gene duplication events, and the ZFIN
database has an annotated sequence named SynpoZ2a that is 491bp mRNA. However, this
sequence is annotated as a cDNA clone with no reference tagense being Synpo2a,
it is not mapped to a chromosome, and it is not known to encode a protein. Thus, we
identified only one Synpo2b gene in zebrafish.

As shown byin situ hybridization, Synpo2s mRNA is strongly expressed in
skeletal muscle by 25 hphd this staining pattern was maintained (at reduced levels)
through 72 hpf, while Synpo2b staining was much fainter and more transient, localizing
in the notochord of zebrafish at 25 hpf (Fi@A2and B). There are other examples of
muscle specific protes whose different isoforms are expressed in different regions of the
fish during development, including fast muscle myosin heavy chain isoforms 1 and 2
(fmyhcl and 2) (Nord et al., 2014)and ankyrin repeat protein isoforms ankrdla and b
(Boskovic et al., 2018)The tissuespecific localization of these different isoforms, and of
Synpo2bS and Sgpo2bL, suggests they have different functional roles. These results are
the first to show tissuspecific expression of two Synpo2b isoforms iniranivo model

during development.
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Synpo2b knockdown and synpt2beterozygous mutants mimic a muscular dystrophy
phenotype

To examine the role of SynpoZin zebrafish muscle development, | began by
knocking down Synpo2b expression using morpholinos targeting tteenhNnus of the
MRNA (Fig. 2A). Morpholino injectedembryos exhibited curved tails and a short body
axis, typical of a dystrophy model (FigdR). Immunofluorescence staining for actin and
myosin showed loosely packed myofibrils between myosepta boundaries (i.e., the
chevrons) and a disorganized myosinrstay pattern with most myofibers containing only
1 or 2 nuclei (Fig. 2C), similar to the reduced myotube formation noted when mouse
SYNPO2As was knocked down in C2C12 cells. The extent of disrupted myotube formation
induced by Synpo2s knockdown was conapable to that observed when some other
proteins considered essential for myoblast fusion are knocked down using morpholinos.
For example, knockdown of cell adhesion proteins such as -kee(Kirrel), the
Drosophilahomolog of Kin of irre (Kirre)/Duf, mcreases the number of mononucleated
muscle fibers to ~80% compared to ~10% of WT mononucleated {iBersvas et al
2007) Similarly, knockdown of actinegulating proteins such as Racl, DOCK180 and
DOCKS5 reduces myotube formation by ~80% (Pajcini et al., 2008; Vasyutina et al.,
2009) Morpholino knockdown of some of these aatgulating proteins in zebrafish
resulted in the same curvedltphenotype and increased numbers of moaod bt
nucleated myofibers | observed following Synpo2b knockdd¢@minivaset al., 2007
Moore et al., 2007)

The morpholino results wermitially supported by results obtained using the
CRISPR/cas9 system to knockout lyapo2kgene, with the FO embryos showing the same
curved tail phenotype observed in the MO treated embryos (Bigl &is phenotype could
be attributed due to mosaicisthat is gene deletion in both somatic and germline cells. To
determine if the mutation was a germline mutation, the heterozygous FO mutants were
outcrossed with a WT fish. Ultrastructural analysis of the muscle of curved F1 embryos
showed reduced myofilaent content, increased vacuole accumulation, granular material,
and mitochondria accumulation between myofibers (Fi§sartl D). These phenotypic
changes are similar to those seen in myofibrillar myopathy (MFM) patients, a condition
caused by mutations sarcoplasmic and cytoskeletal protgi@shréder & Schoser, 2009)
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Morpholino knockdown of MFMrelated genes in zebrafish also elicited the same MFM
symptomgBihrdel et al., 2015)Thus, like some other cytoskeletal proteins, knockdown

of Synpo2b reduced fast muscle myotube formation and replicated the symptoms seen in
MFM. However, Mendelian genetics predicted 50% of the F1 offspring shoulchbdve
curved tail phenotype but we only observed 20% of the embryos with this phenotype. In a
second cross of FO with WT none of the embryos had a curved tail phenotype suggesting
the curved tail embryos in the first cross could have been due to breedidigons or
first-time breeding. These initial studies therefore failed to define the relative role of

Synpo2b in zebrafish muscle development.

Knockdown phenotype versus Knockout phenotype

According to the MGI databasgynpozZnockout mice are lethak the preweaning
stage. Additionally, we observed in oir vivo model that Synpo2b morphants and
heterozygous mutants showed striking muscular defect phenotypes. We were therefore
surprised when the F2, F3 and F4 embryos screened for homozygosity idpiaiRed
no curved tail phenotype or any obvious muscular defects. Furthernmorsitu
hybridization confirmed the SynpoZbisoform was not expressed in the skeletal muscle
of KO embryos (Fig.31A). The loss of phenotype was discouraging, but phenotypi
discrepancies between morphants and zygotic mutants have been previously reported in
zebrafish and in other models likeabidopsis yeast and mic€El-Brolosy & Stainier,
2017) For example, zebrafish embryos with morpholino knockdown of the Fus gene
display symptoms of amyotrophic lateral esdsis (ALS) but zygotic mutants remain
normal (Lebedeva et al., 2017)Similarly, embryos with individual morpholino
knockdowns of 10 genes (Amot, Ccbel, EImol, Etsl, Flt4, Fmnl3, Gata2a, Mmp2, Nrpla,
Pdgfrb) display vascular or lyrhptic defects, but this phenotype is only observed in
zygotic mutants of three of these genes (Flt4, Ccbel and Gata2a); the remaining seven
mutants develop normallfKok et al., 2015) Lastly, morpholino knockdown of muscle
specific genes Krel and Ckipl significantly reduces fusion of fast muscle ¢@lisBaas
et al., 2012; Srinivas et al., 200 hpowever, a recent study showed thiatel3, ckipland
igseclbmutants did not show any fusion defect and were able to swim and regenerate

muscle normallyHromowyk, 2017) Aberrant morphant phenotypes have been attributed
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to off-target effects or M@Qoxicity. Studies such athese led to the development of
guidelines to follow when publishing morpholino data, including the need to show a zygotic
mutant phenocopies the morphéBtainier et al., 2017Pegpite the loss of a gross muscle
defect in Synpo2b zygotic mutants, ultrastructural analysis of muscle tissues did reveal
increased numbers of immature myofilaments and decreases in sarcomere length and | band
width, indicating zebrafish Synpo2b plays aerdh the efficient formation and/or

maintenance of myofilaments.

Does synpo2b gene deletion trigger compensatory changes in gene expression?

Zygotic deletions can trigger genetic compensation where altered expression of
other genes can compensate for lokshe deleted gene. Other instances include RNAI
depletion of Tetl in mice reduces leukemia inhibitory factor (LIF)/STAT3 signaling
(Freudenberg et al., 201, 2yhereas increased Tet2 expression compensates for the loss of
Tetl in knockout mice, which do not show any phenofidavlaty et al., 2011)Similarly,
EGFlike-domain multiple 7 (Egfl7) morphants in zalish have vascular defects that are
not present iregfl7- mutants due to upregulated expression of a compensatory gene,
Emilin3a(A. Rossi et al., 2015while muscléJ-actin (Actc1b) morphants show nemaline
bodies and poor muscle performance, phenotypes not obseraetl it mutants where
upregulation of Actcla compensates for the absence of g@eidl et al., 2018)

To determine whether genetic compensation contributed to the loss of the morphant
phenotype in the zygotgynpo2kmutants, | used RNAseq analysis to look for upregulated
expression of compensatory gerfessults did not identify a single gene or cluster of genes
with a particular function that could compensate for the loss of phenotygyapo2t
embryos According to set pValue cutoffs and FDR calculations, expression of 404 genes
were significantly altered in thesynpo2B” embryos compared to WT embryos.
Unfortunately, the majority of genes that were the most significantly upregulated (e.qg.,
si:dkey42i9.7 was upregulated-®@ld) or significantly downregulated (e.g., si:ch1073
190k2.1 was downregulated by-idld) are those yet to be annotated and whose functions
in zebrafish have not been defined.

One gene of potential interest was shisa family membéshisa4) that was
upregulated 8-8old. The shisa family of proteins are Hétalized transmembrane proteins
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best known for playing a role in head formation by inhibiting Wnt and FGF signalling
(Yamamoto et al., 2005However, a very recent paper showed that knockdown of SHISA2
significantly inhibits fusion of C2C12 and primary myobla@ts et al., 2018)As an ER
protein, shisa4 might also localize in the muscle sarcoplasmic reticulum to regulate muscle
contraction and somehow compensate for the bSgmpo2b. The localization or function
of Shisa4 in zebrafish muscle is unknown, and further studies are needed to establish the
role of Shisa4 in WT skeletal muscle andgympo28 embryos.

Since most of genes were not annotated with a gene namalyted all 404 hits
by individually searching with the available name (e.g., si:dk&9.7) or Ensemble ID in
the PANTHER classification system. This process allowed us to group each gene based on
the PANTHER protein class, family and function. The ardyable result was a few genes
involved in immune system processes or transcription factor signaling, but different genes
in these pathways were either upregulated or downregulajgge(dix A). While the
PANTHER classification system did not identify apregulated pathway likely to
compensate for loss of Synpo2b, | did identify clusters of genes that regulate the actin
cytoskeleton and muscle contraction that were significantly downregulatohpo2b
embryos (Tabl®). These genes were categorizedarsomere, contractile fiber, myofibril,
contractile fiber and actin cytoskeleton proteins. As can be seen, several major components
required for the organization and function of myofilaments in myofibers were significantly
downregulated in theynpo2h~ embryos, despite the absence of any gross morphological
muscular defects. Why loss of Synpo2b might lead to downregulated muscle specific gene

transcripts is discussed further in Chapter 5 of this thesis.

Synpo2bF knockout embryos exhibit defects in myofilament organization

Knockout of Ig domain containing transmembrane proteins JamB and JamC
(Powell et al., 2011)transmembrane protein myomak@hang et al., 2017)or the
micropeptipe myomixe Shi et al., 2017)ompletely blocks multinucleated myotube
formation, generating myofibers with a single, centrally located nucleus. Despite this
complete block to myoblast fusion, these zebrafish embryos remain viable and exhibit
normaltwitching and swimming behaviour. To determine whethestimpo2b” embryos

that lacked any obvious muscle or swimming defects had ultrastructural changes in their
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myofiber organization, 48 hpf embryos were examined by fluorescence microscopy using
phalloidin to stain Factin, aniMHC to stain fast muscle fibers, or abtidystroglycan to

image myosepta, and whole mount embryos were also examined by electron microscopy.
As shown (Figs. 3 and 3), the synpo2l” embryos formed normal multinucleated
myotubes but displayed several defects in their myofiber organization, including changes
to the organization of myosepta boundariedjsts and | bands. Regions of loosely packed
myofilaments resembling immature myofibrils and reduced (approaching statysticall
significant) sarcomere length were also noted in sfiepo2d embryos, indicating
Synpo2b is required for efficient formation of normal myofibrils in zebrafish.

During embryo development, muscle contraction is required for proper myotome
development. & example, treatment of embryos with blebbistatin {muscle myosin |
inhibitor) to reduce actomyosin contraction reduces localization of paxillin to focal
adhesion sites and these embryos have wider myosepta boundaries. Paxillin mutants also
exhibit wider myosepta boundariéfacob et al., 2017The effects ofynpo2ldeletion on
myosepta boundaries correlated with significantly downregulated muscle contractile
proteins, and the KO embryos also exhibited reduced sarcomere length suggesting muscle
contraction could be affected.

The possible role of Synpo2b in myofilament maturaiibiy. 34) is somewhat
similar to the role the PDZ domain containing mouse isoforms, SYNPO2A and B, play in
regulating the CASA pathway for muscle maintenafigiericht et al., 2013)However,
zebrafish Synpo2l$ shows only30% sequence similarity to SYNPO2A and B and this
sequence conservation is only in the conserved-actoing region encoded by exon 4 in
mouse and does not align with the PDZ domain. Thus, Synpo2b in zebrafish seems unlikely
to play a role in the CASA plaway but may be required for maintaining actomyosin
contraction and myosepta stability.

Several additional hits from our RNA sequencing data were also consistent with the
ultrastructural changes observed in the myotoms&ynpo2l embryos. The fast mae
myosin heavy chain genesyhzl.land myhzl.2were significantly downregulated, and
Myhz1.1 is known to be expressed in somites 1 to 17 while and Myhz1.2 is expressed in
somites 111 (Nord et al., 2014)Downregulated expression of these germeelated with
the presence of immature myofilamentssimpo2™ embryos, especially in the mature
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somites present in the anterior region of the embryo. Similarly, the KO embryos exhibited
significantly reduced | band length compared to WT embryos 85(@), and two hits were
I-band localized proteins ankyrin repeat domain 2 (Ankyrd2) and actin binding Rho
activating protein b (Abrab). Ankyrd localizes in thbdnd of skeletal muscle and upon
cardiotoxic injury in mice translocates to the nucleus kalizes with euchromatin
(Tsukamoto et al., 2008\brab, also known as striated muscle activator of Rho signalling
(STARS), localizes in thebband in COS cells and polymerizes actin thereby sequestering
G-actin. Decreased levels of-&&tin releases the myocardielated trascription factor
(MRTF) that translocates into the nucleus and along with serum response factor (SRF)
increases transcription of downstream targatsi et al., 2002) Down-regulation of both
Ankrd2 and Abrab in theynm2b’”- embryos could explain the significantly reducdshhd
length, and downregulation of Abrab could also downregulate other muscle specific
contractile proteins by interfering with MRTF/SRF signaling. Downregulation of muscle
contractile proteins anddand proteins may explain the need for Synpo2b in the formation
and maintenance of normal, mature myofilaments, even though altered myofilament
organization due teynpo2hdeletion did not affect the overall morphology, regenerative
capacity or function fozebrafish muscle.

All of my studies were carried out in embryos less than 6 dpf. It may be possible
that knockout ofsynpo2bcould affect muscle regeneration during aging as seen in
cavindb/murchmutants, where only the 10 week péestilized fish orolder show muscle
defects and swimming deficien@ifousley et al., 2016)ven in the case of Synpol mutant
models Synpo?~ mutant mice show normal kidney structures during development but
treatment of knockout mice with protamine sulphate significantly reduced podocyte foot
processes leading to nephrotic syndra@sanuma et al 2005) Similarly, it would be
interesting to asses the function of Synpo2b in zebrafish at later stages of development or

by placing the fish under stressed conditions.

Possible role of Synpo2b in myofibrillogenesis
The arrangement of different peins into contractile units is myofibrillogenesis.
Striated muscle contains repeating sarcomeric units, and each unit is flanked by electron

dense Z4discs, | Band, A band and-Nhe (Fig. 3} top panel). The organization of these
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sarcomeres begin with na&st myofibrils made of actin and NMII, later replaced by muscle
myosin to form mature myofibe(Sanger et al., 201@Fig. 41). There is a potential link
between the apparent effects of Synpo2b on transcriptional regulation and
myofibrillogenesis. The downregulation of mussleecific transcripts, especially myosin
isoforms, insynpo2bknockout fish likely lead to reduced myoginotein levels, which
could have an impact on the dynamics of muscle myosin incorporation into nascent
myofibrils and thereby delay myofiber maturation (HEigj). It would be interesting to study

the staining pattern of sarcomeric proteins at differemgjest of myofibrillogenesis to

determine whethesynpo2ldeletion delays this process.
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Figure 21: Zebrafish Synpo2b isoforms.

(A) Exon and protein arrangement of synpo2b genepantkin isoforms. The protein
isoforms, Synpo2$ (short) and Synpo2b (long) are generated from alternatively spliced
MRNAs generated from an upstream promoter. The exons are indicated by numbers and
introns by alphabetically labelled chevrons. Amino acid sequences above each protein
isoform indicate the Nand Gterminal sequences. The number of amino acid residues and
predicted molecular mass (in brackets) for each isoform are indicated. (B) The black line
under exon 2 and 3 shows the region used for desigmisity probes for wha mountin

situ hybridization Figs.20A and 20B).
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Figure 22: Synpo2b isoforms are differentially expressed during development.

(A) Whole mountin situ hybridization of synpo2& during different stages of
development. (B) Whole mount in situ hybridization of synpa2turing different stages

of development. In both figures, the side view of 12 hpf embryo is shown on the right.
Magnified region of the sietal muscle of 25, 48 and 72 hpf embryos is shown on the right.
Scale bar = 200m (8, 12 and 18 hpf) and 500um (25, 48 and 72 hpf).
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Figure 23: Synpo2b-S is upregulated during development.

(A) Exon arrangement of synpo2b geiibe black line under exon 2 and 3 highlights the
region amplified for quantitative RPCR. (B) Quantitative R'PCR of synpo2s and
synpo2bL during different stages of embryo development.
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Figure 24: Synpo2b knockdown disorganizes skeletal muscle fiber organization.

(A) Exon arrangement of synpo2b gene. The black line under exon 2 shows the region
targeted by the morpholino. (B) Control morpholino (top panel) ampa3btargeted
morpholino (bottom panel) injected AB strain embryos ahgB (C) Actin and myosin
heavy chain (MHC) staining of control and synpdaigeted morpholino injected 48 hpf

AB strain embrys. Scale bar = 200um (B) and 20um (C).
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Figure 25: Synpo2bgene deletion using CRISPR system.

(A) Exon arrangement of synpo2b gene. The green lines above exon 2 (P1 and P2) show
the primer binding regions. The arrows and numbers 1 to 6 show the ¢iRi&ing
regions. (B) PCR gel image showing the regions amplified by primers P1 and P2. Lane 1:
ladder; lane 2: two amplicons, the wilghe (1851bp) and mutant band (359bp) from
heterozygous fish (+); and lane 3: single amplicon of the flehgth gendrom wildtype.
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and gene deletion confirmed by sequencing
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Figure 26: Flowchart depicting the generation of thesynpo2l- knockout fishline.

The six gRNAs (shown in Figure 23A) were injected in the sivngik stage of casper
embryos. The injected embryagre grown br 1 month and genotyped for gene deletion
(FO generation). The FO embryos carrying iyapo2bgene deletion were grown to 3
months old and ottrossed with a wildype casper fish. This removes-tdirget effects of
the gRNAs and confirms germline trarission of the mutation. The FI embryos were
screened for the gene deletion-J-#nd ircrossed to obtain the F2 generation. Fbey/os
were genotyped for the homozygous gene deletionand further ircrossed to obtain the
F3 generation that was usext breeding the F4 generation for downstream analysis.
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Wild-type (72 hpf)

FO (72 hpf)

Figure 27: Synpo2bknockout embryos develop abnormally (FO).
Top panekepresents an uninjected casper embryo (WT), and the bottomrppredents
embryos injected with synpo2b targeted gRNAs
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Figure 28 Synpo2bF1 knockout embryos have abnormal muscle function and
architecture.

(A) The top panel is an uninjected casper embryo (WT), and the bottom panel an F1 embryo
(+/-) raised from an FO mutant and wilgbe outcross. (B) Left panel is the electron
microscopic images of WT and heterozygous mutanr} émbryos. The right panel is the
magnified image of the black inset box. Scale bar = 800nm.
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