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ABSTRACT

The neuromuscular junction (NMJ) is a chemical synapse of the peripheral nervous system that
enables skeletal muscle contraction through acetylcholine-mediated neurotransmission. This
synaptic structure is composed of three main elements, motor neuron, myofiber, and Schwann
cells, that tightly regulate one another throughout ontogenesis via multiple signaling
pathways. Disruption of these pathways can result in neuromuscular disorders that reduce the
efficiency of muscle contraction and lead to muscle fatigue, wasting, and, in some cases,
premature death. The cause of many neuromuscular disorders remains unknown to this date
and any cure or treatment is often missing. Studying the molecular mechanisms underlying
NMJ function in physiological and pathological contexts could shed light on these unmet
clinical needs and even lay the path to discovering therapeutic targets. Impairments in cellular
processes regulating the presence of acetylcholine receptors (AChRs) on the myofiber surface
are one of the most devastating for proper NMJ function. Most importantly, many signaling
pathways and developmental processes involved in receptor clustering and maintenance
remain poorly understood, and researchers continue to unveil new roles for proteins whose

relevance at the NMJ had been unknown before.

The actin cytoskeleton and actin-remodeling proteins are at the core of many postsynaptic-
regulating processes, including local delivery and recycling of synaptic components,
stabilization of postsynaptic complexes, and recruitment of other cytoskeletal filaments.
Through my PhD research, | identified and characterized for the first time some of the
functions of the cytoskeletal regulators drebrin and myosin VI in the formation and
maintenance of the postsynaptic machinery. Specifically, | found that drebrin plays an
important role in AChR clustering and maturation through its ability to rearrange actin
filaments. Moreover, its mechanisms of action at the postsynaptic machinery seem to involve
microtubule organization and interaction with rapsyn, a key AChR clustering mediator and
stabilizer. Myosin VI, on the other hand, does not seem to be crucial neither for NMJ formation
nor maturation, however its absence in mice significantly impairs NMJ structure and leads to

reduced muscle strength, particularly in females.

Altogether, my results provide an insight into the mechanisms through which drebrin mediates
AChR cluster formation, maturation, and maintenance, as well as the functional consequences

of myosin VI loss in the skeletal muscle of mice.



STRESZCZENIE

Ztagcze nerwowo-miesniowe (ZNM) to chemiczna synapsa obwodowego ukfadu nerwowego,
ktéra posredniczy w skurczu miesni szkieletowych poprzez neurotransmisje za posrednictwem
acetylocholiny. Ta struktura synaptyczna sktada sie z trzech gtéwnych sktadowych:
motoneuronu, wtdkien miesniowych i komdrek Schwanna, ktére w ontogenezie $cisle reguluja
sie nawzajem za posrednictwem wielu Sciezek sygnatowych. Zaktécenie tych szlakéw moze
skutkowac¢ zaburzeniami nerwowo-miesniowymi, ktére zmniejszajg wydajnos¢ skurczu miesni i
prowadzg do meczliwosci miesni, wyniszczenia, a w niektérych przypadkach do przedwczesnej
$mierci. Przyczyna wielu zaburzen nerwowo-miesniowych pozostaje do tej pory nieznana i
wcigz nie ma skutecznych lekdw i terapii. Poznanie mechanizméw molekularnych lezacych u
podstaw dziatania ZNM w warunkach fizjologicznych i patologicznych moze rzucié swiatto na te
niespetnione potrzeby kliniczne, m.in. poprzez odkrycie nowych celéw terapeutycznych.
Zaburzenia proceséw komoérkowych regulujgcych obecnos$¢ receptoréow acetylocholinowych
(AChR) na powierzchni wtékien miesniowych sg jednymi z najbardziej destrukcyjnych dla
prawidtowego funkcjonowania ZNM. Co wazne, wiele S$ciezek sygnatowych i procesdéw
rozwojowych zaangazowanych w grupowanie i stabilnos¢ receptordw pozostaje stabo
poznanych, a naukowcy nadal odkrywajg nowe funkcje biatek, ktdrych rola na ZNM byta

wczesniej nieznana.

Cytoszkielet aktynowy i biatka biorgce udziat w rearanzacji filamentéw aktynowych s3
zaangazowane w wiele postsynaptycznych proceséw regulacyjnych, w tym w lokalne
dostarczanie i recyrkulacje komponentéw synapsy, stabilizacje komplekséw postsynaptycznych
i rekrutacje innych sktadowych cytoszkieletu. W moich badaniach bedacych podstawg
rozprawy doktorskiej po raz pierwszy zidentyfikowatam i scharakteryzowatam niektdre funkcje
biatek cytoszkieletu: drebryny i miozyny VI w tworzeniu i organizacji maszynerii
postsynaptycznej. W szczegdlnosci odkrytam, ze drebryna, dzieki swojej zdolnosci do
oddziatywania z filamentami aktynowymi, odgrywa wazng role w grupowaniu i dojrzewaniu
klastrow AChR. Co wiecej, mechanizmy organizacji maszynerii postsynaptycznej, w ktére
zaangazowana jest drebryna wydajg sie obejmowacé organizacje mikrotubul i interakcje z
rapsyng, biatkiem stanowigcym kluczowy element rekrutacji i stabilizacji AChR. Z kolei
niekonwencjonalna miozyna VI, zalezne od aktyny biatko motoryczne, nie wydaje sie by¢
kluczowa w tworzeniu i dojrzewaniu ZNM, jednak jej brak u myszy skutkuje zmianami w
struturze ztgcza, ktére prowadza do zmniejszenia sity miesni konczyn tylnych myszy, w

szczegdblnosci u samic.

Podsumowujgc, moje wyniki dostarczajg nowej wiedzy o mechanizmach udziatu drebryny
w tworzeniu, dojrzewaniu i stabilnosci klastréw AChR, jak réwniez o funkcjonalnych

konsekwencjach utraty miozyny VI w miesniach szkieletowych myszy.



OWN PUBLICATIONS

Part of the work contained in this thesis has been published in peer-reviewed, indexed
scientific journals:

Alvarez-Suarez, P., Nowak, N., Protasiuk-Filipunas, A., Yamazaki, H., Proszynski, T.J., Gawor, M.
(2021). Drebrin regulates AChR clustering and organization of microtubules at the postsynaptic
machinery. International Journal of Molecular Sciences, special issue Molecular Research on
Muscle Protein and Myopathies, 22 (9387). DOI: 10.3390/ijms22179387. IF = 5.923.

Lehka, L., Topolewska, M., Wojton, D., Karatsai, O., Alvarez-Suarez, P., Pomorski, P., Redowicz,
M.J. (2020). Formation of Aberrant Myotubes by Myoblasts Lacking Myosin VI Is Associated
with Alterations in the Cytoskeleton Organization, Myoblast Adhesion and Fusion. Cells, 9 (7),
1673. DOI: 10.3390/cells9071673. IF = 6.600.

Alvarez-Suarez, P., Gawor, M., and Prdszynski, T. J. (2020). Perisynaptic Schwann cells - the
multitasking cells at the developing neuromuscular junctions. Seminars in Cell and
Developmental Biology, 104, 31-38. DOI: 10.1016/j.semcdb.2020.02.011. IF = 6.138

Other work published during the PhD studies:

Sampedro-Piquero, P., Alvarez-Suarez, P., Postigo, A., Cuesta, M., and Begega A. (2020).
Impact of Aerobic Exercise on Stress Resilient Behaviour Across the Lifespan. In Healthy
Lifestyles and Healthy Eating (1st ed.) Nova Science. ISBN: 978-1-53618-399-3.

Sampedro-Piquero, P., Alvarez-Suarez, P., Moreno-Fernandez, R.D., Garcia-Castro, G., Cuesta,
M., and Begega A. (2018). Environmental Enrichment Results in Both Brain Connectivity
Efficiency and Selective Improvement in Different Behavioral Tasks. Neuroscience, 388, 374-
383. DOI: 10.1016/j.neuroscience.2018.07.036. IF = 3.244

This research was funded by the National Science Centre, Poland: National
Science
grant number UMO-2016/21/D/NZ4/03069 (awarded to M.G.) Centre
Poland
grant number UMO-2018/29/N/NZ3/02682 (awarded to P.A-S.) ‘



10



LIST OF ABBREVIATIONS

+TIP Microtubule plus-end-tracking protein

Abl Non-receptor tyrosine-protein kinase

ACh Acetylcholine

AChE Acetylcholinesterase

AChR Acetylcholine receptor

ADE-H Actin—.depolymerizing factor homology
domain

AKAP A-kinase anchor protein

ALS Amyotrophic lateral sclerosis

AMPA Fx—amino—3—hy<':|ro'xy—5—vmethyl—4—
isoxazolepropionic acid

AMPAR AMPA-type glutamate receptor

APC Adenomatous polyposis coli protein

APP B-amyloid precursor protein

Arp2/3 Actin-related proteins 2 and 3 complex

ATP Adenosine 5’-triphosphate

BTX Bungarotoxin

CaMKi| C.alcium/CaImoduIin-dependent protein
kinase Il

cC Coiled-coil domain

CCE Chicken embryo extract

Cdk5 Cyclin-dependent kinase 5

CLASP Cytoplasmic linker-associated protein

CLIP Cytoplasmic linker protein

CMS Congenital myasthenic syndrome

CNS Central nervous system

CRAC Ca?* release-activated Ca?* channel

Dbn1 Drebrin gene in mice

DBN1 Drebrin gene in humans

DBN-1 Drebrin-like homolog in C. elegans

DBNL Drebrin-like protein in humans

DGC Dystrophin-glycoprotein complex

DHPR Dihydropyridine receptor

DIA Diaphragm muscle

DMD Duchenne’s muscular dystrophy

DMEM Dulbecco’s Modified Eagle’s Medium

DNM2 Dynamin-2 gene in humans

DOCK7 Dedicator of cytokinesis 7

Dok7 Downstream of tyrosine kinase 7

DTT Dithiothreitol

DXKO Drebrin global knockout mouse strain

EB End-binding protein

ECM Extracellular matrix

EDL Extensor digitorum longus

EPP Endplate potential

FBS Fetal bovine serum

GA Gastrocnemius muscle

GGT Geranylgeranyltransferase

GIPCL GAIP.(G otjinterac'Fing protejin) C-
terminus-interacting protein

GTP Guanosin-5’-triphosphate

Hel Helical domain

HS Horse serum

IPsR Inositol triphosphate receptor

IQ motif | Light-chain binding motif
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Low-density lipoprotein receptor-related

Lrp4 protein

LTD Long-term depression

LTP Long-term potentiation

MACF1 Microtubule actin cross-linking factor 1
mAP Muscle action potential

MAP Microtubule-associated protein
MHC Myosin heavy chain

MT1- Membrane type 1 matrix

MMP metalloproteinase

MT Microtubule

MuSK Muscle-specific kinase

MVI Myosin VI

Myo6 Myosin VI gene in mice

nAP Nerve action potential

Navi.4 ::vrl]t;;crizizpecific voltage-gated Na*
NFAT Nuclear factor of activated T cell
NM Nemaline myopathy

NMJ Neuromuscular junction

PAK1 Serine/threonine-protein kinase
PFA Paraformaldehyde

PI3K Phosphoinositide 3-kinase

PKA Protein kinase A

PKC Protein kinase C

PNS Peripheral nervous system

PP Proline-rich domain

p/s penicillin and streptomycin

PSC Perisynaptic Schwann cell

PSD-95 Postsynaptic density protein 95

PTEN Phosphatase and tensin homolog

RAPSN Rapsyn gene in humans

RCF Relative centrifugal force (G-force)

RPM Revolutions per minute

RT Room temperature

Ryrl Ryanodine receptor 1

SAP97 Synapse-associated protein 97

SC Schwann cell

SoD1 Superoxide dismutase 1 gene in humans

SOL Soleus muscle

Spikar Spine and karyoplasm protein

SR Sarcoplasmic reticulum (endoplasmic
reticulum in muscle tissue)

ST Sternomastoid muscle

sy Snel|’§ waltzer mouse strain, global
myosin VI knockout

TA Tibialis anterior muscle

TS Triangularis sterni muscle
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"Science, for me, gives a partial explanation for life.

In so far as it goes, it is based on fact, experience and experiment."
Rosalind Franklin,

co-discoverer of the DNA double helix structure

13



14



CHAPTER 1: INTRODUCTION

The nervous system is responsible for the ability of the organism to interact with the
environment and the numerous stimuli that it is constantly receiving. It is organized to
detect changes in both the internal and the external environments, evaluate and
integrate information, and finally, to respond through effector cues, such as the
endocrine and muscular systems. The ability to move is a crucial aspect of survival and
reproduction for many species, and even the simple act of breathing is controlled by the
muscular system in response to a nervous input. This is true to such extent that a failure
in the muscular system to respond to these input signals often has fatal consequences
for the organism. The analysis of these systems and their interactions is crucial for
understanding both normal animal behavior and the development of pathology, such as

neurological disorders and muscular dystrophies.
1.1. Organization of the Peripheral Nervous System

Evolution has provided animals with increasingly complex nervous systems that tend to
centralize nervous networks and accumulate them in the anterior part of the nervous
cord, with prolongations that reach throughout the entire organism to receive and emit
signals and communicate with other systems (Arendt et al., 2008). The vertebrate
nervous system is divided into two main sub-systems: the central nervous system (CNS)
and the peripheral nervous system (PNS). The CNS includes the encephalon (brain,
cerebellum, and brainstem) and the spinal cord, while the PNS consists of CNS-stemming
nerves and ganglia located outside of the brain and the spinal cord (Fig. 1.1A). In turn,
the PNS is divided in the autonomous (involuntary) and somatic (voluntary) systems

(Purves et al., 2018).

The motor component of the somatic PNS comprises all motor nerves that send
information in order to contract skeletal muscles. These motor nerves correspond to
bundles of axons from neurons whose cell body is located in either the motor nuclei of
the brainstem or the ventral horn of the spinal cord gray matter (cranial and spinal
nerves, respectively). These so-called a motor neurons (or motoneurons) are controlled
directly by local circuits within the spinal cord and the brainstem, but also indirectly by
neurons in higher CNS centers (upper motoneurons) that regulate local circuits to enable

the execution of complex and coordinated movements. Sensory neurons also emit direct
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information to local circuit neurons to regulate motor reflexes that operate
independently from higher brain structures. In the end, skeletal muscles receive
information from a variety of sources integrated by the a motoneurons (Fig. 1.1B). Both
axons and axon terminals of a motoneurons are encapsulated by peripheral glial cells

called Schwann cells (SC), that assist motor nerve functions (Purves et al., 2018).

A Brain ﬂ B DESCENDING SYSTEMS
Cranial nerves Upper motor neurons
Spinal cord
Spinal nerves Motor cortex ~ 4———  BASAL GANGLIA
| | Brainstem centers ~«———— CEREBELLUM
U
\ }
| l
Central Nervous System Local circuit neurons Lower motor neurons
® Peripheral Nervous System
SPINAL CORD AND BRAINSTEAM CIRCUITS

Spinal cord cross-section
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Grey matter's motoneuron
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[ J . !
\\/ I ’ Sensory inputs Skeletal muscle outputs
i a maotoneuron 4

Figure 1.1. Organization of the nervous system. (A) Overall view of the central and peripheral
nervous systems. (B) Neural structures controlling voluntary movement of skeletal muscles.
[llustration created with BioRender.com.

Developing an electrically excitable muscle membrane (sarcolemma) was the
evolutionary solution for a more efficient use of the motor input, thus further focalizing
the point of contact between motoneurons and muscle fibers (Slater, 2017). In
mammals, a given adult muscle fiber is generally innervated by only one a motoneuron,
with the exception of multinnervated extraocular and limb muscles, trunk and limbs
intrafusal fibers, and temporary developmental stages of multinnervation (Schiaffino &
Reggiani, 2011). Conversely, one a motoneuron usually innervates several fibers from

the same muscle (Buchthal & Schmalbruch, 1980).
1.1.1. The neuromuscular junction

A single a motoneuron and all the muscle fibers it innervates constitute the so-called
motor unit, the smallest unit force that can be recruited for movement. This way, the
number of motor units recruited at a given time is used to control the amount of force

that a muscle generates. The focal point where an axon terminal contacts with the
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muscle fiber is called neuromuscular junction (NMJ) and forms a chemical synapse
relying, in mammals, on the neurotransmitter acetylcholine (ACh) (Fig. 1.2) (Purves et
al., 2018). Apart from skeletal muscle fiber and a motoneuron, NMJ structure and
function is tightly regulated by non-myelinating perisynaptic Schwann cells (PSCs) that

cover the synaptic area, altogether creating a tripartite synapse (Alvarez-Suarez et al.,

2020; Araque et al., 1999).
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Figure 1.2. Schematic illustration of the neuromuscular junction components. lllustration
created with BioRender.com.

An action potential travelling through the neuronal axon (nAP) leads to depolarization of
the motoneuron membrane, opening of voltage-gated calcium channels, and the
subsequent influx of calcium ions (Ca%*) from the extracellular fluid. The increase in Ca?*
concentration triggers the fusion of ACh-containing synaptic vesicles with the
presynaptic membrane of the motoneuron terminal and the release of ACh into the
narrow space between pre- and postsynaptic elements, called synaptic cleft (Fig.
1.3A_1). The postsynaptic membrane is highly specialized to mirror the morphology of
the presynaptic terminal, and is extensively folded in mammals to maximize the
efficiency of the transmission (Fig. 1.3B-C). Junctional folds directly appose presynaptic
active zones, where synaptic vesicles accumulate in a laminin subunit a4-dependent
manner (Patton et al., 2001). The ACh molecules diffuse through the synaptic cleft in less
than 1 ms, and bind to ligand-gated cation channels called acetylcholine receptors

(AChRs). These receptors are accumulated at the crests of the muscle junctional folds
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and their activation leads to the influx of sodium (Na*), potassium (K*), and Ca%*ions and,
in turn, changes in the polarization of the muscle membrane (endplate potential or EPP).
To guarantee the efficacy of the neurotransmission and the contraction of the muscle,
neurons release a high content of neurotransmitter, so that the EPP is several folds
higher than the required to reach the threshold for generating a muscle action potential.
This feature, called safety factor, allows for certain loss of function before the
neurotransmission is completely impaired. The local depolarization caused by the EPP
activates voltage-gated Na* channels (Nav1.4) located at the bottom of the junctional
folds, leading to a bigger influx of cations inside the cell and depolarization of the muscle
membrane (muscle action potential or mAP). Therefore, Na* channels at the bottom of
junctional folds act as amplifiers of the signal and their high density contributes to the
safety factor (Fig. 1.3A_2) (Purves et al., 2018; Slater, 2017; Tintignac et al., 2015;
Verschuuren et al., 2016).

The mAP travels across the specialized sarcolemma and into T tubules, invaginations of
the sarcolemma that are in close vicinity of the sarcoplasmic reticulum (SR, muscle
endoplasmic reticulum) (Chal & Pourquié, 2017). Since the SR membrane is covered in
voltage-gated Ca®* channels, the mAP triggers the release of Ca?* from within the SR to
the cytoplasm through coupled activation of DHPR (dihydropyridine receptor) and Ryrl
(ryanodine receptor 1) channels (Fig. 1.3A_3). Calcium ions bind to proteins of the
contractile machinery (sarcomere) and, eventually, induce a contraction in the muscle
fiber (Huxley & Simmons, 1971) (for more information about muscle contraction, see
section 1.2.1.). Opposite to many other neurotransmitters, the signal transmission is
terminated not by reuptake of ACh, but by rapid hydrolytic activity of the enzyme
acetylcholinesterase (AChE) that is present at the synaptic cleft (Fig. 1.3D). Therefore, it

prevents repeated activation of AChR channels upon a single nAP (Purves et al., 2018).

Most of the current knowledge about chemical synaptic transmission was obtained from
experiments on the murine NMJ, because it constitutes an excellent synapse model.
Neuromuscular junctions are simpler whilst larger than central synapses (Takikawa &
Nishimune, 2022). Moreover, they rely on unidirectional neurotransmission of one
neuron to one muscle fiber, in comparison to multiple neuronal connections and
neurotransmitters conveyed into neurons that are part of a network in the case of CNS

(Tintignac et al., 2015).
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Figure 1.3. Transmission of the signal at the neuromuscular junction. (A) Schematic
representation of the NMJ (upper left corner) and the three main events of the
neurotransmission: 1) entry of Ca?* in the presynaptic terminal upon the arrival of a nAP and
triggering of fusion of synaptic vesicles with the cell membrane, leading to the release of the
neurotransmitter into the synaptic clef; 2) binding of ACh to its receptor on the muscle surface
(AChR) that generates an EPP, triggering the activation of voltage-gated Na?* channels that
amplify the signal (mAP); 3) muscle contraction triggered by the cytoplasmic release of Ca?*
stored in the SR. lllustration created with BioRender.com. (B) Visualization of the topography of
AChRs in the adult mouse NMJ through high-resolution confocal microscopy, where the observed
striped pattern is due to the extensive junctional folding of the postsynaptic membrane. Scale
bar = 4 um. Image adapted with permission of the authors (Marques et al., 2000). (C) Junctional
folds on the muscle surface of the Chinese hamster observed with scanning electron microscopy.
Scale bar = 5 um. Image adapted with permission of the authors (Desaki & Uehara, 1981). (D)
Distribution pattern of acetylcholinesterase (AChE, red) in the synaptic cleft of the mouse NMJ,
visualized together with postsynaptic neurotransmitter receptors (AChR, green) and synaptic
nuclei (blue) in a spinning-disk confocal microscope. Scale bar = 10 um. Own image.
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Additionally, NMJs are more accessible due to their peripheral location, facilitating the
application of histological and electrophysiological methods and allowing for both
structural and functional studies (Webster, 2018). In particular, murine NMJs have a
significantly larger surface (400 pm? in mice vs. 200 pm? in humans) and a higher content
of neurotransmitter released in synaptic vesicles than human NMlJs, which makes them
convenient to manipulate in experimental settings. Importantly, murine NMIJs reflect
most of the morphological features and molecular mechanisms of human NMJs (Boehm
et al., 2020), such as the extensive folding of the postsynaptic membrane (Slater, 2017),
or the agrin-induced signaling pathways involved in synapse formation and
morphological maturation (Burgess et al., 1999; Sanes & Lichtman, 1999). Thus, animal
models give us the possibility to study not only the mechanism of neuromuscular
signaling in physiological conditions, but also to understand pathological impairments in
neuromuscular transmission and explore therapeutic treatments to ameliorate them in
appropriate experimental settings (Fralish et al., 2021; Webster, 2018). As it will be
revised throughout this introduction, a great volume of the literature has focused on
understanding pathological and non-pathological processes throughout mouse lifespan

that affect NMJ-dependent efficiency of muscle contraction.
1.2. Mouse skeletal muscle development

Many neuromuscular diseases in humans, including congenital myasthenic syndromes
(CMS), have been linked to the same genes that were described in rodent models as part
of NMJ formation and maintenance (Fralish et al., 2021; Webster, 2018). For that reason,
understanding the molecular pathways in the mouse synaptic development can

contribute to the potential therapeutic treatment of myopathies in humans.

The formation of skeletal muscle cells (myogenesis) of the trunk and limbs starts in mice
around the 9" embryonic day (E9.5) (Fiirst et al., 1989) (Fig. 1.4). During embryogenesis,
the neural tube grows along with two surrounding strips of paraxial mesoderm, a tissue
divided in blocks called somites. Somites are composed of several types of columnar
epithelial cells, of which the dermomyotome eventually differentiates into muscle tissue,
connective tissue, and dermis (Furst et al., 1989; Krauss, 2017). In response to signals
from surrounding tissues, somite-derived muscle progenitor cells initiate a
differentiation program that is characterized by the expression of transcription factors
Pax3 and Pax7 (Kassar-Duchossoy et al., 2005). Then, these progenitor cells start

expressing Myf5 and MyoD factors and become determined to differentiate into muscle -
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lineage cells, namely myoblasts. Myoblasts already express specialized cytoskeletal
proteins, such as myosin heavy chains (MHC), skeletal muscle actin isoforms (a-actin-1),
and desmin (First et al., 1989). Most importantly, they have the potential of
proliferating and fusing into multinucleated myotubes and then myofibers upon the

expression of MyoD and myogenin (Chal & Pourquié, 2017; First et al., 1989).
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Figure 1.4. Representation of myogenesis in mice. Key time points in the embryonic
development of skeletal muscle are represented in the blue time scale (between embryonic days
E6-E21). Dotted arrows represent intermediate steps in differentiation, not described in the text
for simplicity purposes. Illustration created with BioRender.com.

Myogenesis takes place in two phases during embryogenesis (Fig. 1.4). At E10.5-12.5 in
mouse, primary myofibers are formed from Pax3® muscle progenitor cells and are
followed by the arrival of motor axons to the central area of the future muscle (Kassar-
Duchossoy et al., 2005). In the vicinity of this area, myofibers have started delivering
AChRs to the cell surface, where they form aneural, solitary small clusters (Flanagan-
Steet et al., 2005; Lin et al., 2001). Between E14.5 and E17.5, a subpopulation of muscle
progenitor cells, located around the motor axon contact points, starts expressing Pax7
and, after expressing late myogenic markers, eventually differentiates into secondary
myofibers. The motoneurons immediately start innervating these myofibers so that all
mature skeletal myocytes are electrically coupled (Chal & Pourquié, 2017; Evans et al.,
1994; Kassar-Duchossoy et al., 2005). This is particularly important since functional
innervation and electrical activity are crucial for proper NMJ formation and muscle

maintenance (Borodinsky & Spitzer, 2006). By E18.5 in the mouse diaphragm
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development, all AChR clusters are bigger and innervated by an axon terminal, while the
aneural clusters have disassembled (Lin et al., 2001). A third subpopulation of progenitor
cells, also expressing Pax7, remains undifferentiated throughout postnatal development
to give rise to adult muscle stem cells (satellite cells) (Kassar-Duchossoy et al., 2005). At
the end of the myogenic process, each mature skeletal myofiber is innervated by one
motoneuron, and contains numerous nuclei as a result of myoblast and myotube
consecutive fusions, which are regulated by actin dynamics and proteins involved in

endocytosis (Chal & Pourquié, 2017).
1.2.1. Skeletal muscle fibers in the adult mouse

As previously mentioned, the basic unit of the contractile machinery in skeletal muscle
fibers is the sarcomere, constituted of alternating arrays of thin (mainly composed of
actin) and thick (mainly composed of skeletal muscle myosin) filaments (Fig. 1.5). The
sarcomeric structure repeats across the myofiber in a characteristic striated pattern due
to the distribution of thick and thin filaments forming: 1) central A-bands (hexameric
bipolar myosin filaments), with adjacent filaments being cross-linked at the center by
proteins of the central M-line, and 2) lateral I-bands, composed of actin filaments that
partially overlap with the A-bands and extend into the Z-discs at both endings of the
sarcomere. The Z-discs provide a mechanical link between actin filaments of opposite
polarity from adjacent sarcomeres, and thick filaments are anchored to the Z-discs via

the spring-like giant protein called titin (Luther, 2009; Squire, 1997).
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Figure 1.5. Sarcomere structure in skeletal muscle. Reprinted from “Myofibril structure”, by
BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.

22


https://app.biorender.com/biorender-templates

When Ca?* are released into the muscle cytoplasm to induce muscle contraction, a major
Ca**-dependent mechanism is triggered by Ca?' interaction with the actin-binding
complex of troponin-tropomyosin, inducing a series of conformational changes that
expose the binding site of actin filaments to the myosin head. The ATP-dependent
interaction between myosin and actin filaments occurs in an asynchronous manner, and
myosin heads appear to slide along actin filaments towards Z-discs. As a result, opposing
Z-discs of a given sarcomere are pulled towards each other, shortening the contractile
unit. The synchronized shortening of all sarcomeres from a given myofiber and all
myofibers of a given muscle leads to the shortening of the muscle itself (Lieber et al.,

2017; Squire, 1997; Sweeney & Hammers, 2018).

In the adult, all fibers composing a given motor unit are of the same fiber type (Edstrom
& Kugelberg, 1968). Traditionally, skeletal muscles were classified depending on their
proportion of fast-twitch (white) and slow-twitch (red) fibers, in correlation with their
glycolytic and oxidative metabolism, respectively (Needham, 1926). This original
classification gradually evolved by including parameters such as fatigue resistance,
metabolic properties (activity of mitochondrial enzyme succinate dehydrogenase B),
speed of contraction, and myosin heavy chain (MHC)-encoding genes (MYH), isoforms,
and ATPase activity (Peter et al., 1972; Schiaffino & Reggiani, 2011). Based on the
current classification, the four major fiber types in the adult skeletal muscle of mammals
are described in Table 1.1. However, hybrid or sole expression of MYH genes in different
fibers of a given muscle results in a spectrum of fiber types (1, 1/2A, 2A, 2A/2X, 2X,
2X/2B, and 2B). Type 2A fibers are often referred to as intermediate fibers because they
share properties of both slow- and fast-twitch fiber types (Schiaffino & Reggiani, 2011;
Zhang et al., 2010). Fiber types are variously distributed in limbs, trunk, and head, and
their relative proportion varies depending on the species and the body size: small
animals tend to have predominantly 2B and 2X fibers with abundant oxidative enzymes,
while bigger mammals, such as humans, have muscles with low levels of oxidative

enzymes, which are predominantly composed of 1 and 2A fiber types.

Interestingly, fiber type can impact the morphological characteristics of the NMJ,
including axon terminal shape and complexity, endplate area, and topology of the
junctional folds (Deschenes et al., 1994; Seene et al., 2017). Moreover, the reciprocal
developmental regulation between pre- and postsynaptic elements, that is maintained

across age and fiber type (Deschenes et al., 2013), takes place at a different timing
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depending on the content of slow- or fast-twitch fibers (Lee, 2019), thus emphasizing the

importance of the analysis of multiple muscle types in neuromuscular studies.

Table 1.1. Mammalian skeletal muscle fiber types.

Property . Fiber type 1 Fiber type 2A . Fiber type 2B Fiber type 2X
Speed of contraction Slow-twitch Fast-twitch Fast-twitch Fast-twitch
Fatigue resistance Fatigue-resistant Fatigue-resistant Fast-fatigable Fast-fatigable
Metabolism Oxidative Oxidative-Glycolytic Glycolytic Glycolytic
Muscle myosin isoform (gene) Myosin | (MYHZ7) Myosin lla (MYH2) Myosin lIb (MYH4) | Myosin IIx (MYHT)

Information from Schiaffino and Reggiani (2011) and Zhang et al. (2010).

Regardless of the type, each fiber is surrounded by a specialized muscle basal lamina
whose composition differs between synaptic and extrasynaptic compartments. The
synaptic portion of the basal lamina also includes secreted molecules from both the axon
terminal and the PSCs that encapsulate the synapse (Patton, 2003). Besides ubiquitously
expressed components of the extracellular matrix (ECM), such as laminin subunit a2,
fibronectin, and entactin, the synaptic basal lamina contains AChE, laminin subunits a4,
a5 and B2, heparin sulfate proteoglycans (agrin, perlecan), some collagen variants (IV,
VI, XIll) and neuregulin, among other key modulators of pre- and postsynaptic
development (Dempsey et al., 2019; Patton, 2003; Sanes & Lichtman, 1999) (for more
information about regulators of NMJ development, see section 1.3.2.). Myonuclei located
below the neuromuscular point of contact (subsynaptic myonuclei) also display a
different transcriptional pattern than extrasynaptic myonuclei, including AChR subunit-
encoding genes and other proteins of the postsynaptic machinery (Sanes & Lichtman,

1999).
1.2.2. Synaptogenesis and NMJ maturation

Both synaptic compartments (i.e. motoneuron and myofiber) develop separately, but
their interaction during early development plays a crucial role in the establishment of
the neuromuscular synapse (Borodinsky & Spitzer, 2006; Sanes & Lichtman, 1999).
Notably, signals from PSCs have been proven in recent years to be equally important, not
only for synapse formation but also maintenance, neurotransmission, and repair
(Alvarez-Suarez et al., 2020; Barik et al., 2016; Feng & Ko, 2008; Gould et al., 2019;

Reddy et al., 2003). Although glial and neuronal inputs and outputs during development
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will be omitted or only mentioned briefly throughout this text in order to focus on the
postsynaptic compartment, it is noteworthy that NMJ homeostasis strongly depends on

the tightly synchronized modulation of the three elements of this tripartite synapse.

In the canonical pathway for NMJ formation (Fig. 1.6), binding of nerve-derived agrin is
the presynaptic signal that induces postsynaptic changes by interaction with muscle
transmembrane protein Lrp4 (low-density lipoprotein receptor-related protein 4), which
in turn binds to another muscle transmembrane protein, MuSK (muscle-specific kinase)
(Glass et al., 1996; Kim et al., 2008). Agrin-Lrp4 tetramers induce transphosphorylation
and activation of MuSK, leading to an intracellular signaling cascade that promotes AChR
clustering and stabilization at the postsynaptic membrane (Zong et al., 2012). The exact
mechanism for the initial MuSK phosphorylation and subsequent activation remains
unclear. Nevertheless, it is already known that adaptor-like protein Dok7 (downstream of
tyrosine kinase 7) is indispensable for both MuSK basal activity and agrin-mediated
activation, and acts as a cytoplasmic ligand of MuSK (Inoue et al., 2009; Okada et al.,
2006). Dok7 binds to phosphorylated MuSK and dimerizes, also causing MuSK
dimerization, which facilitates the transautophosphorylation loop required for MuSK
activation (Bergamin et al., 2010). Although still requiring further analysis, some in vitro
studies have elucidated several enzyme effectors downstream of MuSK-Dok7, such as

Abl, GGT, Rho GTPases, and PAK1 (Li et al., 2018).
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Figure 1.6. Signaling pathway for neuromuscular junction formation. Canonical pathway
featuring the five indispensable molecules involved in synaptic membrane organization and AChR
clustering: agrin - Lrp4 - MuSK - Dok7 - rapsyn. lllustration created with BioRender.com.
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A notable exception to this pathway is the formation of aneural AChR clusters, called
muscle pre-patterning, which takes place on the muscle surface prior to motoneuron
arrival during embryogenesis (Yang et al., 2001). Although most of them are
disassembled upon nerve-induced electrical activity (Anderson & Cohen, 1977), those
clusters located nearby a region of neuronal contact transform into bigger, organized
AChR clusters due to agrin stimulation (Flanagan-Steet et al., 2005). So far, there is
evidence in favor of the hypotheses that 1) Lrp4-MuSK basal activity is indispensable for
aneural clusters formation, 2) Dok7 mediates MuSK basal activity, and 3) MuSK basal

activity is independent of agrin signaling (Li et al., 2018).

MuSK activation is also regulated by extracellular mechanisms. For example,
motoneuron APP (B-amyloid precursor protein) interacts with the extracellular domain
of Lrp4 to increase agrin-induced AChR clustering (Choi et al., 2013). Muscle-derived
extracellular components, such as laminin subunit B2, collagen Xlll, perlecan, byglycan,
and AChE interact with agrin, the dystrophin-glycoprotein complex (DGC), MuSK, and/or
AChR subunits to either anchor the postsynaptic machinery or facilitate agrin signaling
(Gawor & Prészynski, 2018). Finally, Wnt proteins regulate AChR clustering and NMJ
formation in a variety of ways and with opposing effects depending on the protein
variant and the cell origin of the Wnt molecule (Barik et al., 2014; Henriquez et al., 2008,;
Li et al.,, 2008; Shen et al., 2018). Nevertheless, Wnt-MuSK interaction through MuSK
cysteine-rich domain has been demonstrated to be necessary for MuSK basal activity and
thus, muscle pre-patterning (Jing et al., 2009). A downstream key effector of MuSK
activation is the scaffolding protein rapsyn. Rapsyn anchors AChR subunits to the
postsynaptic membrane by simultaneously interacting with ACh receptors and
cytoskeletal subsynaptic proteins or regulators, such as DGC, actin filaments, and
intermediate filaments (Apel et al., 1995; Xing et al., 2020). Moreover, a recent study has
shown that rapsyn also has an E3 ligase enzymatic activity that promotes AChR
neddylation (Li et al., 2016). Although the underlying mechanism remains unclear, this
post-translational modification, that antagonizes AChR ubiquitination, could promote

AChR stability by reducing its turnover rate (Li et al., 2016).

Once the AChR cluster has been established, it maintains a concave oval or round shape
(plaque) for the rest of the prenatal development (E17-E19) and the first days of
postnatal development (P7-P10) (Marques et al., 2000; Sanes & Lichtman, 2001). Then,
small perforations appear in the plaque-like cluster as a result of localized AChR

disassembly and endocytosis (Sanes & Lichtman, 2001), which is triggered by focal
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degradation of the ECM. Membrane type 1 matrix metalloproteinase (MT1-MMP) is
inserted into the muscle membrane by actin polymerization and microtubule (MT)
recruitment processes, and mediates the proteolytic degradation of cluster-stabilizing
ECM components (Chan et al., 2020; Dai et al., 2000) (for more information about actin
and MT dynamics, see section 1.3). In parallel, a presynaptic maturation process, called
synaptic elimination, induces the progressive retraction of supernumerary terminals, so
that only one axon innervates each muscle fiber (Lee et al.,, 2017; Redfern, 1970).
Eventually, AChR clusters organize into branches of striped-patterned receptors (Fig.
1.3B), with AChR-free spaces between them, forming a pretzel-like topology (Sanes &
Lichtman, 1999). Therefore, low-density AChR areas are the first sign at the postsynaptic
machinery of the NMJ maturation process from plaque to pretzel-like shape (Fig. 1.7)

(Marques et al., 2000; Sanes & Lichtman, 2001).

Plaque | & gl
(immature) | \
Perforated plaque | Pretzel-like Fragmented and disrupted
(maturing) (mature) (aged)
Maturation-related remodeling Aging-related remodeling
Birth P3 P10 P21 P120 P365 Death
in vivo

AChR

Motoneuron

AChR

Figure 1.7. Neuromuscular postnatal maturation. (A) Age time points throughout mouse lifespan
in which neuromuscular remodeling takes place. lllustration created with BioRender.com. (B)
Postsynaptic morphological maturation from plaque to pretzel in vivo at postnatal days P3-P10-
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P120-P365 in wild-type mice, visualized with fluorescent staining of postsynaptic
neurotransmitter receptors (AChR, labelled with bungarotoxin, BTX) and presynaptic motor
neuron (labelled with neurofilament- and synaptophysin-specific antibodies). (C) Postsynaptic
morphological maturation in vitro between DIVs 3-5 of C2C12 mytoubes cultured on a laminin-
coated surface, resembling the plaque-to-pretzel transition of AChRs in vivo. Own images.
Abbreviations: DIV = days of culture in vitro.

Several factors are involved in the patterning of branches, such as presynaptic entry site
and intrusive myelination (Balice-Gordon & Lichtman, 1993), the radial appearance of
the primary junctional folds, or the orientation of the muscle fiber (Marques et al.,
2000). Opposite to the plaque-shaped stage, the increasing morphological complexity of
the postsynaptic receptors in later stages is mirrored by both the motoneuron (Fig. 1.7B)
and the PSCs (Sanes & Lichtman, 2001). In conjunction with the appearance of
morphological defects, the percentage of overlapping between pre- and postsynaptic
components starts to gradually decrease from 10-14 months of age in mice (Cheng et al.,
2013), which may suggest an increased interdependence of all three synaptic

components in adult developmental stages.

While the initial arrangement of the postsynaptic machinery provides the organism with
a functional synapse, the maturation-related changes are crucial for the progressive
growth of the synapse (Marques et al., 2000; Sanes & Lichtman, 2001). Although some
experimental evidence concludes differently (Willadt et al.,, 2016), this elaborated
morphology appears to be related to increased efficiency of the neurotransmission
(Slater, 2008). Thus, its disruption has been associated with neuromuscular dysfunction
and myasthenic disorders (Caillol et al., 2012; Fralish et al., 2021; Lee et al., 2011; Pratt
et al., 2014; Rafuse et al., 2000; Ratliff et al., 2018; Valdez et al., 2010). It is worth
mentioning that targeted depletion of any of the key proteins in NMJ formation (agrin,
Lrp4, MuSK, Dok7, or rapsyn) leads to the disintegration of the postsynaptic machinery
(Barik et al., 2014; Eguchi et al., 2016; Kong et al., 2004; Samuel et al., 2012), supporting
the idea that these proteins are indispensable not only for synaptogenesis but also for

NMJ maintenance (Li et al., 2018).
1.2.3. Postsynaptic development in vitro

Studying synapses inside a living organism poses multiple technical challenges,
therefore, numerous research groups work on the development of in vitro models
resembling NMJ organization and function, such as cell and organoid cultures. In these
culture systems, much emphasis is put on including all NMJ components to recreate the
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tripartite synapse existing in vivo (Bellmann et al., 2019; Das et al., 2007; Hérner et al.,
2021; lonescu et al., 2016). Organoid cultures derived from human tissues constitute an
emerging solution for modeling both healthy NMJs and neuromuscular diseases, which is
particularly useful in clinical contexts (Faustino Martins et al., 2020; Pereira et al., 2021).
Despite the reduced complexity of in vitro cell models in comparison to organoid
cultures and in vivo environments (Alvarez-Suarez et al., 2020; Li et al., 2018), studying
muscle cell cultures can help to understand muscle-specific intrinsic mechanisms of
synaptic formation and maintenance, such as those regulating spontaneous formation of
aneural clusters during embryonic development (Kummer et al., 2004). Moreover,
simplified in vitro studies to great extent eliminate the compensatory mechanisms that

interfere in functional studies in more complex in vitro models or in vivo.

Formation of the postsynaptic machinery in vitro requires induction with proteins, such
as soluble agrin for nerve-derived AChR clustering, laminin for muscle-derived AChR
clustering, or laminin trimers 121, 211, 221, 511, and 521 for boosting specific cluster
maturation structures (Pezinski et al., 2020). Interestingly, the effects of certain laminins
are able to mimic the NMJ maturation process from plaque to pretzel (Fig. 1.7C)
(Kummer et al., 2004; Peziniski et al., 2020). In fact, laminin subunit 4 knockout mice are
characterized by morphologically immature AChR clusters (Noakes et al., 1995). Notably,
also MuSK signaling is necessary for substrate-dependent formation and maturation of
AChR clusters (Mazhar & Herbst, 2012). AChR cluster maturation in vitro involves the
formation of actin-rich structures called synaptic podosomes (Proszynski et al., 2009).
Podosomes are mostly known for remodeling the ECM in a variety of cell types and
participating in cell migration (Veillat et al., 2015). However, synaptic podosomes are
also involved in the postsynaptic maturation process (Bernadzki et al., 2014), where they
are characterized by accumulated F-actin bundles (Fig. 1.8). These structures protrude
through the muscle membrane into the extracellular space, disrupting the extracellular
mechanisms responsible for the stability of AChR clusters and leading to increased
endocytosis rate of AChRs (Chan et al., 2020; S. Lin et al., 2020; Proszynski et al., 2009).
Furthermore, proteins involved in podosome formation in vitro, dynamin-2 and MT1-
MMP, were recently demonstrated to be crucial for postsynaptic organization and
morphological maturation in vivo (Chan et al., 2020; S. Lin et al., 2020). Similar to other
podosomes (Veillat et al., 2015), synaptic podosomes are highly organized structures

(Fig. 1.8A).
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Figure 1.8. Synaptic podosome formation in vitro. (A) Schematic representation of podosome
structures in cross-section (left) and top (right) views. Images adapted with permission of the
authors (Lin et al., 2020; Proszynski et al., 2009). (B) Podosome association in vitro with AChR
(green) clusters at early (top panel) and late (bottom panel) maturation stages of C2C12
myotubes cultured on a laminin-coated surface. Red arrowheads indicate individual podosomes
of various sizes (F-actin, red). Scale bars = 10 um. Own image (upper panel) and M. Gawor’s
image (bottom panel). Abbreviations: Dyn2 = dynamin-2.

Synaptic podosomes are composed of a core of F-actin and other actin-regulating
proteins (Arp2, NCK, cortactin, non-muscle myosin IIA, dynamin-2, Asef2, filamin A,
Amotl2, and Tks5), as well as a cortex of focal adhesion components (talin, vinculin,
LL5B, paxilin, utrophin, plectin, ELKS) (Bernadzki et al., 2014; Proszynski et al., 2009).
Moreover, synaptic podosomes are highly dynamic structures and they can appear,
disappear, remodel, fuse, or split over the course of a few minutes to several hours.
Importantly, these changes correlate with the AChR remodeling process depicted in Fig.
1.7C (Proszynski 2009). Therefore,

et al,, studying the postsynaptic machinery
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maturation in vitro is possible in the absence of neurons and PSCs due to the formation

of synaptic podosomes in aneural systems.

1.3. Cytoskeletal dynamics in the nervous system: actin and microtubule

networks

The assembly of neural circuits requires coordination of multiple developmental
processes and intracellular machineries to support cell migration, cell polarity, axon
outgrowth, and finally, synapse formation and maintenance (Nelson et al., 2013). Central
to these events is the cytoskeleton, a scaffold composed of numerous proteins that
accumulate in the cytoplasm to organize and stabilize the internal domain. The
cytoskeleton of animal cells contains three major filament systems, microtubules (MT),
intermediate filaments, and actin filaments (Fig. 1.9), which are responsible for the cell
spatial organization and mechanical properties. Cytoskeletal elements are involved in
reacting to external mechanical stimuli and generating internal forces that drive changes
in cell location and shape (Alberts et al., 2005). For simplicity purposes, only actin and
MT systems will be further elaborated in the text, however, it is noteworthy that
intermediate filaments play multiple important roles in the cell, particularly in
mechanotransduction, migration, and development (Sanghvi-Shah & Weber, 2017). In

summary, the cytoskeleton is not only the “bones” of the cell, but also its “muscles”.
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Figure 1.9. Cytoskeletal filaments in the cell: actin, intermediate filaments, and microtubules.
Zoomed areas depict growing ends (plus) of both actin (top panel) and microtubule (bottom
panel) filaments and their energy-dependent polymerization process. lllustration created with
BioRender.com.

Actin is a globular protein of 42 KDa in its monomeric form (G-actin), however a portion
of the actin pool of cells is found in a polymerized state, forming double-stranded helical

filaments (F-actin) that arrange in branched and cross-linked networks, parallel bundles
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or anti-parallel contractile structures (Blanchoin et al., 2014). Monomeric actin
polymerizes spontaneously into polarized filaments in an ATP-dependent manner, with
10-times faster polymerization in the plus (barbed) end. The reason for this difference is
that the ATP-binding cleft is oriented towards the minus (pointed) end and therefore,
ATP-bound actin is less “exposed” for hydrolysis in the plus end (Fig. 1.9, top panel).
More than 100 different proteins interact with actin to maintain the availability of
monomers, regulate the dynamics of polymerization/depolymerization by limiting the
length of filaments (capping and severing proteins) or promoting their growth
(nucleating proteins), and sustain filament networks (bundling proteins) (Pollard &
Cooper, 2009). Moreover, motor proteins can regulate and interact with actin to induce
filament shortening or intracellular movement, as well as with MTs (Alberts et al., 2005;
Krendel & Mooseker, 2005) (for more information about motor proteins, see section

1.3.4.).

Microtubules are stiff, hollow tubes composed usually of 13 parallel protofilaments
formed by heterodimers of alternating a and B tubulin subunits of 55 KDa. Within the
same MT, a and B tubulin subunits all point in the same direction and provide these
filaments with structural polarity, with a-tubulin exposed on the minus end and B-
tubulin exposed on the plus end (Alberts et al., 2005). Both tubulin subunits are bound
to GTP in their monomeric state, but B-tubulin GTP is hydrolyzed into GDP during or
shortly after assembly into a MT (Fig. 1.9, bottom panel). Binding GDP instead of GTP
induces a conformational change in the B subunit that reduces the intra- and interdimer
forces, thus increasing the probability of depolymerization in GDP-bound B-tubulins
(Desai & Mitchison, 1997; Wang & Nogales, 2005). When GTP hydrolysis is delayed, the
probability of polymerization increases, and creates a “GTP-cap” at the growing end of
the MT. However, stochastic hydrolysis of the GTP-cap leads to so-called catastrophic
events, in which MTs rapidly disassemble, and sometimes even disappear completely.
Therefore, MTs exist in a state of dynamic instability that would randomly form and
destroy filaments if it was not for a myriad of proteins that interact with MTs to control
their intrinsic instability (Horio & Murata, 2014; Roostalu et al., 2020). Among these MT-
interacting proteins, microtubule plus-end-tracking proteins (+TIPs), that dynamically
accumulate at the growing plus end, can influence both MT dynamics and the
accessibility for interaction with other proteins (Akhmanova & Hoogenraad, 2005). Some

+TIP protein families involved in cytoskeletal regulation of the nervous system are
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dyneins, CLIPs (cytoplasmic linker proteins), CLASPs (cytoplasmic linker-associated

proteins), and EBs (end-binding proteins) (Akhmanova & Hoogenraad, 2005).

The development of the nervous system depends on these highly dynamic cytoskeletal
components for multiple cellular processes. Functional impairments of actin, MTs, or

their regulators can lead to various neurological disorders and myopathies.
1.3.1. Cytoskeletal regulation of chemical synapses

Chemical synapses have multiple, and often complementary, regulatory mechanisms
based on cytoskeleton dynamics. The reason for this is that synaptic plasticity requires a
system with the ability to respond in diverse manners to many different stimuli from
outside and within the cell. The main focus of this section will be the postsynaptic
cytoskeletal regulators and remodeling mechanisms, setting the foundation for
comparisons between central and peripheral synapses. However, one should keep in
mind the many presynaptic processes that are also tightly controlled by actin- and/or
MT-regulating proteins, as well as the reciprocal regulation between pre- and
postsynaptic compartments (Bodaleo & Gonzalez-Billault, 2016; Gentile et al., 2022;
Nelson et al., 2013).

Dendritic spines constitute the postsynaptic specialization of the majority of excitatory
synapses in the CNS. The structure and function of dendritic spines is governed and
supported by the underlying F-actin cytoskeleton, including spine formation and
maintenance, synaptic adhesion, neurotransmitter receptor turnover, and synaptic
plasticity (Hering & Sheng, 2001). Therefore, these highly responsive physiological
conditions require constant remodeling, assembly, stabilization, and depolymerization of
actin filaments, mediated by nucleating proteins (Arp2/3, formins, profilin) (Chazeau et
al., 2014), nucleation-promoting factors (N-WASP, WAVE1l) (Pilpel & Segal, 2005),
depolymerizing factors and cofilins (Racz & Weinberg, 2006), and stabilizing proteins
(Capz, Eps8) (Kitanishi et al., 2010; Menna et al., 2013). Synaptic plasticity at the CNS
implies alterations in neurotransmitter receptor density at the postsynaptic membrane
(Bruneau et al., 2009), which are mediated by multiple actin-remodeling proteins and
their interactors (Spence & Soderling, 2015). The activity of all these actin regulatory
elements is, in turn, modulated by the molecular switches of Rho-family GTPases (Tolias
et al., 2011), which have been also involved in neuromuscular pre- and postsynaptic

organization (Medina-Moreno & Henriquez, 2021; Shi et al., 2010; Weston et al., 2003).
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In summary, actin cytoskeleton dynamics is at the core of learning, memory, and many

other high cognitive functions, as well as voluntary and involuntary movements.

The MT network and its crosstalk with the actin cytoskeleton supports such processes as
neurite formation, axon determination and neuronal polarity, synaptogenesis,
stabilization of receptor clusters, and selective targeting of synaptic proteins to the
synaptic membrane (Dogterom & Koenderink, 2019; Lasser et al., 2018). For example,
the formation of dendritic branches is mediated by actin polymerization from MT plus-
ends due to the formation of a protein complex containing +TIP proteins, EB1 and
CLIP170, and actin-nucleating protein, formin (Dogterom & Koenderink, 2019). Similarly,
MT plus-end protein, CLASP2, was shown to be involved in neurite outgrowth, dendritic
arborization, synaptic morphology, and neurotransmitter receptor insertion into the
postsynaptic membrane (Beffert et al., 2012). One of the major roles of MTs at the
postsynaptic compartment relies on their dynamically-regulated recruitment to dendritic
spines (Gu et al., 2008). Importantly, activity-evoked F-actin polymerization at the base
of dendritic spines and actin interaction with +TIP protein EB3 seem to explain MT

targeting to recently activated spines (Schatzle et al., 2018).

1.3.2. Cytoskeletal regulation of postsynaptic machinery formation and

maintenance at the neuromuscular junction

Many of the aforementioned mechanisms and protein families are also part of the
machinery that regulates synapse formation, remodeling, and maintenance at the NMJ.
Therefore, research focusing on the cytoskeletal dynamics of the CNS can provide
potential targets for studies in the PNS. The neuromuscular postsynaptic machinery is
anchored to the membrane via multiple protein interactions with extracellular or
intracellular components (Fig. 1.10). The main mediators of postsynaptic cytoskeleton
interactions are scaffolding protein rapsyn, focal adhesion proteins, and the dystrophin-

glycoprotein complex (DGC).

The DGC is composed of multiple molecules (dystrophin, sarcoglycans, dystroglycan, a-
and B-dystrobrevin, syntrophin, sarcospan, caveolin-3, and nitric oxide synthase) that act
as hubs for protein recruitment (Lapidos et al., 2004). For example, dystroglycan
subunits bind to extracellular agrin and laminin (Rahimov & Kunkel, 2013), as well as
transmembrane MuSK and AChRs, but also rapsyn, podosome-associated Tks5, and DGC-
hub protein dystrophin (Fig. 1.10B) (Gawor & Prészynski, 2018). One of the two muscle-

specific isoforms of a-dystrobrevin, a-dystrobrevin-1, is enriched at the NMJ and directly
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interacts with proteins crucial for neuromuscular integrity (Gingras et al., 2016; Grady et
al., 2003), such as MT-recruiting liprin-al (Bernadzki et al., 2017) and Arhgef5, regulator
of actin dynamics that interacts with Rho GTPases (Bernadzki et al., 2020). Functional
dystrophin homolog, utrophin, cross-links actin filaments directly with AChRs and rapsyn,
thus stabilizing the postsynaptic receptors to the cortical actin cytoskeleton (Aittaleb et

al., 2017; Gawor & Prészynski, 2018).
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Figure 1.10. Intracellular pathways for AChR clustering. (A) Electrical activity in response to
AChR activation and subsequent Ca?* influx inhibit AChR synthesis, transport, clustering, and
stability in entire muscle fibers. This process requires Cdk5, CaMKIl, and PKC and may involve
ephexinl. Cdk5 is regulated by a calpain-rapsyn complex and membrane-associated nestin. ACh-
activated caspase-3 can disperse AChR clusters by degrading Dvl. (B) Agrin binds to Lrp4 to
activate MuSK, which can be activated by Dok7. Agrin signaling can be regulated by proteins
interacting with Lrp4/MuSK, such as extracellular proteins APP, Wnt, laminin, and biglycan and
intracellular proteins Abl, Tid1, Dvl/Pakl, GGT, CK2, and Crk (via Dok7). Rapsyn has two
functions: as an adaptor protein to bridge AChRs to the cytoskeleton and to the dystrophin-
dystroglycan complex; and as an E3 ligase whose enzymatic activity is required for AChR
clustering (see panel D). The function and stability of rapsyn are regulated by PKA, Hsp90pB, and
a-syntrophin/a-dystrobrevin. LL5B and CLASP2 are required for MT capture to AChR clusters and
for intracellular AChR trafficking. APC associates with AChR and EB1 at the MT plus-end to
regulate AChR clustering. (C) Molecules critical for NMJ formation (see section 1.2.2.). (D) Rapsyn
serves as an E3 ligase, whose substrates can include proteins involved in NMJ structure and
function. Modifications mediated by rapsyn may include neddylation, ubiquitination, and/or
sumoylation. Question marks indicate unidentified substrate proteins of rapsyn. Abbreviations:
ACh = acetylcholine; AChR = acetylcholine receptor; APC = adenomatous polyposis coli; APP =
amyloid beta precursor protein; CaMKII = calcium/calmodulin-dependent protein kinase Il; CK2 =
casein kinase 2; Crk = CT10 regulator of kinase; DG = dystroglycan; Dok7 = downstream of
tyrosine kinase 7; Dvl = Dishevelled; GGT = geranylgeranyltransferase; Lrp4 = low- density
lipoprotein receptor-related protein 4; MuSK = muscle-specific kinase; N = nedd8; Pakl = P21-
activated kinase 1; PKA = protein kinase A; PKC = protein kinase C; S = sumo; Tid1l = tumorous
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imaginal discs protein tid56 homolog; U = ubiquitin. Image and figure legend adapted with
permission of the authors (Li et al., 2018).

As previously described in section 1.2.2., rapsyn plays a central role in NMJ formation
and postsynaptic machinery assembly: mutations of rapsyn gene in humans (RAPSN) are
at the root of a number of CMSs and cause AChR deficit (Ohno et al., 2002). Moreover,
rapsyn knockout mice die soon after birth (Gautam et al., 1995), similarly to agrin-
deficient mice (Gautam et al., 1996). The underlying mechanisms by which
neurotransmitter receptors are clustered and anchored to the postsynaptic membrane
are dependent on rapsyn at different levels. First, agrin enhances rapsyn-AChR
interaction (Moransard et al., 2003) in a process promoted by rapsyn binding to B-
catenin and a-catenin-associated cytoskeleton, as well as rapsyn binding to F-actin cross-
linker, a-actinin (Dobbins et al., 2008; Zhang et al., 2007). Then, rapsyn stimulates
phosphorylation of a and B AChR subunits through activation of Src class tyrosine
kinases (Mohamed & Swope, 1999). Furthermore, AChR anchorage to the postsynaptic
membrane is mediated by rapsyn linking to the cytoskeleton-anchored DGC (Apel et al.,
1995). Rapsyn-dependent clustering of AChRs is regulated by many cytoskeletal
interactors. For example, the physiological implications of rapsyn direct binding to
MACF1 (microtubule actin cross-linking factor 1) (Antolik et al., 2007) were not fully
understood until recent evidence of its role as a synaptic organizer of MT-associated
proteins EB1, MAP1b, and focal adhesion protein, vinculin. Genetic mutations in MACF1
have been linked to CMSs in humans, and MACF1 plays an important role in maintaining
NMJ maturation, efficient synaptic transmission, and motor performance in mice (Oury
et al., 2019). Moreover, MACF1 seems to govern synaptic myonuclei localization in mice
by regulating the postsynaptic MT network in order to maintain the integrity of the

postsynaptic machinery (Ghasemizadeh et al., 2021).

Microtubules are recruited under the postsynaptic machinery to mediate focal delivery
of synaptic proteins in a process dependent of +TIP protein CLASP2 (Basu et al., 2014,
2015). Briefly, agrin activation of MuSK leads to phosphoinositide 3-kinase (PI3K)-
mediated dephosphorylation of CLASP2, which can then interact with MT-coupled
protein CLIP-170 (Schmidt et al., 2012). At the same time, LL5B is also recruited to the
synaptic membrane in a PI3K-dependent manner, where it regulates actin-mediated
focal delivery of AChR-containing vesicles, and interacts with CLASP2 directly (Basu et al.,
2015). Recruitment of MTs to the cell cortex through complex formation with actin-

regulating proteins, LL5B and ELKS, has also been demonstrated in Hela cells
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(Lansbergen et al., 2006), and LL5B has been shown to be indispensable for assembly of
the postsynaptic apparatus (Kishi et al., 2005). Likewise, multiple studies in Drosophila
have shown how the MT network and MT-regulating proteins crucially impact
neuromuscular formation, stability, signal transmission, and subsynaptic assembly,
among others (Godena et al., 2011; Lee et al., 2009; Liebl et al., 2005; Mao et al., 2014;
Pielage et al., 2008). Finally, the interaction between EB1 and APC has been shown to
tightly regulate MT and actin dynamics in different cell types (Juanes et al., 2020;
Nakamura et al., 2001; Wen et al., 2004). Importantly, APC directly interacts with AChRs
and regulates their clustering at the postsynaptic machinery in cultured myotubes (Wang
et al., 2003). Altogether, these studies strongly support the idea that postsynaptic
machinery assembly and stabilization are facilitated by cross-linking between actin and
MT networks. However, the complexity of cytoskeleton dynamics suggests that the role

of many other regulatory elements remains poorly understood in the NMJ context.

1.3.3. Drebrin as a cytoskeletal regulator of intercellular communication

Drebrin (developmentally-regulated brain protein) is an actin regulator of cell-cell
communication systems, including adherens junctions, immunological synapses, gap
junctions, and neuronal synapses (Majoul et al., 2007; Shirao & Sekino, 2017). Drebrin is
highly conserved among vertebrates and invertebrates: both fruit flies (Drosophila
melanogaster) and nematodes (Caenorhabditis elegans) express drebrin orthologs called
drebrin-like protein (DBNL) and drebrin-like homolog (DBN-1), respectively (Butkevich et
al., 2015; Koch et al., 2014). In mammals, drebrin gene (DBN1 in humans) encodes two
major isoforms as a result of alternative splicing, named after the dominant expression
patterns throughout chicken brain development: drebrin E (embryonic) and drebrin A
(adult), the latter containing a drebrin A-specific domain (Fig. 1.11) (Shirao et al., 1990;
Shirao & Obata, 1986).
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Figure 1.11. Drebrin functional domains. Schematic representation of functional domains in the
rat drebrin A and E polypeptides, adapted with permission of the authors (Chen et al., 2017).
Domains are not represented proportionately to their molecular weight. lllustration created with
BioRender.com.
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The first developmental structure in which drebrin is expressed is the myotome, that
later on forms the skeletal muscle (Shirao & Obata, 1986). At the developing brain,
isoform conversion from drebrin E to drebrin A occurs in parallel to synaptogenesis, and
targeting of synaptic proteins to the postsynaptic compartment depends on AMPAR-
mediated clustering of drebrin and F-actin (Fig. 1.12). Accordingly, drebrin
downregulation leads to delayed synapse formation (Aoki et al., 2005; Takahashi et al.,
2003, 2006, 2009). Drebrin E is expressed in the embryonic brain and, specifically, in the
migrating neuronal cell body, until drebrin A expression is induced and distributed to the
cell processes (Song et al., 2008). However, drebrin E is also expressed in the adult
organism in many non-neuronal tissues and cell types, such as skeletal muscle, heart, T-
cells, placenta, lung, seminiferous epithelium, kidney, pancreas, skin fibroblasts, gingival
fibroblasts, and bone-derived cells (Fisher et al., 1994; Li et al., 2011; Peitsch et al., 1999;
Pérez-Martinez et al., 2010). In these tissues, drebrin E acts as a linker between
membrane proteins and the cortical actin in order to regulate different types of
intercellular communication (Fig. 1.13). On the other hand, drebrin A is exclusively found
in neuronal synapses, where it accumulates inside dendritic spines in a complex with F-

actin, gelsolin, and myosins I, I, and V (Hayashi et al., 1996; Shirao et al., 1987).
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Figure 1.12. Role of drebrin in activity-dependent formation of the postsynaptic compartment

of dendritic spines. (1) Dynamic F-actin is transported to the cortical cytoplasm of the dendritic
shaft and dendritic filopodia, (2) drebrin A accumulates at future postsynaptic sites through
AMPA receptor activity and forms drebrin A-decorated F-actin, (3) F-actin builds up a platform
for assembly of glutamate receptors, CaMKIl, spikar, and scaffold proteins such as PSD-95
(postsynaptic density protein 95) and Homer, and (4) the postsynaptic density structure is
constructed in a mature spine, from which drebrin A-decorated F-actin is located relatively far
away (Aoki et al., 2005; Takahashi et al., 2003, 2006, 2009). Image and figure legend adapted by
permission from Springer Nature [Advances in Experimental Medicine and Biology] (Shirao &
Sekino, 2017), Springer Japan KK (2017).

38



Drebrin contains an actin-depolymerizing factor homology (ADF-H) domain, a coiled-cail
domain (CC), a helical domain (Hel), and a C-terminal “blue box” domain, all of which
have sequences for F-actin interaction (Fig. 1.11) (Hayashi et al., 1999; Majoul et al.,
2007; Worth et al., 2013). In the last few decades, many drebrin-interacting partners
have been identified and some of the mechanisms through which drebrin displays such

variety of functions have been elucidated (Fig. 1.13).
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Figure 1.13. Cellular functions of drebrin. (A) Drebrin forms a stable F-actin pool at postsynaptic
sites of excitatory synapses and participates in postsynaptic maturation. (B) Drebrin stabilizes
nectin via afadin at adherens junctions and regulates gap junction via connexin43 (Butkevich et
al., 2004; Rehm et al., 2013). (C) Drebrin is not localized at vinculin-positive focal adhesions, but
some focal adhesions are stabilized by drebrin (Peitsch et al., 1999). (D) Association of drebrin
and chemokine receptor CXCR4 is enhanced by antigenic stimulation at immunological synapses
and inhibits the entry of HIV-1 at virological synapses and endocytosis (Gorddn-Alonso et al.,
2013; Li et al.,, 2017; Pérez-Martinez et al., 2010). Drebrin is also necessary for the store-
operated Ca?* channel function (Mercer et al.,, 2010). (E) Spikar, a transcription coactivator,
enters into the nucleus when it dissociates from drebrin (Yamazaki et al., 2014). (F) Drebrin is a
specific component of the small GTP-binding protein, ARF-dependent actin pool on the Golgi
complex (Fucini et al., 2000). (G) Drebrin is localized at the juxtanuclear drebrin-enriched zone,
which is supposedly involved in cell migration (Peitsch et al., 2006). (H) Drebrin mediates
ectosome release from the tip of cilia (Nager et al.,, 2017). (1) Drebrin is localized at the
transitional zone between lamellipodia and MTs at the tip of cell processes (Geraldo et al., 2008;
Mizui et al., 2009). Abbreviations: ARF = ADP-ribosylation factor, BTC = basal transcription
complex, cSMAC = central supramolecular activation cluster, ECM = extracellular matrix, HIV =
human immunodeficiency virus, NT = neurotransmitter, TRP = transient receptor potential. Long
and normal helical pitches of F-actin are 40 nm and 36 nm, respectively. Image and figure legend
adapted by permission from Springer Nature [Advances in Experimental Medicine and Biology]
(Shirao & Sekino, 2017), Springer Japan KK (2017).
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As these functional domains suggest, drebrin main function is to bind and bundle actin
filaments, and thus it has the ability to stabilize and regulate the remodeling of the F-
actin cytoskeleton (Sharma et al., 2011; Worth et al., 2013). For instance, the stable pool
of F-actin located at the core of dendritic spines is bound to drebrin A (Aoki et al., 2005;
Hayashi et al., 1996; Honkura et al., 2008). Upon long-term potentiation (LTP) and
NMDAR-dependent Ca?* influx, drebrin-decorated F-actin is removed from the spine core
and re-enters it after spine morphological changes occur (Mizui et al., 2014). The ADF-H
domain also binds to spikar (spine and karyoplasm protein) (Fig. 1.14), a rat ortholog of
human ZMYNDS8, encoding protein kinase C-binding protein 1, that regulates spine
density and accumulates in the postsynaptic machinery in a drebrin-dependent manner
(Yamazaki et al., 2014). Based on this evidence, it has been proposed that glutamatergic
synapses switch between morphological stability and reactivity depending on the
presence or absence, respectively, of drebrin-decorated F-actin (Shirao & Sekino, 2017).
Therefore, drebrin A seems to be involved not only in synapse formation, but also in
synaptic plasticity at excitatory central synapses (Koganezawa et al., 2017). Moreover,
the loss of drebrin A and, subsequently, the control over dendritic spine
stability/reactivity, is associated with cognitive decline observed in both aging and

Alzheimer disease (Harigaya et al., 1996; Hatanpaa et al., 1999).

Additional evidence of drebrin involvement in actin dynamics comes from the interaction
of drebrin E with the Arp2/3 complex (Fig. 1.14) in the testis. Drebrin E binds through its
proline-rich (PP) domain to Arp2/3 and regulates actin bundles, participating in cell
polarity through vesicle trafficking-mediated membrane plasticity and junction
remodeling (Chen et al., 2017; Li et al., 2011). The PP domain is also known to bind to
actin-nucleating protein, profilin, and actin-binding scaffold protein, afadin (Mammoto
et al., 1998; Rehm et al., 2013). Close to the C-terminal, a PPXF binding motif can
interact with Homer (Fig. 1.14), one of the most abundant scaffolding proteins at the
dendritic spine postsynaptic density, which has been demonstrated to influence actin
cytoskeleton organization (Shiraishi-Yamaguchi et al., 2009). Homer links
neurotransmitter receptors to the actin cytoskeleton and the actin-regulating Rho family
of GTPases (Shiraishi et al., 1999), and its tetramers promote the actin bundling activity
of drebrin (Li et al., 2019).

Interestingly, drebrin seems to play a role in actin and MT cross-linking, as its localization
within dendritic spines is limited to the transition zone between F-actin- and MT-rich
regions, and it interacts with +TIP protein EB3 (Fig. 1.14) in growth-cone filopodia of
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developing neurons (Geraldo et al., 2008). When the interaction between drebrin E and
MTs is impaired, the actin cytoskeleton dynamics is reduced, affecting neuritogenesis
and axon extension during neuronal development (Geraldo et al., 2008; Zhao et al,,

2017).
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Figure 1.14. Drebrin interacting partners. Drebrin human (left) and mouse (right) interacting
partners (non-exhaustive list). Encoded proteins: ACTR2/Actr2 = Arp2 (Actin-related protein 2),
CAPZB/Capzb = Capping protein muscle Z line, Cfl1 = Cofilin-1, CXCR4/Cxcr4 = C-X-C chemokine
receptor type 4, DBN1/Dbn1l = Drebrin, DIg4 = Disks large homolog 4, GJA1/Gjal = Gap junction
alpha-1 protein, GSN = Gelsolin, HOMER1/2 = Homer1/2 proteins, MAPRE3/Mapre3 = +TIP EB3,
Nexn = Nexilin, PPP1R9B/Ppp1r9b = Neurabin-2, ZMYND8/Zmynd8 = Protein kinase C-binding
protein 1. Figure created with String database of protein-protein interactions (www.string-
db.org).

There are two known phosphorylation sites in drebrin protein: Ser142, phosphorylated
by Cdk5 (cyclin-dependent kinase 5), and Ser647/601, dephosphorylated by PTEN
(phosphatase and tensin homolog) (Fig. 1.11) (Kreis et al., 2013; Worth et al., 2013).
Reversible phosphorylation/dephosphorylation of drebrin at Ser142 was involved in
radial migration of cortical neurons (Tanabe et al., 2014). Notably, a mechanistic model
for explaining the cross-linking activity of drebrin involves a Cdk5-dependent
conformational change of drebrin structure that enhances the interaction with EB3
(Worth et al., 2013). The activity-dependent invasion of MTs into dendritic spines is
facilitated by EB3-drebrin interaction (Hu et al., 2008; Schatzle et al., 2018). Importantly,
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disruption in the Cdk5/drebrin/EB3 pathway was linked to disease development, such as
invasive prostate cancer and Alzheimer disease (Dart et al., 2017; Gordon-Weeks, 2016).
In summary, a wide body of evidence, mainly at the CNS, supports the involvement of
drebrin in the regulation of cytoskeletal dynamics by stabilizing F-actin and cross-linking

it with the MT network.

In skeletal muscle, however, the role of drebrin is poorly understood. Up to this date, it
was only described in three contexts: 1) muscle contraction in C. elegans (Butkevich et
al., 2015), 2) linking transcriptional and morphological aspects of myoblast
differentiation and fusion into myotubes of murine origin (Mancini et al., 2011) and 3)
axon terminal arborization and presynaptic bouton formation in Drosophila NMJ (Koch et
al., 2014). Actin cytoskeleton dynamics is at the core of an evolutionarily conserved
mechanism for myoblast fusion, involving WAVE, WASP, and Arp2/3 actin-remodeling
complexes and, specifically in mammals, cytoskeletal regulators integrin B1, talin,
cadherin, Cdc42, and EB3 (Krauss, 2017). Importantly, the muscle-specific transcriptional
program leading to myoblast differentiation does not seem to precede alterations in
cytoskeletal architecture, but it is rather coordinated simultaneously with actin and MT
remodeling. In sparse-growing myoblasts, drebrin accumulates in F-actin-rich regions,
such as cell projections and cell cortex, while it concentrates at cell-cell contacts and the
tips of nascent myotubes when the initial stages of myoblast fusion take place (Mancini
et al., 2011). On the other hand, when drebrin is depleted, the levels of both early and
late differentiation markers, such as myogenin and muscle myosin heavy chain,
respectively, are strongly reduced, and the formed myotubes are thinner, smaller, and
contain significantly less myonuclei than control cells (Mancini et al., 2011). It is
noteworthy that known drebrin-interacting partners are also involved in myogenic
differentiation and myotube formation, including EB3, Homer, and CXCR4 (Griffin et al.,
2010; Stiber et al., 2005; Straube & Merdes, 2007). Nevertheless, and despite the well-
known involvement of drebrin in postsynaptic regulation at the CNS, the potential role of

drebrin at the NMJ has not been explored yet.
1.3.4. Myosin VI as a versatile unconventional actin-based motor

In addition to their aforementioned structural roles, polarized cytoskeletal filaments
often act as tracks or guidelines for directional intracellular movements mediated by
molecular motors. These motor proteins are capable of transforming chemical energy

(i.e. ATP hydrolysis) into mechanical movement, resulting from conformational changes
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within myosin molecules (Alberts et al.,, 2005; Krendel & Mooseker, 2005). This
movement is used for a variety of cellular functions, such as inducing tension in
cytoskeletal filaments and carrying a cargo (vesicles, organelles, and other cellular
components). Generally, motor proteins move along MTs for long-range transport
(kinesins and dyneins) or actin filaments for short-range transport (myosins) (Langford,
1995). The myosin superfamily is an evolutionarily conserved group of actin-based
motors that are divided in at least 35 classes (Fig. 1.15), however only 12 classes are
expressed in mammals (Berg et al., 2001; Odronitz & Kollmar, 2007). Myosins play
diverse functions in eukaryotic cells, including cell migration and adhesion, intracellular
transport and localization of macromolecules and organelles, signal transduction,

synaptic plasticity, and tumor suppression (Krendel & Mooseker, 2005).

Myo XVII Chitin synthase 0
Myo XVII Wy*’
N-terminal domain Motor domain 1 motifs Coiled-coil domain

Figure 1.15. Superfamily of myosins. Overview of first 18 myosin classes and their functional
domains. Motor families in which all (light blue) or some (dark blue for animals, light green for
plants) members are involved in membrane trafficking are highlighted. Abbreviations: A =
Ankyrin repeats, FERM = Protein 4.1. ezrin, radixin, moesin domain, MyTH4 = Myosin tail-
homology-4 domain, PH = Pleckstrin-homology domain, SH3 = SRC-homology-3 domain. Image
adapted with permission of the authors (Soldati & Schliwa, 2006).
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Conventional skeletal muscle myosin was the first member of the superfamily described
and, as a key component of the contractile machinery, it is the most abundant motor
protein in skeletal muscle (Alberts et al.,, 2005; Kihne, 1864). Additionally to
conventional skeletal muscle myosins (class Il), several classes of unconventional
myosins (I, V, VI, VII, IX, and XVIII) have been found in skeletal muscle and myogenic cells
(Redowicz, 2007). Despite their functional diversity, the structure of all myosins includes:
1) a conserved N-terminal motor domain (head) that is responsible for binding to actin
and ATP, 2) a neck composed of a variable number of light-chain binding (1Q) motifs, and
3) a highly variable C-terminal tail, responsible for cargo binding and dimerization, and
determining the affinity to specific cargoes or other binding partners (Fig. 1.15) (Krendel
& Mooseker, 2005; Soldati & Schliwa, 2006). In opposition to conventional myosins, the
tail of unconventional myosins does not form filaments, although some classes, such as
myosins V and VI, can dimerize (Fig. 1.16B) (Benashski et al., 1997; Woolner & Bement,
2009). Unconventional myosins are involved in sensing F-actin tension, tethering
organelles to F-actin upon their MT-mediated delivery to the cell membrane, organizing
F-actin during endocytosis, maintaining the mitotic spindle structure, and transporting

cargo along cytoskeletal filaments (Woolner & Bement, 2009).

Unconventional myosin VI (MVI) is present in all metazoans, as it appeared rather early
in evolution, and thus homologs of this protein can be found in nematodes, flies, and
vertebrates (Thompson & Langford, 2002). Although maintaining its main functional
domains (Fig. 1.16A), MVI is transcribed into different tissue-specific isoforms via
alternative splicing of the tail sequence and the number of isoforms differs between
organisms (Buss et al., 2004). In opposition to the majority of myosins, MVI is the only
actin motor to be described moving towards the pointed minus end of actin filaments
(Spudich & Sivaramakrishnan, 2010; Wells et al., 1999). Several characteristics of MVI
predict its ability to effectively and rapidly transport cargoes: 1) MVI can form dimers
and multiple MVI molecules can cooperate together to facilitate movement in a F-actin
network, 2) ATP binds to them slowly and with slow affinity and 3) like myosins V and X,
MVI has a high-duty ratio (time spent attached to the filament) (De la Cruz et al., 1999,
2001; Homma & lkebe, 2005; Sivaramakrishnan & Spudich, 2009). Therefore, major
functions of a minus-end-directed motor such as MVI can involve inward transport of
cargo (endocytosis) and the maintenance of membrane invaginations at the base of cell

protrusions (Krendel & Mooseker, 2005).
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Furthermore, MVI plays important roles in developmental processes of multicellular
organisms, such as organization of the syncytial blastoderm in early embryogenesis of
Drosophila (Mermall & Miller, 1995), or spermatogenesis (Hicks et al., 1999; Isaji et al.,
2011; Zakrzewski et al., 2017). Together with other unconventional myosins (la, Vlla, XV),
MVI is involved in differentiation and function of mechanotransducing inner ear hair
cells, and mutations in the genes encoding these myosins lead to non-syndromic hearing
loss in fruit flies, mice and humans (Avraham et al., 1995; Donaudy et al., 2003; Liu et al.,
1997; Todi et al., 2005; Wang et al., 1998). Myosin VI, in particular, plays a crucial role in
membrane organization of the hair cell stereocilia mediating minus-end directed tension
between the plasma membrane and the cortical actin cytoskeleton (Hasson et al., 1997;

Hegan et al., 2015; Self et al., 1999).
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Figure 1.16. Myosin VI functional domains and movement along actin. (A) Schematic
representation of functional domains and main interacting molecules in full-length MVI protein
as described in Mukherjea et al. (2009). Domains are not represented proportionately to their
molecular weight. Illustration created with BioRender.com. (B) Model of MVI dimerization by
using stable single a helices as lever arm extensions (Spink et al., 2008). Color corresponds to
functional domains depicted in A. Figure reprinted from (Mukherjea et al., 2009) with permission
from Elsevier.

Depending on its tissue-specific isoforms, MVI has been associated to diverse functions
in many cell types. Some of the known roles of MVI are related to broad intracellular
trafficking pathways, such as early steps of endocytosis of both clathrin-coated or
uncoated vesicles in mammalian epithelial cells with and without apical microvilli,
respectively (Aschenbrenner et al., 2003; Buss et al., 2001). During early development,
MVI cooperates with the MT network for secretion of lipid-modified proteins in

Drosophila S2R+ cells (late embryonic cells) (Finan et al., 2011). More specific roles of
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MVI include regulation of actin dynamics and formation of F-actin barriers by targeted
localization of actin-nucleating complex Arp2/3 in Drosophila spermatids (Rogat & Miller,
2002). In addition, MVI regulates endocytosis of cell surface receptors in mammalian

kidney epithelial cells (Naccache et al., 2006).

Importantly, MVI is found in both brain and striated muscle tissues and has been
implicated in both neuromuscular synaptic transmission and in myoblast differentiation,
(Karolczak et al., 2015a; Kisiel et al., 2011). In hippocampal neurons, depletion of MVI
leads to fewer and shorter dendritic spines, as well as fewer presynaptic boutons
(Kneussel & Wagner, 2013). In a complex with GIPC1 (GAIP C-terminus-interacting
protein), MVI mediates presynaptic short-term plasticity, possibly by promoting synaptic
vesicle recycling (Yano et al., 2006). Furthermore, MVI interacts with DOCK7 (dedicator
of cytokinesis 7) in neurosecretory cells to mediate neurite outgrowth (Sobczak et al.,
2016). Additionally, postsynaptic MVI binds directly to the B-splice isoform of SAP97
(synapse-associated protein 97) (Wu et al., 2002), a scaffold protein that mediates the
interaction between glutamate AMPAR and receptor-stabilizing protein PSD-95, and
disruption of this interaction impairs the number of neurotransmitter receptors on the
postsynaptic surface (Nash et al., 2010). Notably, SAP97 forms a complex with AKAP79
(A-kinase anchor protein 79) that participates in receptor recycling (Gardner et al.,
2007). In myogenic cells, MVI has been shown to bind AKAP9 (Karolczak et al., 2015b).
Furthermore, Snell’s waltzer mice (SV), carrying a mutation in the Myo6 gene that leads
to a functional knockout of MVI, are characterized by reduced activity-induced
endocytosis of AMPARs (Osterweil et al.,, 2005). Based on the multiple similarities
between central AMPAR-PSD-95 and neuromuscular AChR-rapsyn anchorage systems
(Bruneau et al., 2009), it seems reasonable to expect similar interactions and roles of

MVI in peripheral synapses.

Indeed, mutations in the Drosophila homolog of Myo6 gene lead to shorter NMJs,
reduced presynaptic bouton number, and altered synaptic vesicle localization (Kisiel et
al., 2011). Moreover, MVI accumulates at the postsynaptic machinery in cultured murine
myotubes and rat skeletal muscle (Karolczak et al.,, 2013, 2015a). Furthermore,
experimental evidence links the density and recycling of AChRs at the postsynaptic
surface with AKAP protein and stimulation of PKC or inhibition of PKA (protein kinases C
and A, respectively). Additionally, the cargo-domain of MVI is a substrate in vitro for PKA
(Karolczak et al., 2015a), which also interacts with receptor-stabilizing rapsyn (Li et al.,
2018). Finally, the role of MVI has been investigated in the context of striated muscle. A
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point mutation in the human homolog of Myo6 was linked to familial hypertrophic
cardiomyopathy (Mohiddin et al., 2004) and to left heart ventricle hypertrophy in SV
mice (Hegan et al., 2015). In the past, our research group has described the expression
and distribution pattern of MVI in rat skeletal muscle, where it was found predominantly
in the periphery of fibers and within myonuclei. Further exploration revealed that
peripheral MVI corresponds mostly to its localization at the sarcoplasmic component of
the contractile machinery, and in the vicinity of the postsynaptic machinery in vivo and
in vitro (Karolczak et al., 2013, 2014, 2015a). Interestingly, denervation of the skeletal
muscle led to upregulation of Myo6 gene and aberrations in protein localization
(Karolczak et al., 2013). Moreover, neuromuscular accumulation of MVI was absent in a
mouse model of amyotrophic lateral sclerosis (ALS), in which the human superoxide
dismutase 1 gene (SOD1) with a G93A mutation was knocked-in (Karolczak et al., 2013).
Alterations in MVI expression and localization have been also observed in patients with
type 2 fiber atrophy, spinal muscular atrophy, bent spine disease, and myositis
(Karolczak et al., 2014). Furthermore, MVI has been associated with neurodegenerative
pathologies such as Alzheimer disease, Parkinson disease, and frontotemporal dementia

(Kneussel & Wagner, 2013).

Notably, expression levels of MVI in C2C12 myoblasts gradually decrease in parallel with
myogenic differentiation, and different isoforms of MVI are predominantly expressed
depending on the differentiation state (Karolczak et al., 2015a). Similar to in vivo studies,
MVI localizes to the cytoplasm of undifferentiated myoblasts and, in particular, to the
vicinity of the SR and the Golgi apparatus, as well as adhesion-related machinery (e.g.
vinculin), while it concentrates at the leading edge and cell periphery throughout the
differentiation process (Karolczak et al., 2015a). Despite the fact that MVI
downregulation does not affect myoblast growth nor proliferation, MVI-depleted
myoblasts display morphological aberrations in the Golgi apparatus, the SR, the actin
cytoskeleton stress fibers, and their overall cell morphology (Karolczak et al., 2015a).
Moreover, adhesion complex formation, myoblast migration, and myotube formation
were significantly impaired in vitro when Myo6 expression was silenced (Karolczak et al.,

2015a) and in primary myoblasts from SV mice (Lehka et al., 2020).

Altogether, the literature strongly supports the idea that MVI is involved in skeletal
muscle differentiation and function, as well as postsynaptic machinery organization.
Nevertheless, the underlying cellular mechanisms and, in particular, MVI role at the NMJ
remain unclear.
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"If you know you are on the right track,
if you have this inner knowledge,

then nobody can turn you off...

no matter what they say."

Barbara McClintock,

Nobel Prize laureate in Physiology or Medicine (1983)
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CHAPTER 2: RESEARCH HYPOTHESES AND OBJECTIVES

Decades of studies have provided evidence of the important role of cytoskeletal
regulators in the formation, development, maintenance, and remodeling of chemical
synapses both at the central and peripheral nervous systems. Based on the literature,
two candidates (namely drebrin and myosin VI) were selected to test the following

hypotheses:
e Hypothesis 1: Drebrin is a synaptic component of neuromuscular junctions.

e Hypothesis 2: Drebrin mediates cytoskeleton-dependent regulation of the

postsynaptic machinery through actin stabilization.

e Hypothesis 3: Myosin VI plays a role in the mobility of the postsynaptic

machinery through endocytosis.

Therefore, the main goal of my PhD research was to investigate the role of actin-
regulating proteins drebrin and myosin VI in the context of the murine neuromuscular

junction structure and function. The detailed objectives are as follows:

e Aim 1: To study the localization of drebrin and myosin VI at the postsynaptic

machinery in vivo and in vitro.

e Aim 2: To assess the specific mechanisms through which drebrin and myosin VI

play a role at the postsynaptic machinery organization in cultured myotubes.

e Aim 3: To characterize the phenotype in vivo of drebrin and myosin VI knockout

mice at the neuromuscular junction.

In order to support or refute my hypotheses, | performed a wide range of experimental
procedures to assess the effects of drebrin and myosin VI on mice behavior, histology,
and molecular  pathways. Methods  used included immunocyto-  and
immunohistochemical labelling, genetic manipulation of cell lines, in vitro muscle cell
culture, in vivo exogenous expression of proteins of interest, optimized machine-

learning-based analysis of 2D images, and co-immunoprecipitation assays.
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"I was taught that the way of progress was neither swift nor easy."
Maria Sktodowska-Curie,

Nobel Prize laureate in Physics (1903) and Chemistry (1911),

first woman to be awarded a Nobel Prize,

first person to be awarded two Nobel Prizes in different categories
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CHAPTER 3: MATERIALS AND METHODS

3.1. Buffers

All buffers and reagents used for their preparation are listed in Table 3.1.

Table 3.1. List of homemade buffers used.

Name of the buffer

Reagents

Co-immunoprecipitation (co-IP) lysis buffer

50 mM Tris-HCL [pH = 8], 150 mM NaCl, 0.1-1% Igepal CA-630
(NP-40), 50 mM NaH,P0Q,4, 10% glycerol, and 1 mM dithiothreitol
(DTT), supplemented with cOmplete™ Protease Inhibitor cocktail
(Roche, Indianapolis, IN, USA; cat. #11873580001)

Immunoassay blocking buffer

2% BSA, 2% Normal Goat Serum (NGS), 0.05% Triton X-100,
0.02% NaNj3, diluted in PBS 1X

Lysogeny broth (LB) medium

1% tryptone, 0.5% yeast extract, and 1% NaCl

Phosphate buffered saline (PBS)

137 mM NaCl, 2.7 mM KCI, 10mM Na,HPO; 1.8 mM KH,PO4, pH
=7.4

Pull-down lysis buffer

100 mM HEPES [pH = 7.4], 150 mM NaCl, 5 mM NaF, 2 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1%
Igepal CA-360 (NP-40), supplemented with cOmplete™ Protease
Inhibitor cocktail (Roche, Indianapolis, IN, USA; cat.
#11873580001)

Pull-down washing buffer

100 mM HEPES [pH = 7.4], 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.5% Igepal CA-360
(NP-40), supplemented with cOmplete™ Protease Inhibitor
cocktail (Roche, Indianapolis, IN, USA; cat. #11873580001)

Radioimmunoprecipitation assay (RIPA) buffer

50 mM Tris-HCI [pH = 8.0], 150 mM NacCl, 1% Igepal CA-630 (NP-
40), 0.5% sodium deoxycholate, 0.1% SDS, and 1 mM DTT,
supplemented with cOmplete™ Protease Inhibitor cocktail
(Roche, Indianapolis, IN, USA; cat. #11873580001)

SDS-PAGE running buffer 10X

25 mM Tris-HCI [pH = 7.4], 192 mM glycine, 0.1 % SDS, pH = 8.3;
diluted in distilled water before use to 1X concentration

Tris-acetate-EDTA buffer (TAE)

40 mM Tris [pH = 7.6], 20 mM acetic acid, 1 mM EDTA

Tris-buffered saline buffer 10X (TBS)

50 mM Tris-HCI [pH = 7.5], 200 mM NadCl; diluted before use to
1X concentration in distilled water

Tris-buffered saline with Tween buffer (TBST)

0.1% Tween-20 in 1X TBS buffer

Transfer buffer 5X

1.5 M glycine, 1.5 M Tris-Base, 0.15% SDS; diluted before use to
1X concentraction in proportions 1:3:1 (5X buffer : water : 100%
ethanol)

Western blot (WB) blocking buffer

5-10% non-fat milk in TBST buffer
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3.2. Commercial kits

All commercially available kits used throughout this thesis are listed in Table 3.2.

Table 3.2. List of commercial kits used.

Name

Description

Supplier and
catalogue number

ExtractMe DNA Clean-Up & Gel-
out kit

Kit for DNA purification after PCR,
enzymatic reactions or from agarose gel

BLIRT, Gdansk, Poland,
cat. #EM26-250

GenElute™ HP Plasmid
Midiprep Kit and GenElute™
HP Plasmid Maxiprep Kit

Kits for isolation of plasmid DNA from
bacterial culture at medium and large scale

Sigma-Aldrich, Saint
Louis, MO, USA;
cat. #NA0200-1KT and
#NAO310-
1KT

GeneMATRIX PCR / DNA Clean-Up
Purification Kit

Kit for DNA purification after PCR,
enzymatic reactions or from agarose gel

EURx, Gdansk, Poland,
cat. #£3520

High-Capacity cDNA Reverse
Transcription Kit

Kit for reverse transcription of mRNA into cDNA

Applied Biosystems,
Waltham, MA, USA, cat.
#4374966

RNeasy Plus Universal Mini Kit

Kit for RNA isolation

Qiagen, Hilden,
Germany; cat. #73404

Skeletal Muscle Dissociation Kit

Kit for mouse and rat muscle tissue enzymatic
dissociation into single-cell suspensions

MACS Miltenyi Biotec
130-098-305

SuperSignal™ West Femto
Maximum Sensitivity Substrate

Kit for high-sensitivity chemiluminiscent-based
detection of proteins in Western blotting

Thermo Fisher
Scientific, Waltham,
MA, USA, cat. #34096

3.3. Cell culture

Culture of mammalian cells was used throughout this PhD thesis as a methodological
tool for exogenous protein expression (HEK293 and C2C12 cell lines) and for endogenous
protein analysis (primary myogenic culture), or as an in vitro simplified model of the

postsynaptic machinery (C2C12 cell line).
3.3.1. C2C12 cell line

C2C12 is an immortalized myoblast cell line subcloned from adult murine muscle, that

can proliferate and differentiate into myotubes (Yaffe & Saxel, 1977).
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C2C12 cells from normal adult C3H mouse hindlimb muscle (American Type Culture
Collection, Manassas, VA, USA, cat. #CRL-1772) were cultured for up to seven passages in
proliferation medium: Dulbecco’s Modified Eagle’s Medium (DMEM), containing 4.5 g/L
glucose, and L-glutamine (Sigma-Aldrich, St. Louis, MO, USA; cat. #D6046), and
supplemented with 20% fetal bovine serum (FBS) (EURx, Gdansk, Poland, cat. #E5050-
02), 1% penicillin and streptomycin (p/s) 10,000 U/mL (Gibco, ThermoFisher Scientific,
Waltham, MA, USA; cat. #15140122), and 0.1% amphotericin B (Gibco, ThermoFisher
Scientific, Waltham, MA, USA; cat. #15290018). They were maintained in an incubator at
37°C in a humidified atmosphere with 5% CO. and plated on plastic dishes coated with
0.2% gelatin (Sigma-Aldrich, St. Louis, MO, USA; cat. #G2500). Myoblasts were routinely
passaged every 2-3 days and were not allowed to reach more than 60% confluence in

order to prevent spontaneous myoblast fusion and differentiation into myotubes.

To induce differentiation of myoblasts into myotubes, cells were seeded at a density of 9
x 10%-1,4 x 10° cells/cm? and incubated for 48 h in proliferation medium. Then, the
medium was changed to fusion-inducing medium, containing DMEM, 1% p/s, 0.1%
amphotericin B, and 2% horse serum (HS) (Gibco, ThermoFisher Scientific, Waltham, MA,

USA; cat. #26050088), and cells were allowed to fuse for at least 72 hours.

To induce AChR cluster formation in C2C12 myotubes, two different protocols were used

depending on the experimental design:

1) Neuron-derived agrin-mediated model: fusion of C2C12 cells cultured on a
gelatin-coated surface was induced as described above. After 96 h, recombinant
soluble rat agrin (R&D Systems, Minneapolis, MN, USA; cat. #550-AG-100/CF) was
added at a concentration of 10 ng/mL. Then, cells were incubated for at least 24

hours in the agrin-enriched medium to allow AChR clusters to form.

2) Laminin-mediated model: Laminin-111 from Engelbreth-Holm-Swarm murine
sarcoma basement membrane (Sigma-Aldrich, St. Louis, MO, USA; cat. #L2020)
was added to uncoated plates at a concentration of 10 pg/mL in DMEM and
incubated at 37°C for minimum 3 h. Then, C2C12 myoblasts were seeded and

cultured in abovementioned fusion-inducing conditions.
3.3.2. HEK293 cell line

HEK293 (Human Embryonic Kidney) fibroblast cell line was generated from a single

female fetus’ kidney sample by Graham and Smiley (Graham et al., 1977). This cell line is
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widely used for exogenous DNA expression due to its high efficiency of transfection

(Thomas & Smart, 2005).

HEK-293 adherent cells (American Type Culture Collection, Manassas, VA, USA; cat. #CRL-
1573) were cultured in proliferation medium: DMEM containing 4.5 g/L glucose and L-
glutamine (Sigma-Aldrich, St. Louis, MO, USA; cat. #D6046), and supplemented with 10%
FBS (EURx, Gdansk, Poland, cat. #E5050-02), 1% p/s (Gibco, ThermoFisher Scientific,
Waltham, MA, USA; cat. #15140122), and 0.1% amphotericin B (Gibco, ThermoFisher
Scientific, Waltham, MA, USA; cat. #15290018). They were maintained in an incubator at
37°C in a humidified atmosphere with 5% CO, and plated on uncoated plastic dishes to

be routinely subcultured every 3-4 days.
3.3.3. Primary myogenic culture

Primary myoblast cultures were obtained from three-month-old SV mice hindlimb
muscles (tibialis anterior, extensor digitorum longus, gastrocnemius and soleus). Control
muscles were obtained from WT littermates (for more information, see section 3.11.

Animal models).

Muscles were dissected and rinsed in ice-cold DMEM containing 1 g/L glucose (Gibco,
ThermoFisher Scientific, Waltham, MA, USA; cat. #21885025). Muscles were
subsequently washed in sterile PBS (VMR International, Radnor, PA, USA; cat. #E504)
with 1% p/s (Gibco, ThermoFisher Scientific, Waltham, MA, USA; cat. #15140122),
Betadine™, and again PBS with 1% p/s. Then, all muscles were cut into 2-4 mm pieces
and dissociated using the Skeletal Muscle Dissociation Kit (MACS Miltenyi Biotec 130-
098-305) according to the manufacturer’s instructions. Briefly, all muscle pieces from
one animal were incubated in 2.5 mL of enzymatic mix at 37°C for 1 h, and dissociated in
the gentleMACS™ Dissociator program “m_muscle_01” for 30 s. Then, the tissue was
incubated again at 37°C for 30 min and gentleMACS™ Dissociator step was repeated.
Finally, the cell suspension was filtered through a 40 um-pore cell strainer and washed
with 10 mL DMEM. Cells were spun at 300 RCF at room temperature (RT) for 20 min in a
table top centrifuge (MPW Med. Instruments, Warsaw, Poland; cat. #10223e) and the
pellet was resuspended in pre-plating medium, containing low-glucose DMEM
supplemented with 10% HS (Gibco, ThermoFisher Scientific, Waltham, MA, USA; cat.
#26050088), 1% p/s, and 0.5% chicken embryo extract (CCE) (MP Biomedicals, Irvine, CA,
USA; cat. #092850145). The isolated cell mixture was first plated in 10 mL of pre-plating

medium onto a 10 cm cell culture plate (Sarstedt, Newton, NC, USA; cat. #83.3902), and
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incubated at 37°C overnight in an incubator with humidified atmosphere with 5% CO,.
During this time, undesired cell types (mainly fibroblasts and adipocytes) that were
isolated together with muscle cells, attach to the plate surface, while satellite cells
remain suspended in the medium. After 24 h, the satellite cell-containing medium was
collected and spun at 300 RCF at RT for 20 min. The pellet was resuspended in growth
medium containing low-glucose DMEM supplemented with 10% HS, 1% p/s, 0.5% CCE,
and 20% FBS (Gibco, ThermoFisher Scientific, Waltham, MA, USA; cat. #10500064).
Satellite cell-enriched suspensions were transferred into 6-cm cell tissue culture dishes
(Sarstedt, Newton, NC, USA; cat. #83.3901) coated with 5% Matrigel (Corning, Corning,
NY, USA; cat. #356230), maintining the same seeding density in both SV and WT-derived
cultures (number of cells depended on isolation efficiency). Muscle cells were harvested

at 5, 7, and 10 days in vitro (DIV) and processed for Western blot.
3.3.4. Plasmid transfection

Transient plasmid transfections of HEK293 cells were performed using TransIT®-LT1
Transfection Reagent (Mirus Bio, Madison, WI, USA; cat. #MIR 2304), according to the
manufacturer’s instructions. Briefly, around 18-24 h before transfection, cells were
seeded on 6-well cell culture plates (VMR International, Radnor, PA, USA; cat. #10062-
892) at a density of 0.8-3.0 x 10° cells/mL. Then, they were incubated at 37°C overnight
until they reached approximately 80% confluency. For each well, 2.5 ug of plasmid DNA
was mixed with 7.5 pL of TransIT®-LT1 Transfection Reagent and diluted in 250 uL of
proliferation medium. After incubation at RT for 15-30 min, the transfection mix was
added to the cells drop-wise. Cells were incubated at 37°C for 48-72 h and then harvested.

The constructs used for transfection are listed in Table 3.3.

Table 3.3. Plasmids used for transfection of HEK293 cells.

Original vector Source
pEGFP-C1-DbnE-WT a generous gift from Prof. Hiroyuki Yamazaki
pEGFP-C1-DbnE-142A a generous gift from Prof. Hiroyuki Yamazaki
PEGFP-N1-EB3 (Stepanova et al., 2003)
pShuttleCMV-Rapsyn-mCherry a generous gift from Dr. Tomasz Prészynski

3.3.5. siRNA transfection

Transfection of GeneSolution siRNAs (Qiagen, Hilden, Germany; cat. #1027416) was
performed with Lipofectamine RNAIMAX (ThermoFisher Scientific, Waltham, MA, USA;
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cat. #13778075), according to the manufacturer’s instructions. Briefly, siRNA-mediated
knockdown of selected genes was performed in C2C12 myotubes 72 h after fusion (see
section 3.3.1. C2C12 cell line). SiRNAs were mixed with Lipofectamine RNAIMAX and
diluted in OptiMEM (Gibco, ThermoFisher Scientific, Waltham, MA, USA; cat. #11058-
021), and the transfection mix was incubated at RT for 15 min. Then, siRNAs were added
drop-wise to fusion media covering C2C12 myotubes at 37°C and incubated in the

incubator for 48 h before further analyses.

Controls included were as follows: untransfected cells (vehicle Lipofectamine RNAIMAX
only), negative control (non-targeting) siRNA (AllStars Negative Control, Qiagen, Hilden,
Germany; cat. #1027280), and positive control (AChR cluster-inhibiting) MuSK-siRNA
(Qiagen, Hilden, Germany; cat. #87435755). The sequences of specific targeted genes are
listed in Table 3.4.

Table 3.4. List of siRNAs used in knock-down experiments in vitro.

Target gene siRNA sequences used Working concentration
SiIRNA1 [Mm_Dbn1_1, 5100974715, CCCGTTGGTAGTTGAAACAAT]
Dbni SIRNA2 [Mm_Dbn1_2, 5100974722, CAGCAGAGTCTGGAAGCTGAA]
[ID 56320] SIRNA3 [Mm_Dbn1_3, SI00974729, CAGGAGGAAGAGTTCGCCCAA] 20nM

SIRNA4 [Mm_Dbn1_4, 5100974736, ACCAATGGAGAGACCACTCAA]
SIRNA1 [Mm_Myo6_1, 5101322251, CAGATAATTTCCGGTATTTAA]
Myo6 SIRNA2 [Mm_Myo6_2, 5101322258, AACCGAGATAATGAAATCTTA]
[ID 17920] SIRNA3 [Mm_Myo6_3, 5101322265, CAGCAGGAGATTGACATGAAA]
SIRNA4 [Mm_Myo6_4, 5101322272, CAAGTTCAAGACACAATTAAA]

20 nM

3.3.6. BTP2-mediated pharmacological blockade of drebrin

The small-molecule compound BTP2 (N-[4-[3,5-bis(trifluoromethyl)pyrazol-1-yl]phenyl]-
4-methylthiadiazole-5-caboxamide) is a pharmacological blocker of store-operated Ca?*
channels that binds directly to drebrin and inhibits drebrin-induced F-actin
rearrangements (Mancini et al., 2011; Mercer et al., 2010). Inhibitor BTP2 (Santa Cruz
Biotechnology, Dallas, TX, USA; cat. #sc-221441, lot. #G2815) was diluted in DMSO and
added to fusion media covering C2C12 myotubes at a concentration of 5 uM 72 h after
fusion, and incubated for 24 h without replenishing. Control cells were incubated with

the same concentration of DMSO (vehicle) that experimental cells.
3.4. Stable cell line generation with SleepingBeauty system

Drebrin and EB3 inserts were amplified by PCR and subcloned into a vector (pSBbi-Pur)

(Fig. 3.1). The resulting constructs were co-transfected with a second plasmid containing
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the SleepingBeauty transposase system (pSB100) to generate C2C12 cell lines stably

overexpressing GFP-fused drebrin variants or GFP-fused EB3.
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Figure 3.1. Representative map of a construct used for generation of stable C2C12 cell line
overexpressing EB3-GFP. Generated in SnapGene® software (from Insightful Science; available at
snapgene.com).

3.4.1. Insert amplification

The sequences of interest were amplified from the original vectors via PCR reaction, and
the primers were designed to include flanking restriction sites (Table 3.5) (illustrated in
Fig. 3.2). All restriction enzymes used were from New England BiolLabs (lpswich, MA,
USA) (Table 3.5). To minimize the replication error rate, Q5 High-Fidelity DNA
Polymerase (New England Biolabs, Ipswich, MA, USA; cat. #M0491) was used. The
synthesis of primers was outsourced to the Laboratory of DNA Sequencing and
Oligonucleotides Synthesis from the Institute of Biochemistry and Biophysics, Polish
Academy of Sciences. PCR reactions were performed in a total volume of 50 ulL in a 96-
well T100 thermal cycler (Bio-Rad, Hercules, CA, USA, cat. #1861096) with the conditions
described in Table 3.6.

Amplified PCR products were separated through 0.7-1.5% agarose gels containing 0.5
pg/mL ethidium bromide (Carl Roth, Karlsruhe, Germany; cat. #2218.2) in 1X TAE buffer
(Table 3.1). Samples were mixed with 6X Loading Buffer GREEN (EURx, Gdansk, Poland,
cat. #E0262) at a final concentration of 1X and loaded on the gel with the DNA size

marker GeneRuler 1kb DNA Ladder 250-10,000 bp (Thermo Fisher Scientific, Waltham,

61



MA, USA; cat. #8M0313). Electrophoresis was carried out at 100 mV and the results were
visualized in the 3UV light benchtop transilluminator (UVP/Analytik Jena, Upland, CA,
USA) at 254 nm wavelength. After confirmation of the expected insert size, amplicons
were purified using GeneMATRIX PCR/DNA Clean-Up Purification Kit (Table 3.2),
according to the manufacturer’s instructions, and their DNA purity measured in
NanoDrop 2000c Microvolume Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) (see section 3.10. Measurement of DNA/RNA/protein concentration and

purity). The purified fragments of DNA were used for ligation with the target vector.

Table 3.5. List of plasmids used for generation of stable lines.

Original vector Primers used for insert amplification el Restriction
vector enzymes
pEGFP-C1-DbnE-WT SBbiPur-
(a generous gift F: 5 ATTAGGCCTCTGAGGCCCACCATGGTGAGCAAGGGCGA 3’ Fé GFP-C1- Sfil
from Prof. Hiroyuki R: 5" ATTAGGCCTGACAGGCCCTAATCACCACCCTCGAAGC 3’ DbnE-WT (#R0123S)
Yamazaki)
oo e oo |
(a generous gift F: 5" ATTAAAGCTTCACCATGGTGAGCAAGGGCGA 3’ DbnE- (#R0104)
g . & . R: 5" ATTATCTAGACTAATCACCACCCTCGAAGC 3’ R: Xbal
from Prof. Hiroyuki K270/271 (¥R0145)
Yamazaki) M
( 5226::::]/:_::3:' F: 5 TATATAGCATGCGTCGACTGCCACCATGGCC 3’ pSBbiPur- Sphl-HF
P 2003) v R: 5 TATATAGCATGCTTACTTGTACAGCTCGTCCAT 3’ EB3-EGFP (#R3182)
Enzyme-specific restriction sites designed in primers are highlighted in red.
Table 3.6. PCR for insert amplification.
PCR reagents (Vr =50 uL) | Volume added PCR step Temperature Time
Nuclease-free water Up to 50 uL Initial denaturation 98°C 30s
5X Q5 Reaction Buffer 10 uL Denaturation 98°C 10s
10 mM dNTPs 1ul Annealing 62°C 30s
10 uM primers 5puL Extension 72°C 90-100 s
Template pDNA 10 ng Final extension 72°C 120 s
Q5 HF DNA Polymerase 0.5 puL Cooling 4°C oo

PCR reaction mix (left) and conditions (right).

3.4.2. Digestion of insert and vector

The purified fragments of DNA and the pSBbi-Pur vector (a gift from Eric Kowarz,
Addgene plasmid #60523, http://n2t.net/addgene:60523; RRID:Addgene_60523) (Kowarz
et al.,, 2015) were digested using the appropriate restriction enzymes (Table 3.5)

(illustrated in Fig. 3.2) (New England Biolabs, Ipswich, MA, USA). Briefly, 1 pg of
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template DNA (vector or insert) was incubated with 0.5-1 uL of the restriction enzyme(s)
at 37°C overnight (Hindlll + Xbal, Sphl) or 50°C (Sfil) in the suitable manufacturer buffer.
Religation of the linearized plasmid was prevented by the addition of 0.5 uL of rSAP
phosphatase (New England Biolabs, Ipswich, MA, USA; cat. #M0371) to the digestion

mix.
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PCR Restriction enzyme : |
amplification digestion Ligation -
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Restriction ~ Sticky end
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Figure 3.2. Schematic illustration of first steps of stable cell line generation. Insert
amplification, insert and vector digestion, and insert and vector ligation are presented. Adapted
from  “Restriction Enzymes Cloning”, by BioRender.com (2022). Retrieved from
https://app.biorender.com/biorender-templates.

3.4.3. Ligation of insert into vector

After overnight digestion, enzymes were inactivated via incubation at 65°C for 10 min.
The digested DNA inserts were purified with GeneMATRIX PCR/DNA Clean-Up
Purification Kit (Table 3.2) according to the manufacturer’s instructions. The digested
vector was separated through a 0.7% agarose gel in the same conditions as described in
section 3.4.1., and extracted with ExtractMe DNA/RNA extraction kit (Table 3.2)
according to the manufacturer’s instructions. The DNA purity was measured using

NanoDrop.

The ligation reaction (illustrated in Fig. 3.2) was prepared for a total volume of 20 uL by
mixing 1X T4 DNA Ligase Buffer and 1 uL T4 DNA Ligase (New England Biolabs, Ipswich,
MA, USA; cat. #M0202S), 30 ng of the vector, and the desired insert. A ligation reaction
control was included by incubating the digested vector alone with T4 DNA Ligase (no

insert). The proportions of insert to vector DNA were calculated with the NEBio
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Calculator for ligation (New England Biolabs, Ipswich, MA, USA) according to their size in
base pairs. The PCR products were ligated with vectors in 7:1 and 5:1 molar ratios. The

reaction was incubated at 16°C overnight.
3.4.4. Transformation of the ligated vector

After the overnight ligation, T4 DNA Ligase enzyme was inactivated via incubation at
65°C for 10 min. The ligation products were transformed into DH5a competent cells,

generated as previously described (Inoue et al., 1990).
3.4.4.1. Transformation of competent bacteria

DH5a competent cells were transformed with the ligation products using the heat shock
technique. Briefly, competent bacteria were thawed on ice and 10 pL of the ligation
product or 1-10 ng of the original backbone vector were gently added to 100 pL of
competent cells. After incubation on ice for 30 min, transformation was induced by a
heat shock of 42°C for 45 s, followed by immediate incubation on ice for 2 min. Using an
aseptic technique, bacteria were then diluted in 900 puL room-temperature LB medium
and incubated at 37°C for 1 h with vigorous shaking (225 RPM) in a flask shaker. Then,
grown bacteria cultures were spun at 6000 RCF for 3 min at RT in a microcentrifuge (VMR
International, Radnor, PA, USA; cat. #521-1646P) and approximately 850 uL of the
supernatants were discarded. The bacteria-containing pellets were resuspended in the
remaining supernatant and seeded drop-wise in agar plates with the appropriate
selection antibiotic (100 pg/uL ampicillin or 100 mg/uL kanamycin), then homogenously
spread using sterile glass beads. The plates were incubated at 37°C overnight or at RT for

72 h.
3.4.4.2. Plasmid DNA isolation from bacteria culture

Successful ligations were confirmed with colony PCR of inserts by diluting half of each
isolated colony in 3 uL water as a source of template DNA and mixing it with PCR Master
Mix (EURx, Gdansk, Poland; cat. #E2520) (Table 3.7) (illustrated in Fig. 3.3_1). After
performing PCR, the products were separated through 0.7% agarose gels and visualized

as described in section 3.4.1.
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Figure 3.3. Schematic illustration of last steps of stable cell line generation. Plasmid DNA
isolation from transformed bacteria (1, 2), cell co-transfection (3) and selection (4) are
presented. Illlustration created with BioRender.com.

Succesfully obtained constructs were isolated from the remaining half of the verified
bacteria colonies, following the manufacturer’s instructions of medium/large-scale

commercial kits for plasmid isolation (Table 3.2) (illustrated in Fig. 3.3_2).

Table 3.7 Colony PCR reaction for ligation verification.

PCR reagents Original insert- S PCR step Temperature | Time
olonies
V=25 containing vector (+ C Initial denaturation 98°C 30s
T g
MNuclease-free water Upto 25 pL Upto25pL Denaturation B C 105
PCR Master Mix 2X 125l 125 uL Annealing 62C 30s
10 uM primers 25uL 2.5l Extension 72°C 90-100 s
colony diluted Final extension 72°C 120 s
Template DNA 10ng ) ] .
in 3 plL water Cooling 4°C ==

PCR reaction mix (left) and conditions (right).

The purified plasmids were eluted in nuclease-free water and then concentrated
overnight at -20°C in 0.7 volumes of isopropanol, 0.1 volumes of 3 M sodium acetate
buffer and 1 uL glycogen diluted in water in 4:1 ratio (Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA; cat. #10814010). Then, the plasmids were spun at 20,000
RCF and 4°C for 30 min in a centrifuge (Eppendorf, Hamburg, Germany; cat. #5427R), and
the resulting pellets were rinsed with 1.5 mL 70% ethanol, and spun again at 20,000 RCF
and 4°C for 10 min. After discarding the supernatants, pellets were let to air-dry and
resuspended in nuclease-free water before measuring their concentration and purity in
NanoDrop. Finally, the appropriate size of obtained constructs was verified by digestion

with specific restriction enzymes.
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3.4.5. Transfection and selection of constructs in C2C12 myoblasts

C2C12 myoblasts were cultured as described in section 3.3.1. and kept undifferentiated
throughout. Approximately 48 h before transfection, C2C12 were seeded at a density of
4.25 x 10° cells/cm? on 0.2% gelatin-coated, 6-well cell culture plates and incubated at
37°C. Immediately before transfection, cells were washed twice with Opti-MEM. Stable
plasmid co-transfection of C2C12 myoblasts was performed using Lipofectamine 2000
(ThermoFisher Scientific, Waltham, MA, USA; cat. #11668030) according to the
manufacturer’s instructions (illustrated in Fig. 3.3_3). Briefly, 5 pL of Lipofectamine 2000
were diluted in 250 pL Opti-MEM, and 2000 ng of plasmid DNA (1800 ng of constructed
vector and 200 ng of plasmid containing SleepingBeauty transposase system)
(P CMV(CAT)T7-SB100, a gift from Zsuzsanna lzsvak, Addgene plasmid #34879,
http://n2t.net/addgene:34879; RRID:Addgene_34879) (Matés et al., 2009) were diluted
in 250 pL Opti-MEM and then mixed together. To monitor the transfection efficiency,
pSBbi-RP empty vector (a gift from Eric Kowarz, Addgene plasmid #60513,
http://n2t.net/addgene:60513; RRID:Addgene_60513) (Kowarz et al., 2015) was used.

The transfection reaction mix was incubated at RT for 10 min and then added to cellsin 1
mL Opti-MEM drop-wise. Finally, co-transfected C2C12 cells were incubated at 37°C for
12 h before selection. The selection of construct-containing cells was performed by
adding puromycin at 10 ug/mL 12-72 h after transfection, since contruct-positive cells
would be resistant to this antibiotic (illustrated in Fig. 3.3_4). Cells were seeded and
propagated on 0.2% gelatin-coated 10 or 15 cm plates (Sarstedt, Newton, NC, USA; cat.
#83.3902 or VMR International, Radnor, PA, USA; cat. #10062-882) in C2C12 proliferation

medium for at least 72 h.
3.5. Protein co-immunoprecipitation

For co-immunoprecipitation (co-IP) of exogenous EB3 and endogenous drebrin, C2C12
myotubes stably overexpressing EB3-GFP (see section 3.4. Stable cell line generation with
SleepingBeauty system) were harvested after five days of fusion (see section 3.3.1. C2C12
cell line). For co-IP of exogenous drebrin/rapsyn or EB3/rapsyn, transfected HEK293 cells
were harvested 48 h after transfection (see section 3.3.4. Plasmid transfection). The

constructs used for transfection are listed in Table 3.3.

Cells were scrapped from the plate surface in co-IP lysis buffer with 1% NP-40 (Table 3.1)

and collected into microcentrifuge tubes to lyse them at 4°C for at least 60 min with

66



vigorous rotation and sterile glass beads, and then passed through a 25-gauge needle for
further mechanical disruption. Lysates were then centrifuged at 10,000 RCF at 4°C for 10
min and supernatants were collected for protein concentration measurement with
NanoDrop (see section 3.10. Measurement of DNA/RNA/protein concentration and

purity).

For protein immunoprecipitation, a total volume of 25 ulL Dynabeads™ Protein G
(ThermoFisher Scientific, Waltham, MA, USA; cat. #10003D) were used for each sample.
The separation of the magnetic beads from their solvent was performed using the 16-
Tube SureBeads™ Magnetic Rack (Bio-Rad, Hercules, CA, USA, cat. #1614916). After
washing the beads 4 times with 0.1% NP-40 diluted in PBS, 1 pg of anti-GFP antibody
(GeneTex, Irvine, CA, USA, cat. #6TX26673) per co-IP reaction was incubated with the
beads in 50 pL of 0.1% NP-40 diluted in PBS at RT with constant rotation for 60 min. In
the control tube for non-specific immunoprecipitation, beads were incubated only with
50 pL of 0.1% NP-40 diluted in PBS, and no antibody was added. Once the bead-antibody
bait was formed, unbound antibody residues were washed away by rinsing the beads 3
times with 200 pL of 0.1% NP-40 diluted in PBS per sample. Then, 80-200 uL of cell
lysates were incubated with bead-antibody complexes at 4°C overnight with constant

rotation. The variants of the experiment depended on the experimental design:

e EB3/Drebrin co-IP: for C2C12 myotubes overexpressing EB3-GFP, GFP was
precipitated, while endogenous drebrin protein was co-immunoprecipitated. In
this case, 200 pL of lysate from myotubes overexpressing EB3-GFP were

incubated with beads.

e Drebrin/Rapsyn and EB3/Rapsyn co-IP: in transfected HEK293 cells, drebrin, EB3,
or rapsyn were overexpressed separately and lysates containing exogenous
proteins were mixed with each other at equal volumes and incubated together.
Overexpressed DbnE-WT-GFP, DbnE-142A-GFP, or EB3-GFP were precipitated and

Rapsyn-mCherry was co-immunoprecipitated.

After overnight incubation, flow-throughs were collected, and beads-antibody-protein
complexes were washed four times with 200 pL co-IP lysis buffer per sample. Then,
beads were resuspended in 30-40 pL 2X Laemmli Sample Buffer (Bio-Rad, Hercules, CA,
USA; cat. #1610737) and boiled at 95°C for 10 min. Finally, protein-containing eluates

were magnetically separated from the beads and further processed for SDS-PAGE and

67



Western blot analysis (see section 3.9. Analysis of protein levels). Antibodies used to

detect immunoprecipitated proteins are listed in Table 3.9.

3.6. Cell surface delivery of AChRs

3.6.1. Immunofluorescence of surface and internal pools of AChRs

The cell surface delivery of AChRs upon drebrin downregulation was analyzed through
immunofluorescence by using bungarotoxin (BTX) conjugated to different fluorophores
(Fig. 3.4) (see section 3.14. Immunofluorescence). On the 5" day after fusion, live C2C12
myotubes were incubated with BTX conjugated to AlexaFluor™ 488 (ThermoFisher
Scientific, Waltham, MA, USA; cat. #B13422) at 37°C for 15 min for labelling of surface
AChRs, and then fixed with pure methanol at -20°C for 3 min. Cell membranes were
permeabilized by incubation in immunoassay blocking buffer (Table 3.1) at RT for at least
30 min. Then, internal AChRs were labelled with BTX conjugated to AlexaFluor™ 555
(ThermoFisher Scientific, Waltham, MA, USA; cat. #B35451) by incubation at RT for 15

min.
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Figure 3.4. Schematic illustration of microscopy assay for assessment of cell surface delivery of
AChRs. lllustration created with BioRender.com

To verify non-specific fluorescence and saturate surface AChRs, live control myotubes
were incubated with BTX with no fluorescent conjugates (ThermoFisher Scientific,
Waltham, MA, USA; cat. #B1601) at 37°C for 15 min. Then, cells were rinsed 3 times with
warm sterile PBS (VMR International, Radnor, PA, USA; cat. #£504), further labelled with

BTX conjugated to AlexaFluor™ 488, and fixed as the experimental cells described above.
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3.6.2. Pull-down of total and surface AChR pools

Pull-down of total and surface AChRs upon drebrin downregulation was performed with
BTX conjugated to biotin and NeutrAvidin beads (Fig. 3.5). On the 5" day after fusion,
C2C12 myotubes were incubated live with BTX-Biotin (ThermoFisher Scientific, Waltham,
MA, USA; cat. #B1196) at 37°C for 15 min in order to label the pool of surface AChRs.
After thoroughly rinsing with sterile PBS, cells were lysed and harvested following the
same procedure as for Co-IP experiments (see section 3.5. Protein co-
immunoprecipitation), however using pull-down lysis buffer (Table 3.1). For pull-down of
total AChRs, cells were first lysed and harvested, and the resulting lysates incubated with

BTX-Biotin at RT for 15 min.

To control for non-specific signal and saturate the pool of surface AChRs, live control
C2C12 myotubes were incubated at 37°C for 15 min with non-conjugated BTX
(ThermoFisher Scientific, Waltham, MA, USA; cat. #B1601). Then, surface AChRs were
labelled as described above. The concentration of BTX-Biotin was 2 pL of 1 mg/mL

reagent per 250 pl lysate.
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Figure 3.5. Schematic illustration of pull-down of surface or total AChRs for assessment of cell
surface delivery of AChRs. Illustration created with BioRender.com

To pull-down surface and total AChR pools from the total protein content, lysates were

incubated with constant rotation at 4°C overnight with Pierce™ NeutrAvidin™ Agarose
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beads (ThermoFisher Scientific, Waltham, MA, USA; cat. #29201). After overnight
incubation, AChR-BTX-Biotin-bound beads were separated from the solution by
centrifugation at 2,500 RCF at RT for 2 min and the flow-throughs were collected. Then,
beads were washed three times with pull-down washing buffer (Table 3.1), and
resuspended in 45 plL 2X Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA; cat.
#1610737) with 50 mM DTT and boiled at 95°C for 10 min. Finally, eluted AChR-
containing supernatants were separated from the beads by centrifugation at 2,500 RCF
at RT for 2 min, and further processed for SDS-PAGE and Western blot analysis (see
section 3.9. Analysis of protein levels). Antibodies used to detect precipitated AChRs are

listed in Table 3.9.
3.7. Immunofluorescence analysis of AChR turnover

To study the insertion of new AChRs to pre-existing clusters on the cell surface upon MVI
knockdown, | performed fluorescence microscopy studies. First, C2C12 myoblasts were
cultured on a laminin-coated surface as described in section 3.3.1. On the 5" day after
fusion induction, old or newly incorporated surface AChRs were differentially labelled
with BTX conjugated to different fluorophores (Table 3.12). Briefly, live myotubes were
incubated at 37°C for 15 min with BTX-AlexaFluor™ 555 to label already incorporated
AChRs. Then, cells were thoroughly washed with warm, sterile PBS, and incubated at
37°C for 6 h, in which new, unlabelled AChRs would be inserted between the previously
incorporated, labelled AChRs. Then, myotubes were incubated with BTX-AlexaFluor™ 488
at 37°C for 15 min in order to label those newly incorporated AChRs, and then washed
again thoroughly with warm, sterile PBS. Finally, cells were fixed in 4%
paraformaldehyde (PFA) at RT for 10 min and mounted with DAPI diluted in
Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich, St. Louis, MO, USA; cat.

#F4680) to visualize cell nuclei, covered with coverslips, and sealed with nail polish.

3.8. Analysis of mMRNA expression

3.8.1. RNA isolation

Total RNA was isolated from cell lysates by adding TRIsure reagent (Bioline, Taunton,
MA, USA; cat. #BI0-38033) or from muscle tissue using RNeasy Plus Universal Mini Kit
(Qiagen, Hilden, Germany; cat. #73404), according to the manufacturer’s instructions. To
remove residual genomic DNA, samples were incubated with 1 uL DNAase I, RNAase-free

(ThermoFisher Scientific, Waltham, MA, USA; cat. #EN0521) per 1 ug RNA at 37°C for 60
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min. The reaction was stopped by adding 1 uL EDTA per 10 ul reaction mix, followed by

incubation at 65°C for 10 min.

Samples were measured with NanoDrop (see section 3.10. Measurement of
DNA/RNA/protein concentration and purity) and stored temporarily at -20°C for further
processing or immediately retrotranscribed into cDNA. Throughout the sample
preparation procedure, a RNAase-free environment was kept through decontamination
of the working area and equipment with RNaseAWAY solution (ThermoFisher Scientific,
Waltham, MA, USA; cat. #21-236-21), and the use of gloves, certified RNAase-free

reagents, and filtered pipette tips.

For reverse transcription, 1 ug of total RNA per reaction was used. cDNA was synthetized
using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA,
USA, cat. #4374966, #4368814) and following the manufacturer’s instructions. The

reverse transcription reaction was performed in a 96-well T100 thermal cycler.
3.8.2. Real-time quantitative PCR (RT-qPCR)

For each sample, a 20 pL-volume RT-qPCR reaction was performed in triplicates with
StepOnePlus™ Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, USA; cat.
#4376600). The reaction was prepared using SYBR™ Green PCR Master Mix
(ThermoFisher Scientific, Waltham, MA, USA; cat. #4385612). The synthesis of primers
was outsourced to the Laboratory of DNA Sequencing and Oligonucleotides Synthesis
from the Institute of Biochemistry and Biophysics, Polish Academy of Sciences. Primers
used in RT-gPCR were tested for efficiency and specificity and only validated ones were

used for experimental analysis. All primers used are listed in Table 3.8.

Table 3.8. Primers used for RT-qPCR.

Gene Encoded protein Primers used for cDNA amplification
F: 5’GGCCTTCCGTGTTCCTAC 3’
Gapdh Glyceraldehyde 3-phosphate dehydrogenase R: 5 TGTCATCATACTTGGCAGGTT 3’
Dbni Drebri F: 5" GACCCAGGCCAGCGAAG 3’
n revrin R: 5' CCCAGCAGGTGATGTCGATT 3’
Rosn Rapsvn F: 5" CTTGGTAACAGCTCACTCGG 3’
P psy F: 5’ CAGTATCAATCTGGACCACGG 3’
Myo6 Mvosin VI F: 5" GTGTGCTACGAGACAACCCA 3’
Y y R: 5’ GTTTCCCACGCTGATGAAGC 3’
. . o F: 5" GAAAACATTCACCAAGTGGGTCAAC 3’
Macf1 Microtubule actin cross-linking factor 1 F: 5 TGTCCATCCCGAAGGTCTTCATAG 3
Homerl Homerl F: 5 ACTGTTTATGGACTGGGATTCTC 3’
F: 5 GTACTGGTCAGCTCCATCTTC 3’
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The StepOnePlus™ Software v2.3 was used for data acquisition and the results were
analyzed using the relative standard curve method. In order to standarize the samples,

housekeeping gene Gapdh was used.

3.9. Analysis of protein levels

3.9.1. Total protein isolation

Cultured cells were lysed with ice-cold Co-IP lysis buffer with 0.1% NP-40 (Table 3.1) by
placing the culture plate on ice and adding lysis buffer in a volume sufficient to cover the
well surface (e.g. 200 pL buffer/0.9 cm?). Cells were scrapped from the plate surface and
collected into microcentrifuge tubes to lyse them at 4°C with vigorous rotation for at
least 60 min with sterile glass beads, and then passed through a 25-gauge needle for
further mechanical disruption. Immediately after isolation, muscles were lysed with ice-
cold RIPA buffer (Table 3.1) in 1:10 ratio (100 uL buffer/10 mg tissue) and mechanically
homogenized with Bio-Gen PRO200 Homogenizer (PRO Scientific, Oxford, CT, USA; cat.
#01-01200). Cell lysates or tissue homogenates were then centrifuged at 10,000 RCF at
4°C for 10 min and supernatants were collected for protein concentration measurement
with NanoDrop (see section 3.10. Measurement of DNA/RNA/protein concentration and

purity) and stored at -20°C.

Before SDS-PAGE, samples were diluted in 2X Laemmli Sample Buffer (Bio-Rad, Hercules,
CA, USA; cat. #1610737) (to a final concentration of 1X) and 50 mM DTT and boiled at
95°C for 10 min in order to denature proteins. The amount of protein diluted for SDS-
PAGE was adjusted and optimized depending on the loading control (see section 3.9.3.

Western blot).

3.9.2. SDS-PAGE

Proteins were separated by molecular weight with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). 1 mm-thick polyacrylamide gels were
either homemade or purchased (4-15% Mini-PROTEAN® TGX™ Precast gels, BioRad,
Hercules, CA, USA, cat. #4561083).

Gel homemade preparation and electrophoresis were performed using Mini-PROTEAN
Tetra Cell system (BioRad, Hercules, CA, USA) and 3 pL Color Prestained Protein Standard
Ladder (10-240 kDa) (New England Biolabs, Ipswich, MA, USA; cat. #P7712S or #P7719)

was used as size reference of protein molecular weight. Equal concentrations of samples

72



were loaded onto the gel and the electrophoresis was performed in SDS-PAGE running

buffer (Table 3.1) at 80-120 mV for 60-180 min.
3.9.3. Western blot

After SDS-PAGE, separated proteins were transferred to a BioTrace™ NT Nitrocellulose
Transfer Membrane (Pall, Port Washington, NY, USA, cat. #66485) with Trans-Blot®
Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA; cat. #1704150), following the
manufacturer’s instructions. The transfer protocol used was the 7 min-long default
protocol for mixed molecular weights and the blotting sandwich was soaked beforehand
in Transfer buffer (Table 3.1). After transfer, membranes were rinsed in TBST buffer
(Table 3.1) and incubated in 10% WB blocking buffer (Table 3.1) at RT for at least 30 min
in order to prevent non-specific binding of antibodies. Then, membranes were incubated
with primary antibodies diluted in 5% WB blocking buffer at 4°C overnight (Table 3.9).
After washing away the residual primary antibodies with TBST three times at RT for 10
min, membranes were incubated with secondary antibodies conjugated to horseradish

peroxidase (Table 3.9) diluted in 5% WB blocking buffer for at least 60 min at RT.

Table 3.9. List of antibodies used for immunoblotting.

Name ‘ Dilution | Supplier and catalogue number

Primary antibodies

GeneTex, Irvine, CA, USA, cat. #GTX12350

anti-drebrin 1:1000 Abcam, Cambridge, UK; cat. #ab60933
anti-myosin VI 1:500 Proteus BioSciences, Ramona, CA, USA; cat. #25-6791
a”t"Acg'; al, a3, 1:1000 BioLegend, San Diego, CA, USA; cat. #838301
anti-rapsyn 1:1000 Abcam, Cambridge, UK; cat. #ab156002
anti-GAPDH 1:1000 Santa Cruz Biotechnology, Dallas, TX, USA; cat. #sc-25778
anti-tubulin 1:10000 Abcam, Cambridge, UK; cat. #ab18251
anti-GFP 1:1000 GeneTex, Irvine, CA, USA; cat. #GTX26673

Secondary antibodies

anti-mouse-HRP 1:5000 Cell Signaling Technologies, Danvers, MA, USA; cat. #7076

anti-rabbit-HRP 123888_ Jackson ImmunoResearch, West Grove, PA, USA; cat. #111-035-144
anti-goat-HRP 1:5000 Santa Cruz Biotechnology, Dallas, TX, USA; cat. #sc-2020
anti-rat-HRP 1:5000 Enzo Life Sciences, Farmingdale, NY, USA; cat. #ADI-SAB-200-J

Abbreviations: HRP = horseradish peroxidase.

Residual secondary antibodies were washed away with TBST at RT three times for 10

min. Finally, immunolabelled proteins were detected with Femto chemiluminiscent
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substrate (Thermo Fisher Scientific, Waltham, MA, USA; cat. 34095) incubated with
membranes at RT for 3-5 min. Membranes were developed for visualization in a dark
room with Kodak® BioMax® MS films (Carestream, Rochester, NY, USA, cat. #771468) and
a film processor (Fujifilm, Tokyo, Japan, cat. #FPM 800A). All incubations except the
chemiluminiscent substrate were performed under gentle, constant rocking to allow

even distribution of the reagents across the membranes.

For all immunoblotting experiments, a loading control was performed to ensure even
amount of proteins in all samples within the same experiment. For that purpose,

proteins encoded by housekeeping genes, tubulin or GAPDH, were detected.
3.10. Measurement of DNA/RNA/protein concentration and purity

The concentration and purity of DNA, RNA, or total protein were measured using
NanoDrop 200c Microvolume Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) with pre-settings for DNA, RNA, or proteins. The measurement of absorbance
at 260 nm (specific for nucleic acids), 280 nm (specific for proteins), and 230 nm
(impurities) allows for the automatic calculation of 260/280 (to detect protein/nucleic
acids contamination) and 260/230 (to detect other impurities) ratios and assessment of
sample’s purity. DNA was considered to be of sufficient quality and purity if the ratio
260/280 was between 1.7-2.0 and the 260/230 ratio was between 2.0-2.3. RNA was
considered to be of sufficient quality and purity if the ratio 260/280 was between 1.9-2.1
and the 260/230 ratio was between 2.0-2.3. Protein content was considered to be of
sufficient quality and purity if the ratio 260/280 was below 0.6 (minimal nucleic acid

contamination).
3.11. Animal models

All procedures performed on mice (Mus musculus, house mouse) were approved by the
First Warsaw Local Ethics Committee for Animal Experimentation (permissions 629/2018
and 1311/2022). Snell’s waltzer (SV) and wild-type mice had a C57BL/6J genetic
background and were maintained at the animal facility of the Nencki Institute of

Experimental Biology, equipped with a selected pathogen free (SPF) barrier (standard).

Wild-type C57BL/6J mice (WT), the most widely used inbred mouse strain, were used for
endogenous and exogenous protein colocalization and expression pattern studies. Snell’s
waltzer mice were a generous gift from Dr. Folma Buss (Cambridge Institute for Medical
Research, United Kingdom) and they correspond to the strain C57BL/6J x STOCK Tyrcch
Bmp5°¢ +/+ Myo6*/J (stock #000578). Homozygous SV mice have a spontaneous 150-bp
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deletion in the Myo6 gene, resulting in the introduction of a stop codon in the sequence
that produces a non-functional MVI protein. Therefore, these animals serve as natural
MVI knockout mice (Fig. 3.6B). They are characterized by circling, head-tossing,
deafness, and hyperactivity, behaviors that are recognizable by P7 (Avraham et al.,
1995). These mice were used to assess the phenotype at the NMJ in the absence of MVI,

as well as for primary myogenic culture. Heterozygous littermates were used as control

animals for all experiments.
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Figure 3.6. Mice strains. (A) Wild-type (C57BL/6J) Myo6 gene, as a comparison to (B) Snell’s
waltzer (SV) mice generated as a consequence of a spontaneous deletion in the Myo6 gene,
resulting in a non-functional MVI protein. Adapted from “Frameshift Mutations”, by
BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates. (C)
DXKO mice generation via LoxP/CRE-mediated excision of exon 3 in Dbnl gene. Adapted from

"Eukaryotic and Prokaryotic Gene Structure”, by BioRender.com (2022). Retrieved from
https://app.biorender.com/biorender-templates.

Muscle tissues from DXKO mice perfused with PFA were a generous gift from Dr.

Hiroyuki Yamazaki (Gunma University, Japan). DXKO mice had a C57BL/6J genetic
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background and were generated at the Gunma University, Japan by crossing of drebrin-
flox mice and TLCN-Cre mice (Kajita et al., 2017). Homozygous DXKO mice have a
deletion in exon 3 of both copies of the Dbn1 gene, resulting in systemic absence of all
drebrin isoforms (Fig. 3.6C). Received fixed muscles from homozygotes and WT
littermates were used to assess the phenotype at the NMJ in the absence of drebrin

protein.

Developmental time points were selected for the analysis of in vivo phenotypes based on

age-associated changes to the murine NMJ, with morphological and functional

aberrations appearing at 12-14 months old and worsening with age (Cheng et al., 2013).

3.11.1. Mice genotyping

All animals were routinely genotyped to identify and select the desired genotypes (Fig.
3.7). The genomic DNA was isolated from a 2-4 mm? piece of the mouse tail by
incubating it for 20 min in a solution of 10% Chelex 100 resin (Sigma-Aldrich, St. Louis,
MO, USA; cat. #C7901) at 95°C. Then, samples were spun at 13,000 RCF at RT for 5 min in
a microcentrifuge and supernatants were collected for further PCR reactions. For the
PCR reaction, PCR Master Mix (2X) was used in a final volume of 25 pL and PCR reactions
were performed in a 96-well T100 thermal cycler, according to the manufacturer’s
instructions. Primers used for genotyping are summarized in Table 3.10, and PCR

conditions are summarized in Table 3.11.

Table 3.10. Primers used for genotyping.

Gene Encodfad Primers used for DNA amplification Band size
protein
SV1: 5'-CTGACCCTGATCACTTAGCAGAGTTG-3' SV mice = 318 bp
Myo6 Myosin VI SV2: 5'-CATTGGGCCAGGTCACAGAAGTAAGC-3' Heterozygous = 318; 230 bp (WT)
SV3: 5'-GGTCCTCTGAAAGAGTAACC-3' WT =230 bp
Dbn1 Drebrin E F: 5" GGGAACGGTAACCAAGGAAC 3’ HeteroZXKoc:J;n -IC9eST)'6280bE (WT)
R: 5’ TTICTGGAGAAACCAGGGAGA 3’ YBOUS =264, P
WT = 980 bp
Table 3.11. PCR reaction for mice genotyping.
PCRreagents Volume added PCR step Temperature Time
(Vr=25pL) Initial denaturation 94°C 1205
Muclease-free water Upto 25 pL Denaturation 95°C 205
Master Mix 2X 12.5 pL Annealin S4°C (Myo6) 30s
aster Mix S g 55°C (Dbn1)
10 UM primers 1-3puL Extensian 73°¢C 20 s (Myo6)
130 s (Dbn1)
Tail DNA 2.5l Final extension 72°C 3005

PCR reaction mix (left) and conditions (right).
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DNA products from PCR reactions (amplicons) were visualized in agarose gels as
described in section 3.4.1., and loaded with Perfect 100-1000 bp DNA Ladder (EURX,

Gdansk, Poland, cat. #£3141) as a size reference.

A & B +~L~0 \‘s‘\«
™
N e‘e"
S X 900 bp —
zgggp— a— 600 bp —|
p —

Figure 3.7. Mice genotyping results. (A) Genotyping results of SV and heterozygous WT mice
from tail DNA. Myosin VI WT allele = 230 bp, MVI knockout allele = 318 bp. Heterozygote = 230
bp and 318 bp. (B) Genotyping results of DXKO and WT mice from tail DNA. Drebrin WT allele =
980 bp, drebrin knockout allele = 600 bp. Representative image by A. Nadel. Abbreviations: bp =
base pairs; DXKO = drebrin global knockout mice; SV = MVI global knockout mice; WT = wild-type
(control) mice.

3.12. Grip strength test

To assess muscle strength of MVI knockout mice, the non-invasive and stress-reduced
method of grip strength testing was used. Behavioral experiments were outsourced to
the Laboratory of Behavioral Methods, Nencki Institute of Experimental Biology, PAS.
Test sessions took place around the same time of the light cycle (07:00-20:00) in the
animal facility of the Nencki Institute of Experimental Biology. The apparatus used
consists of an electronic strength test device (BIOSEB, Vitrolles, France, cat. #Bl0O-GS3)
with a force gauge connected to a bar to which the mice were allowed to hold with
either their forelimbs or both forelimbs and hindlimbs. In total, 20 mice at P365 of either
WT (n = 4 females, 6 males) or SV genotype (n = 5 females, 5 males) were tested to
account for sex-related differences in muscle strength during middle age (Dutta &
Sengupta, 2016). Mice were tested in a randomized order for three consecutive trials on
the same day, with one-minute inter-trial breaks, and the investigator performing the
test was blind to their genotype. Each animal was allowed to grasp the bar, and the peak
full force in grams (g) and Newtons (N) was recorded on a digital force transducer. Then,
the gauge was reset to 0 g after stabilization and the mouse was gently pulled back from
its tail by the investigator at a constant speed (slow enough for the mouse to build up
resistance grip). When the mouse finally released its paws from the bar, the force was
again measured and registered for data analysis as grip strength. The criteria for

excluding trials from final data analysis included grasping the bar with only one paw,
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only hindlimbs used, mouse turning around during the pull, or mouse not exerting any

resistance to being pulled back.

Figure 3.8. Schematic illustration of vertical grip strength test. Black arrow indicates direction of
pulling movement. Illustration created with BioRender.com

| chose a modified protocol that overcomes the main limitation of the conventional grip
strength test (motivation to keep gripping the bar) by positioning the apparatus
vertically (Takeshita et al., 2017). This way, the composite mouse muscle force (gravity
on the mouse body and force exerted by the investigator) is completely conducted to the
measuring device, providing high accuracy and low variability between measurements.
Moreover, this protocol allows the detection of subtle differences, particularly in older
animals. The variable analyzed was absolute grip strength measured in grams and it was
not normalized by body weight, since it has been shown to be more sensible to detecting

age-related impairments in skeletal muscle function (Takeshita et al., 2017).
3.13. Skeletal muscle electroporation

Plasmid DNA electroporation was performed on P30-45 WT mice under general
anesthesia with intraperitoneal injection of ketamine/xylazine cocktail (150/10 mg/kg).
After confirming heart beat presence and lack of reflexes, and shaving the hindlimb area
to be electroporated, 25 pug DNA (1 pg/ul in sterile PBS) of pEGFP-C1-DbnE-WT or pEGFP-
C1-DbnE-142A plasmid (Table 3.3) was injected into the TA muscle using a 702LT
Hamilton syringe (Hamilton, Reno, NV, USA; cat. #24531). As a negative control, an
empty pEGFP-C1 vector (Clontech, Mountain View, CA, USA; cat. #6084-1) was used.
Immediately after injection, the electrodes of an ECM-830 electroporator (BTX Harvard

Apparatus, Holliston, MA, USA; cat. #45-0052INT) were wetted with PBS and the muscle
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was electroporated with 10 pulses of electrical current at 180 V/cm for 20 ms each with
1 s intervals. During the whole procedure, the animals’ eyes were covered with hydrating
Vidisic eye gel (Bausch+Lomb, Laval, Canada) to prevent them from drying, and the
physiological body temperature was sustained throughout with a heat plate. The overall
condition of the mice was monitored during and after the procedure. Immediately after
the procedure, 2% lidocaine gel (Lighocainum Jelfa 20 mg, PharmaSwiss, Laval, Canada)
was locally applied to the electroporated area and post-procedure analgesia was
administered by subcutaneous injection of 1-5 mg/kg of butorphanol (Butomidor 10
mg/mL, Orion Pharma, Warsaw, Poland). Mice were sacrificed 7-10 days after the

procedure.
3.14. Immunofluorescence

Proteins of interest were labelled with protein-specific antibodies and then stained with
fluorescent dyes for microscopy visualization and analysis in either murine skeletal
muscle tissue (immunohistochemistry) or in cultured cells (immunocytochemistry) (Table

3.12).

Table 3.12. List of antibodies and fluorescent markers used for immunofluorescence labelling.

Name Dilution Supplier and catalogue number

Primary antibodies

ProteinTech, Rosemont, IL, USA; cat. #10260-1-AP

anti-drebrin 1:300 ProteinTech, Rosemont, IL, USA; cat. #25770-1-AP
anti-phospho-drebrin 1:250 MilliporeSigma, Burlington, MA, USA; cat. #MABN833
anti-actinin 1:300 Santa Cruz Biotechnology, Dallas, TX, USA; cat. #sc-17829
anti-Ryrl 1:300 Abcam, Cambridge, UK; cat. #ab2868
anti-myosin heavy chain 1:300 DHSB, lowa, IA, USA; cat. #AB_2147781
anti-LL5B 1:300 Homemade, a(ﬁ;esr;?zu;?i;%for;))m Prof. Sanes
anti-2H3 neurofilament 1:350 DHSB, lowa, IA, USA; cat. #AB_2314897
anti-synaptophysin 1:350 Synaptic Systems, Gottingen, Germany; cat. #101 004
anti-EB3 1:300 BD Biosciences, Franklin Lakes, NJ USA; cat. #612156
anti-myosin VI 1:250 Proteus BioSciences, Ramona, CA, USA; cat. #25-6791

Secondary antibodies/fluorescent markers

ThermoFisher Scientific, Waltham, MA, USA;
cat. #813422/#B35451
Phalloidin-AlexaFluor 633 1:125 ThermoFisher Scientific, Waltham, MA, USA; cat. #A22284
ThermoFisher Scientific, Waltham, MA, USA;
cat. #A28175/#A-31570/#A-21236
ThermoFisher Scientific, Waltham, MA, USA; cat. #A-

BTX-AlexaFluor 488/555 1:500

anti-mouse-AlexaFluor 488/555/647 | 1:500-800

anti-rabbit-AlexaFluor 555 1:500-800 11004
anti-guinea pig-AlexaFluor 647 1:600 ThermoFisher Scientific, Waltham, MA, USA; cat. #A-
21450
DAPI 1:1000 AppliChem, Darmstadt, Germany; cat. #A4099
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Appropriate controls were performed in parallel to experimental samples to monitor the
specificity of all primary antibodies. Briefly, control samples were subjected to all the
steps of the immunostaining protocol except from the incubation with primary antibody.
During microscopy imaging and analysis, it was confirmed that the signal observed in
control samples (corresponding to the background noise of the secondary antibody
fluorescence) was not specific and significantly reduced compared to experimental

samples.
3.14.1. Skeletal muscle whole-mount fiber preparations

After confirming death of the animal, the skin and fasciae covering the muscle tissue of
interest were carefully removed with surgical tools. The muscles excised are illustrated

in Fig. 3.9.
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Figure 3.9. Schematic illustration of all skeletal muscles isolated. Abbreviations: DIA =
diaphragm; EDL = extensor digitorum longus; GA = gastrocnemius; SOL = soleus; ST =
sternomastoid; TA = tibialis anterior; TS = triangularis sterni. lllustration created with

BioRender.com.

Different procedures were used for the excision of different muscles:

e Tibialis anterior (TA): The hindlimb was severed and a small incision in the ankle
skin was enough to expose the underlying muscle. After removal of fasciae, the
dissection forceps were placed under the first anterior tendon of the ankle and

moved upwards to separate the muscle from the bone.

e Gastrocnemius (GA) and soleus (SOL): Similar to TA isolation, the dissection

forceps were placed under the Achilles tendon and moved upwards. Then, the

80



tendon was cut and the calf muscle (GA) was gently separated from the SOL

muscle with scissors.

Extensor digitorum longus (EDL): After removal of TA and GA, the most lateral
anterior muscle was exposed by placing forceps under the corresponding tendon

of the ankle, and moving them upwards to isolate the muscle.

Diaphragm (DIA): The skin around the torso was cut avoiding damage to any
internal organ. The diaphragm is a very delicate and thin muscle limiting the
ventral part of the ribcage, just above the liver, so after removing the lower body
and internal organs below the ribcage, a small incision was made in the
diaphragm membrane that allowed to cut the muscle along the ribcage bottom.
Due to its close contact with internal organs, the diaphragm was rinsed off blood

in PBS before fixation.

Triangularis sterni (TS): The TS, also a delicate and thin muscle, covers a portion
of the inner anterior wall of the ribcage, and its isolation requires the whole
structure to be fixed. After removing heart and lungs from within the chest
cavity, the whole ribcage was cutout and rinsed with PBS before fixation. Then,
the ribcage was cut along the spinal cord, leaving the ribs attached to the
sternum. The ribcage was then spread on a styrofoam platform with the inside of
the chest cavity facing upwards. A thin needle was inserted into a blood vessel
close to the sternum to slowly move outwards and separate the TS muscle from

the ribs. The edges of the muscle were cut with a scalpel.

Sternomastoid (ST): After removing skin, fat, and other tissues around the neck
and throat area, the trachea and attached sternomastoid muscles were exposed.

Both ends of the muscle were cut avoiding damage to blood vessels.

After isolation, muscles were fixed in 4% PFA at RT for 20-80 min, with the exception of

the TS muscle, which was fixed with the whole ribcage in 100% methanol at -20°C for 3-5

min. The time of fixation depended on the age of the animal and the relative size of the

muscle tissue: for reference, young and small muscles were fixed for 15-20 min, while

big and aged muscles were fixed for 50-80 min. Muscles were stored at 4°C in PBS (Table

3.1) supplemented with 0.02% NaNs for better tissue preservation.

Approximately 10-30 single fibers from each muscle were isolated using fine surgical

forceps. Incubation at RT for at least 30 min with immunoassay blocking buffer (Table
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3.1) was used to both permeabilize the tissue and block non-specific antibody binding, in
order to improve the sensitivity of the assay and reduce the background interference.
Then, fibers were incubated at 4°C overnight with gentle shaking, with primary
antibodies diluted in immunoassay blocking buffer. After washing fibers three times in
PBS for 5 min, they were incubated with appropriate secondary antibodies diluted in the
immunoassay blocking buffer. Finally, AChRs were labelled by incubating the fibers with
bungarotoxin (BTX) at RT for 15 min, and rinsed once in PBS. Bungarotoxin binds with
high affinity to the a subunit of AChRs and was coupled with green, red, or far-red
fluorescence emiting-fluorophores depending on the experiment. Samples were
mounted on glass slides with DAPI diluted in Fluoromount™ Aqueous Mounting Medium
to visualize cell nuclei, covered with coverslips, and sealed with nail polish. All antibodies

and fluorescently labelled markers are listed in Table 3.12.
3.14.2. C2C12 myotubes

C2C12 myoblasts for immunocytochemistry experiments were seeded on Permanox
plastic Nunc™ Microscope slides (ThermoFisher Scientific, Waltham, MA, USA; cat.
#160005) in 8-well flexiPERM® chambers (Sarstedt, Newton, NC, USA; cat. #94.6032.039)
and differentiated into myotubes as described in section 3.4.1. On the 5 day after
fusion induction, the fusion-inducing medium was removed and cells were fixed by
incubation with 4% PFA at RT for 10 min or 100% methanol at -20°C for 3 min, depending
on the experiment. Then, remaining fixative solution was washed away with three rinses

in PBS for 5 min each.

Similar to the immunohistochemistry procedure, fixed cells were incubated at RT for at
least 30 min with immunoassay blocking buffer (Table 3.1) to permeabilize the cell
membranes and improve signal-to-noise ratio. Then, cells were incubated at 4°C
overnight with primary antibodies diluted in immunoassay blocking buffer. After washing
the cells three times in PBS for 5 min, they were incubated with appropriate secondary
antibodies diluted in the immunoassay blocking buffer. Finally, AChRs were labelled by
incubating the cells with BTX at RT for 15 min, and rinsed once in PBS. Preparations were
mounted with DAPI diluted in Fluoromount™ to visualize cell nuclei, covered with
coverslips, and sealed with nail polish. All antibodies and fluorescently labelled markers

are listed in Table 3.12.
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3.15. Microscopy and image analysis

Microscope imaging was performed at the Laboratory of Imaging Tissue Structure and
Function, Nencki Institute of Experimental Biology, PAS, with the use of CePT
infrastructure financed by the European Union, The European Regional Development
Fund within the Operational Programme “Innovative economy” for 2007-2013. Image
acquisition was performed with Axio Observer Z.1 inverted microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped with CSU-X1 spinning disc unit (Yokogawa, Japan),
Evolve 512 EMCCD camera (Photometrics, USA) and diode 405/488/561 and 639 nm
lasers (Carl Zeiss AG, Oberkochen, Germany). The images were collected using ZEN 3.1
software (Carl Zeiss AG, Oberkochen, Germany) and processed with FijiJ distribution of

Imagel 1.51h software (Schindelin et al., 2012).

3.15.1. Quantification of fluorescence intensity of surface or internal

AChRs

For the quantification of average fluorescence intensity of surface or internal AChR
signal in control and drebrin-depleted C2C12 myotubes (see section 3.6.1.
Immunofluorescence of surface and internal pools of AChRs), images were acquired in
myotube areas without AChR clusters and of similar maturation state (overall fusion and
width). The quantification of average fluorescence was performed with the contour
(spline) tool in the ZEN software by manually selecting the area covered by the myotube.
A small section of the background was also sampled for each image and substracted to
the myotube fluorescence intensity. The data analyzed corresponded to the average

fluorescence intensity of the surface or internal AChR signal divided by the area.
3.15.2. Quantification of EB3 foci

For the quantification of EB3 foci underneath AChR clusters, Z-stack images were
acquired in AChR cluster-occupied areas of myotubes at 63X magnification with 0.5 um
interval between stack planes. Individual fluorescence channels for AChRs and EB3
labelling were acquired. The cluster surface was defined and measured with the contour
(spline) tool in the ZEN software at the AChR channel as a region of interest. The Z plane
selected for quantification of EB3 foci was at 0.5 um below the plane with the highest
fluorescence intensity detected for AChRs (corresponding to the cell membrane), based
on the study showing that EB3 fluorescent signal peaks at 0.3-0.5 um from the tip of
dynamic microtubules in C2C12 cells (Roth et al., 2019). Within the defined AChR cluster
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area, the events tool was used to manually count the number of EB3 foci, and contrast
parameters were adjusted to improve visibility following the same method for each
picture. To verify if the observed changes in EB3 foci number were specific to AChR
clusters, the same analysis was performed for a myotube area outside of the AChR

cluster. The results were calculated as number of EB3 foci per cluster area (#/um?).

Because the MT network is dense and its morphological characteristics are difficult to
analyze manually, automated quantification was used for high throughput analysis and
reduction in human bias. For the analysis of EB3 foci size and shape parameters, Ilastik
1.3.3.post3 (European Molecular Biology Laboratory, Heidelberg, Germany) (S. Berg et
al., 2019) and CellProfiler 4.0.7 (Carpenter Lab, Broad Institute of Harvard and MIT, USA;

www.cellprofiler.org) open-source softwares were used (Fig. 3.10).

Z
ilastik Original EB3 image Pixel-based prediction ~ Segmentation
I

Segmented Segmented Segmented
‘ EB3 foci myotube background

Original AChR image AChHR binary mask

Figure 3.10. Schematic illustration of automated analysis of EB3 foci size and shape
parameters. lllustration created with BioRender.com.
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Ilastik’s machine learning-based algorithm was used for pixel segmentation of the images
into three categories: 5-10 pixels/image corresponding to “EB3 foci”, “myotube”, or
“background” were manually selected in 5-10 images per group (BTP2 or DMSO) to train
the algorithm to recognize which pixels of other images belong to each category. After
training, the segmentation algorithm was applied to the whole image set (n = 30
images/group from at least 3 independent replicates). The images obtained were a
binary version of the original microscopy images, containing only pixels classified as “EB3
foci”. These binary images were imported into CellProfiler, where a customized pipeline
was used for identification of foci as “objects” and subsequent measurement of size and
shape parameters (surface, eccentricity, equivalent diameter, extent, form factor,
maximum and minimum Feret diameter, perimeter, and solidity) (see CellProfiler
Manuals for detailed description of each parameter: http://cellprofiler-
manual.s3.amazonaws.com/CellProfiler-3.0.0/modules/measurement.html#measure

objectsizeshape). Before the measurement, an extra step in the pipeline was added to
apply a mask of the corresponding AChR cluster shape to the binary image, thus limiting

the measurements of EB3 foci to the area of the AChR clusters.

To validate the automatic measurements obtained from CellProfiler, a manual
qguantification of EB3 foci surface was performed using ZEN’s contour (spline) tool on a
smaller image set (n = 15 foci/image, 10 images/group from at least 3 independent
experiments). Finally, to validate the surface measurements obtained from the
CellProfiler analysis, a smaller image set was used for manual quantification of EB3 foci
surface. Then, a classification of single vs. coalescent EB3 foci was performed on the
dataset obtained from manual quantification based on manual thresholding. For that
purpose, the surfaces of 15 single (isolated) foci were averaged to use as the coalescence
threshold (0.94 um?), and foci with smaller or equal surface than the threshold were
classified as single, while foci with bigger surface than the threshold were classified as

coalescent.
3.15.3. Morphological characterization of the NMJ in vivo

To characterize the morphology of the neuromuscular junction, Z-stack images of the
BTX-labelled NMJs and neighboring myofibers with BTX* signal (AChR labelling) were
acquired at 63X magnification with 0.5 um interval between stack planes. Then, using an
Imagel) macro (written by A. Wolny, Laboratory of Imaging Tissue Structure and Function,

Nencki Institute of Experimental Biology, PAS), all images were batch-processed to
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combine all Z planes and obtain orthogonal projections. Each image, containing only one
NMJ, was individually processed to adjust the threshold for accurate segmentation of
each NMJ. Finally, a second Imagel) macro was used to automatically segment the AChR
signal into a mask that allowed for measurements of AChR-enriched area and perimeter,

as well as endplate area, perimeter, and diameter (Fig. 3.11).

Original image AChR mask Endplate mask

”,
»

Figure 3.11. Representative image processing of single NMJs with ImageJ macro.

3.16. Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 22.0 (SPSS Inc., USA) and
the data was graphically represented using SigmaPlot 8.0 (Systat, Richmond, USA) or
with Interactive Dotplot data visualization tool (Weissgerber et al., 2017). Shapiro-Wilk
normality test was used to test the null hypothesis of normal distribution required for
parametric statistics and, when statistically significant (P < .05), an appropriate non-
parametric test was used (independent samples Mann-Whitney’s U or Kruskal-Wallis” U
tests). Two-tailed independent Student’s t-test was used to test differences between two
experimental groups with continuous data that fulfilled assumptions for parametric
tests. Chi-Square test was used to analyze nominal data that was manually divided in
classes, in order to compare relative frequencies of each class in different experimental
groups. Repeated measured two-way ANOVA, with 2 inter-subject independent variables
(sex and genotype) and 1 intra-subject variable (trial), was used to analyze differences in
the grip strength test of SV and WT mice. When post-hoc tests were necessary, a
restrictive post-hoc test (Bonferroni correction) was used to limit the possibility of
getting a statistically significant result when testing multiple hypotheses (control for

type | error inflation).

Results from in vitro and molecular experiments were obtained from at least three
independent experiments, unless stated otherwise. All manually measured variables
were obtained in a blinded manner to reduce the introduction of human bias in data

collection.
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In the quantification of EB3 foci, upper or lower extreme values that fell outside 1.5
times the interquartile range between quartiles 1 and 3 of the data distribution (defined
as outliers) were removed from the statistical analysis. The exclusion of these data
points (1-3 values/group) did not alter the observed phenotype nor the statistical

significance.

Results were considered statistically significant when P < .05, and represented as *, **,
or ¥*** when P < .05, P <.01, and P <.001, respectively. Specific tests used for statistical
analyses and descriptive statistics used for graphical representation are described in
each figure caption in the Results section. Chi-Square results are reported as X? (degrees

of freedom, N = number of valid cases) = Pearson Chi-Square statistic value, P = p-value.
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"For a research worker, the unforgotten moments of her life
are those rare ones which come after years of plodding work,
when the veil over nature’s secret seems suddenly to lift

and when what was dark and chaotic

appears in a clear and beautiful light and pattern."

Gerty Cori,

first woman to be awarded the Nobel Prize in Physiology or Medicine (1947)
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CHAPTER 4: RESULTS

4.1. Drebrin and myosin VIl are present at the muscle postsynaptic machinery

4.1.1. Drebrin and myosin VI localize to the postsynaptic machinery in vivo

To study the localization of drebrin and MVI at the muscle postsynaptic machinery, |
performed immunohistochemical analyses of whole-mount skeletal muscle fibers from
WT mice. Controls of the specificity of antibodies were performed by omitting the
primary antibody incubation (Figs. 4.1A, 4.2A, bottom panels). To observe their mutual
localization, motoneuron cytoskeleton, presynaptic synaptic vesicles, and postsynaptic

AChRs were co-stained.

Because NMJs undergo postnatal morphological remodeling (see section 1.2.2.), |
decided to observe the distribution pattern of these proteins in relevant time points of
NMJ development: maturation (P10), maintenance (P120), and age-related disruption of
the NMJ (P365) (Figs. 4.1A, 4.2A). The image analysis showed that drebrin is
concentrated both at pre- and postsynaptic NMJ compartments throughout the entire
postnatal development (Fig. 4.1A, panel P45), while MVI is accumulated in the vicinity of
the postsynaptic compartment, as it does not colocalize with the axon nor the synaptic
axonal processes (Fig. 4.2A, panel P120). Therefore, drebrin and MVI differ in their local
distribution at the NMJ. Drebrin colocalized with AChRs, which is particularly noticeable
at the crest of junctional folds, where the fluorescence signal from AChRs is increased
(Fig. 4.1B). On the other hand, MVI is accumulated in AChR-free areas at the periphery of
AChR branches, as evidenced by the distinct peaks of AChR and MVI fluorescent signals
(Fig. 4.2B).
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Figure 4.1. Drebrin localization at the pre- and postsynaptic compartments of the
neuromuscular junction. (A) Colocalization of drebrin (red) with AChRs (labelled with BTX, green)
and motoneuron (neurofilament + synaptophysin, blue) in the mouse TS muscle at different
postnatal time points (P9, P45, P365). Panel for P45 shows orthogonal projections to visualize
colocalization of drebrin and AChRs. Bottom panel corresponds to negative control of the
secondary antibody. Scale bars = 20 um. (B) Fluorescence intensity histogram obtained from a
single plane of the optical cross-section (white line crossing the image). Fluorescence intensity
corresponds to AChRs (green), drebrin (red), and motoneuron (blue) signals, respectively. Note
how maximal fluorescence intensity for drebrin (black arrowheads) overlaps with peaks
representing AChR signal.
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Figure 4.2. Myosin VI localization at the neuromuscular junction vicinity. (A) Localization of MVI
(red) near AChRs (labelled with BTX, green) and motoneuron (neurofilament + synaptophysin,
blue) in the mouse TA muscle at different postnatal time points (P10, P120, P365). Panel for P120
shows orthogonal projections to visualize MVI between AChRs. Bottom panel corresponds to
negative control of the secondary antibody. Scale bars = 20 um. (B) Fluorescence intensity
histogram obtained from a single plane of the optical cross-section (white line crossing the
image). Fluorescence intensity corresponds to AChRs (green), MVI (red), and motoneuron (blue)
signals, respectively. Note how the maximal fluorescence intensity for MVI (black arrowheads)
corresponds to the lowest levels in AChR signal.
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The proportion of fiber types of each muscle determines the resistance to fatigue, the
speed of contraction (fast- vs. slow-twitch) and the histochemical-metabolic properties
(myosin ATPase and succinate dehydrogenase activity). Because several parameters of
the neuromuscular transmission (muscle cytoskeleton structure or endplate area and
morphology) depend on the fiber type (Schiaffino & Reggiani, 2011), | decided to
compare the distribution pattern of drebrin and MVI across muscles with different
functions and fiber composition: predominantly slow-twitch, type 1 fibers (SOL, TS),
predominantly fast-twitch, type 2 fibers (DIA), and with a considerable proportion of
intermediate fibers (TA) (Blank et al., 1988; Brust, 1976; Hodge et al., 1997) (see section
1.2.1.). As shown in Fig. 4.3, | found that drebrin and MVI localization at the NMJ is
independent of the muscle type, since both proteins were enriched with similar patterns

at the postsynaptic machinery of all muscles analyzed.

A

o)

Myosin VI Merge
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Triangularis sterni

Figure 4.3. Drebrin and MVI localize to the postsynaptic machinery in different muscle types.
(A) Colocalization of drebrin (red) with AChRs (labelled with BTX, green) in fast-twitch (DIA),
intermediate (TA) and slow-twitch (SOL) muscles at P30-45. Representative image for TA by M.
Gawor. (B) Localization of MVI (red) near AChRs (green) in fast-twitch (DIA) and slow-twitch (TS,
SOL) muscles at P45. Bottom and right small panels of each image show orthogonal views. Scale
bars = 10 um.

4.1.2. Drebrin localizes to the postsynaptic machinery in vitro

| decided to confirm the in vivo localization of drebrin in the aneural in vitro model

where | performed loss-of-function studies, in which the formation of complex
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postsynaptic machinery resembles the process in myofibers (Fig. 1.7). To do so, |
performed immunocytochemical analyses of C2C12 myotubes. The localization of drebrin
was detected by immunolabelling with the same antibody used for the experiments
described in the previous section, and confirmed with a second antibody. To observe
drebrin localization in the context of the postsynaptic machinery, AChRs were labelled

with BTX conjugated to a fluorophore.

As expected, drebrin distribution resembled the one at NMJs (Fig. 4.4, top panel).
Additionally, drebrin was accumulated in AChR-free perforations in some clusters, with
puncta-like scattering (Fig. 4.4, bottom panel), suggesting that drebrin might play a role

in different postsynaptic compartments.

Drebrin Merge

Figure 4.4. Drebrin localizes to the postsynaptic machinery in vitro. Colocalization of drebrin
(red) with AChRs (labelled with BTX, green) in cultured C2C12 myotubes on the 5% day of fusion.
Red arrowheads point at accumulation of drebrin in AChR-free areas. Scale bars = 20 um.

Together with the previous section, these results support the conclusion that both
drebrin and MVI are present at or in the vicinity of the postsynaptic machinery of
skeletal muscle cells and could, potentially, play a role in its organization and/or

maintenance.

4.1.3. Drebrin phosphorylation at Ser142 is dispensable for its localization at

the NMJ

It has been previously proposed that drebrin post-translational phosphorylation by Cdk5
at the serine residue in position 142 (Ser142) is relevant for its cross-linking function
between the actin cytoskeleton and the MT network (Worth et al., 2013). Since MT

recruitment to the muscle postsynaptic machinery was shown to be crucial for AChR
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organization at NMJs (Oury et al., 2019; Schmidt et al., 2012), | decided to study whether

phosphorylation of drebrin affects its localization at the NMJ.
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Figure 4.5. Drebrin E phosphorylation at Serl42 is not necessary for drebrin postsynaptic
localization. (A) Colocalization of endogenous drebrin phosphorylated at Ser142 (red) with
AChRs (green) in the mouse ST muscle at P45. (B) Colocalization of exogenous wild-type drebrin E
(DrebrinE-WT-GFP, green) and Ser142 phospho-dead drebrin E mutant (DrebrinE-142A-GFP,
green) with AChRs (labelled with BTX, red) in TA muscle after electroporation at P45. Bottom
panel shows no accumulation of GFP protein at the NMJ when a vector encoding only GFP was
overexpressed (negative control), representative image by A. Protasiuk-Filipunas. Scale bars = 10
pum.
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First, | studied the localization of drebrin with an antibody specifically designed against
phosphorylated drebrin at Ser142. As shown in Fig. 4.5A, phospho-drebrin colocalized
with AChR distribution, similarly to the pattern observed with pan-drebrin antibodies
showed in Figs. 4.1A, 4.3A, and 4.4. To test the hypothesis of whether only drebrin
phosphorylated at Ser142 is recruited to the NMJ, | overexpressed two drebrin variants
in the TA muscle (see section 3.13.): the most abundant drebrin isoform in myogenic
cells, wild-type drebrin E, fused to GFP (DrebrinE-WT-GFP) (Mancini et al., 2011), and
“phospho-dead” drebrin E, carrying a mutation at Serl42 that makes it
unphosphorylatable by Cdk5, also fused to GFP (DrebrinE-142A-GFP). The localization of
both WT and phospho-dead drebrin had similar degree of overlapping with AChRs (Fig.
4.5B, top and central panels), and resembled the localization of endogenous drebrin
(Figs. 4.1A, 4.3A), thus confirming the observations described in sections 4.1.1. and
4.1.2. The specificity of drebrin localization at electroporated NMJs was confirmed by
the lack of colocalization with AChRs of the control vector, encoding only GFP (Fig. 4.5B,
bottom panel). Altogether, these results show that phospho-drebrin is recruited to the
postsynaptic machinery, but phosphorylation at Serl42 is not necessary for this

recruitment.
4.2. Drebrin is present at the contractile machinery in mice

During the localization analyses described in sections 4.1.1. and 4.1.3., | observed that
drebrin not only accumulated at the NMJ, but also had a striated pattern throughout the
skeletal muscle fiber that coincided with the pattern of the contractile machinery. The
possible localization of drebrin at the contractile machinery was supported by previous
studies in C. elegans (Butkevich et al., 2015), so | hypothesized that drebrin is present at
the sarcomere in murine skeletal muscle. To further explore this idea, | performed
colocalization studies of drebrin with several markers of different sarcomere or

sarcoplasmic reticulum (SR) subcompartments.

As shown in Fig. 4.6, drebrin only colocalized with a-actinin, actin cross-linker and
structural protein of the sarcomere Z-discs. Conversely, drebrin showed mutually

exclusive distribution with both Ryrl, a Ca?*

channel receptor located at the SR
membrane, and skeletal muscle myosin Il, the major component of thick filaments that
extends across the sarcomere A-bands. These results reveal drebrin as a novel

component of sarcomeres in mammalian skeletal muscle.
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It is noteworthy that MVI also displayed a striated pattern in muscle (Fig. 4.2A), however
it was shown that this is a subcellular localization of MVI to the SR and not to the

contractile apparatus (Karolczak et al., 2013).
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Figure 4.6. Drebrin localizes to the Z discs of sarcomeres. (A) Colocalization of drebrin (red) with
different markers of the sarcomere or the sarcoplasmic reticulum (Ryrl, myosin Il, a-actinin,
green) in the mouse TS muscle at P45. White squares show the zoomed area. White lines in the
zoomed area show the plane that histogram in B) was created from. Scale bars = 10 um. (B)
Fluorescence intensity histograms obtained from a single plane of the optical cross-section
represented as a white line crossing the image in the zoomed panel in A). Intensities of Alexa
Fluor fluorophores correspond to markers (green) and drebrin (red) signals, respectively. Note
how maximal fluorescence intensity for drebrin (black arrowheads) overlaps with a-actinin but
not with maximal fluorescence intensity for Ryrl nor myosin II.

4.3. Drebrinis involved in the postsynaptic machinery organization in vitro

To explore the specific role of drebrin at the postsynaptic machinery, | performed loss-
of-function studies and silenced drebrin expression with siRNA in C2C12 myotubes. The
drop in drebrin expression was confirmed at both mRNA and protein levels in all four
different siRNA tested in at least 3 independent biological replicates (Fig. 4.7A-B). The
goal of these experiments was to examine whether the downregulation of drebrin
expression will affect the postsynaptic machinery in vitro. Since drebrin plays a role in
myoblast fusion and differentiation (Mancini et al., 2011), siRNAs were transfected to
the cells 72 h after fusion induction, when myotubes were already formed and

differentiated.
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Figure 4.7. Validation of siRNA-mediated downregulation of drebrin. Dbnl knockdown
validation in C2C12 myotubes on the 5% day of fusion at mRNA and protein levels with RT-gPCR
(A) and Western blot (B), respectively. Representative blot by M. Gawor. Student’s t-test
between Control siRNA and other experimental conditions, P < .01 (**). Error bars in A represent
SD.

4.3.1. Dbn1 knockdown impairs AChR organization in C2C12 myotubes

Due to the complexity of the NMJ, myotubes cultured in vitro are used as a simplified
model of the postsynaptic machinery (see section 1.2.3.). | took advantage of the two
most commonly used systems for inducing AChR cluster formation in vitro: soluble
neural-derived agrin, which mimics the chemical signals of the motoneuron, and laminin-
111, that also induces morphological remodeling resembling the one that takes place in

vivo (Fig. 1.7).

In parallel with siRNA-treated myotubes, appropriate controls were included in all
experiments (see section 3.4.5.). First, | confirmed that myotubes transfected with the
Control siRNA (non-targeting) did not differ in terms of fusion efficiency (visually-
assessed) nor number of AChR clusters formed when compared to untransfected cells.
The Musk-siRNA (targeting MuSK, a receptor with a central role in NMJ formation and
maintenance) is shown in Figs. 4.8A and 4.9A as an example of severely impaired AChR
cluster formation (positive control). The total number of agrin-induced clusters was
significantly reduced in three out of four Dbn1-siRNAs (siRNA2: P = .001, siRNA3: P =
.001, siRNA4: P = .007) (Fig. 4.8B). Moreover, clusters of myotubes treated with those
siRNAs most efficiently downregulating drebrin were characterized by a bigger
proportion of short clusters (< 10 um) in relation to the total number of clusters when

compared to the Control siRNA (siRNA2: P < .001, siRNA3: P <.001) (Fig. 4.8C).
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Figure 4.8. siRNA-mediated downregulation of drebrin affects agrin-dependent postsynaptic
organization in vitro. (A) Representative images of C2C12 myotubes on the 5% day of fusion in
different experimental conditions with agrin-induced AChR clusters labelled with BTX (white).
Red square shows zoomed area of the Control siRNA. Scale bars = 50 um. (B) Total number (#) of
AChR clusters per field view upon drebrin downregulation. Kruskal-Wallis U test between Control
siRNA and other experimental conditions, P < .01 (**). Datapoints (empty circles) represent
guantifications of different fields of view from three independent experiments. Bold mid-line
inside each box represents mean. Boxplot whiskers represent lower and upper extremes. (C)
Length of AChR clusters upon drebrin downregulation. Chi-Square test, X*> (14, N = 1354) =
177.535, P < .001 (***). Violin plot width (grey shape) represents frequency of values. Narrow
boxplot inside each violin plot (black) represents mean (small white circle) £+ lower and upper
extremes (black lines).

Similar results were observed in the laminin-induced model (Fig. 4.9A), and the total
number of AChR clusters was significantly reduced when the two most efficient siRNAs
were used (siRNA2: P < .001, siRNA3: P = .003) (Fig. 4.9B). However, the surface covered
by AChR clusters was similar in all groups (Fig. 4.9C). Notably, the wide range of values of
AChR cluster area (38-1376 um?) in all experimental conditions most likely reflects the

distinct maturation stages (i.e. simple clusters are smaller than complex clusters). On the
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other hand, the frequency distribution of area values follows the expected Gaussian
shape in both untransfected and control conditions, while its more irregular in Dbnl-
SiRNA groups. This tendency of Dbnl-siRNAs to alter the median of AChR clusters area

resembles the one described for the length of agrin-induced clusters (Fig. 4.8C).
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Figure 4.9. siRNA-mediated downregulation of drebrin affects laminin-111-dependent
postsynaptic organization in vitro. (A) Representative images of C2C12 myotubes on the 5" day
of fusion in different experimental conditions with laminin-induced AChR clusters (labelled with
BTX, white). Red square shows zoomed area of the Control siRNA. Scale bars = 50 um. (B) Total
number (#) of AChR clusters upon drebrin downregulation. Kruskal-Wallis U test between Control
siRNA and other experimental conditions, P < .01 (**), P < .001 (***). Datapoints (empty circles)
represent quantifications of different fields of view from four independent experiments. Bold
mid-line inside each box represents mean. Boxplot whiskers represent lower and upper
extremes. (C) Area of AChR clusters upon drebrin downregulation. Student’s t-test, not
significant. Violin plot (grey shape) represents frequency of values. Narrow boxplot inside each
violin plot (black) represents mean (small white circle) £ lower and upper extremes (black lines).

These results strongly suggest that drebrin is involved in AChR organization in vitro, in
models that depend on either neuron-derived or muscle-derived signals and therefore,

might play a significant role in NMJ formation.
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4.3.2. The ability of drebrin to rearrange F-actin is indispensable for its role in

AChR organization

To test the hypothesis that drebrin role in postsynaptic organization depends on its
ability to remodel actin cytoskeleton, | used a drebrin antagonist, BTP2, that
pharmacologically blocks such drebrin function (see section 3.3.6.) but does not affect its

colocalization with actin (Mercer et al., 2010).

C2C12 myoblasts were allowed to fuse for 72 h on a laminin-coated surface before
addition of BTP2. This particular time point was chosen for two reasons. First, to
minimize negative effects of BTP2 on myoblast fusion and adhesion, which are observed
within the first 60 h after fusion induction (Mancini et al., 2011). Second, to treat the
cells at a similar differentiation stage that those in siRNA-mediated experiments from

section 4.3.1.

Since BTP2 is a potent inhibitor and actin cytoskeleton plays a crucial role in myotube
adhesion, fusion and differentiation, | first optimized BTP2 concentration (1, 5 and 10
MM). Control cells were treated with the same concentration of DMSO (vehicle) as 5 uM
BTP2 experimental cells. As shown in Fig. 4.10A-B, 10 uM BTP2 significantly impairs
myotube morphology, making them thinner and sparse, which is manifested by the
reduced area covered by myotubes (P = .05). However, 1 uM and 5 uM BTP2, as well as
DMSO (0.02% v/v), had no visible effects on myotube formation when compared to
untreated cells. Importantly, 5 uM BTP2 had a more potent effect on AChR cluster
formation and thus, this concentration was chosen for assessing the role of drebrin in
the postsynaptic machinery organization, which is in accordance with a previous study in
myoblasts (Mancini et al., 2011). Similarly to siRNA-mediated drebrin downregulation,
BTP2-treated myotubes formed less than half of AChR clusters compared to control

DMSO-treated myotubes (P <.001) (Fig. 4.10C).
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Figure 4.10. Drebrin-mediated F-actin rearrangements are indispensable for postsynaptic
clustering in vitro. (A) Representative images of C2C12 myotubes on the 5" day of fusion in
different experimental conditions, showing laminin-induced AChR clusters (labelled with BTX, top
panel) and F-actin (labelled with phalloidin, bottom panel). Scale bars = 100 um. (B) Area covered
by myotubes (% of total field area) in control and BTP2-treated C2C12 myotubes. Kruskal-Wallis
U test between DMSO and other experimental conditions, P < .05 (*). Error bars represent SD. (C)
Total number (#) of AChR clusters upon BTP2 treatment. Mann-Whitney U test between DMSO
and other experimental contidions, P < .001 (***). Datapoints (empty circles) represent
guantifications of different fields of view from four independent experiments. Bold mid-line
inside each box represents mean. Boxplot whiskers represent lower and upper extremes.

To further confirm the direct involvement of drebrin in AChR organization, | planned to
perform rescue experiments of the phenotype in Fig. 4.10. To this end, | attempted to
create a stable cell line of C2C12 myotubes constitutively expressing a mutated variant
of drebrin E that does not bind to BTP2 (DrebrinE-K270/271M-GFP), and therefore,
cannot be pharmacologically blocked by this compound, and a control stable line
overexpressing wild-type drebrin E (DrebrinE-GFP) (Fig. 4.11A). Unfortunately, both
stable lines had significant morphological impairments, and thus not enough GFP*

myotubes could be imaged for statistically valid quantification of AChR clusters (Fig.
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4.11B). One plausible explanation for this is that drebrin levels are tightly regulated to
ensure proper function, so upregulation of Dbn1 can have equally impairing results than
downregulation. For example, it has been demonstrated that overexpression of wild-
type drebrin in oculomotor neurons and subventricular zone-derived neuroblasts induces
aberrant migration, possibly through affecting cell-cell adhesion (Sonego et al., 2015).
Nevertheless, these results suggest that aberrations in drebrin expression have negative

effects on the actin cytoskeleton.
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Figure 4.11. Stable line generation with wild-type and BTP2-resistant mutant of drebrin. (A)
[llustrative explanation of drebrin variants used for the stable line generation. Illustration
created with BioRender.com. (B) Representative images of C2C12 myotubes visualized with F-
actin (labelled with phalloidin, purple), overexpressing wild-type drebrin E (DrebrinE-WT-GFP,
green) or BTP2-resistant drebrin E (DrebrinE-K270-271M-GFP, green). Note the small number of
GFP* myotubes and that they are devoid of mature AChR clusters (labelled with BTX), otherwise
present in GFP- myotubes (red arrowheads). Scale bars = 100 pum.

4.3.3. Drebrin is at the core of synaptic podosomes and regulates AChR cluster

maturation

Drebrin could impact not only AChR cluster formation but also their maturation (Fig.

4.12A). This hypothesis was supported by the detection of drebrin in AChR-free areas
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(Fig. 4.4), resembling the localization of synaptic podosomes, actin-rich structures
involved in postsynaptic machinery maturation (Proszynski et al., 2009). Many
cytoskeleton-regulating proteins have been identified at their core (Bernadzki et al.,
2014), so | decided to co-label drebrin with synaptic podosome markers. Two different
antibodies against drebrin showed that it colocalizes with the core podosome marker, F-
actin (Fig. 4.12B, top panel), while it has a mutually exclusive localization with cortex
podosome marker, LL5B (Fig. 4.12B, bottom panel). Moreover, an in-depth analysis of
the optical cross-sections revealed that drebrin was present across the entire
membrane-protruding structure (Fig. 4.12B, lateral panels), thus identifying drebrin as a

novel protein at the core of synaptic podosomes.
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Figure 4.12. Drebrin is a novel component at the core of synaptic podosomes. (A)
Representative images of postynaptic maturation in C2C12 myotubes with laminin-induced AChR
clusters (labelled with BTX, white). Scale bars = 20 um. (B) Colocalization of drebrin (red) with
AChRs (labelled with BTX, green) and podosome markers F-actin (labelled with phalloidin, blue)
and LL5B (blue). Drebrin was detected with two different antibodies. Red arrowheads point to
active synaptic podosomes. Lateral panels show orthogonal projections, where protrusion of
podosome core components is visible. Scale bars = 20 um. (C) Percentage of AChR clusters with
(red) and without (white) podosomes. Kruskal-Wallis U test between Control siRNA and other
experimental conditions, P < .05 (*). Error bars represent SD. (D) Total number (#) of podosomes
per AChR cluster among maturing clusters (clusters with at least one perforation). Bold mid-line
inside each box represents mean. Boxplot whiskers represent lower and upper extremes. Kruskal-
Wallis U test between Control siRNA and other experimental conditions, not significant.
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Furthermore, the number of AChR clusters with podosomes was significantly reduced
upon drebrin downregulation (siRNA2: P = .027, siRNA3: P = .021) (Fig. 4.12C), while the
number of podosomes present per cluster was similar to Control siRNA (Fig. 4.12D). In
the light of synaptic podosomes being considered a hallmark of AChR clusters
morphological maturation in vitro, the impaired podosome formation suggests a role for
this actin-binding protein in the developmental remodeling of the postsynaptic

machinery.
4.3.4. Drebrin depletion does not impair cell surface delivery of AChRs

A possible explanation for the observed phenotype of reduced number of AChR clusters
upon drebrin downregulation is that drebrin is involved in either the synthesis, delivery,
or stability of AChR subunits at the cell membrane. To test these hypotheses, first |
examined the total protein levels of AChRs in myotube lysates after siRNA-mediated
knockdown of Dbn1 gene. As depicted in Fig. 4.13A, a semi-quantitative analysis showed
that there were no substantial differences in the total protein levels of AChRs between
control and drebrin knockdown, however mild differences could not be excluded with
this method. To address that, | performed a quantitative validation of this result through
RT-gPCR analysis of the mRNA levels, but unfortunately it was not conclusive due to

technical limitations (data not shown).

To overcome this limitation and test the second hypothesis, namely that the reduced
number of AChR clusters is due to impairments in the intracellular transport of AChR
subunits to the cell surface, | performed two types of experiments where | used either
immunostaining or pull-down. In the first type of experiment, | differentially labelled
internal and surface AChR with BTX conjugated to different fluorophores (red and green,
respectively) two days after Dbn1-siRNA transfection (for methodological details, refer to
Fig. 3.4). Specificity of the staining was controlled in a separate well by saturating
surface AChRs (“masking”) with non-fluorescent BTX (Fig. 4.13B, top panel). Fluorescent
signal from AChRs was detected on the cell surface of both control and myotubes
subjected to drebrin downregulation (Fig. 4.13B). This result refutes the hypothesis of
severe impairment in cell surface delivery of AChRs as explanation for the phenotype
described in section 4.3.1. Moreover, quantification of average fluorescence levels
showed that neither surface nor internal AChR signals changed significantly upon Dbn1
silencing, while the Specificity control showed the expected reduction in surface AChR
signal (P < .001) (Fig. 4.13C). The Specificity control also showed a mild increase in the
internal AChR signal compared to Control siRNA (P = .041). This latter result might be
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explained by unknown effects of non-fluorescent BTX coupling to surface AChRs on AChR

intracellular trafficking.
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Figure 4.13. Drebrin is not crucial for neither synthesis nor cell surface delivery of AChRs in
vitro. (A) AChR protein levels upon drebrin downregulation evaluated with Western blot. (B)
Representative images of C2C12 myotubes with surface (green) and internal (red) AChRs
(labelled with BTX). Red squares show zoomed area of surface AChRs. Scale bars = 20 um. (C)
Fluorescence intensity of surface (left, green) and internal (right, red) AChRs, measured in
arbitrary units (A.U.) upon drebrin downregulation. Kruskal-Wallis U test between Control siRNA
and other experimental conditions, P < .05 (*), P < .001 (***). Datapoints (empty circles)
represent quantifications of single myotubes from three independent experiments. Bold mid-line
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inside each box represents mean. Boxplot whiskers represent lower and upper extremes. (D)
Pull-down assay of surface and total AChRs pools upon drebrin siRNA-mediated knockdown.
Abbreviations: C = Control siRNA (non-targeting); FL = flow-through, supernatant eluted after
AChR-BTX-Biotin-NeutrAvidin complex pull-down; KD = Dbnl-siRNA2; PD = pull-down,
precipitation of AChRs with BTX-Biotin coupled to NeutrAvidin agarose beads.

To verify my results, the second type of experiment | performed was a biochemical assay
to pull-down different pools of AChRs with BTX-Biotin (for methodological details, refer
to Fig. 3.5) and compare their levels in control and drebrin-downregulated myotubes. |
labelled surface AChRs with BTX-Biotin and then lysed the cells, thus isolating a pool of
biotin-bound AChRs that could be pulled-down by incubation with avidin-conjugated
beads (see section 3.6.2.). Separately, non-labelled myotubes were first lysed and then
incubated with BTX-Biotin in order to isolate total AChRs. Similar to the microscopy-
based approach, | controlled for specificity by saturating AChRs with non-conjugated BTX
before incubation with BTX-Biotin. As shown in the two lanes on the very right of Fig.
4.13D, the specificity control had no detectable signal after blotting with an antibody
specific for AChR a subunits 1, 3, and 5. Eluted supernatants after AChR pull-downs
(flow-throughs) were used to control for pull-down efficiency. Total protein

concentration and volumes were maintained equal throughout the assay.

Together with the fluorescence-based microscopy analysis, the pull-down of total and
surface AChR pools showed that AChRs are delivered to the cell surface after drebrin
downregulation (Fig. 4.13D, central lanes). Therefore, drebrin is not an indispensable
protein for AChR synthesis nor surface delivery, and other explanations for the observed

phenotype had to be assessed.
4.4. Drebrin regulates microtubule recruitment under AChR clusters in vitro

Actin-binding proteins guide MT plus-ends into a cortical actin mesh to generate actin-
MT contraction or stabilize protein complexes, and MT insertion at the leading process
promotes cytoskeleton-mediated remodeling in neurons (Shan et al., 2021). Moreover, it
was demonstrated that MT recruitment to the NMJ postsynaptic machinery is important
for AChR clustering and it depends on cytoskeletal regulators (Bernadzki et al., 2017;
Oury et al., 2019; Schmidt et al., 2012). Since +TIP protein EB3 is an interactor of drebrin
and MTs are involved in AChR cluster maintenance, | tested the hypothesis that
reduction of AChR clusters upon drebrin downregulation was due to an impairment of

the AChR-associated MT network.
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4.4.1. Microtubule plus-end protein EB3 co-immunoprecipitates with drebrin in

C2C12 myotubes

First, | decided to confirm whether EB3 and drebrin interact in C2C12 myotubes, the
model that | used for postsynaptic machinery analysis, since this interaction was only
reported before in non-muscle cells (Bazellieres et al.,, 2012; Geraldo et al., 2008;
Merriam et al., 2013). Because co-transfection of tagged recombinant proteins in C2C12
myotubes poses several technical difficulties, | created a stable line of C2C12 myoblasts
that constitutively overexpressed GFP-tagged EB3 and could differentiate into myotubes
(Fig. 4.14A) (for methodological details, see section 3.4.). This construct was shown to
imitate the endogenous distribution of EB3 in epithelial Caco2 cells (Bazellieres et al.,
2012). In order to allow for EB3 and drebrin interaction, presumably cross-linking actin
and MT networks to stabilize AChR clusters, | induced the formation of clusters by
culturing the EB3-GFP* myotubes on a laminin-coated surface. After EB3-GFP
immunoprecipitation (for methodological details, see section 3.5.), | was able to detect
endogenous drebrin that had co-immunoprecipitated with EB3-GFP (Fig. 4.14B). The
specificity of the antibody used was verified with uncoated beads (described in figure

caption).
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Figure 4.14. Drebrin interacts with microtubule +TIP protein EB3 in C2C12 mytoubes. (A)
Validation of EB3-GFP* stable cell line with Western blot. Note the lack of GFP signal in wild-type
(WT) C2C12. (B) Co-immunoprecipitation of endogenous drebrin with EB3-GFP in lysates from
C2C12 myotubes overexpressing EB3-GFP on the 7t" day of fusion and cultured on a laminin-111-
coated surface. Representative blot for flow-throughs by M. Gawor. Abbreviations: Control =
eluate released during boiling from uncoated beads that were incubated with the lysate; Flow-
throughs = supernatants eluted after incubation of the anti-GFP-coated beads with the lysate and
protein-antibody-beads complex separation; IP = immunoprecipitation, eluate released during
boiling from GFP-bound beads.
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4.4.2. EB3 foci underneath AChR clusters are reduced upon Dbnl knockdown

It was reasonable to hypothesize that, if drebrin was depleted from cells, the
recruitment of MTs via EB3-drebrin interaction would be reduced. To assess this, |
performed immunofluorescent stainings of EB3 in C2C12 myotubes transfected with
either Control siRNA (non-targeting) or Dbnl-targeting siRNA, and examined EB3

distribution at the postsynaptic machinery.
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Figure 4.15. Drebrin downregulation impairs microtubule recruitment under the postsynaptic
machinery in vitro. (A) Representative images of EB3 (red) distribution in C2C12 myotubes and
its colocalization with AChRs (labelled with BTX, green) with and without siRNA-mediated drebrin
knockdown (Dbn1-siRNA2 and Control siRNA, respectively). White squares show zoomed area.
Scale bars = 10 um. (B) Total number of EB3 foci per AChR cluster area (#/um?) upon drebrin
downregulation. Mann-Whitney U test, P < .001 (***). Datapoints (empty circles) represent
guantifications of foci number in single AChR clusters from three independent experiments. Bold
mid-line inside each box represents mean. Boxplot whiskers represent lower and upper
extremes. (C) Total number of EB3 foci per area unit outside of AChR cluster (#/um?2) upon
drebrin downregulation. Mann-Whitney U test, not significant. Datapoints (empty circles)
represent quantifications of foci number in single myotubes from three independent
experiments. Bold mid-line inside each box represents mean. Boxplot whiskers represent lower
and upper extremes.

Since MTs form an intricate mesh through the entire intracellular space, and in order to

focus on AChR-associated MT plus tips, | specifically chose a plane of analysis at 0.5 um
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below the level of highest fluorescence detected in the AChR signal, relying on the
observation that EB3 fluorescent signal is mostly enriched at this distance from the tip of
dynamic MTs (Roth et al., 2019). Then, | quantified the number of EB3 foci present
within the area covered by the AChR clusters (for methodological details, see section
3.15.2.). | observed that downregulation of drebrin significantly reduced the number of
EB3 foci underneath AChR clusters (siRNA2: P < .001, siRNA3: P < .001) (Fig. 4.15A-B),
thus supporting the hypothesis that drebrin is involved in MT recruitment, crucial for
AChR clustering. Importantly, the number of EB3 foci outside AChR clusters remained
similar across all groups (Fig. 4.15C), which suggests that the observed effects of drebrin
depletion are a result of impaired MT capture specifically at the postsynaptic machinery

and not due to overall instability.

4.4.3. Drebrin interaction with F-actin regulates cortical microtubule

organization

To test whether drebrin-mediated rearrangements of the actin cytoskeleton are
necessary for MT recruitment, | quantified EB3 foci underneath AChRs on C2C12
myotubes after DMSO (vehicle) or BTP2 treatment (Fig. 4.16A). The number of EB3 foci
outside AChR clusters in BTP2-treated cells remained similar to the vehicle (Fig. 4.16C)
but, conversely to drebrin downregulation, the number of EB3 foci underneath AChR
clusters was also unchanged upon BTP2 treatment (Fig. 4.16B). However, there was a
noticeable difference in MT gross distribution pattern, with brighter and/or bigger EB3

foci in the control condition (Fig. 4.16A, zoom panels).

In order to thoroughly explore the organization and morphology of EB3 foci underneath
AChR clusters, | used an automated method of quantification to increase the efficiency
of the data collection and reduce human bias. This was combined with a machine
learning-based tool that enabled a pre-processing of the images to reduce the
background noise and make them suitable for the analysis (for methodological details,
see section 3.15.2.). The automated analysis of size and shape parameters showed a
reduction in surface, perimeter, and minimal and maximal Feret diameter of EB3 foci
upon BTP2 treatment (Fig. 4.16D). | ruled out automated-derived inaccuracies in the
detection of EB3 foci surface by manually measuring the area of isolated EB3 foci on a
smaller dataset, which confirmed that BTP2 treatment resulted in the reduction of their

surface (Fig. 4.16E).
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Figure 4.16. Drebrin-mediated remodeling of F-actin affects MT capture at the postsynaptic
machinery in vitro. (A) Representative images of EB3 (red) distribution in C2C12 myotubes and
its colocalization with AChRs (labelled with BTX, green) with and without BTP2 treatment. White
squares show zoomed area. Scale bars = 10 um. (B) Total number of EB3 foci per AChR cluster
area (#/um?) upon BTP2 treatment. Mann-Whitney U test, not significant. Datapoints (empty
circles) represent quantifications of foci number in single AChR clusters from three independent
experiments. Bold mid-line inside each box represents mean. Boxplot whiskers represent lower
and upper extremes. (C) Total number of EB3 foci per area unit outside of AChR cluster (#/um?)
upon BTP2 treatment. Mann-Whitney U test, not significant. Datapoints (empty circles) represent
guantifications of foci number in single myotubes from three independent experiments. Bold
mid-line inside each box represents mean. Boxplot whiskers represent lower and upper
extremes. (D) Size and shape parameters (surface, eccentricity, equivalent diameter, extent,
form factor, maximal and minimal Feret diameter, perimeter, and solidity) measured with
CellProfiler in C2C12 myotubes upon BTP2 treatment. Student’s t-test, P < .01 (**), P < .001
(***). (E) Manual measurement of EB3 foci surface (um?) in C2C12 myotubes upon BTP2
treatment. Mann-Whitney U test, P < .05 (*). Datapoints (empty circles) represent quantifications
of single EB3 foci surface within AChR clusters from two independent experiments. Bold mid-line
inside each box represents mean. Boxplot whiskers represent lower and upper extremes. (F)
Number of EB3 foci (% of total foci analyzed in each group) whose surface is above the “single
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foci” threshold (colaescent foci, red) or below (single EB3 foci, white) upon BTP2 treatment. Chi-
Square test, X2 (4, N = 676) = 681.727, P < .001 (***).

However, it is unlikely that BTP2 affects the actual size of EB3. Considering drebrin EB3-
binding and MT-recruiting functions, | hypothesized that the bigger EB3 foci surface
observed in control myotubes was caused by either local assembly of multiple EB3-
decorated MTs grouped together or multiple EB3 molecules recruited to the same MT,
interpreted by the automated quantification software as single EB3 foci. In BTP2-treated
myotubes, where drebrin-mediated rearrangements of F-actin were disturbed, recruited
MTs or EB3s would not coalesce together when linked to F-actin bundles. Therefore, |
manually measured the average size of individual, isolated EB3 foci from a control
sample, set it as a threshold, and quantified the frequency of single (< threshold) and
coalescent (> threshold) EB3 foci. Indeed, coalescent EB3 were less frequent upon BTP2
treatment (Fig. 4.16F), thus supporting the hypothesis that actin cytoskeleton

remodeling is important for MT organization at the postsynaptic machinery.

4.4.4. Drebrin downregulation does not affect subsynaptic myonuclei number

nor surface

Previous studies showed how cross-linking proteins that regulate MT recruitment to the
postsynaptic machinery can also regulate the localization and morphology of subsynaptic
and extrasynaptic myonuclei in skeletal muscle fibers (Bruusgaard et al., 2006;
Ghasemizadeh et al., 2021). Moreover, drebrin itself was involved in actin-MT-mediated
nuclear migration in cerebellar neurons (Trivedi et al., 2017). Based on my previous
results regarding drebrin role in MT capture to the postsynaptic machinery, | decided to
assess number and surface of subsynaptic myonuclei upon drebrin downregulation in
C2C12 myotubes. Only nuclei with at least 50% of their surface within the AChR cluster
area were considered subsynaptic and included in the analysis (Fig. 4.17A). Neither
number of nuclei per cluster (Fig. 4.17B) nor surface of individual sybsynaptic myonuclei
(Fig. 4.17C) were different between Control siRNA (non-targeting) and Dbni1-siRNA
transfected cells. Therefore, my results do not support the hypothesis of drebrin
involvement in synaptic nuclear positioning, although more in-depth analysis should be

conducted to validate this conclusion.
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Figure 4.17. Drebrin downregulation does not affect subsynaptic myonuclei in vitro. (A)
Illustrative image of laminin-induced AChR cluster (labelled with BTX, green) and myonuclei
(labelled with DAPI, red) in C2C12 myotubes. Green outline in central image represents AChR
cluster area. Red arrowhead points at myonucleus considered extrasynaptic, while red # indicate
subsynaptic myonuclei. Scale bar = 20 um. (B) Number of subsynaptic myonuclei per cluster area
(#/um?) upon drebrin downregulation. Kruskal-Wallis U test between Control siRNA and other
experimental conditions, not significant. Datapoints (empty circles) represent quantifications of
myonuclei within AChR clusters from three independent experiments. Bold mid-line inside each
box represents mean. Boxplot whiskers represent lower and upper extremes. (C) Synaptic
myonuclei area (um?) upon drebrin downregulation. Kruskal-Wallis U test between Control siRNA
and other experimental conditions, not significant. Violin plot (grey shape) represents frequency
of values. Narrow boxplot inside each violin plot (black) represents mean (small white circle) *
lower and upper extremes (black lines).

4.4.5. Rapsyn co-immunoprecipitates with both drebrin and EB3

Next, | decided to explore the mechanism through which drebrin regulates MT-
dependent AChR clustering, by studying proteins that had been previously involved in
the dynamics of the postsynaptic machinery. Upon literature review, | selected several
candidates based on 1) their similar role to drebrin in actin-MT cross-linking (MACF1), 2)
their postsynaptic scaffolding properties and known interaction with cross-linkers at the
NMJ (rapsyn), 3) their known interaction with drebrin at the postsynaptic density in the
CNS (Homer1), and 4) their known role in neurotransmitter recycling and potential role
in AChR maturation (MVI) (Banks et al., 2003; Oury et al., 2019; Shiraishi-Yamaguchi et
al., 2009; Wagner et al., 2019).
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First, | studied the expression pattern of genes encoding rapsyn, MACF1, Homer1, and
MVI upon drebrin downregulation in C2C12 myotubes. The mRNA levels of all these
postsynaptic-regulating proteins were not significantly affected by the drop in drebrin
expression (Fig. 4.18), suggesting that drebrin is not a crucial regulator of their

transcription.
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Figure 4.18. Drebrin downregulation does not significantly affect transcription of selected
postsynaptic regulators. Student’s t-test between Control siRNA and Dbn1-siRNAs for each gene
did not reveal statistically significant differences in expression of postsynaptic regulators rapsyn,
MACF1, Homer1, nor MVI upon drebrin downregulation, P < .01 (**). Error bars represent SD.

On the other hand, previous reports had shown how actin-MT cross-linkers, such as
MACF1 and a-actinin, directly bind to rapsyn to participate in the maintenance of AChR
clusters (Dobbins et al., 2008; Oury et al., 2019). Therefore, | decided to test whether
rapsyn also interacted with actin- and MT-binding proteins drebrin and EB3. To this end,
| performed transfection of HEK293 cells with plasmids encoding tagged rapsyn, drebrin
E, or EB3, and lysed the cells for co-immunoprecipitation (for methodological details, see

section 3.5.).

Rapsyn was successfully co-immunoprecipitated with drebrin E (DbnE-WT-GFP), the most
abundant isoform of drebrin in the skeletal muscle (Fig. 4.19A), as well as with EB3 (EB3-
GFP) (Fig. 4.19B). My previous results had shown that drebrin phosphorylation at Ser 142
was not necessary for its localization at the postsynaptic machinery (Fig. 4.5), where
rapsyn is also accumulated and acts as a key regulator. Therefore, it seemed reasonable

to hypothesize that this post-translational modification was not necessary for the
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interaction between rapsyn and drebrin. Indeed, | successfully co-immunoprecipitated

rapsyn with the “phospho-dead” mutant of drebrin (DbnE-142A-GFP) (Fig. 4.19C).
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Figure 4.19. Clustering regulator rapsyn interacts with both drebrin and EB3. (A) Co-
immunoprecipitation of overexpressed wild-type drebrin E (DbnE-WT-GFP) and rapsyn (Rapsyn-
Ch) from lysates of transfected HEK293 cells. (B) Co-immunoprecipitation of overexpressed EB3
(EB3-GFP) and rapsyn (Rapsyn-Ch) from lysates of transfected HEK293 cells. (C) Co-
immunoprecipitation of overexpressed phospho-dead drebrin E (DbnE-142A-GFP) and rapsyn

(Rapsyn-Ch) from lysates of transfected HEK293 cells.

Altogether, these results suggest that rapsyn could be involved in drebrin-mediated
regulation of AChR clustering and MT capture at the postsynaptic machinery, and that

drebrin phosphorylation at Ser142 is not necessary for this function.
4.5. Drebrin loss mildly impairs postsynaptic machinery organization in vivo

To assess whether the phenotype in vitro was translated into a physiological dysfunction
in vivo, | characterized the NMJs of drebrin global knockout mice (DXKO), which lack all
drebrin isoforms (see section 3.11.), and compared NMJ morphology, fragmentation, and
maturation stage to their WT littermates. The genotyping of animals was performed by
prof. Hiroyuki Yamazaki (provider of the fixed samples) and confirmed in our laboratory
later on following the protocol as previously described (Kajita et al., 2017). The
validation of drebrin absence in muscle tissue was not possible due to technical
problems with protein samples received, however its full elimination in brain tissue has
been confirmed by our collaborators (Kajita et al., 2017) and in skeletal muscle by J.

Stiber’s research group (unpublished data, reported as a poster (Xu et al., 2012)).

For this analysis, | performed immunohistochemical stainings of different types of
muscle obtained from 5 male animals per group after intravascular perfusion with 4%
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PFA. To assess whether morphological differences were muscle type-dependent, |
compared the parameters of the TA (predominantly fast-twitch, hybrid type 2A, 2B, and
2X fibers), DIA (predominantly pure fast-twitch, type 2X fibers), and ST muscles
(predominantly fast-twitch, hybrid type 2B/2X fibers) from adult WT and DXKO mice (5-
10 months of age, P150-300) to evaluate NMJ maintenance. To assess NMJ morphology
in early development, | also decided to look at the TA muscle of mice undergoing

postnatal NMJ maturation (15 days of age, P15).

4.5.1. Drebrin knockout mildly affects AChR and endplate surface of NMIs

throughout lifespan

In order to compare the NMJ size and shape of DXKO mice with their WT littermates, |
used an automated Imagel script that measures surface covered by the postsynaptic
machinery (AChRs) and its corresponding perimeter, as well as the surface, perimeter
and diameter of the whole endplate (Fig. 3.11). | analyzed 5 to 43 NMJs/mouse (n = 5
mice/group) in male adults (P150-300), and 6 to 25 NMJs/mouse (n = 5 mice/group) in
juvenile males (P15). The variability in number of NMJs analyzed per animal attends to

manually filtering out images that were not suitable for automatic analysis.

During postnatal development (P15), TA muscle of DXKO mice showed a significantly
decreased surface covered by AChRs (P = .013) and whole endplate perimeter when
compared to their WT counterparts (P = .021) (Fig. 4.20A). These differences are
exacerbated in adulthood and early middle age (P150-300), when DXKO mice have
significantly smaller NMJs than their WT counterparts in almost all morphological
parameters analyzed in TA (AChR surface: P = .001; AChR perimeter: P = .001; Endplate
surface: P = .002; Endplate perimeter: P = .038) (Fig. 4.20B) and DIA muscles (AChR
surface: P = .001; AChR perimeter: P = .017; Endplate surface: P = .011; Endplate
diameter: P = .014) (Fig. 4.20C). Surprisingly, opposite results were obtained from the
analysis of ST muscle (Fig. 4.20D), in which the postsynaptic surface in DXKO mice was
bigger than in their WT counterparts (AChR surface: P < .001; AChR perimeter: P = .046;
Endplate diameter: P = .024).

In summary, drebrin absence mildly affects the size of NMJs in various muscle types.
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Figure 4.20. Drebrin knockout mildly affects NMJ size at different ages. Size parameters (AChR
surface, AChR perimeter, Endplate surface, Endplate perimeter, Endplate diameter) expressed as
percentage of WT for each parameter, in NMJs from TA muscle at P15 (A) and at P150-300 (B), as
well as NMJs from DIA (C) and ST (D) muscles at P150-300. Mann-Whitney U test, P < .05 (*), P <
.01 (**), P <.001 (***). Bars represent mean and error bars represent SEM. Abbreviations: DXKO
= drebrin global knockout mice; WT = wild-type (control) mice.

4.5.2. Drebrin knockout does not affect NMJ postnatal maturation

Based on previous results where drebrin was associated with AChR maturation-driving
structures called synaptic podosomes (Fig. 4.12), | decided to assess whether this
phenotype translated into defects of NMJ development in vivo. To this end, | classified
15-25 NMlJs/mouse (n = 5 mice/group) into one of three different maturation stages
typically found at 15 days of age: plaque (0 perforations), perforated (plaques with > 1
perforations), and mature (perforated and with pretzel-like branches) (Fig. 4.21A). In
each NMJ, | also quantified the number of perforations per NMJ. Neither of the
maturation parameters analyzed were different between DXKO and WT mice (Fig. 4.21B-
C), which suggests that drebrin role in postnatal NMJ remodeling is dispensable or, at

least, its absence could be compensated by other proteins with similar functions.
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Figure 4.21. Drebrin knockout does not impair NMJ maturation. (A) Representative images of
neuromuscular maturation stages quantified at P15 based on AChR morphology (labelled with
BTX, white). Pink arrowhead points at perforation. Pink # show the number of perforations. (B)
Number of NMJs (% of total NMJs measured for each group) that classify as plaque, perforated,
or mature in TA muscle from control and drebrin knockout mice. Chi-Square test, not significant.
(C) Number of perforations per NMJ (#) in TA muscle from control and drebrin knockout mice.
Kruskal-Wallis U test, not significant. Violin plot’s width (grey shape) represents frequency of
values. Narrow boxplot inside each violin plot (black) represents mean (small white circle) *
lower and upper extremes (black lines). Abbreviations: DXKO = drebrin global knockout mice; WT
= wild-type (control) mice.

4.5.3. Drebrin knockout does not disrupt adult NMJ integrity

In  non-pathological conditions, aging NMJs are characterized by increasing
fragmentation or disruption of the branches (Faulkner et al., 2007). To further explore
whether drebrin absence induces early onset of age-induced NMJ fragmentation in male
adult and middle-aged mice (5-10 months), | manually quantified the number of
fragments of each NMJ (10-25 NMJs/mouse, n = 5 mice/group) and classified the NMJs
depending on their fragmentation level into four classes (Fig. 4.22A): 1-2 fragments
(Class 1), 3-4 fragments (Class 2), 5-6 fragments (Class 3), 7 or more fragments (Class 4).
As shown in Fig. 4.22, DXKO mice do not exhibit NMJ fragmentation measured as
fragmentation class (Fig. 4.22D-E) or number of fragments per NMJ (Fig. 4.22D-E) when

compared to their WT counterparts, in neither TA nor DIA muscles.

119



A Class 1 Class 2 Class 3 Class 4

AChR

1-2 fragments 3-4 fragments 5-6 fragments 2 7 fragments
B TA C diaphragm
120 1 120 1
= 100 1 =
& 16% 12% &
v L
s 801 EEEY 24% s
2 2
‘s 604 O Class 1 ‘S O Class 1
S 1
[ 33% 44% o
_g 40 | O Class 2 _g O Class 2
2 . Class 3 2 . Class 3
20 |
35% 18% . Class 4 . Class 4
0 - S
wWT DXKO DXKO
D TA E diaphragm
20 30 ‘
x £ x
| -
2 5 ‘ 2
= [ < |
2 %) 20 [
c = |
o | c |
E [ | o
w 10 ‘ , E 15 |
o )\ ©
- { b (
— p t A
5 ( s 10 ( 1
2 ‘ ‘
E £ 5
S ' . 5 ' ‘ '
= W 2
0 : ‘ 0
wT DXKO wWT DXKO

Figure 4.22. Drebrin knockout does not impact NMJ fragmentation in adult mice. (A)
Representative images of neuromuscular fragmentation classes assessed at P150-300 based on
AChR morphology (labelled with BTX, white). (B-C) Number of NMJs (% of total NMJs measured
for each group) that classify as class 1, 2, 3, or 4, in TA (B) and DIA (C) muscles from control and
drebrin knockout mice. Chi-Square test, not significant. (D-E) Number of fragments per NMJ (#) in
TA (D) and DIA (E) muscles from control and drebrin knockout mice. Kruskal-Wallis U test, not
significant. Violin plot’s width (grey shape) represents frequency of values. Narrow boxplot inside
each violin plot (black) represents mean (small white circle) + lower and upper extremes (black
lines). Abbreviations: DXKO = drebrin global knockout mice; WT = wild-type (control) mice.

Moreover, | assessed the integrity of NMJ branches by measuring the number of AChR-
free “holes” within branches (Schmidt et al.,, 2011) and the presence or absence of

dispersed AChR in the edges of branches (Fig. 4.23A) (10-24 NMJs/mouse, n = 5
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mice/group). Neither number of perforated NMJs (Fig. 4.23B-C), number of NMJs
displaying AChR dispersion (Fig. 4.23D-E), nor number of perforations per NMJ (data not

shown) were different in the TA or DIA muscles of DXKO mice when compared to their

WT counterparts.
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Figure 4.23. Drebrin knockout does not impair adult NMJ integrity. (A) Representative images of
disrupted AChR clusters (labelled with BTX, white) with holes within the branches (left panel) or
dispersed AChR in the edges (right panel). Pink squares show zoomed area. (B-C) Number of
NMJs (% of total NMJs measured for each group) that classify as intact or with perforations
within AChR branches in the TA (B) and DIA (C) muscles of WT and drebrin knockout mice. Chi-
Square test, not significant. (D-E) Number of NMlJs (% of total NMJs measured for each group)
that classify as intact or with dispersed AChRs in the edges of branches in the TA (D) and DIA (E)
muscles of wild-type and drebrin knockout mice. Chi-Square test, not significant. Abbreviations:
DXKO = drebrin global knockout mice; WT = wild-type (control) mice.

Based on the morphological studies performed, the data suggest that drebrin absence

does not affect NMJ integrity in adult and middle-aged male mice.
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4.6. Drebrin is upregulated in primary myotubes lacking MVI

Studies performed by our research group showed that MVI is involved in myoblasts
adhesion and fusion into myotubes (Karolczak et al., 2015a; Lehka et al., 2020). As part
of these studies, the expression levels of several proteins involved in myoblasts
differentiation were evaluated. Since previous reports provided evidence for both
drebrin and MVI involvement in cell-cell adhesion processes (Krauss, 2017; Maddugoda
et al., 2007; Rehm et al., 2013), | examined whether their relative expression levels
would impact one another. | found that primary myoblasts obtained from SV mice
lacking functional MVI (for methodological details, see section 3.3.3.) have increased
levels of drebrin after 7 days of in vitro culture (Fig. 4.24), as well as the MyoD
transcription factor, that regulates the expression of drebrin during myoblast
differentiation (data not shown). On the other hand, Myo6 expression in C2C12
myotubes upon drebrin downregulation was not significantly impacted when compared

to the control (Fig. 4.18).
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Figure 4.24. Myosin VI absence enhances drebrin expression in primary myotubes.
Representative blot by D. Wojton. Abbreviations: SV = MVI global knockout mice; WT = wild-type
(control) mice.

Taken together, these results suggest that MVI and drebrin might be involved in the

same molecular cues regulating myoblast differentiation.

4.7. Myosin VI loss does not severely impair postsynaptic machinery

organization in vitro

Similar to the functional analyses described in section 4.3. for drebrin, | performed
preliminary loss-of-function studies in which MVI was downregulated in C2C12 myotubes
with specific siRNA encoding murine MVI (Myo6). Because it was previously
demonstrated that MVI plays a crucial role in myoblast fusion and adhesion (Lehka et al.,

2020), siRNAs were transfected 72 h after fusion induction, when myotubes were already
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formed and differentiated. The drop in MVI expression was confirmed at mRNA level in

all four siRNAs and at protein level in two out of four different siRNA tested (Fig. 4.25).
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Figure 4.25. Validation of siRNA-mediated downregulation of MVI. Myo6 knockdown validation
in C2C12 myotubes on the 5" day of fusion at mRNA and protein levels with RT-gPCR (A) and
Western blot (B), respectively. Representative blot by M. Gawor. Student’s t-test between
Control siRNA and other experimental conditions, P < .001 (***), from a single independent
experiment. Error bars in A represent SD. Red arrowheads in B indicate bands corresponding to
detected MVI protein.

4.7.1. AChR cluster formation in vitro is not substantially affected upon MVI

knockdown

As previously described, | used two models for induction of postsynaptic machinery in
C2C12 myotubes, namely agrin-based (neuron-dependent induction) (Fig. 4.26A) and
laminin-based (muscle-dependent induction) (Fig. 4.27A). Then, | downregulated the
expression of MVI and confirmed that myotubes transfected with Control siRNA did not
differ in terms of fusion efficiency (visually-assessed) nor number of AChR clusters
formed when compared to untransfected cells. Musk-siRNA was used as a positive
control and, as expected, it severely impaired AChR cluster formation. The total number
of agrin-induced clusters was not significantly changed, with the exception of one out of
four Myo6-siRNAs (siRNA1: P = .01) (Fig. 4.26B) previously confirmed to considerably
downregulate MVI (Fig. 4.25). On the other hand, two different Myo6-siRNAs induced
differences in the proportions of very long (> 50 um, siRNA4) and short (< 10 um,
siRNA2) agrin-induced clusters when compared to Control siRNA (siRNA2: P < .001,
siRNA4: P < .001) (Fig. 4.26C).
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Figure 4.26. siRNA-mediated downregulation of MVI does not affect agrin-dependent
postsynaptic organization in vitro. (A) Representative images of C2C12 myotubes on the 5" day
of fusion in different experimental conditions with agrin-induced AChR clusters labelled with BTX
(white). Red square shows zoomed area of the Control siRNA. Scale bars = 50 um. (B) Total
number (#) of AChR clusters upon MVI downregulation. Mann-Whitney U test between Control
siRNA and other experimental conditions, P < .01 (**). Datapoints (empty circles) represent
guantifications of different fields of view from three independent experiments. Bold mid-line
inside each box represents mean. Boxplot whiskers represent lower and upper extremes. (C)
Length (um) of AChR clusters upon MVI downregulation. Chi-Square test, X?> (25, N = 1200) =
57.714, P < .001 (***). Violin plot’s width (grey shape) represents frequency of values. Narrow
boxplot inside each violin plot (black) represents mean (small white circle) £+ lower and upper
extremes (black lines).

The number of laminin-induced AChR clusters remained similar upon MVI
downregulation (Fig. 4.27B). Even though some Myo6-siRNA-treated myotubes displayed
aberrantly expanded or fragmented clusters (Fig. 4.27A, zoom panel), there was no

significant increase in the number of such clusters when compared to Control siRNA (Fig.
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4.27C). Instead, one out of four Myo6-siRNAs displayed a reduced number of dispersed
AChR clusters (siRNA4: P = .035).
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Figure 4.27. siRNA-mediated downregulation of MVI does not affect laminin-dependent
postsynaptic organization in vitro. (A) Representative images of C2C12 myotubes on the 5" day
of fusion in different experimental conditions with laminin-induced AChR clusters (labelled with
BTX, white). Red square shows zoomed area of the Myo6-siRNA4, * indicates disrupted cluster.
Scale bars = 50 um. (B) Total number (#) of AChR clusters upon MVI downregulation. Kruskal-
Wallis U test between Control siRNA and other experimental conditions, not significant.
Datapoints (empty circles) represent quantifications of different fields of view from four
independent experiments. Bold mid-line inside each box represents mean. Boxplot whiskers
represent lower and upper extremes. (C) Total number (#) of dispersed AChR clusters upon MVI
downregulation. Mann-Whitney U test between Control siRNA and other experimental
conditions, P < .05 (*). Datapoints (empty circles) represent quantifications of different fields of
view from four independent experiments. Bold mid-line inside each box represents mean.
Boxplot whiskers represent lower and upper extremes.

Due to the large variability between experiments, manifested by large differences in
AChR cluster formation in control conditions, namely Untransfected and Control siRNA,

the role of MVI in postsynaptic organization in vitro requires further thorough analyses.
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4.7.2. Myosin VI downregulation does not abolish AChR turnover

Relying on the results obtained in vivo (Fig. 4.2B) and in vitro (Karolczak et al., 2015a), |
wanted to explore the functional mechanisms underlying MVI accumulation around and
in AChR-free areas of the postsynaptic machinery in vitro. As a minus-oriented actin-
based motor, MVI was involved in endocytic processes in different mammalian cell types,
including the internalization of surface receptors in kidney epithelial cells (Naccache et
al., 2006) (see section 1.3.4.). Similarly, | hypothesized that if MVI was promoting
trafficking of NMJ components, it would be in their vicinity (Fig. 4.2B) and its

downregulation would significantly affect the turnover of postsynaptic proteins.

To this end, | performed microscopy studies of old vs. newly incorporated AChRs into
laminin-induced clusters (for methodological details, see section 3.7.) in Control siRNA
and Myo6-siRNA conditions and observed whether old AChRs were abnormally retained
at the surface upon MVI downregulation. As shown in Fig. 4.28, insertion of new AChRs
and internalization of old AChRs took place regardless of MVI expression levels, thus
refuting the hypothesis of severe MVI-dependent impairments in receptor recycling. Due
to technical difficulties encountered, an in-depth analysis of AChR turnover was not
possible, however further characterization (surface covered and fluorescence intensity
of old vs. new AChRs) in a different model could be an interesting follow-up to this

experiment.

Control siRNA Myo6-siRNA1 Myo6-siRNA2 Myo6-siRNA3

Old AChRS

Merge

Figure 4.28. AChR turnover is not abolished upon siRNA-mediated downregulation of MVI.
Representative images of C2C12 myotubes on the 5™ day of fusion in different experimental
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conditions with laminin-induced AChR clusters with old vs. newly incorporated AChRs (labelled
with BTX, red and green, respectively). Scale bars = 10 um.

4.8. Myosin Vlis involved in the postsynaptic machinery organization in vivo

Because in vitro experiments did not provide enough evidence to support the hypothesis
of MVI being involved in the postsynaptic organization of AChR clusters, | decided to
characterize NMJs of MVI knockout mice (SV) and their WT counterparts (see section
3.11.) in terms of NMJ morphology, fragmentation, and maturation stage. The validation

of MVI absence in homozygous SV mice is shown in Fig. 4.29.

WT SV
MYOSIFI V] 130 KDa
GAPDH [~ 40 KDe
—35 KDa

Figure 4.29. Validation of MVI knockout with Western blot. Representative blot by L. Lehka on
homogenates of hindlimb muscles from PO mice. Abbreviations: SV = MVI global knockout mice;
WT = wild-type (control) mice. Red arrowhead indicates bands corresponding to detected MVI
protein.

For studying NMJ morphology, | performed immunohistochemical stainings of different
muscles obtained from 5-6 animals per group after fixation of the tissue. Similar to the
characterization of DXKO mice, | decided to study relevant time points in the
development of NMJs: P10 (postnatal remodeling), P120 (maintenance), and P365 (age-
related remodeling) (Cheng et al., 2013). | also explored whether these animals displayed
grip strength or motor impairments besides their constant circling behavior (Lee et al.,

2002).

4.8.1. Neuromuscular junctions of juvenile MVI knockout mice are smaller and

their morphological maturation is delayed

First, | characterized the NMJ morphology of SV mice during postnatal maturation. To
this end, | used the automated Imagel script that measures surface covered by the
postsynaptic machinery (AChRs) and its corresponding perimeter, as well as the surface,
perimeter and diameter of the whole endplate (Fig. 3.11). | measured 20-27

NMJs/mouse (n = 4 mice/group) of animals from both sexes at P10.
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All parameters analyzed were significantly decreased in the SOL muscle of SV mice (AChR
surface: P < .001; AChR perimeter: P < .001; Endplate surface: P < .001; Endplate
perimeter: P < .001; Endplate diameter: P < .001) (Fig. 4.30A), while only the Endplate
diameter of NMJs from TA muscle was slightly reduced upon MVI knockout (P = .041)
(Fig. 4.30B).
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Figure 4.30. Myosin VI knockout reduces the size of maturing NMlJs in the slow-twitch soleus
muscle. Size parameters (AChR surface, AChR perimeter, Endplate surface, Endplate perimeter,
Endplate diameter) represented as percentage of WT for each parameter, in NMJs from SOL (A)
and TA (B) muscles of control and MVI knockout male and female mice at P10. Mann-Whitney U
test, P £ .05 (*), P < .001 (***). Bars represent mean and error bars represent SEM.
Abbreviations: SV = MVI global knockout mice; WT = wild-type (control) mice.

Moreover, when | classified NMJs according to their maturation stage (plaque or already
perforated) (Fig. 4.31A), both TA and SOL muscles from SV mice had a significantly
increased percentage of plaque-shaped, unperforated NMJs (P = .007 and P < .001,
respectively) (Fig. 4.31B-C). The number of perforations in NMJs that had already started
the transition from plaque to pretzel remained similar regardless of the muscle type or

the genotype (Fig. 4.31D-E).

Altogether, these results suggest that MVI absence differentially affects juvenile NMJs of
different muscle types by reducing their overall size and delaying their plaque-to-pretzel

transition.
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Figure 4.31. Myosin VI knockout impairs NMJ maturation. (A) Representative images of NMJ
maturation stages assessed at P10. Pink arrowhead points at single perforation. Pink # indicate
multiple perforations. (B-C) Number of NMJs (% of total NMJs measured for each group) that
classify as plaque or perforated in the TA (B) and SOL (C) muscles of control wild-type and MVI
knockout mice. Chi-Square test, TA: X2 (1, N = 286) = 7.261, P < .01 (**); SOL: X? (1, N = 240) =
13.440, P < .001 (***). (D-E) Number of perforations per NMJ (#) in the TA (D) and SOL (E)
muscles of control wild-type and MVI knockout mice. Kruskal-Wallis U test, not significant. Violin
plot’s width (grey shape) represents frequency of values. Narrow boxplot inside each violin plot
(black) represents mean (small white circle) * lower and upper extremes (black lines).
Abbreviations: SV = MVI global knockout mice; WT = wild-type (control) mice.

4.8.2. Grip strength impairments in middle-aged MVI knockout mice are

sexually dimorphic

The grip strength test allows for in vivo gross assessment of neuromuscular functionality
through measuring muscle strength in a non-invasive, stress-reduced way. The protocol
chosen is particularly sensitive to sex-related differences and mild phenotypes,
especially in aged individuals (Takeshita et al., 2017). One-year-old animals (n = 10
mice/group) were analyzed from either SV (n = 5 females and 5 males) or WT (n = 4
females and 6 males) genotypes. Because each test was performed in 3 consecutive trials

on each animal, intra-subject variability was assessed in the statistical analysis.
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First, trial number (1, 2, 3) was not statistically significant neither as a single factor, nor
in combination with genotype, sex, nor both. Therefore, all animals, regardless of sex

and genotype, behave similarly throughout the 3 trials of their session (Fig. 4.32).

Second, the inter-subject analysis showed differences in grip strength between animals
of different genotypes when segregated by sex (P = .013), which means that differences
observed in SV mice when compared to WT depended on the sex of the animals. To
know whether both or only one sex displayed these genotype-dependent differences,
males and females were analyzed separately. Interestingly, SV females (P = .004) but not
males (P = .906) displayed grip strength impairments in their limb musculature (Fig.
4.32A). These impairments were specific to the hindlimb muscles, since the evaluation of
forelimbs alone did not yield any significant results for either male (P = .178) nor female
mice (P = .263) (Fig. 4.32B). These results suggest that the reduced muscle strength

observed in middle-aged MVI knockout mice is both sex- and muscle-dependent.
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Figure 4.32. Myosin VI knockout impairs grip strength in middle-aged female mice. (A-B) Grip
strength in forelimbs+hindlimbs (A) or only forelimbs (B) of female (green ?) and male (orange &)
mice at P365. Datapoints (coloured circles) represent grip strength measurements of each animal
in Trial 1 (blue), 2 (red), or 3 (green). Bold mid-line inside each box represents mean. Boxplot
whiskers represent lower and upper extremes. Repeated measures two-way ANOVA, P < .01 (**).
Abbreviations: SV = MVI global knockout mice; WT = wild-type (control) mice.

4.8.3. Neuromuscular junctions of middle-aged MVI knockout mice are smaller

in fast-twitch TA muscle

Based on the results of the grip strength test (Fig. 4.32), | decided to study the

morphological parameters of NMJs of middle-age female mice lacking MVI in TA
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(predominantly fast-twitch fibers) and SOL (predominantly slow-twitch fibers) muscles

(10 NMJs/mouse, n = 5-6 female mice/group).

Only NMJs from TA muscles were significantly different in female SV mice. Specifically,
SV mice had decreased AChR area (P = .016) and Endplate area (P = .033), but increased
AChR perimeter (P = .003), which suggests the development of more elongated or
intricate NMJs (Fig. 4.33A). On the other hand, slow-twitch SOL muscle displayed no
significant differences in size when comparing SV and WT female mice at P365 (Fig.
4.33C). When the same parameters were analyzed in younger adults (P120), only a mild
reduction in Endplate diameter (P = .037) was observed in the TA but not in SOL muscles

of SV mice, indicating a more pronounced phenotype in older mice.
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Figure 4.33. Myosin VI knockout mildly reduces NMJ size at P365 in fast-twitch TA muscle. Size
parameters (AChR surface, AChR perimeter, Endplate surface, Endplate perimeter, Endplate
diameter) represented as a percentage of WT for each parameter, in NMJs in TA (A, C) and SOL
muscles (B, D) obtained from P365 (A-B) or P90-120 (C-D) female mice. Mann-Whitney U test, P <
.05 (*), P <.01 (**). Bars represent mean and error bars represent SEM. Abbreviations: SV = MVI
global knockout mice; WT = wild-type (control) mice.
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4.8.4. Aging-related disruption of NMlJs is mildly enhanced in MVI knockout

mice

Finally, | decided to explore other hallmarks of neuromuscular aging by manually
assessing the level of postsynaptic fragmentation and disruption of integrity. To this end,
| quantified the number of fragments of each NMJ at P365 (10 NMJs/mouse, n = 6 female
mice/group) and classified the NMJs depending on their fragmentation level into 4
classes: 1-2 fragments (Class 1), 3-4 fragments (Class 2), 5-6 fragments (Class 3), 7 or
more fragments (Class 4) (Fig. 4.34A). Middle-aged SV female mice did not exhibit
increased NMJ fragmentation measured as number of NMJs within each fragmentation
class (Fig. 4.34B-C) when compared to their WT counterparts, in neither TA nor SOL
muscles. On the other hand, a minor reduction was found in the number of fragments

per NMJ in SOL (P = .023) but notin TA muscles of SV mice (Fig. 4.34D-E).

Interestingly, the integrity of NMJ branches, measured as the number of AChR-devoid
“holes” within each NMJ (Schmidt et al., 2011) and the presence or absence of
dispersion of AChRs in the edges of pretzel branches (Fig. 4.35A), showed muscle type-
dependent differences (10 NMJs/mouse, n = 5-6 female mice/group). In the absence of
MVI, NMJs from TA but not from SOL muscles were characterized by: 1) increased
number of NMJs with “holes” within AChR branches (P = .031) (Fig. 4.35B), 2) increased
number of holes per NMJ in those NMJs that are perforated (P = .025) (Fig. 4.35F), and 3)
increased number of NMJs with dispersed AChR in the edges of NMJ branches (P = .019)
(Fig. 4.35D).

Altogether, the results described in sections 4.8.3. and 4.8.4. show that MVI knockout in
middle-age female mice impairs NMJ morphology and integrity in fast-twitch TA muscles.
However, the relationship of the observed morphological differences and the muscle

strength of SV mice requires further investigation.
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Figure 4.34. Myosin VI knockout does not promote NMJ fragmentation. (A) Representative
images of neuromuscular fragmentation classes assessed at P365 based on AChR morphology
(labelled with BTX, white). (B-C) Number of NMJs (% of total NMJs measured for each group) that
classify as class 1, 2, 3, or 4, in TA (B) and SOL (C) muscles from control wild-type and MVI
knockout mice. Chi-Square test, not significant. (C-D) Number of fragments per NMJ (#) in TA (D)
and SOL (E) muscles from control wild-type and MVI knockout mice. Kruskal-Wallis U test, P < .05
(*). Violin plot (grey shape) represents frequency of values. Narrow boxplot inside each violin
plot (black) represents mean (small white circle) + lower and upper extremes (black lines).
Abbreviations: SV = MVI global knockout mice; WT = wild-type (control) mice.
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Figure 4.35. Myosin VI knockout impairs NMJ integrity. (A) Representative images of disrupted
AChR clusters (labelled with BTX, white) assessed at P365, showing holes within the branches
(left panel) or dispersed AChR on the edges (right panel). Pink squares show zoomed area. (B-C)
Number of NMlJs (% of total NMJs measured for each group) that classify as intact or with holes
within AChR branches in the TA (B) or SOL (C) muscles of control wild-type and MVI knockout
mice. Chi-Square test, TA: X2 (1, N = 129) = 4.278, P < .05 (*); SOL: X?> (1, N = 119) = 0.948, P > .05
(not significant). (D-E) Number of NMlJs (% of total NMJs measured for each group) that classify
as intact or with dispersed AChRs in the branches edges in the TA (D) or SOL (E) muscles of
control wild-type and MVI knockout mice. Chi-Square test, P < .05 (*). (F-G) Number of holes per
NMJ (#) in TA (F) and SOL (G) muscles from control wild-type and MVI knockout mice. Kruskal-
Wallis U test, P < .05 (*). Violin plot (grey shape) represents frequency of values. Narrow boxplot
inside each violin plot (black) represents mean (small white circle) + lower and upper extremes
(black lines). Abbreviations: SV = MVI global knockout mice; WT = wild-type (control) mice.
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"Sciences provide an understanding of a universal experience,
arts are a universal understanding of a personal experience.

they are both a part of us and a manifestation of the same thing,
the arts and sciences are avatars of human creativity.”

Mae Jemison,

first African-American female astronaut in space (1992)
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CHAPTER 5: DISCUSSION

The intimate contact between motoneurons, muscle fibers, and perisynaptic Schwann
cells at the NMJ reflects a mutual regulation throughout development that is tightly
controlled by a multitude of intracellular signaling pathways (Alvarez-Suarez et al., 2020;
Tintignac et al., 2015). This holds true to the extent that morphological or functional
aberrations in these regulatory processes often lead to neuromuscular disorders, whose
pathological manifestations include muscle wasting and fatigue, and even premature
death (Li et al.,, 2018; Verschuuren et al., 2016). Moreover, the development and
function of pre- and postsynaptic subcellular compartments depend on highly dynamic
cytoskeletal components, and impairments of actin, MTs, and/or cytoskeleton-regulating
proteins can lead to neurological disorders and myopathies, including Duchenne’s
muscular dystrophy (DMD), amyotrophic lateral sclerosis (ALS), and nemaline myopathy
(NM) (Jungbluth et al., 2018; Khairallah et al., 2013; Kounakis & Tavernarakis, 2019;
Lasser et al., 2018). Nevertheless, the molecular mechanisms underlying the
etiopathology of these disorders are still poorly understood. Elucidating the regulation of
healthy neuromuscular function can provide meaningful information for the cause and

pathogenesis of neuromuscular disorders.

In an attempt to investigate some of these mechanisms, my research focused on a rather
specific aspect of the highly complex structures that NMJs constitute: the development
and maintenance of the postsynaptic machinery. | identified two cytoskeletal-interacting
proteins, drebrin and myosin VI, that could play a relevant role in this context. Drebrin,
as a stabilizer of actin filaments, was previously shown to actively regulate postsynaptic
morphology and function of dendritic spines (Aoki et al., 2005; Hayashi et al., 1996;
Honkura et al., 2008), as well as muscle adhesion, fusion, and differentiation (Mancini et
al., 2011). However, to my knowledge, the role of drebrin at the vertebrate NMJ had not
been studied so far. On the other hand, previous research of our group and others
showed that unconventional actin-based motor myosin VI not only is involved in
recycling of postsynaptic elements at the CNS (Wagner et al., 2019) and in skeletal
muscle differentiation (Karolczak et al., 2015a; Lehka et al., 2020), but that it also
localizes to the synaptic compartment of muscle cells in both invertebrates, such as
Drosophila (Kisiel et al., 2011), and vertebrates (rodents and humans) (Karolczak et al.,

2013, 2014, 2015a).
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After exploring some of the functions that these proteins may play using in vitro models
of the muscle postsynaptic machinery, | performed preliminary assessment of their

function in vivo by taking advantage of mice lacking either drebrin or myosin VI.

5.1. Drebrin as a novel component of the muscle postsynaptic and contractile

machineries

In the first part of my doctoral research, | identified drebrin as a novel protein localized
at the neuromuscular postsynaptic machinery throughout development (Fig. 4.1). |
confirmed these findings in different muscles (Fig. 4.3) and with various methodological
approaches (Figs. 4.4, 4.5). These results are in line with the postsynaptic accumulation
of drebrin in dendritic spines of neurons from chicken (Shirao et al., 1987), rat (Hayashi

etal., 1996), human (Harigaya et al., 1996), and mouse brains (Kobayashi et al., 2007).

Drebrin localization in the muscle was not limited to the postsynaptic machinery, but
also presented a striated pattern across the entire myofiber that resembled that of the
typical sarcomeric structures in skeletal muscle. Indeed, due to its colocalization with a-
actinin, | identified sarcomere Z-discs as the second cellular compartment to which
drebrin is targeted in skeletal muscle fibers (Fig. 4.6). A previous report about drebrin
ortholog in C. elegans, DBN-1, showed that DBN-1 reversibly and rapidly translocates
between actin I-bands and myosin M-lines within muscle contraction cycles (Butkevich et
al., 2015). Strikingly, when functional DBN-1 is lost, the distribution of actin and other
actin-binding proteins of the sarcomere is affected: F-actin appears disorganized and a-
actinin loses its compact appearance at dense bodies (Z-disc analogues in nematode
muscles that anchor cortical actin to the ECM). One explanation proposed for these
phenomena is that DBN-1 protects actin filaments from depolymerization at dense
bodies and in proximal actin zones in the contracted state of the sarcomere (Butkevich
et al., 2016). In vertebrates, drebrin purified from brains of rat embryos competes with
a-actinin and tropomyosin for binding to actin, and it inhibits the cross-linking activity of
a-actinin (Ishikawa et al., 1994). Moreover, both drebrin and tropomyosin inhibit the
actin-activated ATPase activity of myosin Il (Hayashi et al., 1996), suggesting that drebrin
may play a direct role in muscle contraction. Importantly, many congenital myopathies
are caused by mutations in genes encoding contractile components, such as titin,
skeletal a-actin, and B heavy chain of slow-twitch muscle myosin. Nemaline myopathies,
in particular, are characterized by the presence of so-called nemaline rods, which are

believed to be derived from Z-discs but have unknown ethiology (Jungbluth et al., 2018).
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Interestingly, drebrin and DBNL are overexpressed in mitochondrial encefalomyopathy
(GSE1462 accession number in database for gene expression profiling Gene Expression
Omnibus, http://www.ncbi.nlm.nih.gov/geo/) and sporadic late-onset nemaline

myopathy (Naddaf et al., 2022), respectively.

The intimate relationship between drebrin and other contractile components suggests a
promising line of research. These preliminary data have set the foundation for potential
follow-up experiments, such as evaluation of the sarcomere structure and function in
drebrin knockout mice, in order to better explore the role of drebrin at the contractile

compartment of vertebrate skeletal muscle.
5.2. Role of drebrin in postsynaptic neurotransmitter receptor clustering

Aiming to assess whether drebrin plays a role in postsynaptic formation, organization,
and/or maintenance, | downregulated Dbnl expression in the simplified model of
aneurally cultured C2C12 myotubes. | found severe impairments in the formation of
AChR clusters in both agrin-dependent (Fig. 4.8) and laminin-dependent (Fig. 4.9)
models. Moreover, | specifically identified postsynaptic F-actin rearrangements as a
crucial function of drebrin in this process — pharmacological blockade of the ability of
drebrin to remodel F-actin similarly inhibited AChR cluster formation (Fig. 4.10). Other
groups have observed that siRNA-mediated downregulation of drebrin has comparable
effects to BTP2 treatment when studied in the context of myoblast differentiation
(Mancini et al., 2011) and prostate cancer cell invasion (Dart et al., 2017). Therefore,
drebrin-mediated F-actin rearrangements are a common core mechanism for both

postsynaptic organization and myoblast differentiation.

To further explore the underlying mechanistic pathway of this phenotype, | assessed
drebrin function as F-actin and MT cross-linker. Based on previous studies describing
drebrin-EB3 interaction at the core of drebrin main functions (Bazellieres et al., 2012;
Dart et al., 2017; Poobalasingam et al., 2021; Worth et al., 2013), | determined whether
drebrin depletion would impact EB3 distribution and, therefore, organization of dynamic
MTs. First, | verified the interaction between drebrin and EB3 in postsynaptic machinery-
forming myotubes (Fig. 4.14). This interaction was not studied before in this model of
skeletal muscle cells, but it was previously reported for neurons (Geraldo et al., 2008),
COS-7 cells (Worth et al., 2013), and colon epithelial cells (Bazellieres et al., 2012).
Second, | found that drebrin downregulation reduced the number of EB3-decorated MTs

specifically under the postsynaptic machinery but not in other areas of the cell (Fig.
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4.15). These results indicate impairments in synaptic MT capture but not in whole-cell
stability of the MT network, reinforcing the idea that the drebrin-EB3 interplay is locally
activated in regions of cytoskeletal dynamic remodeling. Consistently, other groups have
found Cdk5-drebrin-EB3 pathway to be essential for the development of certain
morphological features necessary for cell function, such as apico-basal elongation for cell
polarity of intestinal epithelial cells (Bazellieres et al., 2012), stabilization of filopodia for
cancer invasive activity in luminal epithelial cells of malignant prostate glands (Dart et
al., 2017), neuritogenesis in embryonic cortical neurons (Poobalasingam et al., 2021),
and dendritic spine maturation in mature neurons undergoing LTP (Gordon-Weeks,

2016).

On the other hand, pharmacological blockade of drebrin-mediated rearrangements of
actin filaments reduced EB3* surface under AChR clusters but not EB3 foci number,
possibly impacting MTs ability to coalesce (Fig. 4.16). The difference between the effect
of drebrin knockdown and its pharmacological inhibition could be explained by broader
and more profound alterations on cytoskeleton dynamics upon drebrin depletion at
mRNA and protein levels, than the localized effects of BTP2 preventing drebrin from
inducing F-actin rearrangements (Mercer et al., 2010). On the contrary, a recent work
showed how BTP2 treatment reduces the number of EB1 puncta that colocalize with
drebrin at the cortical actin mesh of migrating neurons (Shan et al., 2021). However, the
versatility of drebrin that allows for different cellular functions, such as migration-
associated actin reorganization, actin-MT cross-linking, or interaction with postsynaptic
proteins, could account for the differences | observed in BTP2 and siRNA effects on MT
organization compared to other studies. As a potential model based on my results,
postsynaptic drebrin would cross-link F-actin bundles and MTs and further stabilize them
by coalescing multiple MTs, which have been recruited to the postsynaptic compartment

(Fig. 5.1).

Other postsynaptic proteins and drebrin-interacting partners are likely to mediate
drebrin cross-linking function. It is noteworthy that BTP2 inhibits NFAT (nuclear factor of
activated T cell) nuclear translocation in T cells through blockade of store-operated CRAC
(Ca?* release-activated Ca?*) channels (Ishikawa et al., 2003; Trevillyan et al., 2001).
Calcium-mediated nuclear translocation of NFAT is indispensable for gene transcription
leading to hypertrophy of cardiomyocytes, including cell growth and increased protein
synthesis transcription programs (Molkentin et al., 1998). Interestingly, scaffolding
protein Homer, known interactor of drebrin in dendritic spines (Shiraishi-Yamaguchi et
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al., 2009), enhances NFAT-dependent signaling in differentiating myotubes by increasing
the release of Ca?* from intracellular stores (Stiber et al., 2005). Not only Homer binds to
drebrin, but its tetrameric conformation is required for efficient drebrin-mediated
bundling of F-actin (Hayashi, 2019; Li et al., 2019). Additionally, Homer family has been
shown to regulate postsynaptic machinery interactions at the CNS (Ehrengruber et al.,
2004) and Homer1/2 isoforms are both enriched postsynaptically at the human NMJ
(Salanova et al., 2011). On the other hand, transcription levels of Homerl remained
similar to the control when drebrin was depleted in C2C12 myotubes (Fig. 4.18),
suggesting that drebrin-Homer crosstalk does not rely on the regulation of gene
transcription. Remarkably, both Homerl and CRAC channel subunits, Orail and Stim1,
have been described in the literature as correlates of aberrant Ca?* homeostasis in the
context of congenital myopathy and DMD (Jungbluth et al., 2018; Stiber et al., 2008;
Zhao et al., 2012), indicating that skeletal muscle health depends on proper CRAC
channel function. Finally, drebrin seems to regulate F-actin depolymerization and
repolymerization following depletion of intracellular Ca®* stores, which is needed to
activate CRAC channels (Mercer et al., 2010). It has been proposed that modulation of
actin dynamics could be triggered by interaction of drebrin with Homer and IP3R (inositol
triphosphate receptor), controlling the release of intracellular Ca®* stores from the SR
(Mercer et al., 2010). Furthermore, EB3 binds to IP3Rs in endothelial cells to promote

their clustering and thus, organizes IP3-evoked Ca?* signals (Geyer et al., 2015).

The specific mechanism through which drebrin is involved in molecular pathways
regulating intracellular Ca%* levels and how it may affect neuromuscular transmission
remains largely unexplored. Nevertheless, my observations strongly indicate that drebrin
could play an important role in the clustering of the muscle postsynaptic machinery via

Ca**-modulated rearrangements of actin and MT cytoskeletal networks.
5.3. Role of drebrin in postsynaptic stability

In previous research, MTs were shown to play a key role in AChR turnover rather than
cluster formation (Basu et al., 2015; Bernadzki et al., 2017), however their involvement
in maintenance of cluster stability remains poorly understood. Microtubule-based
transport is critical for RNA and protein distribution in skeletal myofibers, and the
synaptic-specific arrangement of the MT network restricts mobility of RNAs produced by
synaptic myonuclei (Denes et al., 2021). Some of the mechanisms for recruitment of MTs
to the NMJ require the interaction between +TIP protein CLASP2, actin, and LL5B (Basu

et al., 2015; Lansbergen et al., 2006), as well as binding of scaffold protein liprin-a-1 to

141



the synaptic anchor DGC (Bernadzki et al., 2017). Disruption of any of these two nerve-
dependent mechanisms impaired AChR clustering and, in the case of CLASP2, also
reduced subsynaptic myonuclei number (Bernadzki et al., 2017; Schmidt et al., 2012). In
accordance with these studies, in vitro experiments described in this thesis also showed
impairments in nerve-dependent postsynaptic organization in an agrin-induced model of
AChR cluster formation (Fig. 4.8). Moreover, | also demonstrated that these impairments
are associated with deficient MT capture and organization under AChR clusters in a
muscle-dependent mechanism (laminin-induced model) (Fig. 4.9), suggesting
independent pathways in drebrin-, CLASP2-, and liprin-mediated regulation of
postsynaptic stability through MT organization.

Scaffolding protein MACF1 is another synaptic organizer of MT-associated proteins, such
as EB1 and MAP1b, actin-associated protein vinculin, and AChR-stabilizing protein
rapsyn, and it regulates maintenance rather than formation of the postsynaptic
machinery (Oury et al., 2019). Furthermore, it has been recently demonstrated that
MACF1 regulates NMJ stability through controlling MT organization around myonuclei
(Ghasemizadeh et al., 2021), which highlights the importance of synaptic myonuclei
distribution for proper MT-mediated NMJ formation and function. Based on this,
together with reports on the role of drebrin in nuclear migration (Trivedi et al., 2017), |
screened for major alterations in the pool of synaptic nuclei in drebrin-depleted C2C12
myotubes and found no significant differences (Fig. 4.17). Likewise, in the search for
postsynaptic proteins regulated by drebrin, neither rapsyn nor rapsyn-binding MACF1
gene expression was significantly affected by Dbnl downregulation (Fig. 4.18). Since
rapsyn and AChRs are co-transported to the postsynaptic membrane inside the same
exocytic vesicles (Marchand et al., 2000), it seemed reasonable that unaffected synthesis
and delivery of AChRs (Fig. 4.13) would be accompanied by unchanged rapsyn levels.
Accordingly, MACF1 loss does not affect rapsyn expression nor it recapitulates rapsyn
loss, however the presence of rapsyn was found to be essential for MACF1 association
with AChRs (Oury et al., 2019). Similarly, | found that rapsyn interacts with both EB3 and
drebrin, independently of the phosphorylation at Ser142 residue of the latter (Fig. 4.19).
Moreover, | showed that overall drebrin recruitment to the postsynaptic machinery is
independent of its phosphorylation state at Ser142 (Fig. 4.4). In a previous report, it was
proposed that Cdk5-mediated phosphorylation of drebrin at this particular residue is
important but not essential for its actin-bundling activity and interaction with EB3

(Worth et al., 2013), and the results obtained in this thesis do not contradict this idea.

Several interpretations can be extracted from the abovementioned combination of

results and literature review. First, drebrin probably regulates MT capture in a non-
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redundant pathway from those previously described for CLASP2-LL5B and DGC-liprin-a-1.
Second, it is unlikely that the role of drebrin in MT organization includes effects on
myonuclei distribution and morphology, which would suggest separate regulatory
mechanisms from those mediated by MACF1. These would be in line with the model
proposed by Sanes and Lichtman for synapse formation, in which agrin-MuSK signaling
activates two pathways: a rapsyn-dependent pathway for AChR clustering and a rapsyn-
independent pathway for localized transcription (Sanes & Lichtman, 2001). Third, drebrin
could serve as a hub for cross-linking actin bundles and MTs to the postsynaptic
machinery by forming a complex with rapsyn and EB3 (Fig. 5.1). Finally, Cdk5-mediated
phosphorylation of Ser142 is not necessary for drebrin recruitment to the synaptic
compartment nor its interaction with rapsyn. However, because it enhances EB3-drebrin
interaction and drebrin-mediated F-actin bundling, this phosphorylation site could be
relevant for the formation of the complex composed of drebrin, rapsyn, EB3 and

associated cytoskeletal filaments at the postsynaptic compartment.
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Figure 5.1. Proposed model of drebrin mechanism of action at the skeletal muscle postsynaptic
machinery. In drebrin-depleted myofibers (left), other mechanisms for AChR clustering and
stabilization, such as a-actinin cross-linking of F-actin and its interaction with rapsyn might
mediate postsynaptic machinery organization. When drebrin is present (right), a-actinin could be
displaced from F-actin, however drebrin would stabilize AChR clusters by both bundling actin
filaments and cross-linking them to MTs via EB3-rapsyn complex formation. lllustration created
with BioRender.com.

Additionally, drebrin loss could affect the interaction between rapsyn and a-actinin,

which form a ternary complex with AChRs (Dobbins et al., 2008). Moreover, not only a-
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actinin depletion inhibits AChR clustering, but it was proposed that it binds to rapsyn
upon Cdk5 phosphorylation (Dobbins et al., 2008). This Cdk5-independent ability of
drebrin to bind to rapsyn could be a separate pathway to guarantee F-actin mediated
stabilization of AChR clusters in myopathy-associated loss of normal a-actinin function
(North & Beggs, 1996; Schultheiss et al.,, 1992) or in drebrin-induced a-actinin
displacement (Ishikawa et al., 1994) (Fig. 5.1). Drebrin colocalization with a-actinin in Z-
discs (Fig. 4.6) supports their shared actin-associated functions, however the relationship
between these two proteins in skeletal muscle and, specifically at the NMJ, requires
further research. Altogether, my data suggest that drebrin regulates postsynaptic
stability through subsynaptic actin and MTs, and potentially by linking these cytoskeletal
networks to rapsyn. Furthermore, this model is in accordance with the role of MT
recruitment in AChR cluster stability proposed by other groups (Basu et al., 2014, 2015;
Schmidt et al.,, 2012). More research is necessary to further explore the crosstalk
between drebrin, rapsyn, and MT-associated proteins, as well as their specific role in

postsynaptic maintenance and stability.
5.4. Role of drebrin in postsynaptic maturation

Morphological remodeling of the postsynaptic machinery from plaque to pretzel, where
AChRs are reorganized in perfect apposition to presynaptic nerve terminals, is a hallmark
of mature, healthy NMlJs (Tintignac et al., 2015). At the molecular level, postnatal
maturation also includes the replacement in pentameric AChR channels of y for €
subunits, which provide faster recovery rates from desensitization, higher Ca?*
permeability, and increased half-life of AChRs (Medina-Moreno & Henriquez, 2021).
Altogether, these developmental changes lead to stable and more efficient
neuromuscular transmission than that observed in embryonic or pathological contexts.
Actin-rich structures with the ability to remodel the ECM and reorganize membrane
proteins, namely synaptic podosomes (Bernadzki et al., 2014; Veillat et al., 2015), were
proposed to underlie the structural changes of AChR clusters in vitro (Proszynski et al.,
2009). However, most of the molecular signaling pathways and cytoskeletal proteins

underlying maturation of the postsynaptic machinery remain largely unknown.

In my assessment of the role of drebrin at the postsynaptic machinery in vitro, | noticed
that the synaptic localization of the protein appeared in different subcompartments:
some clusters were characterized by a dominant colocalization of AChRs and drebrin,

while others also presented puncta-like accumulation of drebrin in AChR-free areas that
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correspond to the domain occupied by synaptic podosomes (Fig. 4.5). Because drebrin is
an F-actin-binding protein, it was reasonable to expect that it colocalized with the core
of these structures, but not with their cortex, which | confirmed through
immunofluorescence (Fig. 4.12). Similarly, MACF1 colocalized with AChRs in vivo but also
to synaptic podosomes in vitro (Oury et al.,, 2019). Moreover, actin-binding and
scaffolding protein, Tks5, that also localizes to the core of synaptic podosomes
(Proszynski et al., 2009), localizes to AChR-devoid areas of the NMJ in early
developmental stages but colocalizes with AChR-rich branches in adulthood (Pezinski et
al.,, 2021). In order to explore whether drebrin localization had any functional
significance, | analyzed podosome formation in drebrin-depleted C2C12 myotubes. |
found that drebrin downregulation led to a reduction of up to 50% of clusters with
podosomes when compared to the control, but did not affect the number of podosomes
per cluster (Fig. 4.12). This suggests a role for drebrin in pathways regulating the
formation of podosomes, and therefore, the topological remodeling of the postsynaptic

machinery.

Accordingly, previous work from our research group demonstrated that other actin-
regulating proteins colocalize with the core of synaptic podosomes and are crucial for
laminin-induced cluster maturation in vitro. For instance, depletion of Amotl2 results in a
dramatic enlargement of synaptic podosomes and alters the localization of other
podosome components (Proszynski & Sanes, 2013). Moreover, Amotl2 synthesis is
upregulated in vivo during the second and third postnatal weeks, when NMJ
morphological maturation takes place, and its postsynaptic distribution is confined to
AChR-free areas throughout the entire development (Proszynski & Sanes, 2013).
Opposite to Amotl2, Tks5 downregulation leads to almost complete loss of synaptic
podosomes in C2C12 myotubes, which form unstable, immature AChR clusters (Pezinski
et al., 2021). Most importantly, Tks5 downregulation results in reduced interactions
between actin and rapsyn but no major alterations in rapsyn distribution under AChR
clusters of C2C12 myotubes (Pezinski et al., 2021). To further assess the parallelisms
between drebrin and Tks5 or Amotl2, it would be interesting to explore whether EB3-

rapsyn interaction and podosome morphology are impaired by drebrin loss.

Some of the molecular players of synaptic podosome formation were elucidated in
recent years. After triggering of actin polymerization, podosomes mature due to the
recruitment of Tks5 and mechano-GTPase dynamin-2. Specifically, phosphorylated
dynamin-2 forms a stabilizing belt-shaped structure at the actin core of podosomes, and
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its disappearance is followed by podosome disassembly (Lin et al.,, 2020).
Simultaneously, ECM remodeling by MT1-MMP disrupts the stabilization mechanisms of
AChR clusters, thus resulting in higher turnover rates of AChRs (Chan et al., 2020). In a
yet unclear mechanism, dynamin-2 downregulation impairs local ECM degradation and
reduces podosome size and lifespan (Lin et al., 2020). Similar to my results for drebrin
(Fig. 4.12), dynamin-2 depletion impairs podosome formation without affecting their
number per cluster (Lin et al., 2020). Notably, loss of dynamin-2 was associated with
deficient NMJ function in Drosophila, and loss of ECM-remodeling MT1-MMP was
associated with impairments in NMJ maturation in mice (Chan et al., 2020; Lin et al.,
2020). Dynamin-2 actin-bundling activity depends on Src-mediated phosphorylation of
residue Y597, which also regulates its targeting to synaptic podosomes (Lin et al., 2020).
It would be interesting to explore whether drebrin phosphorylation state impacts
synaptic podosomes and AChR cluster maturation. Importantly, drebrin inhibits dynamin-
2 function by interacting with actin-regulating cortactin, and loss of drebrin in HEK293
cells leads to enhanced endocytosis of dynamin-dependent cargo (Li et al., 2017).
Cortactin is also found at the core of synaptic podosomes (Proszynski et al., 2009), and it
has been involved in early and late stages of synaptic and non-synaptic podosome
formation in skeletal and vascular smooth muscle cells (Lin et al., 2020; Webb et al.,
2006). Interestingly, mutations in DNM2 (human gene encoding dynamin-2) have been
associated with centronuclear myopathy of skeletal fibers, and alterations in muscle Ca?*
homeostasis and excitation-contraction coupling were described in mouse models of
dynamin-2-related myopathy (Jungbluth et al., 2018). Given the potential role of drebrin
in CRAC channel function in skeletal muscle, it would be interesting to evaluate whether
the interplay between drebrin and dynamin-2 extends beyond synaptic podosome
formation. Finally, overexpression of a DNM2 mutant with high actin-bundling activity
lead to reduced surface covered by AChRs (Lin et al., 2020). Similarly, | observed reduced
AChR surface in drebrin knockout mice (Fig. 4.20), however not in C2C12 myotubes (Fig.
4.9C). Other actin-modulating proteins have similar discrepancies between in vivo and in
vitro models. For instance, Arhgef5 is relevant for podosome formation in MCDK (kidney
cells) and NIH/3T3 cells (fibroblasts) (Kuroiwa et al., 2011) and binds to phosphorylated
a-dystrobrevin-1, whose loss significantly impairs AChR cluster maturation in C2C12
mytoubes (Bernadzki et al., 2020; Pawlikowski & Maimone, 2009). Opposite to my results

for drebrin, Arhgef5 depletion does not inhibit the formation of complex AChR clusters
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nor the presence of synaptic podosomes in C2C12 myotubes, however it leads to

increased NMJ fragmentation in adult muscle (Bernadzki et al., 2020).

Altogether, it is tempting to speculate that the role of drebrin in podosome formation is
to keep dynamin-2 activity under control through interaction with cortactin. If this model
held true, larger and/or longer-lived podosomes should be observed in drebrin-depleted
myotubes, parameters that were not evaluated in this thesis but constitute an
interesting follow-up. However, participation of other actin-organizing proteins increases
the complexity of podosome formation mechanisms involving actin remodeling. For
instance, ephexinl was proven crucial in regulating AChR stability and topological
maturation through downstream RhoA-dependent reorganization of F-actin (Shi et al.,
2010). Specifically, ephexinl signaling contributes to dispersion of AChR in synaptic
podosomes, probably by weakening of the interaction between AChRs and the stabilizing
actin cytoskeleton (Shi et al., 2010). Notably, ephexinl and drebrin could share
regulatory pathways: upstream ephexinl regulators interact with cortactin (Lai et al.,
2001) and ephexinl-mediated activation of RhoA pathway is enhanced when
phosphorylated by Cdk5 (Fu & Ip, 2007). Therefore, upstream regulators and post-
translational modifications of drebrin should be addressed in future studies that explore

its role in synaptic podosome formation.

Participation of drebrin in morphological maturation of the postsynaptic machinery was
extensively studied in the CNS, specifically in morphogenesis and maturation of dendritic
spines of hippocampal excitatory synapses (Takahashi et al., 2003). In this context,
activity-induced drebrin clustering is necessary for proper arrangement of components
of the postsynaptic density, such as PSD-95 and F-actin (Takahashi et al., 2009).
Furthermore, drebrin was proposed as the trigger for cell remodeling processes in
neurons, glia, and other non-neuronal cell types, and it has been associated with non-
synaptic podosomes and podosome-like structures in primary endothelial cell lines,
fibroblast-like cell cultures and HUVEC cells, but never in myotubes (Asada et al., 1994;
Majoul et al., 2007; Peitsch et al., 1999). In summary, my results support the existing
literature on the role of drebrin in postsynaptic maturation through rearrangements of
the cortical F-actin cytoskeleton, and reveal a novel cell type in which this phenomenon

takes place, namely skeletal muscle cells.
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5.5. Concluding remarks on drebrin as a cytoskeletal organizer of the

postsynaptic machinery

The multiple subcellular localizations of drebrin and its ability to translocate between
subcompartments within both sarcomeres and the postsynaptic machinery reflect the
multifaceted role of this actin-binding protein in cellular processes of skeletal muscle.
The versatility of drebrin distribution is an important molecular mechanism underlying
neuronal migration processes and organization of structures modulated by F-actin
remodeling, such as the base of filopodia in leading processes, the transitional zone of
axonal growth cones, and axonal actin patches in collateral axon branching (Hanamura,
2017). Disruption of developmental and plasticity processes mediated by drebrin was
shown to contribute to the development of synaptic dysfunction, certain neurological
disorders, and subsequent cognitive impairments (Kojima & Shirao, 2007). Consistent
with the existing literature, | have demonstrated that drebrin can be targeted to
different cytoskeletal components of the postsynaptic machinery, where it can interact
with both actin and +TIP protein EB3 and act as both cross-linker and MT organizer
and/or recruiter. Drebrin interacts with rapsyn, a major regulator of AChR clusters and,
possibily, contributes to postsynaptic machinery stabilization. Additionally, drebrin is
recruited in vitro to synaptic podosomes, where it could interact with cortactin and
dynamin-2 to regulate postsynaptic topological remodeling. In the same way, MACF1
was proposed to transition from binding to MTs to attachment to rapsyn during NMJ
maturation (Oury et al.,, 2019). In future studies, exploring the molecular
interconnections mediating drebrin and rapsyn interaction, as well as their role in the
organization of the postsynaptic machinery, would be extremely valuable to better

understand the function of drebrin at the NMJ.
5.6. Myosin VIl as a dispensable organizer of muscle postsynaptic machinery

In the second part of my doctoral research, | attempted to elucidate the role of myosin
VI (MVI) in the organization of the postsynaptic machinery in skeletal muscle cells. Based
on previous reports from our and other research groups on the synaptic involvement of
MVI, | further confirmed its localization in vivo across different ages (Fig. 4.2) and muscle
types (Fig. 4.3), which was similar to its distribution pattern in vitro (Karolczak et al.,
2015a). A possible role of MVI arose from its localization to AChR-free areas in vitro,
which suggested involvement in redistribution and mobility of membrane proteins. Of

note, MVI has been proven crucial for the integrity of cell adhesion contacts through
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interaction with E-cadherin and vinculin (Maddugoda et al., 2007), the latter being a
component of synaptic (Proszynski et al., 2009) and non-synaptic podosomes (Linder &

Aepfelbacher, 2003).

In order to further explore the specific role of MVI in synapse formation, maturation or
maintenance, | downregulated Myo6 expression in C2C12 myotubes in the same
experimental settings as drebrin loss-of-function experiments (Fig. 4.25). Regrettably,
technical issues regarding replicability and cell line behavior limited my ability to extract
any conclusions from these experiments other than the loss of MVI does not seem to
severely impair AChR cluster formation (Figs. 4.26, 4.27), receptor turnover (Fig. 4.28),
nor synaptic podosome formation (data not shown). As alternative methods to overcome
C2C12 misbehavior, other systems of cultured myotubes should be explored in the
future, such as primary myotubes derived from WT and SV mice. Another crucial
limitation in my phenotypic characterization of C2C12 upon MVI downregulation is that
protein synthesis was not confirmed to be consistently and strongly depleted throughout
several independent experiments (Fig. 4.25), which could explain the lack of alterations

detected and the inconsistent phenotype in vitro.

Based on MVI similarity in functional domains and mechanoenzymatic properties to
myosin V, the most probable from all roles explored for MVI is internalization of AChRs,
however not as a crucial regulator of this process. It is noteworthy that myosin V and
MVI move in opposite directions along actin filaments (Wells et al., 1999), thus providing
the means for bidirectional movement in processes such as intracellular transport. Mice
lacking myosin V, which is normally enriched at the NMJ, display severe morphological
aberrations as early as two weeks of age (Roder et al., 2008). Moreover, myosin Va
interacts with AChRs and its overexpression increases the number of rapsyn-containing
vesicles around myonuclei (Roder et al., 2008), suggesting a central role in intracellular
transport of synaptic components. Importantly, downregulation of myosin Va not only
induces fragmentation of NMJs, but also reduces the time AChRs remain inserted into
the postsynaptic membrane, indicating myosin Va involvement in recycling internalized
AChRs back to the postsynaptic membrane (Réder et al., 2008). In line with a less central
role for MVI than myosin Va in AChR turnover, | found that NMJ fragmentation and
integrity are only mildly affected in middle-aged SV mice (Figs. 4.34, 4.35), and
morphological remodeling of the postsynaptic machinery during the second week of life
is delayed in both males and females lacking MVI, but not severely impaired (Fig. 4.33).
However, the fact that MVI loss increases the number of aberrations in AChR density
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(more NMJs with holes in AChR branches or dispersed branch edges), and reduces AChR
and endplate surface, suggests a moderate impact on AChR stability, which is in
accordance with MVI function in targeted membrane transport. Importantly, TA (fast-
twitch, type Il fibers) but not SOL (slow-twitch, type | fibers) muscles of SV mice
displayed such aberrations (Figs. 4.33, 4.34, and 4.35). Abundance of type Il fibers
correlates with strength and muscle performance in humans (Serrano et al., 2019),
indicating that fast-twitch muscles contribute more than slow-twitch muscles to
strength. Indeed, SV mice at P365 exhibited reduced grip strength of their hindlimbs (Fig.
4.32), which could be explained by impaired functionality of fast-twitch muscles, such as

TA, whose neurotransmission efficiency might be compromised by structural defects.

Stimulation of PKC or inhibition of PKA accelerates the removal of synaptic AChRs and
depresses AChR recycling (Martinez-Pena y Valenzuela et al., 2013). The underlying
mechanism of myosin Va role in maintaining size, integrity, and turnover rate of the
postsynaptic machinery involves AKAP-dependent cooperation with PKA and requires an
intact actin cytoskeleton (Réder et al., 2010). Importantly, AKAP depletion in vivo impairs
NMJ structure and reduces AChR density (Martinez-Pena y Valenzuela et al., 2015),
which depends on AKAP-mediated inhibition of receptor ubiquitination and subsequent
degradation (Mouslim et al., 2012). It is noteworthy that AKAP9 links MVI to PKA
signaling in myogenic cells (Karolczak et al., 2015b). Moreover, rapsyn anchors PKA to
the subsynaptic compartment both in vivo and in vitro (Choi et al., 2012). Notably,
unpublished data from our research group indicates that total AChR levels remain
unchanged in newborn, 3-month-old, and 1-year-old mice lacking MVI when compared
to WT littermates, supporting the idea that MVI regulates redistribution rather than
synthesis of AChR subunits. However, AChR turnover was not severely impaired by Myo6
downregulation (Fig. 4.28). Therefore, as suggested in section 4.7.2., AChR recycling in
MVI-depleted cultured myotubes requires in-depth studies, including the expression
profile and distribution of AKAP, PKA, PKC, and rapsyn, in order to detect subtler
phenotypes resulting from MVI knockdown. Similarly, these postsynaptic proteins, as

well as presynaptic elements, could be analyzed in SV mice.

Altogether, my preliminary studies on the role of MVI at the postsynaptic machinery
have laid the path for multiple follow-up experiments that might be insightful in the

context of MVI involvement in NMJ structure and function.
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5.7. Functional significance of drebrin and MVI in vivo

Based on the similar distribution pattern of drebrin found across different skeletal
muscle types and ages, one could expect comparable results between drebrin knockout
murine muscles (DXKO mice) with different fiber type composition and at different ages
(Fig. 4.20). On the other hand, despite the important role of drebrin in postsynaptic
machinery assembly and maintenance demonstrated in vitro, | found that NMJs are
normally formed in the absence of drebrin and do not seem particularly vulnerable to
age-related changes (Figs. 4.22, 4.23). Knockout mice of another actin cross-linker, a-
actinin-3, had no significant differences in sarcomeric stability and structure, but
displayed different metabolic properties in their fast-twitch muscles, that adapt into a
more slow-twitch, oxidative-based contraction (Chan et al., 2008). Such changes were
not addressed in DXKO mice and constitute and interesting research path, especially
considering that all muscles analyzed, except for ST muscle, had similar reductions in
AChR surface throughout lifespan (Fig. 4.20). These similarities between slow- and fast-
twitch muscles could indicate a transformation of drebrin-free fast-twitch fibers to
resemble the metabolic properties of slow-twitch fibers, presumably as a consequence
of altered neuromuscular activity (Pette & Vrbova, 2017). Accordingly, data from the
International Mouse Phenotyping Consortium (www.mousephenotype.org) revealed that
heterozygote mouse mutants for the Dbn1im(KOMPIWE gllele display reduced grip
strength (Dickinson et al., 2016). Finally, the potential involvement in postsynaptic
maturation in vitro, that | found as a result of drebrin role in synaptic podosome
formation, does not translate into postnatal maturation defects in young DXKO mice (Fig.
4.21). On the other hand, the effect of drebrin loss can be particularly masked in juvenile
NMlJs, since their morphological variability is much higher than in adults (Mech et al,,
2020). Another important limitation of my in vivo studies was the nature of fixed
samples obtained and no access to living animals, which limited the variety of analyses

available.

Perhaps more detailed characterization of drebrin knockout animals is necessary in order
to detect subtler changes in neuromuscular transmission, such as density of AChRs,
which is also reduced during aging (Valdez et al., 2010), and whether it results in
electrophysiological and grip strength impairments. Drebrin loss has been previously
associated with subtle phenotypes in other tissues. For example, even though brain

morphometric data showed no gross changes in drebrin knockout mice (Shan et al.,
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2021; Willmes et al., 2017), the degree of drebrin loss in dendritic spines from Alzheimer
patients and individuals with Down’s Syndrome correlates with the severity of cognitive
impairment and reduction in dendritic spine plasticity (Gordon-Weeks, 2016; Harigaya et
al.,, 1996). On the other hand, functional redundancy of homologs and signaling
pathways displayed in the absence of one synaptic component often mask its relevance
when studied in vivo (Fowler et al., 2017; Lijam et al., 1997; Wong et al., 2018), which
protects synapses from becoming dysfunctional. Moreover, activation of compensatory
mechanisms that safeguard cytoskeleton dynamics at the synapse was previously
proposed for the lack of phenotype in the brains of drebrin-deficient mice (Willmes et
al., 2017). Furthermore, the mildly reduced size of NMJs observed upon drebrin
depletion could be compensated by the common strategy of increasing junctional folding
of the postsynaptic membrane (Slater, 2017), a paremeter that was not evaluated in this
thesis. It is noteworthy that synthesis and delivery of AChRs to the cell surface does not
seem to be significantly affected by drebrin depletion (Fig. 4.13), and NMJs of DXKO mice
are formed and mature normally (Fig. 4.21). These results, together with the fact that
surface covered by AChRs is significantly smaller in DXKO mice across all ages, suggests
that the least redundant role of drebrin in skeletal muscle is maintenance of NMIJ
stability rather than formation or maturation. In summary, drebrin could play a role in
driving early synaptic development, that in the aneural in vitro system of C2C12
myotubes would be visible due to a lack of compensational mechanisms from
motoneurons and PSCs, which are present in vivo. On the other hand, it could have a
stabilizing function in later stages, when functional redundancy of muscle-dependent
mechanisms of AChR stabilization would make it difficult to detect. Similarly, drebrin
drives early developmental morphogenesis of dendritic spines and maintains
homeostatic plasticity of NMDAR (Aoki et al., 2010; Takahashi et al., 2003, 2006), while it
later plays a stabilizing role in synaptic plasticity processes of mature spines, such as LTP

and LTD (long-term depression) (Merriam et al., 2013; Mizui et al., 2014).

Myosin VI knockout resulted in altered morphology of the murine NMJ throughout
lifespan, however with different effects depending on the age and muscle type. Whereas
it significantly reduced NMJ size in slow-twitch muscles and delayed maturation at P10
(Figs. 4.30, 4.31), it also mildly affected NMJ morphology of SV muscles with
predominantly fast-twitch fibers in adult and middle-aged mice (Figs. 4.33, 4.34, and
4.35). A potential factor underlying age differences in the muscle type affected is that SV

mice are characterized by hyperactivity and constant circling movements (Self et al.,
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1999). Muscle plasticity upon long-term endurance training contributes to changes in
fiber type composition and metabolism from glycolitic to more oxidative-based (Plotkin
et al., 2021), thus explaining why NMIJs from either slow- or fast-twitch muscles are
altered by MVI loss in early or later developmental stages, respectively. Moreover, the
overall size of SV mice is smaller, however the muscle/body weight ratio is bigger than in
WT mice (Lehka et al., 2022). This alteration seems to be due to MVI loss-induced muscle
hyperplasia (formation of new, but small myofibers) rather than hypertrophy (growth of
existing myofibers), particularly in slow-twitch muscles (Lehka et al., 2022). Furthermore,
unpublished data from our research group seems to indicate that MVI impacts
metabolism of slow- but not fast-twitch fibers in males. In summary, structural NMJ
defects in juvenile SV mice are probably due to the impact of MVI on oxidative
metabolism, which could be propagated to fast-twitch muscles later in life due to

exercise-induced metabolic changes.

Nevertheless, these morphological changes seemed to be sufficient to induce functional
impairments in the lower body grip strength of middle-aged SV females but not males
(Fig. 4.32). Therefore, although mild, defects in the structure of NMJs or changes in fiber
type composition as a consequence of MVI loss seem to reduce the efficiency of muscle
contraction. Interestingly, differences in muscle mass and strength have been observed
during aging in men but not in women (Oh et al., 2018). As age progresses, a stronger
negative correlation between muscle myosin heavy chain (MHC) isoforms and muscle
strength appears in men, presumably due to higher proportion of MHC | and lower
proportion of MHC IIA and MHC IIX in aged individuals (Oh et al., 2018). This could be
partially explained by the general trend in reduced expression of MHC isoforms IlIA and
I1X, but not isoform I, in humans from young to middle age and, more dramatically, from
middle to old age (Balagopal et al., 2001). On the other hand, predominantly fast-twitch
supraspinatus muscle in women, and more markedly in older women, tends to
upregulate MHC Il isoforms and downregulate MHC | (Potau et al., 2012). Moreover, SOL
muscles from male rats have a considerable expression of MHC IIA that is almost entirely
absent in females (Drzymala-Celichowska et al., 2012). Since nuclear MVI was recently
proven to play a crucial role in spatial regulation of gene expression (Hari-Gupta et al.,
2022), one could speculate that MVI absence affects gene transcription of MHC isoforms
in a way that would alter normal sex dimorphisms in fiber type in favour of males, rather

than direct effects on NMJ function. Accordingly, our group showed that slow and fast
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MHC isoforms change their protein expression profile as MVI levels change during

myoblast differentiation (Karolczak et al., 2015a).

In conclusion, the functional relevance of drebrin and MVI in skeletal muscle tissue
requires further investigation, but the results collected in this thesis support their

participation in postsynaptic organization at the NMJ.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

In my PhD thesis, | aimed at unveiling new molecular components and mechanisms
underlying the formation and maintenance of the muscle postsynaptic machinery. As a
result, | identified and characterized two main actin-interacting candidates, namely
drebrin and myosin VI, in models of the muscle postsynaptic machinery lacking either of

these proteins.
Key findings of my research include:

1. Drebrin is a novel component of the murine postsynaptic machinery in vitro and
in vivo, as well as of synaptic podosomes in cultured C2C12 myotubes, and of

sarcomeres in skeletal muscle.

2. Drebrin participates in stability and maturation of AChRs in vitro through

regulation of actin cytoskeleton rearrangements.

3. Drebrin binds to AChR-anchoring protein rapsyn and microtubule +TIP protein
EB3 in order to stabilize the postsynaptic machinery through the recruitment of

microtubules and their anchorage to the synaptic membrane.
4. Myosin VI contributes to muscle contraction efficiency in vivo.

5. Myosin VI loss impairs neuromuscular junction maturation and maintenance.

In conclusion, drebrin is a novel postsynaptic machinery regulator that cross-links two
major cytoskeletal components involved in the stabilization of neurotransmitter
receptors, EB3-decorated microtubules and cortical F-actin. Myosin VI is an important
regulator of proper neuromuscular function, potentially in a sex- and muscle type-

dependent manner.
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“I hadn't been aware that there were doors closed to me
until | started knocking on them.”
Gertrude B. Elion,

Nobel Prize laureate in Physiology or Medicine (1988)
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