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Abstract

The accurate position of the nucleus within a cell is important for many biological
processes such as cell migration or differentiation and relies on the connections
between the nuclear envelope (NE) and the cytoskeleton. Nuclear positioning is par-
ticularly controlled during skeletal muscle formation, when post-mitotic myoblasts
fuse to form multinucleated myotubes and when myotubes further differentiate
into mature myofibers. Defects in nuclear positioning were shown to affect muscle
function and are linked to many muscle diseases, such as Centronuclear Myopathies
(CNM) and Emery-Dreifuss Muscular Dystrophy (EDMD). Nuclear movement dur-
ing myogenic differentiation is highly dependent on microtubules (MTs) which adopt
a unique organization during the muscle differentiation process. In comparison to
proliferating myoblasts, where MTs are radially nucleated from the centrosome, MTs
are nucleated from the NE in dense bundles parallel to the cell axis in differentiated
myotubes. This dramatic reorganization of the MT network during muscle develop-
ment is accompanied by a redistribution of the Golgi complex and proteins from
the centrosome (e.g. Pericentrin, Pcm1, Akap450) to the NE. Thus, the nucleus
takes over the function as a non-centrosomal microtubule-organizing center (MTOC)
during myogenic differentiation. However, the molecular mechanisms underlying
centrosomal protein recruitment and anchoring to the NE as well as their capacity

to organize MTs are still unknown.

Here, we performed a siRNA screen against 299 genes encoding NE-transmembrane or
NE-associated proteins and identified Nesprin-1, a KASH (Klarsicht/ANC-1/SYNE
homology) domain protein located at the outer nuclear membrane (ONM), involved
in the recruitment of Pericentrin to the NE during myogenic differentiation. In
(C2C12 myotubes depleted for Nesprin-1 or in myotubes from a congenital muscular
dystrophy patient carrying a nonsense mutation within the Nesprin-1/SYNE1 (23560
G>T) gene, several centrosomal proteins, including Pericentrin, Akap450, Pcm1, and
Cdkb5Rap2, are mislocalized in the cytoplasm in close proximity to mislocalized Golgi

fragments. During skeletal muscle formation, a muscle-specific isoform of Nesprin-1,

XIX



namely Nesprin-la, is increasingly expressed. Using the proximity-dependent biotin
identification method, BiolD, we could show that Nesprin-1« is highly associated
with Akap450, Pericentrin and Pcm1 in C2C12 myotubes. Moreover, re-expression of
Nesprin-1a in Nesprin-1-depleted cells is sufficient to rescue the observed recruitment
defects, thus confirming Nesprin-la as the major receptor at the NE to anchor
centrosomal proteins. However, Nesprin-la together with Sunl/Sun2 are not only
important for recruiting centrosomal proteins but also for MTOC activity. MTs
are nucleated from the NE in differentiated muscle cells, whereas MTs grow from
cytoplasmic foci containing mislocalized Golgi fragments and centrosomal proteins in
Nesprin-1- or Sunl/Sun2-depleted cells. Among the recruited centrosomal proteins,
solely Akap450 seems to be required for MT nucleation from the NE. Using computer
simulations and knockdown experiments, we demonstrate that Akap450-Nesprin-
1-mediated MT nucleation from the nucleus has a biological relevance for nuclear

positioning during myotube formation.

Taken together, our data suggest a model where Nesprin-1a, when upregulated dur-
ing myogenic differentiation, forms a complex with Sunl/Sun2 and thereby anchors
centrosomal proteins at the nucleus. In turn, Akap450 plays a key role in inducing
MT nucleation, thereby assuring proper nuclear positioning during skeletal muscle
formation. These findings strengthen our understanding on how non-centrosomal
MTOCs form in muscle and how defects within the underlying mechanism can

potentially contribute to nuclear positioning defects in muscular dystrophies.
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Zusammenfassung

Die korrekte Position des Zellkerns ist fiir viele biologische Prozesse, z.B. wiahrend
der Zellmigration oder der Differenzierung, wichtig und erfordert Verbindungen
zwischen der Kernmembran und dem Zytoskelett. Die Positionierung des Zellkerns
ist vor allem wahrend der Bildung des Skelettmuskels streng kontrolliert, wenn
postmitotische Myoblasten miteinander fusionieren, um multinukledre Myotuben
zu bilden, und wenn Myotuben weiter in reife Muskelfasern differenzieren. Fehlpo-
sitionierte Zellkerne stehen im Verdacht, die Muskelfunktion zu beeintrachtigen
und héngen somit oft mit verschiedenen Muskelerkrankungen, wie z.B. der zen-
tronukledren Myopathie und der Emery-Dreifuss-Muskeldystrophie, zusammen. Die
Bewegung von Zellkernen ist wihrend der myogenen Differenzierung von Mikrotubuli
abhangig, die wiahrend des Differenzierungsprozesses umfangreich umorganisiert wer-
den. Wéahrend Mikrotubuli in proliferierenden Myoblasten radial vom Zentrosom
nukleiert werden, werden sie in differenzierten Myotuben von der Kernmembran
in dichten, parallel zur Zellachse verlaufenden, Biindeln nukleiert. Diese drastische
Umstrukturierung des Mikrotubuli-Netzwerkes geht wahrend der Muskelentwicklung
mit einer Umordnung des Golgi-Komplexes und von zentrosomalen Proteinen (z.B.
Pericentrin, Pem1, Akap450) zur Kernmembran einher. Der Zellkern tibernimmt
somit wahrend der myogenen Differenzierung die Funktion eines nicht-zentrosomalen
Mikrotubulus-Organisationszentrums. Der molekulare Mechanismus, wie zentro-
somale Proteine rekrutiert und an der Kernmembran verankert werden, und wie
Zellkerne die Féahigkeit erlangen Mikrotubuli zu organisieren, ist jedoch bisher unge-
klart.

In der vorliegenden Arbeit haben wir mit Hilfe einer funktionalen siRNA-Analyse
299 verschiedene Gene untersucht, die transmembranidre Kernmembranproteine oder
Kernmembran-assoziierte Proteine kodieren. Dabei haben wir Nesprin-1, ein KASH-
(Klarsicht/ANC-1/SYNE Homologie) Doménen-Protein der duBeren Kernmembran,
als potenziellen Rezeptor fiir die Rekrutierung von Pericentrin zur Kernmembran

wahrend der myogenen Differenzierung identifiziert. In Nesprin-1-defizienten C2C12
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Myotuben sowie in Myotuben von einem Patienten mit kongenitaler Muskeldys-
trophie (Mutation innerhalb des Nesprin-1/SYNE1 (23560 G>T) Gens), waren
einige zentrosomale Proteine, Pericentrin, Akap450, Pcm1 und Cdk5Rap2, im Zyto-
plasma in der Néhe von mislokalisierten Golgi-Fragmenten fehllokalisiert. Wahrend
der Bildung des Skelettmuskels, wird Nesprin-1la, eine muskelspezifische Isoform
von Nesprin-1, verstarkt exprimiert. Mit Hilfe der BiolD-Methode konnte gezeigt
werden, dass Nesprin-1a stark mit Akap450, Pericentrin und Pcm1 in C2C12 Myotu-
ben assoziiert ist. Weiterhin konnte gezeigt werden, dass die Reexprimierung von
Nesprin-1la in Nesprin-1-defizienten Zellen ausreichend ist, um die beobachteten
Rekrutierungsdefekte zentrosomaler Proteine zu beheben. Nesprin-la konnte somit
als wesentlicher Rezeptor fiir die Verankerung zentrosomaler Proteine an der Kern-
membran bestatigt werden. Nesprin-la wurde jedoch im Zusammenhang mit
Sunl/Sun2 nicht nur fiir die Rekrutierung zentrosomaler Proteine als wichtig er-
wiesen, sondern auch fiir die Aktivitdt des Mikrotubulus-Organisationszentrums.
Wiéhrend Mikrotubuli in differenzierten Zellen von der Kernmembran nukleiert
wurden, wurden sie in Nesprin-1- oder Sunl/Sun2-defizienten Zellen von zytoplas-
matischen Stellen, die mislokalisierte Golgi-Fragmente und zentrosomale Proteine
enthielten, gebildet. Von den zentrosomalen Proteinen, die bekannt sind, wahrend der
myogenen Differenzierung zur Kernmembran zu lokalisieren, war lediglich Akap450
benotigt, um die Mikrotubuli-Nukleation an der Kernmembran zu induzieren. Mit
Hilfe von Computersimulationen und Knockdown-Experimenten konnten wir zeigen,
dass die durch Akap450 und Nesprin-1 vermittelte Mikrotubuli-Nukleation von der
Kernmembran eine wichtige Rolle bei der Positionierung der Zellkerne innerhalb

von Myotuben spielt.

Zusammengefasst konnen wir anhand unserer Daten ein Modell vorschlagen, in
dem Nesprin-la, wenn es wahrend der myogenen Differenzierung hochreguliert
wird, einen Komplex mit Sunl/Sun2 bildet und dabei zentrosomale Proteine am
Zellkern verankert. Anschliefend induziert Akap450 die Nukleation von Mikro-
tubuli an der Kernmembran und gewéahrleistet somit die korrekte Positionierung von
Zellkernen wiahrend der Bildung des Skelettmuskels. Insgesamt verstirken unsere
Ergebnisse unser allgemeines Verstandnis, wie nicht-zentrosomale Mikrotubulus-
Organisationszentren im Muskel gebildet werden und wie Defekte in den zugrun-
deliegenden Mechanismen zu potenziellen Fehlern bei der Zellkernpositionierung in

Muskeldystrophien beitragen kénnen.
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Résumé

Le juste positionnement du noyau au sein des cellules est important pour de nom-
breux processus cellulaires tel que la migration ou la différenciation cellulaire. Ce
positionnement s’opére grace a la connexion entre 1’enveloppe nucléaire (NE) et
le cytosquelette. La régulation du positionnement du noyau est particulierement
importante durant la formation musculaire lorsque les myoblastes post-mitotique
fusionnent afin de former des myotubes multinucléés et lorsque ces myotubes se
différencient en myofibres matures. Il a été démontré quun défaut du positionnement
nucléaire affectait la fonction musculaire et ce défaut du positionnement nucléaire est
une caractéristique de certaines myopathies telles que les myopathies centronucléaires
(CNM) et la dystrophie d’Emery-Dreifuss (EDMD). Le mouvement nucléaire lors
de la différenciation myogénique dépend des microtubules (MT5), qui adoptent une
organisation unique lors de la maturation musculaire. Contrairement aux myoblastes
ou les MTs irradient du centrosome, dans les myotubes différenciés la nucléation
des MTs commence au niveau de I'enveloppe nucléaire pour former des faisceaux
paralleles a I'axe de la cellule. Cette réorganisation du réseau microtubulaire lors du
développement musculaire s’accompagne de la redistribution de 'appareil de Golgi
et des protéines centrosomales (ex. Pericentrin, Pcml et Akap450) vers 'enveloppe
nucléaire. Ainsi, le noyau adopte le role de centre organisateur des microtubules
(MTOC) aux dépens du centrosome. Néanmoins, les mécanismes moléculaires régis-
sant le recrutement et I’ancrage de protéines centrosomales a I’enveloppe nucléaire

ainsi que leur capacité a réorganiser le réseau microtubulaire demeurent inconnus.

Dans cette étude, nous avons réalisé un criblage par ARN interférence ciblant
299 genes codant des protéines contenant un domaine transmembranaire inséré au
niveau de l'enveloppe nucléaire ou associé a cette derniere. Nous avons identifié
la protéine Nesprin-1 qui contient un domaine KASH (Klarsicht/ANC-1/SYNE
homology) et qui est localisée a la membrane nucléaire externe. Nesprin-1 recrute la
protéine Pericentrin a I’enveloppe nucléaire lors de la différenciation myogénique.

Dans des myotubes C2C12 appauvris en Nesprin-1 ainsi que dans des myotubes
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provenant d’un patient affecté d’une dystrophie musculaire congénitale due a une
mutation non-sens du gene Nesprinl/SYNEI1 (23560 G>T), plusieurs protéines
centrosomales incluant Pericentrin, Akap450, Pcml et CdkbRap2, sont mal loca-
lisées dans le cytoplasme a proximité de fragments de 'appareil de Golgi, qui sont
également mal localisés. Nous avons remarqué que lors de la formation musculaire,
Iexpression d’une isoforme spécifique de Nesprin-1, Nesprin-1a, augmentait. Grace
a l'utilisation de la méthode d’identification BiolD, nous démontrons que Nesprin-1a
est associé a Akap450, Pericentrin et Pcm1 dans les myotubes C2C12. De plus, la
réexpression de Nesprin-la dans des cellules déplétées en Nesprin-1 est suffisante
pour corriger les défauts de recrutement de ces protéines a l’enveloppe nucléaire. Ceci
confirme I'importance de Nesprin-la comme récepteur clé au niveau de 1’enveloppe
nucléaire pour 'ancrage des protéines centrosomales. En parallele a leur activité
de recrutement des protéines centrosomales a I'’enveloppe nucléaire, Nesprin-1la et
Sunl/Sun2 sont également nécessaires a 'activité du MTOC. En effet, la diminution
de Nesprin-1 ou de Sunl/Sun2 dans les myotubes engendre des altérations dans la
localisation des fragments de 'appareil de Golgi ainsi que des protéines centrosomales.
Parmi les protéines centrosomales recrutées par Nesprin-1, seul Akap450 semble
nécessaire a la nucléation des MTs a ’enveloppe nucléaire. Grace a la modélisation
informatique et des expériences d’ARN interférence, nous avons démontré que la
nucléation des microtubules par Akap450 et Nesprin-1 a une fonction biologique

pour positionner de maniere précise le noyau lors du développement des myotubes.

Ainsi, nos données permettent d’établir un modele ou 'accroissement de Nesprin-1a
durant la différenciation myogénique permettrait son association avec Sunl/Sun2,
engendrant I'ancrage de protéines centrosomales a I’enveloppe nucléaire. Ceci permet-
trait & Akap450 d’induire la nucléation des MTs assurant ainsi le juste positionnement
du noyau lors de la formation musculaire. Cette étude renforce notre compréhension
du fonctionnement du centre organisateur des microtubules non-centrosomal et nous
éclaire sur les conséquences d’une défaillance de ce systeme dans les dystrophies

musculaires.
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1 Introduction

1.1 Skeletal muscle

Coordinated movement is one of the major characteristics of all animals that is
afforded by muscles. Generally, muscles can be divided into three main types,
cardiac muscle that is found in the heart, smooth muscles that are present in the
walls of some internal organs (e.g. blood vessels, stomach) and skeletal muscle.
Skeletal muscle is one of the most specialized and fascinating tissue of the human
body that accounts for about 40% of the total body mass. Skeletal muscles are
connected to bones through tendons and are controlled by the somatic nervous
system to initiate voluntary movements. In contrast to most of the skeletal muscles,
movements accomplished by cardiac and smooth muscles are not under conscious
control and are thus involuntary. The architecture of skeletal muscle is unique and

specially constructed to allow for quick and repetitive contractions.

1.1.1 Structure of skeletal muscle

Skeletal muscles contain multinucleated muscle fibers, also termed myofibers or
muscle cells, that are well-arranged into bundles (fascicules) and encircled by a
layer of connective tissue, termed the perimysium (Figure . A large number
of fascicules is further grouped and surrounded by another connective tissue layer,
known as the epimysium, to finally form a distinct muscle (Frontera and Ochalaj,
2015).

Individual muscle fibers are cylindrical cells that are surrounded by a cell membrane,
known as the sarcolemma. The cytoplasm of each muscle fiber, termed sarcoplasma,
contains parallel arranged myofibrils, which in turn are composed of small regularly
repeating units, termed sarcomeres. In resting muscle, sarcomeres are approximately
2 pm long but they can reduce their length by approximately 70% when the muscle
contracts (Aul, 2004). From an ultrastructural perspective, sarcomeres are made up
of two different filament types - thick filaments, containing myosin II molecules, and

thin filaments, comprising predominantly actin and tropomyosin-troponin complexes.
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Thin filaments are attached by dimeric a-actinin molecules at one site to the Z-disc,
which forms the boundary between adjacent sarcomeres and appears in electron
micrographs of longitudinal sections as a densely stained band (Luther| 2009). On
both sites of the Z-disk are the I-bands, which appear as lightly stained regions
in electron micrographs and solely consist of actin thin filaments. Thin filaments
extend from the Z-disc and interdigitate with thick filaments, the latter forming the
so-called A-band. Thick filaments are crosslinked within the M-band at the middle

of the sarcomere (Agarkova and Perriard, |2005). During muscle contraction, thick

and thin filaments basically slide past each other, resulting in a shortening of the
sarcomere (Herzog et al., 2015; Holmes and Geeves, 2000).
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Figure 1.1: Structure of skeletal muscle. Skeletal muscles are connected to the skeleton by
tendons. Tendons are contiguous with the epimysium, a layer of connective tissue that surrounds
the entire muscle. The perimysium surrounds individual muscle fibers and groups them into bundles
(fascicules). Muscle fibers are connected to the central nervous system through motor neurons.
Individual muscle fibers contain multiple myofibrils which themselves are composed of repeating
contractile units, the sarcomeres. Nuclei are located at the periphery, under the sarcolemma of the
muscle fiber. Modified from 2009). Reprinted by permission (License #4120890420701)
from Wiley Company: J Intern Med. 266(4):372-89, copyright (2009).



1.1 Skeletal muscle

Common to all eukaryotic cells, muscle fibers contain several organelles, including
nuclei for gene regulation, the Golgi complex for protein sorting, a three-dimensional
network of mitochondria for energy production (Dahl et al., 2015), and a specialized
form of the endoplasmic reticulum, termed the sarcoplasmic reticulum (SR), which
stores and releases calcium (Mazzarello et al., 2003 |Rossi and Dirksen, 2006).
However, in contrast to other eukaryotic cells, nuclei do not localize within the

middle of the muscle fiber but at the periphery under the sarcolemma.

1.1.2 Myogenesis

Multinucleated muscle fibers are formed during embryonic development in a tightly
regulated multi-step process, known as myogenesis. Embryonic myogenesis begins
with a process known as determination, when embryonic precursor cells commit to
the myogenic lineage. Subsequently, the committed myoblasts proliferate, withdraw
from the cell cycle and differentiate into postmitotic myocytes which fuse to form
multinucleated myotubes (Figure [1.2]). Maturation of myotubes finally leads to
the formation of muscle fibers (Bentzinger et all [2012; Buckingham et al., 2003;
Tajbakhsh, 2009). These processes are spatiotemporally controlled by the combined
action of multiple transcription factors, growth factor-induced signaling pathways
[Wnt, Bone Morphogenetic Proteins (BMPs), Notch, Sonic hedgehog (Shh), p38] and
epigenetic regulatory factors (Bentzinger et al.,|2012; Cisternas et al., [2014; |Jin et al.
2016; [Knight and Kothary], 2011). During embryonic skeletal muscle formation,
determination and differentiation of muscle cells is strongly dependent on four
members of the myogenic regulatory factor (MRF) family: Myf5 (myogenic factor
5), MRF4 (muscle-specific regulatory factor 4), MyoD (myoblast determination
protein) and Myogenin (Sabourin and Rudnicki, |2000). MRFs are basic helix-loop-
helix (bHLH) transcription factors that activate the expression of muscle-specific
genes during myogenesis. Myf5 and MyoD are important for the commitment of
precursor cells to the myogenic lineage, whereas Myogenin and MRF4 regulate the
differentiation of committed myoblasts into elongated myocytes and their subsequent
fusion into myotubes (Bentzinger et al., |2012; Berkes and Tapscott], 2005). Terminal
differentiation of muscle cells triggers the expression of genes encoding for proteins
that are important for muscle fiber architecture and function, including myosin
heavy (MHC) and light chains (MLC), and muscle creatine kinase (Berkes and
Tapscott), 2005)). Other important transcription factors during myogenesis include
the paired-box transcriptional factors Pax3 and Pax7, which act upstream of MRFs

(Buckingham and Relaix, 2015), the myocyte enhancer factor 2 (MEF2) protein
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family (Pon and Marra, [2015), and the six family of homeo-box proteins (Relaix
and Buckingham) 1999; [Wu et al., 2014).

It is important to note that some muscle precursor cells escape the differentiation

program and reside as quiescent muscle stem cells, so-called satellite cells, under
the basal lamina. Quiescent satellite cells can be activated upon muscle injury and
transit into the proliferating myoblast state. Activated satellite cells give thus rise to
a population of myoblasts which can differentiate and fuse with the damaged muscle
fiber (Le Grand and Rudnicki, 2007; Relaix and Zammit, [2012; |Yin et al.| [2013).
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Figure 1.2: Simplified scheme of embryonic myogenesis. During embryonic development,
muscle progenitor cells that arise from the somites express Pax3/Pax7. Certain embryonic
progenitors commit to the myogenic lineage and the committed myoblasts differentiate into
myocytes, which further fuse with each other to form myotubes. These processes are tightly
regulated by a plethora of transcription factors and signaling cascades. Taken from
2016), https://doi.org/10.1016/j.bbrep.2016.04.009, reprinted under the terms of the Creative
Commons user license, https://creativecommons.org/licenses/by-nc-nd/4.0/ [02.06.2017].

1.2 Nuclear positioning and the nuclear envelope

In skeletal muscle, nuclei are positioned at the periphery under the sarcolemma of the
muscle fiber. However, not only during skeletal muscle formation but in a diversity

of cellular processes, such as cell migration, cell division and zygote formation, is the

positioning of the nucleus strictly controlled (Gundersen and Worman)|, 2013). The

nuclear envelope (NE) plays a major role in the regulation of nuclear positioning

processes.

The NE is a double membrane that forms a boundary between the nucleus and

the cytoplasm and thereby functions to shelter the genome but also to couple the
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nucleus to the cytoskeleton. It comprises two lipid bilayers, the inner nuclear mem-
brane (INM) and the outer nuclear membrane (ONM) which is continuous with the
endoplasmic reticulum (ER) (Franke et al., |1981). The INM and ONM are separated
by a 40-50 nm luminal gap, the perinuclear space (PNS). Together, INM and ONM
are believed to contain more than 100 potential transmembrane proteins, yet their
composition may vary depending on the cell type or differentiation status (Chen
et al., [2006; Datta et al., 2009 Kortali et al., 2010} Liu et al. 2009; Malik et al.,
2010; [Schirmer et al., 2003; Wilkie et al., 2011). Underlying the INM is a 10-20 nm
thin protein network, the nuclear lamina that is mainly composed of A- and B-type
lamins (Burke and Stewart} 2013). The nuclear lamina provides structural support
for the NE but moreover regulates chromatin organization and gene expression
(Guelen et all 2008; |Kind and van Steensel, 2010; [Shimi et al., 2008; Towbin et al.,
2013).

Two key structures of the NE that span INM and ONM include the nuclear pore com-
plexes (NPCs) and the linker of nucleoskeleton and cytoskeleton (LINC) complexes.
NPCs are multi-protein channels that comprise more than 30 different nucleoporins
(Nups) and regulate nucleocytoplasmic transport (Beck and Hurt| [2017). LINC
complex are built of transmembrane SUN (Sadl/UNC-84) domain proteins at the
INM that bind within the PNS to KASH (Klarsicht/ANC-1/SYNE homology) do-
main proteins of the ONM (Starr and Fridolfsson), 2010). On the nucleoplasmic site,
SUN domain proteins interact with the nuclear lamina, chromatin and other INM
proteins. On the cytoplasmic site, KASH domain proteins interact with cytoskeletal
components, including actin filaments, microtubules, and intermediate filaments.
SUN and KASH domain proteins span together as the LINC complex the entire NE
and can thus transmit forces from the cytoskeleton to the nuclear lamina (Figure
B).

Several components of the NE have been linked with a diversity of diseases, including
laminopathies, bone disorders, and accelerated aging syndromes (Stewart et al.,
2007, [Wilkie et al., [2011; Wormanl, 2012). However, most diseases resulting from

mutations in nuclear transmembrane or NE-associated proteins affect muscle.

1.2.1 SUN domain proteins

Sun proteins were firstly discovered by genetic characterization of C. elegans mutants
showing nuclear positioning defects (Horvitz and Sulston, [1980; Malone et al., |[1999).
These studies firstly identified Unc-84 with a characteristic C-terminal domain that
displayed high homology to the C-terminus of Sadl in Schizosaccharomyces pombe
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and to two human proteins, named Sunl and Sun2 (Figure [1.3). This conserved
C-terminal domain (~ 175 amino acids) was thus termed the SUN (Sadl/UNC-84)
domain (Malone et al., |1999).

Subcellular
localization

Hs SUN1 o MUl O
Hs SUN2 O ((“(—— O
Hs SUN3 Gl O erowm
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Figure 1.3: Schematic structure of SUN domain proteins. Different domains of SUN
domain proteins from different species are drawn to scale. Ce, Caenorhabditis elegans; Dm,
Drosophila melanogaster; Hs, human; Sp, Schizosaccharomyces pombe; SPB, spindle pole body.
Modified from (Tzur et all [2006). Reprinted by permission (Licence #4121560829884) from
Macmillan Publishers Ltd: Nat Rev Mol Cell Biol. 7(10):782-8., copyright (2006).

Sun proteins are evolutionarily conserved and can be found in various species ranging
from Drosphila melanogaster (Klaroid) and Saccharomyces cerevisiae (Mps3) to
plants (Graumann et al., 2010; Jaspersen et al., [2006; [Kracklauer et al., 2007).

In mammalian cells, Sun proteins are encoded by at least five genes, Sunl-5. However,

only Sunl and Sun2 are ubiquitously expressed, whereas the expression of Sun3, Sun4
(also termed SPAG4) and Sunb (also termed SPAGA4L) is largely restricted to testis
(Crisp et al., 2006} Frohnert et al., | 2011; |Gob et al., 2010} [Pasch et al., |2015} |Shao|
et all [1999). Besides their prominent SUN domain, Sun proteins contain at least one

transmembrane and a more variable N-terminal region that is orientated towards the

nucleoplasm and mediates binding to various nuclear components, including lamins
and chromatin (Figure (Chi et al., 2007; |Crisp et al., 2006; [Haque et al., [2006}
Hodzic et al 2004} Oza et al., 2009; Wang et al., 2006). Whereas Sunl localizes to
the INM independently of A- or B-type lamins, Sun2 seems to require A-type lamins

for its retention at the NE, as Sun2 mislocalizes to cytoplasmic membranes (e.g.
ER) in laminA /C-deficient fibroblasts (Crisp et al., [2006; Haque et al., 2006}; Hasan|
et all [2006). The C-terminal domain of Sun proteins extends into the PNS and
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comprises the SUN domain as well as a preceding coiled-coil region that likely forms
a triple coiled-coil to induce trimerization of SUN domains (Nie et al., 2016} Sosa
et al., 2013; Wang et al., 2012; Zhou et al., 2012). These trimeric SUN domains form
a platform for the interaction with three KASH domain proteins which together
form higher-order LINC complexes (Chang et al., [2015)).

1.2.2 KASH domain proteins and their connections to the

cytoskeleton

The family of KASH domain proteins were described based on a conserved C-terminal
region in Drosophila Klarsicht, C. elegans ANC-1 and in mammalian Syne-1/Nesprin-
1, which was thus termed the Klarsicht/ANC-1/SYNE homology (KASH) domain
(Starr and Han|, 2003). The KASH domain comprises the transmembrane domain
and a region of ~ 40 amino acids that reaches into the PNS and interacts with SUN
domains (Starr and Fridolfsson, 2010). The KASH domain is sufficient to localize
these proteins to the ONM (Fischer et al.; 2004; McGee et al., 2006; Starr and Han,
2002). Upon targeting to the ONM, the large but more variable N-terminus of KASH
domain proteins can bind to different cytoskeletal components and thus functions,
for example, to position the nucleus within the cell or to tether the centrosome to
the nucleus.

In mammalian cells, KASH domain proteins are broadly known as Nuclear Envelope
SPectRIN repeat proteins (Nesprins or Syne according to the gene name), of which
there are at least five known up to now: Nesprin-1, -2, -3, -4 and KASH5, the latter
being specific to germ cells (Morimoto et al., 2012; Roux et al., 2009; Wilhelmsen
et al., 2005; Zhang et al., [2001)).

Binding to actin filaments

The giant isoforms of Nesprin-1 (~ 1 MDa) and Nesprin-2 (~ 800 kDa) contain
besides their C-terminal KASH domains, multiple spectrin repeats (74 in the case of
Nesprin-1 and 56 in the case of Nesprin-2) and N-terminal paired calponin homology
(CH) domains that bind directly to actin (Figure A, B) (Zhang et al., |2002;
Zhen et al., 2002). Connections between Nesprin-2 and actin were shown to regulate
nuclear shape of fibroblasts and keratinocytes, as these cells displayed severe nuclear
morphological changes (e.g. NE blebbing, giant nuclei) in Nesprin-2 knockout mice
lacking the CH domains (Like et al.| 2008]). Interactions of Nesprins with actin

are moreover important to mediate nuclear anchorage and positioning in various
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cell types (Luxton et al., 2010; [Starr and Hanl, 2002). In polarizing fibroblasts, the
nucleus moves to the rear of the cell prior to migration to reposition the centrosome
towards the leading edge (Gomes et al.| |2005)). This nuclear movement depends on a
retrograde flow of actin cables that are linked to the nucleus by Nesprin-2 giant and
Sun2. Nesprin-2 giant and Sun2 congregate actin into linear arrays on the dorsal site
of the nucleus and form so-called transmembrane actin-associated nuclear (TAN)
lines (Luxton et al., 2010} 2011). Additional interaction of Nesprin-2 giant with the
formin FHODL1 is required for TAN line formation and rearward nuclear movement
(Kutscheidt et al., [2014)).

Binding to microtubules (MTs)

Nesprin-1, Nesprin-2, Nesprin-4 in secretory epithelial cells, and KASHb5 in sper-
matocytes bind to MTs through direct or indirect association with motor proteins,
including kinesins and dynein/dynactin (see section for a description of kinesin
and dynein motor proteins) (Roux et al., [2009; Schneider et al., 2011; [Wilson and
Holzbaur|, 2015; [Yu et al| 2011; Zhang et al., 2009). However, only the KASH-less
isoform p50N®P! which is composed of the spectrin repeats 48-51 of Nesprin-1 and
localized to processing bodies (P-bodies), was shown by cosedimentation assays to di-
rectly interact with MTs so far (Rajgor et al.,|2014]). The interaction between KASH
domain proteins and MT-dependent motor proteins is often direct, although not all
binding sites have been mapped so far. Nesprin-2 associates with dynein/dynactin
and kinesin-1 motors at the NE to regulate centrosome-coupling to the nucleus during
neuronal migration of the developing mouse brain and during nuclear migration in
the mouse retina (Yu et al., |2011; Zhang et al., 2009). In contrast, Nesprin-4 binds
directly to the light chain of kinesin-1 and, when ectopiclly expressed, disengages
the centrosome and the Golgi complex from the nucleus (Roux et al.; 2009). KASH5
interacts with dynein/dynactin and recruits these motor proteins together with
Sunl to telomere ends. Through the recruitment of dynein/dynactin to the NE,
KASH5 and Sunl mediate chromosome movement during meiosis (Horn et al., 2013;
Morimoto et al., [2012]).

Binding to intermediate filaments

Two different isoforms for Nesprin-3 have been described: Nesprin-3a and Nesprin-34.
Nesprin-3a: comprises an unique N-terminal region that can bind to the actin-binding
domain of plectin, which in turn interacts with intermediate filaments (Wilhelmsen
et al., |2005)). Additonally, Nesprin-3« can interact with the CH domains of Nesprin-1
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and Nesprin-2, thus forming diverse Nesprin networks at the NE that are able to

connect to different cytoskeletal components at the same time (Lu et al., 2012)).
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Figure 1.4: Nesprins connect the NE to different cytoskeletal components. (A)
Schematic domain structure of the Nesprin family. Nesprins contain a C-terminal Klarsicht/ANC-
1/SYNE homology (KASH) domain, several spectrin repeats and variable N-terminal regions. The
giant isoforms of Nesprin-1 and Nesprin-2 possess actin-binding calponin homology (CH) domains
at their N-termini. KASH5 is a meiosis-specific KASH protein and is not depicted here. (B)
Nesprins localize to the outer nuclear membrane by binding to SUN domain proteins of the inner
nuclear membrane (INM). Nesprin-1 and Nesprin-2 interact directly with actin filaments through
their N-terminal CH domains and indirectly with microtubules (MTs) through kinesin-1 and dynein
motor proteins. Nesprin-3a binds to intermediate filaments through plectin. Nesprin-4 binds to
MTs through kinesin-1. Some smaller Nesprin isoforms may also localize to the INM. Within the
nucleoplasm, Sun proteins interact with the nuclear lamina (lamins), chromatin and other proteins
of the INM. Reprinted from (Cartwright and Karakesisogloul [2014)), 29:169-79, Nesprins in Health
and Disease, copyright (2014), with permission from Elsevier (Licence #4118400155065).
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1.2.3 Tissue-specific KASH splice variants

The giant isoforms of Nesprin-1 and Nesprin-2 are in general ubiquitously expressed
and predominant in the majority of tissues but they additionally produce tissue-
specific isoforms through alternative initiation of transcription and mRNA splicing
(Duong et al., 2014; Rajgor et al., 2012; |Zhang et al., 2001). Tissue-specific expression
of certain Nesprin isoforms is believed to contribute to specific nucleus-cytoskeleton
connections which account for the individual biomechanical properties of highly
specialized cell types, e.g. muscle cells (Mellad et al., 2011). Many of these
alternative-spliced isoforms contain the C-terminal KASH domain and subsequently
localize to the ONM or in a few cases to the INM (smaller isoforms), respectively.
However, also KASH-less isoforms that are unable to contribute to LINC complex
formation were described to localize throughout the cell but their exact function in
vivo remains elusive so far (Duong et al., 2014; |[Razafsky and Hodzic, [2015).

The expression of smaller Nesprin-1 and Nesprin-2 isoforms is in some tissues
dominant (Duong et al., [2014; Rajgor et al., [2012; Zhang et al., 2001)). In spleen, for
example, expression of Nesprin-13-1 is highly increased and in cardiac and skeletal
muscle two smaller isoforms, Nesprin-1a-2 (hereafter referred to as Nesprin-la) and
Nesprin-2a-1, are exclusively expressed (Duong et al., 2014). During skeletal muscle
differentiation, expression of Nesprin-la was shown to be highly upregulated, both
on mRNA and protein levels (Holt et al., 2016; Randles et al., 2010; |Zhang et al.
2001)). Nesprin-la is structurally an N-terminally truncated version of Nesprin-1
giant: It contains the C-terminal KASH domain, seven spectrin repeats but lacks
the N-terminal CH domains (Apel et al.| 2000; Mislow et al., 2002b)). Nesprin-la
contains additionally a short and unique N-terminal segment but apart from that is
identical to the C-terminal region of Nesprin-1 giant (Simpson and Roberts, [2008)).
From a functional perspective, Nesprin-la was suggested to homodimerize through
its N-terminal spectrin repeat domains and to recruit the scaffolding protein muscle
A-kinase anchoring protein (mAKAP) to the NE in cardiac myocytes (Mislow et al.)
2002a; [Pare et al., |2005). Additionally, Nesprin-1aw was demonstrated to bind lamin
A and emerin (Mislow et al., 2002a,b). Although Nesprin-la was proposed to
localize to the INM in these studies, this seems due to its size of ~ 112 kDa rather
unlikely. Together these three studies concluded that Nesprin-la might function as
a scaffold protein and molecular link for signaling molecules at the NE. However, a

clear biological function for Nesprin-1a in skeletal muscle remains to be determined.
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1.2.4 The LINC complex in muscle disorders

Various components of the LINC complex, including Nesprin-1/-2 and Sunl/2,
as well as lamin A/C, are mutated in muscular dystrophies as exemplified by
Emery-Dreifuss muscular dystrophy (EDMD) (Bonne et al., 1999; |Mamchaoui
et al., [2011; Meinke et al., [2014; |Zhang et al., 2007b). EDMD is a neuromuscular
disorder characterized by joint contractures that appear early in childhood as well
as progressive skeletal muscle weakness and wasting and cardiomyopathy (Pillers
and Von Bergen, 2016). Mutations within the LMNA or EMD gene, encoding
lamin A/C or the INM protein emerin, respectively, were initially identified to cause
autosomal-dominant and X-linked forms of EDMD (Bione et al. [1994; Bonne et al.
1999). Heterozygous mutations within the SYNEI and SYNE2 gene, encoding for
Nesprin-1 and Nesprin-2, respectively, were additionally associated with EDMD
(Zhang et al., [2007b). Fibroblasts and muscle cells from these patients displayed
marked alterations of nuclear shape and mislocalization of Nesprins, emerin and
Sun2. Moreover, the interactions between Nesprins-1/-2, emerin and lamin A/C
were either decreased or completely abolished, suggesting that any changes in LINC
complex composition, stability or functionality can cause severe muscle disorders
(Wheeler et al, 2007; |Zhang et al., [2005). Mutations within the SUN1 and SUN2
gene have been further identified in patients with EDMD-like phenotypes (Meinke
et al., [2014). Fibroblasts overexpressing one of the five disease-causing Sunl/2
variants (SUN1 G68D, SUN1 G338S, SUN1 W377C, SUN2 A56P, SUN2 R620C)
failed to move their nuclei towards the rear of the cell and to reposition their
centrosomes prior to migration. Primary myoblasts from a patient with compound
heterozygous SUNI p.G68D/p.G338S variants showed increased levels of SUN1 and
Nesprin-2 at the NE but a decreased capability to interact with emerin. Interestingly,
in vitro differentiated myotubes from this patient showed disorganized myonuclei
which failed to recruit the centrosomal protein Pericentrin to the NE and to nucleate
MTs (Meinke et al., [2014]).

A homozygous nonsense mutation within the SYNEI (23560 G>T) gene (Protein:
E7854X) was furthermore identified in patients suffering from congenital muscular
dystrophy (CMD), a heterogenous group of inherited myopathies characterized by
early onset of progressive muscle weakness (Mamchaoui et al., 2011} |Voit et al., 2007,
2002). Quantitative PCR studies of these SYNEI (23560 G>T) CMD patient cells
showed that the mRNA levels of both Nesprin-1 giant and Nesprin-1a were highly
reduced by 78% and 85%, respectively (Holt et al., 2016]).

Why mutations within components of the LINC complex lead to tissue-specific
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muscle diseases, is still a puzzling question. It is likely that changes within LINC
complex components affect the nucleoskeleton-cytoskeleton coupling and thus render
particularly muscle cells incapable to withstand mechanical forces during muscle
contraction. However, muscle cells also undergo an extensive isoform switch from
giant to smaller muscle-specific isoforms during myogenic differentiation (Randles
et al., [2010). This suggests that also defects in gene expression of these tissue-specific
isoforms could contribute to cause muscle diseases. Finally, the LINC complex is
crucial for correct nuclear positioning during skeletal muscle formation and any
defects in the underlying mechanisms were suggested to affect muscle function (see
also section [1.2.5 and [1.2.6)) (Elhanany-Tamir et al., [2012; Metzger et al., [2012)).

1.2.5 Nesprin-1/2 and Sunl/2 knockout mouse models

Several knockout mouse models for components of the LINC complex were created
to understand cellular functions of Nesprins and Sun proteins in vivo and in human
muscle disorders. However, existing Nesprin-1 and Nesprin-2 knockout strains display
a high variability in the severeness of the observed phenotypes.

Mice overexpressing either the KASH-domain of Nesprin-1 or Nesprin-2 under a
muscle-specific promoter, displace endogenous Nesprin-1 and Nesprin-2 from the
nucleus in muscle fibers due to the dominant-negative effect of the artificial KASH-
construct. These mice display nuclear positioning defects with decreased numbers
of extrasynaptic nuclei and increased numbers of non-synaptic nuclei (Grady et al.|
2005} |Zhang et al. 2007c). Studies with single Nesprin-1 or Nesprin-2 KASH-domain
knockout mice, respectively, further clarified that Nesprin-1 but not Nesprin-2
is important for the anchorage of synaptic and non-synaptic nuclei in myofibers
(Zhang et al., 2007c). Although single KASH-domain knockout mice are viable,
double-homozygous KASH-domain knockout mice of Nesprin-1 and Nesprin-2 die
within 20 min after birth from respiratory failure, suggesting that Nesprin-1 and
Nesprin-2 fulfill partially redundant but essential functions (Zhang et al., 2007c]).
Another study, however, showed that homozygous mice lacking the KASH domain
die around birth, while surviving mice develop typical features of EDMD, including
muscle weakness, kyphoscoliosis, cardiac conduction defects, as well as centralized
and misaligned nuclei (Puckelwartz et al. 2009)). Both Nesprin-1 KASH-knockout
mouse models show an important role for Nesprin-1 in nuclear positioning but
they differ greatly regarding the viability of the mice and the observed EDMD-like
phenotypes (Puckelwartz et al., [2009; Zhang et al., 2007c). These discrepancies

might result from the different genetic mouse backgrounds used in the two studies
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for generating the knockout lines as well as from the different strategies used to
disrupt the KASH domain, resulting in slightly different C-terminal regions of the
truncated Nesprin-1 protein. To make the picture even more complicated, two
more recent knockout mouse models were generated by Ju Chen’s laboratory. They
first created knockout mice lacking all Nesprin-1 isoforms harboring the C-terminal
spectrin repeats (KASH-containing and KASH-less Nesprin-1 isoforms are depleted)
(Zhang et al., 2010). These knockout mice die postnatally between day 2 and 11
(60%), whereas surviving mice show decreased body weights, a decreased exercise
capability, a large proportion of centralized nuclei and a lack of nuclei clusters under
the NMJ. Secondly, Nesprin-1 knockout mice specifically lacking the N-terminal
actin-binding CH domains were viable and displayed no obvious effects regarding
nuclear shape, nuclear positioning or localization of other LINC complex components
(Stroud et al. [2017)). Moreover, in the same study they described Nesprin-1a-specific
homozygous knockout mice which mostly die within 5 min after birth. Surviving mice
showed growth retardation, kyphosis and nuclear positioning defects. Interestingly,
in Nesprin-la-knockout myofibers, Kifsb was absent at the NE, thus supporting
a role for Nesprin-la;/Nesprin-1 in recruiting Kif5b/Kinesin-1 to the nucleus to
support Kinesin-mediated nuclear movement in skeletal muscle cells (Stroud et al.|
2017; [Wilson and Holzbaur, 2015).

As Nesprin-1 is anchored to the ONM by Sun proteins, it is not surprising that also
Sunl and Sun2 double-knockout mice show displacement of Nesprin-1 from the NE
and thus severe synaptic and non-synaptic nuclear positioning defects (Lei et al.,
2009). However, Sunl seems to have a more pronounced role in nuclear anchorage as
the number of synaptic nuclei is partially decreased in Sunl but not Sun2 knockout
mice (Lei et al., 2009).

1.2.6 Nuclear positioning in skeletal muscle cells

Skeletal muscle fibers are multinucleated cells that arise from the fusion of hundreds
of differentiated myoblasts (myocytes) (Abmayr and Pavlath) 2012)). As a result,
mature myofibers can contain more than 100 nuclei which are predominantly posi-
tioned at the periphery of the cell, while some nuclei are found in clusters under
the neuromuscular junction (NMJ) (Bruusgaard et al., 2003; Grady et al., 2005}
Kummer et al.; [2004)). Peripheral nuclei are equally spaced, resulting in a maximum
distance between adjacent nuclei (Bruusgaard et al. 2003)). This positioning is
believed to create 'myodomains’, where each nucleus is responsible for the transcrip-

tional activity within its surrounding area, thus leading to decreased requirements
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to transport mRNAs over long distances throughout the myofiber (Pavlath et al.
1989).

Mispositioning of myonuclei is often a hallmark of muscle diseases, such as Emery-
Dreifuss muscular dystrophy (EDMD) or Centronuclear myopathy (CNM), suggest-
ing that correct nuclear positioning is important for muscle function (Cohn and
Campbell, [2000; Jungbluth et al., [2008; Metzger et al., 2012)). However, a direct
relation between nuclear positioning and muscle function still needs confirmation.
At least four distinct nuclear movements or positioning processes - (1) nuclear cen-
tration, (2) nuclear spreading, (3) nuclear dispersion and (4) nuclear clustering - can
be observed during skeletal muscle formation (Cadot et al. 2015). The underlying
mechanisms that drive and regulate these nuclear movements are only recently

beginning to emerge.

Nuclear centration

After fusion of a differentiated myoblast with a pre-existing myotube, the myoblast
nucleus moves rapidly towards the myotube center with an approximate speed of 0.88
pm/min (Cadot et al., 2012; [Englander and Rubin| |1987) (Figure [L.5[ A, centering).
This nuclear movement, termed centration, requires an intact and dynamic MT net-
work, the small GTPase Cdc42 and the dynein/dynactin complex. In fact, altering
MT dynamics with the help of the MT-stabilizing drug taxol or low concentrations
of nocodazole prevents nuclear centration movements after myoblast fusion (Cadot
et al., 2012)). The dynein/dynactin complex is in the presence of Par6 and Par3
proteins recruited to the nucleus in differentiated myoblasts and myotubes. There,
it acts to transport the myoblast nucleus towards the minus-end of M'Ts emanating
from myotube nuclei (Figure B). Reciprocally, dynein/dynactin molecules located
at myotube nuclei can move towards the minus-end of MTs emanating from the
myoblast nucleus, thereby pulling the myoblast nucleus towards the center of the
myotube (Cadot et al., [2012)).

Nuclear spreading

Once nuclei are aligned in the middle of the myotube, they start to spread in parallel
to the long axis of the myotube with an average speed of 0.2 ym/min (Cadot et al.,
2015) (Figure A, spreading). During these nuclear spreading movements, nuclei
were observed to rotate and to undergo pausing events before they continue to
translocate (Capers, |1960; Cooper and Konigsberg, 1961; [Wilson and Holzbaur,

2012)). Similar to nuclear centration movements, nuclear spreading depends on
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an intact MT network (Englander and Rubin| [1987). Up to know three different
models were proposed to explain these nuclear spreading movements. First, nuclear
spreading was suggested to require an anti-parallel network of MTs, with each
MT minus-end being anchored at one nucleus, as well as cytoplasmic complexes of
Kif5b/kinesin-1 and Map7. Through the MT plus-end-directed motor activity of
Kif5b, these Kifs5b/Map7 complexes would act in concert to push nuclei apart from
each other (Metzger et al., [2012)) (Figure|1.5/ C [1]). Secondly, nuclear spreading was
proposed to depend on NE-localized Kif5b and to a lesser extent on NE-localized
dynein molecules that transport myotube nuclei as cargo towards the plus-end or
minus-end of MTs, respectively (Wilson and Holzbaur, [2012)) (Figure C [2]). In
this model, Kif5b/kinesin-1 is recruited to the NE by Nesprin-1 or Nesprin-2 which
share a common kinesin light chain-binding sequence ("LEWD’ motif); interfering
with the expression of either Nesprinl/2 or Kif5b /kinesin-1 affects nuclear spreading
and nuclear rotation (Wilson and Holzbaur, 2012, 2015). How dynein molecules are
linked to the NE is less understood but might involve Nesprins or unknown binding
partners at the nucleus (Zhang et al., 2009). The third model was suggested based
on muscle morphogenesis studies in Drosophila melanogaster (Figure C [3]).
Dynein is transported to the cell cortex of the myofiber pole by kinesin-mediated
movement towards the MT plus-end (Folker et all 2014]). This transport requires
Sunday Driver (Syd), a family member of the JNK-interacting proteins (JIP), which
mediates complex formation of kinesin and dynein (Schulman et al., [2014). At the
cell cortex, dynein is anchored by the protein Pins/Raps (partner of inscuteable;
also termed rapsynoid) and is thus able to pull on MTs to move nuclei in the direc-
tion of the myofiber pole. Thereby, interactions between MTs and the cell cortex
are stabilized by CLIP-190 and are important for correct myonuclear positioning
(Folker et al., 2012)). However, if this model is also important for nuclear spreading

movements in mammalian muscle cells remains to be determined.

Nuclear dispersion

After nuclei are equally spread throughout the myotube, they move towards the
periphery of the cell and finally get anchored below the sarcolemma (Figure A,
dispersion). In contrast to nuclear centration and spreading movements, nuclear
dispersion seems to be dependent on the actin cytoskeleton but independent of the
MT network (Falcone et al.;2014). Additionally, nuclear movement to the periphery
involves Nesprins that couple myonuclei to actin, as well as the actin polymeriza-

tion factor N-WASP, which activates the actin-nucleation capacity of the Arp2/3
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complex (Falcone et al., 2014} [Takenawa and Suetsugu, 2007). N-WASP itself is
activated through interaction with Amphyphysin-2, a protein that is encoded by the
AMPH2/BIN1 gene and often found mutated in centronuclear myophathy (Falcone
et al., 2014; Nicot et al| 2007). Other factors that contribute to nuclear positioning
at the periphery include desmin intermediate filaments and blood vessels (Chapman
et al., 2014} |[Ralston et al., 2006; [Shah et al., 2004; Tokuyasu et al.; [1983). Myonuclei
were demonstrated to localize in close proximity to blood vessels, suggesting that
blood vessels could locally stimulate nuclear movement to the periphery (Ralston
et al., [2006). In contrast, desmin was shown to regulate nuclear spacing by acting
as a repellent between nuclei (Ralston et al., [2006). Finally, nuclear anchorage at
the periphery requires LINC complexes, including Nesprin-1 and Sunl/2, and at
least in part desmin intermediate filaments (Chapman et al., [2014; [Elhanany-Tamir
et al., 2012} Lei et al., [2009; Zhang et al., 2010, [2007c]).

Nuclear clustering

Typically 3-8 nuclei cluster and get anchored under the neuromuscular junction
(NMJ) (Bruusgaard et al,[2003; [Sanes and Lichtman)|, [2001)) (Figure[L.5|A, clustering).
These so-called synaptic nuclei are highly specialized as they express NMJ-specific
genes (Nazarian et al., 2005). The mechanisms underlying nuclear movements
to the NMJ as well as nuclear clustering at synaptic contact sites is still poorly
understood. However, studies with chick muscle cultures suggested that nuclear
clustering might be linked to the clustering of acetylcholine receptors (AchRs) at
post-synaptic membranes (Englander and Rubin, [1987). Recruitment of AchRs to
the post-synaptic membrane requires a complex signaling pathway involving the
neuron-derived ligand Agrin, the co-receptor low-density lipoprotein receptor-related
protein 4 (LRP4) and the muscle-specific tyrosine kinase (MuSK) (Kim et al., 2008;
Zong and Jin} 2013)). MuSK was demonstrated to interact with Nesprin-1, which
is increased at synaptic nuclei in comparison to non-synaptic nuclei, suggesting
that connections between Nesprin-1 and MuSK might be important for synaptic
nuclei anchorage beneath the NMJ (Apel et al., 2000). In line with this hypothesis,
transgenic mice overexpressing the dominant-negative KASH domain of Nesprin-1
displayed anchorage defects of synaptic nuclei due to displacement of endogenous
Nesprin-1 from the NE (Grady et al., [2005)).
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Figure 1.5: Different nuclear movements occur during skeletal muscle formation. (A)
The nucleus of a differentiated myoblast moves towards the center of the myotube shortly after
fusion (nuclear centration). Subsequently, nuclei spread along the long axis of the myotube (nuclear
spreading) until they get evenly dispersed and move to the periphery of the myofiber (nuclear
dispersion). Non-synaptic nuclei are evenly distributed at the periphery and anchored below the
sarcolemma, whereas some synaptic nuclei cluster and are anchored beneath the neuromuscular
junction (NMJ) (nuclear clustering). (B) Nuclear centration movements require MTs emanating
from both myoblast and myotube nuclei, thereby forming an anti-parallel MT network. Dynein
localizes through Par6 to the nucleus and moves towards the MT minus-end, thereby bringing
myoblast and myotube nuclei together. (C) Three different models may explain MT-dependent
nuclear spreading movements inside myotubes: [1] cytoplasmic complexes of Kif5b/kinesin-1 and
MAPT7 slide anti-parallel MTs. [2] Kif5b/kinesin-1 localizes to the nucleus by binding to Nesprins
through the kinesin light chain (Klc). NE-localized Kif5b/kinesin-1 move towards the MT plus-end,
thereby inducing nuclear rotation and translocation. Also dynein molecules bound to the NE
through Nesprins or unkown binding partners contribute to nuclear translocation by moving
towards the MT minus-end. [3] In Drosophila, dynein is bound at the cell cortex by Raps/Pins,
where it can pull on MTs that are stabilized at the cell cortex by CLIP-190. Modified from |Cadot,
et al.| (2015). Reprinted by permission (Licence #P060617-03) from Taylor & Francis LLC: Nucleus.
6(5):373-81, copyright (2015), (http://www.tandfonline.com).

1.3 Microtubules

MTs are not only important for nuclear centration and nuclear spreading movements
during skeletal muscle formation but also for a broad range of cellular processes. They
build the structural component to separate chromosomes during mitosis and form
due to their ability to bundle and to slide against each other the basis for cilia and
flagella. Moreover, MTs regulate cell polarity and function as tracks for intracellular
transport and MT-dependent motor proteins to position membrane-bound organelles
within the cell. The involvement in these diverse cellular functions require MTs to
form a dynamic and sophisticated network that extends long distances within the

cell and adapts rapidly according to the cell context.

1.3.1 Microtubule structure and dynamics

MTs are polar hollow tubes with an outer diameter of approximately 25 nm that are
made up of 13 protofilaments in vivo. Protofilaments are linear polymers of repeating
af-tubulin heterodimers, two related subunits of 55 kDa that exist in all eukaryotes.
Through lateral interactions, protofilaments form a helical structure, where adjacent
a subunits or 3 subunits homotypically interact between two protofilaments (a-«
and -0) (Figure . This so-called B-type lattice is not totally consistent and
features a longitudinal 'seam’, where o and (8 subunits of two adjacent protofilaments
heterotypically interact with each other (Mclntosh et al., [2009; |[Metoz et al., |1997)).

Due to the head-to-tail arrangement of a-tubulin heterodimers and the parallel
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association of protofilaments with the same directionality, MTs possess an intrinsic
polarity: While S-tubulin subunits are exposed at the fast-growing MT plus (+) end,
a-tubulin subunits are exposed at the slowly-growing MT minus (-) end (Figure[L.6)).
MTs grow or shrink through association or dissociation of a/3-tubulin heterodimers
at the ends, respectively, a process that highly depends on the concentration of
free af-tubulin heterodimers. MTs assemble spontaneously in vitro above a critical
concentration (C.) of af-tubulin heterodimers in a temperature-sensitive manner.
When the surrounding tubulin concentration is higher than C., tubulin addition at
steady state occurs preferentially at the plus-end, while tubulin dimers are lost at
the minus-end. This concept of treadmilling was initially postulated by Margolis and
Wilson (Margolis and Wilson, (1978, [1981)) and describes the equilibrium between

MT polymerization and depolymerization occurring simultaneously at opposite MT

ends at steady state.

A

Rescue factor
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Shrinking ¢

microtubule &£

Figure 1.6: Microtubule assembly and disassembly. MT polymerization requires the
addition of ayB-tubulin heterodimers and subsequent GTP hydrolysis within the § subunit. Growing
MTs possess rather straight, sheet-like plus ends and a stabilizing GFP cap. Upon loss of the
GFP cap, depolymerizing MTs display curved plus ends. Sudden alterations between growing and
shrinking phases of MTs are termed catastrophe and rescue, respectively. Rescue events might
occur in the presence of 'GTP islands’ or certain 'rescue factors’. Taken from [Akhmanova and|
. Reprinted by permission (Licence #4102510375449) from Macmillan Publishers
Ltd: Nat Rev Mol Cell Biol., 16(12):711-26, copyright (2015).
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Another concept to describe MT dynamics, termed dynamic instability, was intro-
duced by |Mitchison and Kirschner| (1984a) based on the observation that growing
and shrinking MTs co-exist in one bulk population in vitro (Mitchison and Kirschner,
1984a,b)). MTs can suddenly alternate from growing to shrinking phases by a phe-
nomenon termed catastrophe. Conversely, shrinking MTs can undergo rescue events
to switch back into polymerization modus. At the molecular level, dynamic instabil-
ity depends on the ability of a- and S-tubulin to bind one molecule of GFP. While
the GFP bound to a-tubulin is non-exchangeable and only seems to be structurally
important, the one bound to S-tubulin can be hydrolyzed to GDP. When a new
af-tubulin heterodimer is incorporated at the MT end, GTP hydrolysis is stim-
ulated by interaction of the catalytic domain of the newly added a-subunit with
the f-subunit of the previous tubulin heterodimer. As a result, the MT plus-end
generally contains a cap of GTP-bound S-subunits, while the MT lattice harbours
GDP-S-tubulin subunits down its length (GTP-cap model) (Caplow and Shanks|
1996; |Drechsel and Kirschner| 1994)). As long as the stabilizing GTP cap is present,
MTs are found in a ’straight’ conformation and continue growing, whereas upon loss
of the GTP cap, MTs display an outwardly curved conformation and depolymerize
(Figure (Alushin et al} 2014} [Hyman et al.l|1995; Mandelkow et al (1991} |Yajima
et al. 2012). The mechanisms and cellular factors leading to MT catastrophe or
rescue events are generally poorly comprehended. Catastrophes were claimed to
occur in an age-dependent manner due to structural changes at the MT tip and the
higher probability of destabilizing events (Coombes et al., 2013 (Gardner et al., 2011}
Odde et al., |1995). Catastrophes were also shown to be more likely when forces are
exerted on growing MTs (Janson et al., [2003)). Rescue events of shrinking MTs were
suggested to require GTP-bound S-tubulin subunits that escaped GTP hydrolysis
and remained within the MT lattice (so-called GTP-islands) (Dimitrov et al., 2008).
Collectively, M'T dynamics are characterized by four parameters: the M'T growth

and shortening rate and the frequencies of catastrophe and rescue events.

1.3.2 Regulation of MT dynamics

MT dynamics are spatiotemporally controlled by intrinsic properties of MTs (e.g. the
GTP-cap, tubulin modifications) but also by extrinsic regulators such as microtubule-
associated proteins (MAPs) and motor proteins that either promote MT assem-
bly /disassembly or the transition between growing and shrinking phases (catastrophe,
rescue).

The best studied MAPs include members of the MAP2/Tau family of proteins, the
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neuron-specific MAP2 and Tau proteins as well as MAP4 (Dehmelt and Halpain,
2005; Drechsel et al., [1992; Kowalski and Williams, |1993)). These so-called ’structural
MAPs’ contain a N-terminal projection of varying sizes and a C-terminal MT-binding
domain. Upon binding along the MT lattice, these MAPs can stabilize MTs to
increase the net MT growth or crosslink MTs to induce bundling (Lewis et al., |[1989).
Phosphorylation of the KXGS motifs within the C-terminal domain by multiple
kinases, such as cAMP-dependent protein kinase (PKA) or microtubule-affinity-
regulating kinase (MARK), strongly regulate the activity of MAPs (Drewes et al.)
1995; (Ozer and Halpain, [2000). A MAP4 isoform, termed oMAP4, regulates MT
organization into a paraxial array during muscle formation (Mogessie et al., 2015]).
Another important group of MAPs, the microtubule plus-end-tracking proteins
(+TIPs), specifically localize to growing MT plus-ends (Akhmanova and Steinmetz,
2010). The +TIP end-binding (EB) family protein consist of a N-terminal calponin
homology domain (CH domain), a linker region and a C-terminal coiled-coil domain
for dimerization of EB monomers (De Groot et al., 2010; Hayashi and Ikural |2003)).
The C-terminal domain features additionally the EB homology domain and an
EEY /F motif, which together are important for interactions with other +TIPs to
form complex networks at MT plus-ends. However, only the CH domain and the
linker region are necessary to autonomously target the mammalian EBs, EB1 and
EB3, to the MT plus-end. Thereby, MT plus-end-binding probably occurs through
recognition of the GTP cap (Komarova et al., [2009; Maurer et al., [2011)). Several
hundred EB molecules dynamically bind MT plus-ends, where they form comet-like
structures and undergo rapid turn over (Bieling et al., 2008; Mimori-Kiyosue et al.,
2000; [Seetapun et al.| 2012)). EBs were generally shown to promote MT growth in
cultured cells, likely by preventing the binding of MT depolymerases to the plus-end
(Busch and Brunner, 2004 Komarova et all 2009; Tirnauer et al. 2002)), although
controversial results were obtained in vitro (Maurer et al., 2014} Vitre et al., [2008).
In differentiated muscle cells, mammalian EB3 is highly expressed and important to
regulate MT dynamics at the cell cortex (Straube and Merdes, 2007)).

Other regulator proteins which promote MT assembly are MT polymerases, such as
XMAP215 of the +TIP protein family. XMAP215 family members contain different
numbers of tubulin-binding domains (TOG) that mediate MT plus-end binding at
the outermost part. They catalyze the addition of tubulin dimers to MT plus-ends
and thus contribute to MT growth (Al-Bassam et al., 2012} Brouhard et al., [2008)).
Factors that facilitate MT rescue events include the cytoplasmic linker protein
(CLIP)-associated proteins (CLASPs) (Al-Bassam et al., [2010)).

21



1 Introduction

Other MAPs function to destabilize or disassemble MTs. Several proteins, includ-
ing katanin, spastin and fidgetin exhibit MT severing activity and break MTs to
regulate the number of MTs, e.g. during mitotic spindle assembly (Roll-Mecak and
McNally|, 2010; |Zhang et al., [2007a). Other MAPs function as MT depolymerases or
so-called ’catastrophe factors’ (e.g. Opl8/stathmin or kinesin-13 family members)
by catalyzing conformational changes within the a/f-tubulin heterodimer (Desai
et al, [1999; Gigant et al., |2000; [Steinmetz et al., 2000)). Kinesin-8 family members
move ATP-dependently towards the MT plus-end and locally remove tubulin dimers
(Varga et al., 2009).

The growing list of MAPs regulating MT dynamics is tremendous. Especially through
the formation of complex networks and interactions between different MAPs, MT
dynamics can be finetuned according to the cellular context or in response to certain
stimuli (Akhmanova and Steinmetz, [2015)).

1.3.3 Microtubule nucleation

De novo formation of MTs is a key process for the organization of MTs within cells.
Even though MTs assemble spontaneously in vitro, the initial nucleation phase is
slow and an energetically unfavorable process. To circumvent this problem, cells
rely on nucleating complexes which are spatially restricted to specific sites within
the cell, the so-called microtubule-organizing centers (see section for a detailed

description).

MT nucleation from MTOCs requires the nucleating protein y-tubulin, a mem-
ber of the tubulin family that was initially identified in Aspergillus nidulans (Oakley
and Oakley| [1989). ~-tubulin assembles together with ~-tubulin-associated proteins
(GCPs) into larger MT nucleating complexes: In yeast, two y-tubulin molecules
form together with one molecule of GCP2 and GCP3 the ~-tubulin small complex
(7-TuSC) which shows mild MT nucleation activity in vitro (Figure|1.7}a) (Oegema
et al., |1999). In higher eukaryotes, multiple copies of the v-TuSC build together
with GCP4, GCP5 and GCP6 the y-tubulin ring complex (v-TuRC) (Figure [1.7]b).
Human v-TuRCs were additionally shown to consist of non-GCP family members,
such as the mitotic-spindle organizing protein associated with a ring of y-tubulin
1 (MOZART1) or MOZART?2 (Figure 1.7 e). However, these proteins play a more
regulatory role in targeting the v-TuRC to specific MTOCs rather than in v-TuRC
assembly (Hutchins et al. 2010; |Lin et al., [2016; [Masuda et al., 2013} Teixidé-Travesa
et al., 2010).
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Figure 1.7: ~-tubulin complexes and their proteins. (a) Scheme of the ~-tubulin small
complex (7-TuSC). (b) Several v-TuSC subunits form together with y-tubulin-associated protein
(GCP) 4, 5 and 6 the y-tubulin ring complex (y-TuRC). (c) According to the 'template model’,
the v-TuRC is assembled into a ring-like structure that matches the symmetry of MTs. Exposed
~-tubulins bind longitudinally to the a-tubulin subunits of MT minus-ends. (d) The ’protofilament
model’” proposes that MTs could be nucleated by v-TuRCs with an extended protofilament-like
structure, forming an elongated template for lateral interactions with a5-tubulin heterodimers. (e)
Protein members of the 4-TuSC or v-TuRC and their alternative names in different organisms. (f)
Schematic structure of all GCPs which share two unique domains, the GRIP1 and GRIP2 motif.
Regions of distant homology are depicted in green. Taken from [Kollman et al (2011). Reprinted
by permission (Licence #4105951351446) from Macmillan Publishers Ltd: Nat Rev Mol Cell Biol.,
12: 709-721, copyright 2011.
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The 2.2 MDa ~-TuRC protein complex exhibits a ring-shaped structure and features
higher MT nucleation activity than the v-TuSC (Oegema et al., [1999; [Zheng et al.
1995)). v-TuSC and v-TuRC are believed to assemble into oligomeric structures which
function as templates for the assembly of af-tubulin heterodimers. Two different
models for y-tubulin-mediated MT nucleation have been proposed on the basis of
two possible v-TuRC configurations. In accordance with electron microscopy images
of isolated 7-TuRCs, the 'template model” describes the assembly of v-TuRC into
ring-like structures resembling those of MTs (Moritz et al., 2000; |Oegema et al., [1999;
Zheng et al, |1995). Multiple radially arranged «-TuSCs were suggested to build
the backbone of a ring that positions y-tubulin for its interaction with a-tubulin.
GCP4, GCP5 and GCP6 were proposed to form an asymmetric cap at the bottom
of the v-TuRC (Figure [1.7| b, c¢). The alternative 'protofilament model’ considered
based on polymer studies of the bacterial tubulin homolog, FtsZ, that y-TuRCs
form a short protofilament which laterally interacts with af-tubulin to nucleate
adjacent protofilaments (Figure ¢) (Erickson, [2000; Erickson and Stoffler] 1996;
Erickson et al., |1996). However, recent experimental advances in structural studies
of y-tubulin and the v-TuSC are now strongly pointing towards the template model.
Although the members of the GCP family differ largely in size (70-210 kDa), they
share two unique structures, the N-terminal GRIP1 and the C-terminal GRIP2 motif
(Figure f). Negative-stain single-particle electron microscopy and cryoelectron
microscopy of the S. cerevisiae 7-TuSC revealed that GCP2 and GCP3 dimerize
through their N-termini into a V-shape structure (Choy et al., 2009; Kollman et al.,
2008). At the tip of the V-shape, both GCP2 and GCP3 likely interact through their
C-terminal GRIP2 motif with one y-tubulin molecule (Guillet et all 2011). The
function of the GRIP1 motif, however, remains uncertain. GCP2- and GCP3-bound
~-tubulins interact laterally with other y-tubulin molecules and longitudinally with
af-tubulin heterodimers (Aldaz et al., 2005; Rice et al., [2008). Remarkably, S.
cerevisiae 7-TuSCs were shown to form spontaneously spiral-shaped oligomers in
vitro, which are highly stabilized in the presence of the spindle pole body component
110 (Spcl10), a protein that targets v-TuSC to the spindle pole body in budding
yeast (Kollman et al., 2010; Lyon et al., 2016). These spiral-shaped oligomers contain
seven 7-TuSC subunits, whereas the first and seventh v-TuSC subunits overlap ("half
~-TuSC overlap’) to expose 13 ~-tubulins per turn (Kollman et al., 2010; Lyon et al.,
2016)). Thereby, lateral ~-tubulin contacts were only observed between adjacent
~-TuSC subunits (inter v-TuSC), whereas the two y-tubulin molecules within one

~v-TuSC (intra v-TuSC) were more spaced (‘open conformation’) (Kollman et al.
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2010} 2008). This open conformation prevents the overall 4-TuSC structure to
perfectly match the 13-fold protofilament arrangement of MTs and reduces its MT
nucleation activity (Kollman et al., [2015]). To reduce the intra -TuSC spacing and
thus to reflect the precise MT geometry, v-TuSCs must undergo conformational
changes into a ’closed conformation’ (Kollman et al., [2015). The transition between
the open and closed state is likely mediated by a flexible hinge region within GCP3
(Kollman et al. 2010). Which factors drive conformational activation remain to
be determined, however, post-translational modifications of v-TuSC components or
interaction with attachment factors could play a role.

In comparison to y-TuSC oligomers, the structural arrangement of the ~-TuRC
is still not resolved and generally less well understood. Nevertheless, all y-TuRC-
specific GCPs (GCP4, GCP5, and GCP6) were demonstrated to directly interact
with y-tubulin (Guillet et al.; 2011} Gunawardane et al., 2003)). This suggests that
GCP4, GCP5 and GCP6 could form together with ~-tubulin so-called v-TuSC-like
assemblies rather than just a stabilizing cap at the bottom of the v-TuRC (Figure
b) (Kollman et al., [2011). ~-TuSC-like structures could potentially consist
of one classical GCP2 or GCP3 molecule and one y-TuRC-specific GCP (hybrid
~v-TuSC), two y-TuRC-specific GCPs (novel v-TuSC) or a single GCP4, GCP5 or
GCP6 molecule bound to y-tubulin (half 4-TuSC) (Figure a). Through lateral
interactions, classical v-TuSC and y-TuSC-like subunits could assemble into spiral-
shaped oligomers to build a perfect template for a 13-protofilament MT (Figure
b).

Despite first attempts to determine the stoichiometry of the v-TuRC, the precise
number of GCP4/5/6 molecules and their position within the +-TuRC is still
unknown (Choi et al.; 2010; Murphy et al. [2001)). However, a recent study suggested
that GCP4/5 and GCP6 might be incorporated at opposite ends of the y-TuRC
helix to stabilize the half v-TuSC overlap or to control v-TuRC assembly (Farache
et al., |2016)). Additional work is needed to understand how v-TuRC-mediated MT
nucleation is facilitated compared to v-TuSC oligomers lacking GCP4, GCP5 and
GCP6.

1.3.4 Microtubule-based motor proteins

MT-dependent motor proteins use MTs as tracks to transport membranous organelles,
such as nuclei in skeletal muscle cells, or mRNAs and diverse protein complexes
throughout the cell. Two prototypes of MT-based motor proteins exist: the MT

plus-end directed motor protein kinesin and the MT minus-end directed motor
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Figure 1.8: Current model of v-TuRC arrangement. (a) V-shape structure of the classical
~-TuSC comprising GCP3 (blue) and GCP2 (light blue). v-TuSC-like structures (hybrid v-TuSC,
novel v-TuSC, half 4-TuSC) could be formed, when GCP4, GCP5 or GCP6 (depicted in green
shapes) replace one or both molecules GCP2/GCP3 within the classical 4-TuSC. (b) -TuSC
and y-TuSC-like subunits laterally interact to form a spiral-shaped y-TuRC, thereby exposing 13
~-tubulins (yellow) for MT nucleation. GCP4, GCP5 or GCP6 are potentially incorporated at
the end of the 4-TuRC ring. Taken from [Kollman et al.| (2011). Reprinted by permission (Licence
#4105951351446) from Macmillan Publishers Ltd: Nat Rev Mol Cell Biol., 12, 709-721, copyright
(2011).

protein dynein.
The kinesin superfamily of proteins (also known as KIFs) comprises at least 45

members, which are grouped into 15 distinct families (kinesin-1 to kinesin-14B family)

according to the homology of their motor domains (Hirokawa et al.,[2009)). One of the

first identified kinesins was the heterotetramer kinesin-1 (also known as KIF5), which
is formed by the association of two kinesin heavy chains (KHCs) and two kinesin light
chains (KLCs) (Figure|1.9). Both KIF5 heavy chains contain a N-terminal globular
head domain that binds to MTs and ATP (motor domain), a flexible linker domain,
a central a-helical stalk domain that mediates KHC dimerization and a C-terminal

globular tail domain that binds to KLCs and the respective cargo or cargo adaptor

proteins (Hirokawa and Nodal 2008)). In mammals, three genes encode for different
KIF5 motor isoforms, KIF5A, KIF5B, KIF5C. Whereas KIF5B is ubiquitously
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expressed, KIF5A and KIF5C are solely expressed in neurons (Hirokawa et al.,
2009; Kanai et al., 2000). The motor head domain of kinesin-1 attaches to MTs
and hydrolyzes ATP to initiate movements along MTs. Members of the kinesin-1
family belong to the so-called N-kinesins as their motor domains are found within
the N-terminal region. However, the structure of other kinesin family members
can differ from the described domain structure of kinesin-1 (Hirokawa et al., [2009).
The motor domains of M-kinesins, for example, is located within the middle region,
whereas the motor domain of C-kinesins is located in the C-terminal region. The
majority of kinesins, including the N-kinesins, transport cargos towards the MT
plus-end but some kinesins, mainly C-kinesins (e.g. kinesin-14 family) can 'walk’
towards the MT minus-end. In contrast, M-kinesins (e.g. kinesin-13 family) mainly
function to drive MT depolymerization (Hirokawa and Tanakal 2015).

In contrast to the kinesin superfamily of proteins, dynein motor proteins mediate
the ATP-driven retrograde transport towards the MT minus-end. Dyneins are large
multiprotein complexes with molecular weights ranging from 0.7 MDa to 1.8 MDa
(Roberts et al., 2013). Two functional groups of dyneins can be distinguished: (1)
cytoplasmic dynein and intraflagellar transport (IFT) dynein (also referred to as
dynein 1B and dynein 2), which are responsible for the transport of cargos along
MTs and (2) axonemal dynein, which is anchored in the axoneme and mediates
beating of cilia and flagella.

However, as IFT dynein is solely responsible for transporting cargos along the
axoneme (Lechtreck, 2015} [Scholey, [2008]), the major dynein isoform responsible for
intracellular transport within the cytoplasm is cytoplasmic dynein (referred to as
’dynein’ throughout the text). Dyneins belong to the AAA+ superfamily (ATPases
associated with diverse activities) of ATPases and are generally composed of two
heavy chains and multiple dynein intermediate chains, dynein light intermediate
chains, and dynein light chains (Figure (Schmidt and Carter| 2016). Each
dynein heavy chain comprises a C-terminal globular head domain (motor domain)
that contains the ATPase activity and a coiled-coil extension that contains the
MT-binding region. The N-terminal tail domain of dynein is important for the
homodimerization of heavy chains and for the binding of accessory dynein chains.
Interactions with these accessory dynein chains are dispensable for dynein motility
in vitro but are important for dynein binding to certain cargos or for the recruitment
of adaptor/regulatory proteins (Farkasovsky and Kintzel, 2001; Karki and Holzbaur],
1995; [Purohit et al., [1999; Tai et al., [1999; [Vaughan and Vallee, [1995). One of

the best studied adaptor proteins is dynactin, a large 11-subunit complex which
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Figure 1.9: Kinesin and dynein motor proteins. Kinesin motor proteins are composed of
two kinesin heavy chains and two kinesin light chains and move along MTs towards the plus-end
(with a few exceptions, see text). Dynein motor proteins are composed of two dynein heavy
chains, several accessory dynein chains and adaptor proteins, such as dynactin (depicted here are
the dynactin subunits 1 [DCTN1] and 2 [DCNT?2]). Dynein transports cargos towards the MT
minus-end. Kinesins and dyneins have both globular motor domains that bind to MTs and through
ATP hydrolysis drive motor protein movements along MT tracks. Taken from
(2013). Reprinted by permission (Licence #4121520561892) from Macmillan Publishers Ltd:
Nat Rev Neurosci. 14(3):161-76, copyright (2013).

OGlued ( also

binds directly to dynein intermediate chains and to MTs through its p15
known as dynactin 1, DCTN1) component. Thereby, dynactin mediates interactions
between dynein and its cargo and/or increases the processivity of dynein motor
proteins (Gill et al., 1991} Karki and Holzbaur] [1999; [Schroer} 2004)). A multitude

of other regulatory proteins, such a lissencephaly 1 (LIS1), nuclear distribution E

(NUDE) and Bicaudal D are crucial to adopt the mechanical behaviour of dynein

motor proteins according to the cellular context (Kardon and Vale| 2009)).

1.4 Microtubule-organizing centers (MTOCs)

MT nucleation and organization is spatiotemporally controlled by the attachment
of -TuRCs to specific microtubule-organizing centers (MTOCs). This term was
initially introduced by Jeremy D. Pickett-Heaps and collectively refers to all cellular

structures involved in MT organization (Pickett-Heaps, |1969). In animal cells,

the probably best characterized and primary MTOC is the centrosome (section
1.4.1)). However, in recent years it became evident that also other cellular organelles,
so-called non-centrosomal MTOCs (section [1.4.2), can undertake or contribute to

global MT arrangement, particularly in interphase cells.
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1.4.1 The centrosome

Centrosomes, which were already described in the 19th century by Theodor Boveri
due to their centered position within cells, are non-membranous organelles that
consist of a few hundred proteins (Andersen et al.l 2003} |Jakobsen et al., 2011;
Miller et al., 2010). In the majority of vertebrate cells, centrosomes organize and
orientate the bipolar mitotic spindle during mitosis and arrange a radial MT array
during interphase, where M'T minus-ends are capped by v-TuRCs and captured at
centrosomes through anchoring proteins (Wiese and Zheng, 2000). Apart from their
well established function in MT organization, centrosomes further play a role in cell
cycle regulation, cilia formation and in orchestrating signaling cascades (Arquint
et al, 2014; Rieder et al., [2001)).

Centrosome structure and its MT organization capacity

Structurally, centrosomes are composed of two orthogonally orientated centrioles
and a surrounding pericentriolar material (PCM) (Figure ). Centrioles gen-
erally consist of nine radially arranged triplet MT arrays that build the basis for
the cylindrical shape of centrioles (reviewed in |Azimzadeh and Bornens| (2007));
Bettencourt-Dias and Glover| (2007); Conduit et al.| (2015)). The older, so-called
'mother centriole’ of post-mitotic cells features subdistal and distal appendages
which mediate MT anchorage at centrioles and centriole attachment to the cell
cortex during ciliogenesis (Ishikawa et al., 2005} Paintrand et al., |1992). Although
centrioles were initially believed to be essential for mitotic spindle assembly, cells
that either naturally lack centrioles (e.g. higher plants) or artificially loose their
centrioles (e.g. microsurgery or laser ablation) still form an acentrosomal but bipolar
mitotic spindle (Hinchcliffe et al., 2001; [Khodjakov et al., [2000; |[Murata et al., 2005)).
Therefore, it is not the centriole but the centriole surrounding PCM that harbors MT
nucleation capacity by anchoring v-TuRCs and where MTs can be seen to emanate
from (Gould and Borisyl [1977; Moritz et al [1995)). In preparation for mitosis, the
PCM largely increases in size by recruiting ~-tubulin as well as proteins involved in
~v-TuRC attachment and recruitment (Khodjakov and Rieder;, [1999). This process,
termed ’'centrosome maturation’, is regulated by Polo-like kinase-1 and Aurora A
(reviewed in Bettencourt-Dias and Glover| (2007); Blagden and Glover| (2003))) and
generally highly enlarges the centrosome’s capability to nucleate MTs.

For decades, the protein-rich PCM was recognized by electron microscopy as an
amorphous cloud (Robbins et al., [1968) (Figure a). However, recent advances
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using super-resolution microscopy techniques reveal that the PCM during interphase
is highly organized into concentric layers surrounding the mother centriole (Fu
and Glover, 2012; Lawo et al., [2012; |Mennella et al., [2012; [Sonnen et al., 2012])
(Figure b). Some proteins, such as human Pericentrin or its Drosophila ortho-
logue Pericentrin-like protein (Plp), acquire an elongated conformation with the
C-terminus facing towards the centriole wall and the N-terminal domain towards the
PCM periphery (Lawo et al [2012; [Mennella et al., 2012). Thereby, Pericentrin/Plp
transverse inner and outer PCM layers and form a fibrillar network that functions as
a matrix for the organization and assembly of PCM molecules (Mennella et al.; 2012).
Importantly, centrosomal proteins that are required for MT nucleation (y-tubulin)
or binding of v-TuRCs, such as Nedd1 (also termed GCP-WD, reviewed in Manning
and Kumar| (2007)) generally localize to the outer PCM layer.

Newly nucleated MTs can either be released from the centrosome or anchored at the
centrosome by attachment factors. One of these proteins promoting M'T anchorage
is ninein that localizes to the subdistal appendages and anchors v-TuRCs to mother
centrioles (Delgehyr et al., 2005, Mogensen et all 2000). Also other molecules,
such as the dynactin subunit p150¢"*d and EB1 play a role in MT anchorage to
centrosomes (Askham et al. 2002; Bornens, 2002; |Quintyne et al., [1999). Moreover,
the capacity of centrosomes to anchor MTs additionally depends on so-called "peri-
centrosomal satellites’, cytoplasmic fibrous granules of approximately 70-100 nm that
concentrate near the centrosome and can fuse with the PCM in a dynamic fashion
(Béarenz et al., 2011} Baron et al., [1994). These granules contain the scaffolding
protein pericentriolar material-1 (Pcm1l) with a molecular weight of 228 kDa,
and move dynein-dependently along MTs (Balczon et al. [1994; Dammermann and
Merdes, [2002; Kubo et al., |1999). Thereby, Pcm1 seems to be required to target
centrosomal proteins involved in MT anchorage (ninein) or MT nucleation (Peri-
centrin) from cytoplasmic granules to the centrosome (Dammermann and Merdes|,
2002)). In this way, loss of Pcml indirectly affects MT organization at the centrosome

(Dammermann and Merdes, 2002).

Centrosomal proteins involved in v-TuRC recruitment

The ability of the PCM to nucleate MTs is highly dependent on proteins that
recruit v-TuRCs to the centrosome. Among these proteins are Pericentrin, Akap450,

CdkbRap2, and Cepl192:

Pericentrin was discovered by screenings of mouse cDNA libraries using an au-
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Figure 1.10: Models of the centrosome architecture. (A) Previous models of the cen-
trosome structure suggested that a pair of centrioles is surrounded by an amorphous cloud, the
pericentriolar material (PCM). Centrioles are composed of nine MT triplets. The mature mother
centriole features additionally distal and subdistal appendages. Microtubules are nucleated from
the PCM but a subset of MTs can be anchored at the subdistal appendages. Taken from
. Reprinted by permission (Licence #4112650474520) from Macmillan Publishers Ltd: Nat
Rev Mol Cell Biol. 9:688-98, copyright (2011). (B) New models of the centrosome structure reveal
that the PCM is organized into toroidal layers around the mother centriole. Some scaffold proteins
such as Pericentrin span all PCM layers: the C-terminus is near the centriole wall, whereas the
N-terminus is facing towards the cell periphery. Proteins promoting MT nucleation localize to the
outer PCM layers. Taken from . Reprinted by permission (Licence #4112650765586)
from Macmillan Publishers Ltd: Nat Cell Biol. 14(11):1126-8., copyright (2012).

toimmune serum from a patient with scleroderma and named after its prominent

localization to the pericentriolar material (Doxsey et all [1994). Through alter-

native splicing from orthologous genes in human and mice, up to three different
isoforms, Pericentrin-B (also known as kendrin or Pericentrin-360; accession number
(AN): NP 032813 or BAF36559), Pericentrin-A (AN: partial, AAO24322.1) and
Pericentrin-S (also known as Pericentrin-250; BAF36560) are known until now (Fig-
ure |1.11]) (Flory and Davis| |2003; Miyoshi et all 2006a)). Pericentrin-B is expressed

in all adult tissues and is structurally composed of large coiled-coil regions and

a C-terminal domain including a calmodulin-binding site and a region mediating
centrosome-targeting, termed the PACT domain (Pericentrin-Akap450 centrosomal
targeting) (Doxsey et al., [1994; |Gillingham and Munro, 2000). Pericentrin-S which

solely lacks a N-terminal part of Pericentrin-B, is developmentally expressed in

cardiac and skeletal muscle (expression starting at E17) (Miyoshi et al. [2006a).

Pericentrin was shown to form a lattice-like structure with y-tubulin at the cen-
trosome and to contribute to MT organization within the mitotic and meiotic
spindle (Dictenberg et al., |1998; Doxsey et all) [1994; Ma and Viveiros|, [2014).
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Co-immunoprecipitation studies demonstrating that Pericentrin can interact with

~-tubulin through binding to GCP2 and GCP3, further prove a role for Pericentrin

in 4-TuRC anchoring and MT nucleation (Takahashi et al., 2002; Zimmerman et al.|

2004)). Pericentrin localization to the centrosome is mediated at least in part by
dynein-mediated transport along MTs (Purohit et al., [1999; [Young et al., 2000)
and requires Pcml (Dammermann and Merdes, 2002; Li et al., 2001)). In turn,

recruitment of other PCM components to the centrosome, such as CdkbRap2, Nedd1
and Cep192, depends on Pericentrin (Buchman et al.; 2010; |Chen et al., [2014; Haren|
et al., [2009; Lawo et al., 2012; Mennella et al.l [2012). Apart from its direct function

in PCM organization and MT nucleation, Pericentrin was further implicated in

the DNA damage response pathway and cell cycle regulation (Antonczak et al.,
2016} |Griffith et al., 2008} Tibelius et al., 2009)), as well as in the recruitment of
regulatory proteins to the centrosome (Chen et al., 2004; Diviani et al., 2000) and in
cilia formation (Jurczyk et al., 2004; Miyoshi et al., 2006b; Miihlhans et al., 2011).

Mutations within the PCNT gene are linked to a rare autosomal recessive disease,

Majewski/microcephalic osteodysplastic primordial dwarfism type II (MOPDII)
(Piane et al., 2009; Rauch et al. [2008; |Willems et al. |2010]). Patients suffering from
this disorder often manifest smaller body sizes already before birth, microcephaly
and skeletal dysplasia (Delaval and Doxsey, 2010; [Hall et al. [2004; Piane et al.|

2000).

Pericentrin B
1aa @] 2916 (2898) aa

Pericentrin S

1aa -] 1982 aa

Pericentrin A
1 aa 2228 aa

coiled-coil regions and internal repeats - PACT domain D calmodulin-binding site

Figure 1.11: Scheme of Pericentrin isoforms. Scheme is not drawn to scale. aa, amino acids.
Modified from Miihlhans et al. (2011)).

A-kinase anchoring protein 450 (Akap450; also known as Akap9, Akap350 or
CG-NAP for centrosome and Golgi localized PKN-associated Erotein) is a large
coiled-coil protein of the PCM that localizes to the centrosome throughout the
cell cycle and additionally to the Golgi complex during interphase (Keryer et al.
11993; Schmidt et al., [1999; [Takahashi et al., [1999; Witczak et all [1999) (see also
section . Similar to Pericentrin, Akap450 localizes to the centrosome via its
C-terminal PACT domain and binds to the 4-TuRC components GCP2 and GCP3
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through its N-terminal domain (Gillingham and Munro, |2000; Takahashi et al., 2002).
Pericentrin and Akap450 can interact with each other and partially fulfill redundant
functions in MT nucleation and in anchoring regulatory proteins, such as protein
kinase A (PKA), to the centrosome (Kawaguchi and Zheng), 2004; Keryer et al.
2003a; Takahashi et al., [2002). Moreover, Akap450 associates with diverse protein
kinases (protein kinase N, protein kinase Ce, casein kinase 16/¢) and phosphatases
(protein phosphatase 2A, protein phosphatase 1) and thus might regulate various
signaling pathways (Sillibourne et al., [2002; Takahashi et al.| 2000} [1999). Other
studies further implicated Akap450 in the regulation of centrosome duplication,
likely by anchoring cyclin E-cdk2 complexes to centrosomes (Keryer et al., [2003b;
Nishimura et al., 2005).

CDK5 Regulatory Subunit Associated Protein 2 (Cdk5Rap2; also known
as Cep215 or Centrosomin (Cnn) in Drosophila) is another large coiled-coil pro-
tein of the PCM with an elongated confirmation and was initially discovered as
binding partner of CDK5 regulating kinase 1 (Ching et al., [2000; Mennella et al.|
2012 Nagase et al.| 2000). Cdk5Rap2 was shown to interact with v-TuRC through
its N-terminal ’Cnn motif * (CM1), a short sequence that is highly conserved in
Drosophila Centrosomin and Schizosaccharomyces pombe Mtolp and Pcplp (Fong
et al., 2008; |Zhang and Megraw, 2007). This CM1 motif is not only required for
binding to v-TuRC but also to activate y-TuRC-mediated MT nucleation at the
centrosome and at non-centrosomal cytoplasmic nucleation sites (Choi et al., [2010;
Fong et al., [2008). Strikingly, purified 7-TuRCs nucleated MTs in vitro but their
nucleation capacity was greatly enhanced in the presence of the CdkbRap2 CM1
motif or also termed the y-TuRC-mediated nucleation activator (7-TuNA) from
there on (Choi et al., [2010). Cdk5Rap2 localizes to the centrosome and to the
Golgi complex (like Akap450) through a C-terminal ’Cnn motif 2’ (CM2) (Wang
et al., 2010) (see also section . Interestingly, Cdk5Rap2 localization to the
centrosome depends on Pericentrin, whereas Ckd5Rap2 localization to the Golgi
complex seems to require Pericentrin and Akap450 (Buchman et al. 2010; [Wang
et al., 2010). Other studies furthermore showed that Cdk5Rap2 localization to the
centrosome might also depend on Cep152 or Cepl92, respectively (Firat-Karalar
et al., 2014; O’'Rourke et al |2014)). Apart from the CM1 and CM2 motif, Cdk5Rap2
additionally contains two putative ’structural maintenance of chromosome’ (SMC)
domains and a basic Ser-rich domain that mediates binding to EB1 (Evans et al.,
2006}, Fong et all 2009; Kraemer et al., 2011). This Cdk5Rap2-EB1 interaction is
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important for targeting Cdk5Rap2 to MT plus-ends and thus for regulating MT
dynamics (Fong et al., 2009). Mutation within the Cdk5Rap2 gene are found in
patients with autosomal recessive primary microcephaly (MCPH), a neurogenic

disorder that is characterized by a decreased brain size (Bond et al.;, [2005)).

Centrosomal protein of 192 kDa (Cepl92; also known as spindle-defective
2 (SPD-2) in Drosophila) is an integral component of the PCM that lies at the
interphase of the PCM and the centriole wall (Fu and Glover, 2012; Lawo et al., 2012).
Cep192 localizes to centrosomes throughout the cell cycle but its presence is highly
increased (> 10-fold) during mitosis (Gomez-Ferreria et al., [2007; |Zhu et al., [2008).
Cep192 regulates the mitotic spindle assembly mainly by recruiting components
of the PCM to the centrosome, most importantly y-tubulin as well as Pericentrin,
Nedd1, Aurora A kinase and Plkl (Gomez-Ferreria et al. 2007; |[Joukov et al., 2010,
2014; [Pelletier et al., [2004; [Zhu et al., |2008). Due to the recruitment of additional
PCM components (centrosome maturation), the centrosome increases in size and
enhances its potential to nucleate MTs for the separation of chromosomes during
mitosis. Consistently, loss of Cep192 disturbs normal formation of bipolar mitotic
spindles and rather promotes acentrosomal MT nucleation around chromosomes
(Gomez-Ferreria et al., 2007)). During mitosis, centrosome localization of Cep192
is at least in part dependent on Pericentrin, while during interphase Cep192 and
Pericentrin seem to antagonize each other’s localization to the centrosome (Gomez-
Ferreria et al., 2007; (O’Rourke et al., 2014). Although a role for Cep192 during
mitosis is widely accepted, recent work shows that Cep192 additionally stimulates
MT nucleation from interphase centrosomes and controls MT dynamics (O’Rourke
et al., 2014)). Thereby, Cep192 seems to regulate centrosomal versus non-centrosomal
MT nucleation (O’Rourke et al., 2014} [Yang and Feldman) 2015).

1.4.2 Non-centrosomal MTOCs

Although the centrosome is in many textbooks still considered as the main MTOC, it
is becoming clear that also cellular locations other than the centrosome can nucleate
and organize MTs in a -tubulin-dependent manner in various single-celled (e.g. S.
pombe) and multi-cellular organisms (animals and plants).

During mitosis, for example, MTs can emanate from kinetochores or chromatin
(Heald et al. |1996; [Maiato et al. |2004; |[Prosser and Pelletier} |2017)) and can be
generated from pre-existing MTs of the mitotic/meiotic spindle through the v-TuRC-

recruiting complex augmin (Petry et al., 2013)). During interphase, the plasma
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membrane (e.g. polarized epithelial cells) and membrane-bound organelles such
as the nucleus (e.g. skeletal muscle, see section or the Golgi complex can
function as non-centrosomal MTOCs (Chabin-Brion et al., 2001; Rios, [2014; Sanders
and Kaverina, [2015; [Zhu and Kaverina) |2013)).

The Golgi complex is even generating approximately the half amount of the total
MT cytoskeleton in some interphasic cells, such as human retinal pigment epithelium
(RPE-1) cells (Efimov et al., [2007). MT nucleation from the Golgi complex is depen-
dent on Akap450, which localizes to the cis-Golgi by interaction with GM130, and
in turn recruits the v-TuRC-binding proteins Cdk5Rap2 and myomegalin (Hurtado
et al., 2011; Rivero et al., 2009; Roubin et al., [2013; Wang et al., 2010} 2014). Golgi-
mediated MT nucleation requires additionally the MT-stabilizing proteins CLASPs
that are recruited to the trans-Golgi network by the golgin GCC185 (Efimov et al.|
2007; Miller et al., 2009)). A more recent study furthermore suggests that the MT
minus-end stabilizing protein CAMSAP2 bound to AKAP450 and myomegalin is
important to attach MTs to the Golgi complex (Wu et al., 2016]). However, how
exactly MT formation at the Golgi complex is achieved, when several MT-nucleation
or-stabilization factors localize to different Golgi compartments (cis versus trans
Golgi) is currently uncertain.

Non-centrosomal MTOCs play especially an important role in a variety of differenti-
ated cells, such as polarized epithelial cells, neurons or skeletal muscle cells. In these
cells, MT organization is displaced from the centrosome to non-centrosomal sites,
allowing the generation of non-radial MT arrays that are highly adapted according
to the specialized function of each cell type.

Polarized epithelial cells exhibit linear M'T arrays that are aligned according to the
apical-basal cell axis. In these non-centrosomal MT arrays, MT minus-ends are
anchored in close proximity to apical membranes, whereas MT plus-ends are facing
towards the basal site of the cell (Figure (Bacallao et al., |1989; |Bré et al.| 1987,
1990; Meads and Schroer;, [1995)). Centrosomes remain present in polarized epithelial
cells, although some centrosomal proteins, such as the MT-anchoring protein ninein,
are relocalized to non-centrosomal sites underlying the apical membrane (Mogensen
et al., 2000; Tucker et all [1992)). MT formation in most epithelial cells seems
to involve centrosome-mediated MT nucleation, subsequent MT release from the
centrosome through MT-severing enzymes and MT anchorage at apical sites through
proteins like ninein (Mogensen, [1999; Mogensen et al., 2000; |[Moss et al., 2007).

Also neurons possess a dense network of non-centrosomal but distinct MT arrays in
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Figure 1.12: Non-centrosomal MT arrays in polarized epithelial cells and neurons. In
polarized epithelial cells, the apical membrane serves as a non-centrosomal MTOC to organize
MTs into linear arrays arranged according to the apical-basal axis. In differentiated neurons,
non-centrosomal MTs are freely distributed in the cytoplasm and not tethered to any obvious
cellular structure. Within dendrites, MTs display mixed polarity, whereas in axons MTs are
uniformly orientated with their minus-ends facing towards the cell body. Centrioles remain present
in the cell body after the centrosome loses its MT organization capacity. Scheme is not drawn to
scale.

axons and dendrites. Whereas MTs are uniformly orientated in axons with their MT
minus-ends facing towards the cell body (soma), MTs display mixed orientations
within dendrites (Baas et al., [1988; Burton, |1988; [Heidemann et al. |1981). In
differentiated neurons, non-centrosomal MTs are free in the cytoplasm, meaning
the MT minus-ends are allocated throughout the cell (Baas and Joshi, [1992; Baas
and Lin| 2011; Bray and Bungel [1981; |Chalfie and Thomson, |1979)). Although

the centrosome is still present and nucleates MTs as a classical MTOC in newly

polarized neurons, it loses its activity at later stages during neuronal development;
centrioles remain in the soma and likely become basal bodies during ciliogenesis
(Berbari et al., [2007; |Stiess et al., 2010). Proteins, such as v-tubulin, Pericentrin or
Nedd1, that are important for MT nucleation or binding to y-TuRCs are lost from

the centrosome and partially localize to non-centrosomal sites within the cytoplasm
(Nguyen et al., 2014; Ori-McKenney et al., 2012} Stiess et al., 2010; Yau et al.,
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2014). Although Golgi outposts have been suggested to function as non-centrosomal
MTOC:S in dendrites (Ori-McKenney et al., [2012)), it remains to be determined at
which cellular structures de novo MT formation occurs during neuronal development
(Kapitein and Hoogenraad, [2015)).

In comparison to polarized epithelial cells and neurons, the MT network of skeletal
muscle cells is remodeled several times during the differentiation process and requires
distinct non-centrosomal MTOCs, the nuclear membrane and the Golgi complex as

discussed in the next section.

1.4.3 Non-centrosomal MTQOCSs in skeletal muscle cells

During skeletal muscle formation, the MT network is dramatically rearranged from
a radial centrosome-organized MT array into a non-centrosomal MT array organized
parallel to the long axis of the cell (Figure (Tassin et al., [1985a; Warren),
1974). This longitudinal MT network is organized by the nucleus, which functions
as a non-centrosomal MTOC in differentiated muscle cells. In fact, MTs grow in
a ’sun-like’ fashion from the nuclear envelope (NE) and from small cytoplasmic
foci in myotubes after treatment with the MT-depolymerizing drug nocodazole
(Bugnard et al., 2005; Tassin et al., |1985al). Reorganization of the MT network is
accompanied by a redistribution of centrosomal proteins from the centrosome to the
outer surface of the nucleus (Srsen et al., 2009; Tassin et al. |1985a)). Concomitantly,
centrosomes seem to loose their direct proximity to one nucleus and rather tend to
aggregate nearby nuclei groups in myotubes (Tassin et al., [1985a). These smaller
‘centrosome-like’” structures might account for some remaining MT asters observed
within the cytoplasm of myotubes, although their MT nucleation capability seems
to be decreased when compared to centrosomes in myoblasts (Bugnard et al., 2005;
Fant et al [2009). Moreover, centrioles appear to be gradually lost in the course
of myogenic differentiation and as a result are likely completely absent or at least
rarely present in mature muscle fibers (Connolly et al. 1986; Kano et al., 1991
Przybylski, [1971]).

The underlying mechanisms how cells regulate MTOC displacement from the centro-
some to the nucleus during differentiation is still obscure. However, it is known that
centrosomal proteins assemble into a highly insoluble filamentous network at the
NE of differentiated muscle cells and that the amount of redistributed centrosomal
material at the nuclear membrane is relative to the amount of MTs growing from
the nucleus (Fant et al.l 2009; Srsen et al.l 2009). Among the proteins known to re-

localize are predominantly components of the PCM, including Pericentrin, Akap450,
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CdkbRap2, and y-tubulin as well as Pem1, Cep135 and the MT-anchoring protein
ninein (Bugnard et al. 2005 |[Fant et al [2009; (Oddoux et al., [2013; |Srsen et al.|
2009). However, detection of y-tubulin at the nuclear membrane is difficult due
to its high abundance within the cytoplasm and its relatively low concentration at
the NE (5-fold decrease) when compared to the centrosome, and requires detergent
extraction prior to fixation (Bugnard et al., [2005). Consistent with its role as the
main MT-nucleator, v-tubulin localization to the NE is absolutely required for
cells to nucleate MTs from nuclear membranes, as myotubes microinjected with
anti-y-tubulin antibodies fail to do so (Bugnard et al., [2005).

The reorganization of centrosomal proteins and MT nucleation capacity is accompa-
nied by a redistribution of endoplasmic reticulum (ER) exit sites and Golgi complex
elements to nuclear membranes (Lu et al., 2001; [Ralston, [1993; Ralston et al., 2001}
Tassin et al., [1985b)). In myotubes, Golgi complex elements seem to be tightly
associated with the nucleus and orientated in such a way that the cis-Golgi is facing
towards the NE and the trans-Golgi network towards the cell periphery (Ralston
et al., [2001}; |Tassin et al. [1985b)). All these subcellular changes (reorganization of
centrosomal proteins, MTs, Golgi complex elements, and ER exit sites) already occur
before differentiated myoblasts fuse into myotubes and persist during the myotube
and myofiber stage (Ralston) [1993; |Srsen et al., |2009). Interestingly, recruitment of
centrosomal proteins to the NE seems to occur independently of the actin and MT
cytoskeleton (Fant et al., [2009; Zaal et al., [2011)). In fact, depolymerizing MTs by
nocodazole treatment or altering MT dynamics in the presence of the MT-stabilizing
drug taxol have no major effects on perinuclear localization of Pcm1 or Pericentrin
in myotubes, respectively (Fant et all 2009; Zaal et al., |2011).

Additional subcellular organelle arrangements occur when myotubes proceed the
myogenic differentiation program. The longitudinal MT network observed in my-
otubes is further remodeled into an orthogonal grid with dynamic and bundled
MTs running longitudinally and transversally throughout the myofiber (Figure [1.13)).
Strikingly, Golgi components localize together with ~-tubulin and Pericentrin to the
intersections of the MT grid (Oddoux et al., 2013)). Thus, the Golgi complex func-
tions additionally to the nucleus as a non-centrosomal MTOC in myofibers, although
the pattern of Golgi complex elements at the NE and the density of MTs slightly
differ between muscle fiber types (Ralston et al., [1999): In slow-twitch muscle fibers,
Golgi complex elements are distributed as a perinuclear belt around the nucleus
and MTs are intertwined, forming dense bundles within the MT grid-like lattice

with no obvious starting points. In comparison, in fast-twitch muscle fibers, Golgi
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localization is often restricted to nuclei poles and to the myofiber core. Additionally,
MTs are rather individually distributed with distinct starting points in the form of
MT asters nearby nuclei or throughout the myofiber. Nuclei that cluster under the

neuromuscular junction (NMJ), however, display a uniform Golgi perinuclear belt

and a dense surrounding MT network regardless of the fiber type (Ralston et al.|

1999).
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Figure 1.13: MTOC rearrangements during myogenic differentiation. In undifferentiated
myoblasts, microtubules (MTs) are radially organized by the centrosome and the Golgi complex
is juxtanuclearly positioned around the centrosome. In differentiated myoblasts and myotubes
(shown here), centrosomal proteins and the Golgi complex relocalize to the nucleus which takes
over the function as a non-centrosomal MTOC and organizes MTs into a longitudinal array. Some
remaining centrosome-like structures within the cytoplasm can contribute to nucleate MTs. In
myofibers, centrosomal proteins and Golgi complex elements act together to organize MTs into an
orthogonal grid. Nuclei surrounded with centrosomal proteins and Golgi complex elements are
positioned in the periphery or in clusters under the neuromuscular junction (NMJ) and continue
to nucleate MTs. Note that also ER exits sites are rearranged during myogenic differentiation (not
depicted here). Scheme is not drawn to scale.

Since the initial discovery by Tassin and colleagues in 1985 that the centrosome
and MT network undergo profound changes during myogenic differentiation, little
progress has been made on how these processes are time-wise regulated during
skeletal muscle formation and why these processes are important and specific to

muscle. It is known that the ability of differentiated muscle cells to form a functional
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non-centrosomal MTOC at the nucleus is not simply resulting from the fusion of
myoblasts into multinucleated myotubes. In fact, artificial polykaryons induced by
the fusion of Hel.a cells fail to assemble centrosomal proteins at their nuclei and to
grow MTs from the NE (Tassin et al., 1985a). But nuclei from non-muscle U20S
cells are able to accumulate Pcm1 and Pericentrin at the nucleus, although to a
lesser extent than muscle cells, when human U208 cells are artificially fused with
mouse differentiated myotubes (Fant et al. |2009). This suggests that also other
non-muscle cells might have the potential to form a non-centrosomal MTOC at
the nucleus but that additional muscle-specific factors are required to induce these
remodeling processes.

Several ideas why the highly specialized MT network is important for muscle came
from early studies of muscle cell cultures in the presence of different cytoskeleton-
altering drugs. MTs were suggested to be important for myoblast fusion into
myotubes and subsequent myotube elongation (Saitoh et al., 1988} [Straube and
Merdes, [2007). Also stabilized MTs (detyrosination and acetylation) which increase
during myogenic differentiation were proposed to regulate myoblast cell shape and
myotube elongation (Gundersen et al.; 1989)). Additionally, MTs were implicated in
the orientation of myosin filaments (Antin et al., [1981; Holtzer et al.,|1975), a finding
that was later confirmed by live-cell experiments using fluorescently labeled tubulin
and myosin molecules (Pizon et al., 2005). Together these studies indicated that
MT rearrangements could be a prerequisite for the organization of skeletal actin and
myosin during sarcomere formation. Moreover, M'Ts were shown to be important for
nuclear positioning during skeletal muscle formation (see section for further
explanations). Overall, MTs seem to be required for diverse biological processes
during differentiation - regulation of muscle cell morphology, sarcomere assembly, and
nuclear positioning - suggesting that any disturbances of MT regulation, assembly

or dynamics could affect muscle function.
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1.5 Aim of the project

The cytoskeleton, MTOC and organelle rearrangements that occur during skeletal
muscle formation are fascinating but the underlying mechanisms that drive these
processes are still poorly investigated. Although a multitude of centrosomal proteins
were described to relocalize to the NE, it is still unknown how centrosomal proteins
are anchored at the nucleus and how they contribute to MT nucleation from the NE.
In this study, we thus aimed to unravel the nuclear 'receptors’ at the NE that bind
centrosomal proteins and initiate MTOC formation at the nucleus during myogenic
differentiation. We further considered to examine if all centrosomal proteins are
recruited to the NE by the same receptor and if certain centrosomal proteins con-
tribute to the recruitment of other centrosomal proteins through mutual interactions.
Moreover, we set out to determine which of the relocalized centrosomal proteins
that aid in y-TuRC recruitment at the centrosome are actually important for MT
nucleation from the NE in skeletal muscle cells. Finally, as MTs were demonstrated
to play a crucial role in nuclear positioning during myogenic differentiation, we
wanted to investigate how active MT nucleation from the nucleus is contributing to
these processes. Therefore, we aimed to analyze the impact of centrosomal proteins

and the identified receptor on nuclear spreading movements.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and disposables

General chemicals were obtained from Sigma-Aldrich, Merck or Carl Roth GmbH +

Co. KG if not otherwise stated. Common disposables were purchased from Corning

and Merck Millipore.

2.1.2 Solutions and media

Ultrapure water (ddH20O) with a resistivity of 18 MQ.cm at 25°C was used from
a Milli-Q® reference water purification system (Millipore, Merck) to prepare all
buffers and solutions. The pH was adjusted using NaOH or HCI.

Table 2.1: Buffers and Media for Molecular Biological Methods

Buffer / Medium

Composition Source / Cat.No

LB Medium (Lennox)

Dissolve 20 g in 1 L ddH50 Carl Roth, #X964
10 g/L Tryptone

5 g/L Yeast extract

5 g/L NaCl

pH 7.0 +0.2

LB Agar (Luria/Miller)

Dissolve 40 g in 1 L. ddH,0O Carl Roth, #X969
10 g/L Tryptone

5 g/L Yeast extract

10 g/L NaCl

15 g/L Agar-Agar

pH 7.0 +0.2

Antibiotics

Ampicillin 100 mg/ml in ddH,O
(1000x)
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(stock solutions)

Kanamycin 50 mg/ml in ddH,O

(1000x)

S.0.C. medium

2% Tryptone

0.5% Yeast Extract
10 mM NaCl

2.5 mM KCl

10 mM MgCl,

10 mM MgSO,

20 mM glucose

Invitrogen,

#15544034

Table 2.2: Buffers and Media for Cell Culture

Buffer / Medium Composition Source / Cat.No

Growth Medium Dulbecco’s  modified  Eagle’s Gibco, #41966
medium

for C2C12 cells (DMEM)

4.5 g/L D-glucose

4 mM L-glutamine

1 mM sodium pyruvate
10% fetal calf serum

100 U/ml penicillin,
100 pg/ml streptomycin

Eurobio,
#CVFSVF0001
Gibco, #15140-122

Differentiation
Medium
for C2C12 cells

DMEM

4.5 g/L D-glucose

4 mM L-glutamine

1 mM sodium pyruvate
100 U/ml penicillin,

100 pg/ml streptomycin

2% horse serum

Gibco, #41966

Gibco, #15140-122

Gibco, #26050088

Growth Medium for
human immortalized

myoblasts

44

320 ml DMEM with GlutaMAX
80 ml DMEM 199 medium
20% fetal bovine serum

25 ug/ml bovine fetuin

Gibco, #61965-026
Gibco, #41150
Gibco, #10270
Life Technologies,
#10344026
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5 ng/ml recombinant human EGF
0.5 ng/ml recombinant human
FGF-basic

5 pg/ml recombinant human insulin

0.2 ug/ml dexamethasone

0.1% gentamicin

Life Technologies,
#PHGO311

Life Technologies,
#PHG0026
Sigma-Aldrich,
#91077C
Sigma-Aldrich,
#D4902

Gibco, #15750

Differentiation
Medium
for

human immortalized

Iscove’s Modified Dulbecco’s

Medium (IMDM) with GlutaMAX

2% horse serum

Gibco, #31980

Gibco, #26050088

myoblasts 0.1% gentamicin Gibco, #15750
1x DPBS 2.67 mM KCI Gibco, #14190250
no calcium 1.47 mM KH,PO,

no magnesium

137.93 mM NaCl
8.06 mM NaQHPO4—7HQO

0.05% Trypsin-EDTA

5.33 mM KCl

0.44 mM KH,POy,

4.17 mM NaHCOj4

137.93 mM NaCl

0.34 mM Na,HPO,-7H,O

5.56 mM D-Glucose (Dextrose)
0.48 mM EDTA 4Na 2H,0
0.025 mM Phenol Red

0.021 mM Trypsin

Gibco,#25300054

Table 2.3: Buffers for Cell Biological Methods.

Buffer

Composition

Source/ Cat.No

1x PBS

PBS tablet dissolved in 500 ml
ddH>0O

10 mM sodium phosphates
2.68 KCI

140 mM NaCl

pH 7.45

Gibco, # 18912014
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4% PFA

10 ml formaldehyde solution, 16%
30 ml PBS

Electron Microscopy Sciences
#15710-S

IF blocking
buffer

10% goat serum
diluted in PBS

Sigma-Aldrich, #G9023

PHEM buffer

60 mM PIPES
25 mM HEPES
10 mM EGTA
2 mM MgCly
pH 6.9

Pre-extraction

buffer

1% Triton X-100
diluted in PHEM buffer

Imaging buffer

50 mM Tris/HCI pH 8.0

10 mM NaCl

10 mM S-mercaptoethylamine
(MEA)

0.5 mg/mL glucose oxidase

40 pg/mL catalase

10% (w/v) glucose

Sigma-Aldrich, #30070

Sigma-Aldrich, #G2133
Sigma-Aldrich, #C100

Table 2.4: Buffers for Biochemical Methods.

Buffer

Composition

Source/ Cat.No

Buffer A

50 mM Tris pH 7.4

0.5% sodium deoxycholate
150 mM NaCl

1% NP-40

0.1% SDS

Buffer B

20 mM Tris pH 7.4

IP Lysis Buffer

10 mM Tris pH 7.5
100 mM NaCl

1 mM EDTA pH 8.0
1% Triton X-100
0.5% NP-40

add freshly 1x protease inhibitors

Roche, #4693132001

IP Wash Buffer

10 mM Tris pH 7.5
100 mM NaCl
1 mM EDTA pH 8.0

add freshly 1x protease inhibitors

Roche, #4693132001
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NuPage®MOPS SDS
Running Buffer (20x)

To dilute to 1x with ddH>O

50 mM MOPS
50 mM Tris Base
0.1% SDS

1 mM EDTA

pH 7.7

Life Technologies,
#NP0001

Kyle lysis buffer

50 mM Tris pH 7.4

500 mM NaCl

0.4% SDS

5 mM EDTA pH 7.4

add freshly 1x protease inhibitors
2% Triton X-100

1 mM DTT

Roche, #4693132001

Ponceau S 0.1% (w/v) Ponceau S Sigma-Aldrich
5% acetic acid #PT170-1L
10x TBS To dilute to 1x with ddH2O Euromedex,
(Tris Buffered Saline) #ET-220-B
0.25 M Tris base
1.37 M NaCl
26.8 mM KCl
TBS-Tween 1x TBS
0.05% Tween
10x TG To dilute to 1x with ddHO Bio-Rad,
(Tris/Glycine) #3030-917
25 mM Tris
192 mM Glycine
pH 8.3
10x TGS To dilute to 1x with ddH2O Bio-Rad,
(Tris/Glycine/SDS) #161-0772

25 mM Tris

192 mM Glycine
0.1% SDS

pH 8.3

WB Blocking solution

1x TBS-Tween
5% milk powder

WB Transfer

1x TG buffer
10% ethanol
0.025% SDS
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2.1.3 Molecular weight standards

Table 2.5: Molecular weight standards.

Marker Composition Source/
Cat.No

Novex®  Sharp Pre- 260, 160, 110, 80, 60, 50, 40, 30, 20, Invitrogen,

stained Protein Stan- 15, 10, 3.5 kDa protein bands #LC5800

dard

HiMark — Pre-stained 460, 268, 238, 171, 117, 71, 55, 41, Invitrogen,

Protein Standard 31 kDa protein bands #L.C5699

2.1.4 Plasmids

Table 2.6: Plasmids used for overexpression.

Constructs Backbone Source

dsRed-PACT pCMV-DsRed-Express Gift from Sean Munro
(human Pericentrin) (Clontech)

myc-PACT homemade Gateway Destination Gift from Brian Burke,
(human Pericentrin) vector based on pCS2 Yin Loon Lee
GFP-Nesprin-1a pcDNA3.1 Gift from Brian Burke
GFP EGFP-C1

EB1-GFP EGFP-C1

2.1.5 Small interfering RNAs (siRNAs)

The following siRNAs were directed against the mouse mRNA sequence and were either
obtained from Life Technologies (Ambion, Silencer Select) or synthesized by GeneCust
(Luxembourg). Dried oligonucleotides were dissolved in nuclease-free water to a final stock
concentration of 10 uM and stored at -20°C. RNA oligonucleotides used for the siRNA
screen (Ambion, Silencer' " siRNA costum-made library) were delivered in 96-well plates
and were reconstituted as described before using multi-channel pipettes. For the siRNA
screen, a mix of three different RNA oligonucleotides was directed against each mRNA as
listed in Table 2.8l
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dipeptidase A) 1

CCAUUAUAUCUCCAAUAGCtt
AUCCGUGUAGCCAUUGAGCtt

Table 2.7: siRNAs
siRNA Gene Gene description Gene ID Sense siRNA sequence 5’-3°
name
Akap450 #1 Akap9 A kinase (PRKA) anchor 100986 AUCACUGUGCAACUUGAAUAAAGAA
Akap450 #2 protein (yotiao) 9 UACCUUUCAUUGGACAGGUUUCUAUCG
Cdk5Rap2 #1 Cdk5rap2 CDKS5 regulatory subunit 214444 GAGAUCACCUUGAUAGUAAtt
Cdk5Rap2 #2 associated protein 2 CAGUGAGGCUAUUAUCACAtt
Cdk5Rap2 #3 GCACAUGGAUUCCAAUAUUtt
Cepl192 #1 Cepl92 Centrosomal protein 192 70799 GAACUUGCUUAGUACAGCATtt
Cepl92 #2 GGAUUUUCAGAUGCACGUUtt
Cepl92 #3 GGUUAUCCAGAGUAAAUCUtt
control #1 non-targeting UUCUCCGAAGCUGUCACGUtt
control #2 CGUUAAUCGCGUAUAAUACGCGUAT
control #3 CGUACGCGGAAUACUUCGATT
Nesprin-1 #1 Synel spectrin repeat containing, 64009 CCAUCGAGUCUCACAUCAALtt
Nesprin-1 #2 nuclear envelope 1 AGUAAGAGGAGAAGGAAUA¢t
Sunl #1 Sunl Sadl and UNC84 domain 77053 GGCUAUUGAUUCGCACAUUtt
containing 1
Sun2 #1 Sun2 Sadl and UNC84 domain 223697 CUCUCAGGAUGAUAACGAUtt
containing 2
Pcml #1 Pcml1 pericentriolar material 1 18536 AGUCAGAUUCUGCAACAUGAUCUTG
Pcml #2 AAUAGUAUCCCGUAAAGCUUCAAACAU
Pcnt #1 Pent pericentrin (kendrin) 18541 GCCGAUCAACAAUUGCUAAtt
Pent #2 GGGUUUAAUGAAUUGGUCALtt
~-tubulin #1 Tubgl tubulin, gamma 1 103733 ACGUGGUGGUCCAACCCUAtt
~y-tubulin #2 UCCUGGAACGGCUAAAUGA¢tt
~y-tubulin #3 AGGACAAUUUUGACGAGAUtt
Table 2.8: siRNAs used for the siRNA screen
Gene symbol/ Gene description Gene ID Antisense siRNA sequence 5’-3’
Gene name
0610007P14Rik RIKEN cDNA 0610007P14 gene 58520 UGUAGAUAAAAGAGGAGCCtg
AUGGUUUAAGGAUAGAGGGtg
AGUCUAUGUGCUCAGGACCtt
Glmp glycosylated lysosomal membrane protein 56700 AAUAACCUCCAUAGAUACCtg
0610031J06Rik RIKEN cDNA 0610031J06 gene GCAAGAUCCAAUGAGUUGGtg
UCUAGAAAAGGCUUGGACCHtt
Timm?21 tranlocase of inner mitochondrial membrane 21 67105 GUUUUAAAGCAAGCUUUGGtg
1700034H14Rik RIKEN ¢cDNA 1700034H14 gene GAAUUUCACACGGAUGCGCtt
UUGCUUGGUACUAUCCUCCtt
Tmem120a transmembrane protein 120A 215210 UUUGUAAGCGAACUUAGCCtg
2010310D06Rik RIKEN cDNA 2010310D06 gene CAGACUCAGGUACAACCCGtt
GGAGUUUGUACAGUUGGCCtg
Ostc oligosaccharyltransferase complex subunit 66357 GUUUGGUGCAUUGGAUCGGtc
2310008 M10Rik (non-catalytic) GGAUUAUGAAACCUAAACCtc
RIKEN c¢cDNA 2310008M10 gene AUGAACAGAAGAAGAAACCtg
Tmem?209 transmembrane protein 209 72649 UUUCAUUCGUAACAUCUGGtt
2700094F01Rik RIKEN cDNA 2700094F01 gene AACUUAACACACUUUGACCtt
UGUAGUCUGCACAACAGCCtg
Syne3 spectrin repeat containing, nuclear envelope 212073 CUUCAUACUUUGGUAUUCCtg
4831426119Rik family member 3 GGUGAUUUUUUUUUUUCCCtc
RIKEN cDNA 4831426119 gene CAGUUGAGUUUGUAACCGGtc
Timmdcl translocase of inner mitochondrial membrane 76916 UUAUUCUGAAAAGACCUCCtg
4930455C21Rik domain containing 1 AGUUUAUUCUGAAAAGACCtc
RIKEN ¢cDNA 4930455C21 gene AAAUAAAAGCAGGUAUUCCtc
Scai suppressor of cancer cell invasion 320271 UUUAACUUAUGGAUUGUCCtc
A930041102Rik RIKEN cDNA A930041I02 gene UUAAGAGUAAAUUCAGUCCtg
GGAUGUCAUCUUCAGCACCtc
Aadacll arylacetamide deacetylase-like 1 320024 UUCACUUUCGGAGAAGACCtt
AUGUUUUUCAGAAAAACCCtg
ACCUAAGGCUAUUUCUAGCtc
Abhd12 abhydrolase domain containing 12 76192 GCAGAAAGAACCAUUUUCCtg
CCAAUAUAAGGGCAUCUGGtg
UCUGAGUCCUCUUUCUAGGtg
Acbd5b acyl-Coenzyme A binding domain containing 5 74159 UUGUUAAAUGGUGUAUUCCtg
UUCUUAUCAUCACUGCCGCtc
AUGCAAAAUCGAUUUAACCtc
Ace angiotensin I converting enzyme (peptidyl- 11421 ACGCACAUAGGCAUGCAGGtt
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Acsll acyl-CoA synthetase long-chain family 14081 GUAUAAACAACAGCUUGGAta
member 1 AAGUUAGGCUACCAAAUAGtg
GCAAUUAAGAAUACGAGUAtg

Acsls acyl-CoA synthetase long-chain family 433256 CAUAGAGGCUCUUGAUUUGtg
member 5 GGGAUAUCAGCCCUGUUGAtg
UUAAGCUACUACUCCUCGAtg

Actrla ARP1 actin-related protein 1 homolog A 54130 UGAACAGGGUAGAACCUCCtg
(yeast) GGCCAAUGAAGAUGUCACCtt
AGCUCUUUCCUUUAUGGCCtt

Afg3l2 AFG3(ATPase family gene 3)-like 2 (yeast) 69597 GGUCCAAUAAAAAUCUGCCtg
UCCAGAAACUCAGAUCCGCtc

ACUUCAUCGUCUAUCAUCCtc

Ager advanced glycosylation end product- 11596 ACAGCUUAGCACAAGUGGCtc
specific receptor UUCAGGCUCAACCAACAGCtg
CCUUAUUAGGGACACUGGCtg

Syne4 spectrin repeat containing, nuclear envelope 233066 AAGAUGGUGUCUCGGUGGGtt
family member 4 ACAAAGAUGUAGACUGUCCtg

AT428936 expressed sequence AI428936 AUAGCUGAUCAACUGGGCCtg
Al464131 expressed sequence AI464131 329828 ACAUUACAGUGUCCUUAGGtc
GACUUGCUCACCCUUCUGGtt

AAAUGGCUGCGGUUCUUGCtg

Urb2 URB2 ribosome biogenesis 2 homolog 382038 GCAAUUCAGCUAGCUCUGCtg
(S. cerevisiae) AUGAAUGACCUCAAACAGCtt

AK122209 cDNA sequence AK122209 UAGAAAUUGCAAUGCUGCCtg
Aldh3a2 aldehyde dehydrogenase family 3, 11671 AAUUUCUUCUUGCAUCACCtt
subfamily A2 UAACAAUGGCAGCAUUUCCtg
UAUGAAAUUUAUGGCUUCGtc

Aldh6al aldehyde dehydrogenase family 6, 104776 UCAUAAUCAGUAUAGAAGCtc
subfamily Al CUGAUAACGAAGCAGGACCtg
UCUAAGAAACAAGAAACCCtt

Aoc3 amine oxidase, copper containing 3 11754 AGAUCUUCAAUCGAAUUGCtc
GAUCAUCUCCUCGAUAUCCtg

CUUAUGAUCUAUCAGAAGCtc

Aphlc anterior pharynx defective 1c homolog 68318 CACAGUUACAACGGUCACCtt
(C. elegans) AAUGAAAGUGAAAUUUGCCtg
GGGUAAGAUUCUAGCCAGCtc

App amyloid beta (A4) precursor protein 11820 UUGAACACAUGAUGAGGCCtt
CAAUGCAGGUUUUGGUCCCtg

ACAAACAUCCAUCCGCUCCtg

Agpl aquaporin 1 11826 CUGAGUUGAUAAAUCUUGGtc
AAGCCUCCUCUAUUUGGGCtt

GGGAGUGACUUUGGUCAGCtt

Arl6ip5 ADP-ribosylation factor-like 6 interacting 65106 UUUGUUGAUGUUAUCUUCCtg
protein 5 UUUCUUCAGGCCGAUUCCCtc
AUUGUCCUAAACAGCUACCtt

Asph aspartate-beta-hydroxylase 65973 ACCAUGUGAAAAAGGACCCtc
UUCUCCCAUUCUUGUGUCCtc

AUGUGAAAAAGGACCCUCCtg

Atplal ATPase, Na+/K+ transporting, alpha 1 11928 CAUUUCGAAUCACAAGGGCtt
polypeptide AUCCCUUUCCUUCUUGGCCtt
UAUCAAAAAUCAGACGACCtt

Atpla2 ATPase, Na+/K+ transporting, alpha 2 98660 UGAUGUCACUCUCAGCUGCtt
polypeptide GAUUUCUGCCACCUUAGGGtt
CUUAGUUCCCUCAGGUGCCtt

Atpla3 ATPase, Na+/K+ transporting, alpha 3 232975 CUCUGUCAUAGCCACUUCCHtt
polypeptide UCACCUGCAUCUUUUCACCtt
GAGCUCUUGUCGAAAGAGGtc

Atp2a2 ATPase, Ca++ transporting, cardiac muscle, 11938 UCUACAAAGGCUGUAAUCGHtt
slow twitch 2 AUUUUCAGCAUUUCUUUCCtg
GUUCCAGCAAGGUUUUUCCtt

Atp2bl ATPase, Ca++ transporting, plasma 67972 CGGAACCUUUUUAUAAUGCtt
membrane 1 AAGAAUACUAUCUUGUCCGtc
UCACUCAAUGAUCCAGGGCtc

Atp2b2 ATPase, Ca++ transporting, plasma 11941 UCCGAUUGAAUUCUUUGCCtt
membrane 2 CUUGAUCUUGACCACAGCCtc
GAGCAGUGCCUGGUAAACCtt

Atpda ATPase, H+/K+ exchanging, gastric, 11944 AUUUGUGCUCUUGAACUCCtg
alpha polypeptide GUCGUUAAUCUCCAUCUCCtt
GCUUCUCCUUCUUCUUGCCtc

Atp6v0al ATPase, H4 transporting, lysosomal 11975 CAAAGCCAAGUCGUAAGGGtg
VO subunit Al AAUAAUUUCAGCAUCCUCCtc
GCGGGUUUUCGAUUUCAGCtt

Atp8a2 ATPase, aminophospholipid transporter-like, 50769 GAUAAUUUCAUCUCCAUCCtt

class I, type 8A, member 2

GUUAACUGCAUUGUCUGCCtt
CUAUGAUCUCUUUGAUGCCtg
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Aytl2

acyltransferase like 2

210992

GAUGUCUCUGCUCUCUGCCtt
CAGGAAUGAACGCACCAGGtt
UCCUAUUUGUACAAGUUCCtt

Nepro
BC027231

nucleolus and neural progenitor protein
cDNA sequence BC027231

212547

GAUUCUUUGCACAGUAUCGtt
CUUUAAGCACUGUUCUACCtg
UCAUAUAAGGAAAUGAGCCtt

Bcam

basal cell adhesion molecule

57278

ACGGAUGGUUAUGUAGCCCtt
GUUUUAACUCUGGUGCUCCHtt
UGCAAGGGUCACAGAAUCCtt

Bcap31

B-cell receptor-associated protein 31

27061

UAAACAACAAUCAGGUCCCtt
GAUAAAACAGUUGACCUGCtt
AUUGUUCUGGAGGUUCACCtt

Bcl2113

BCL2-like 13 (apoptosis facilitator)

94044

CCUAAUUGAACCCUAUCCCtt
CCACAUCUAGUUGAACUCCtg
UUAAGAGGUCAAAUAGACCtt

Binl

bridging integrator 1

30948

CAGAUAGGUCCGAAGAUCCTtt
CUCUUUAUGGAAGUUUUCCtc
UUAACAGAAGCCAGAUAGGtc

Bsg

basigin

12215

UGUCGUUUGGAGCAUUCCCtt
ACAUUUACGUCAAGGUUGCtg
UAUGUACUUCGUAUGCAGGtc

C3

complement component 3

12266

AGUUGAAUUCCUUACUGGCtg
AAUCUUCUUAUCGCCAUCCtg
CUUAUCUGAGUUGAAUUCCtt

Cadm4

cell adhesion molecule 4

260299

CCCAAAUCCUUAUUACCCGtc
AAAGAAAUCUGUGUUUCCCtt
GCUCACUCCUUUCAACUCCtt

Canx

calnexin

12330

AAUAUACUCAGGUUCGUCGtc
UCCAUUCUGAAAAUUAACCtc
AGAUUUUGAAUCUUCUACCtc

Cavl

caveolin, caveolae protein 1

12389

UUUGUAUGACAUCAUCACCtt
GUUGACCAGGUCAAUCUCCtt
AUAGUCUCCAAAUUGAUGGtg

Ccdc90b

coiled-coil domain containing 90B

66365

CUGUUAUUUCCUGCUGAGCtt
ACUUUUGGUUUGUGUAUCCtt
UCUGACUUAGUUGUGGUGGtc

Cd34

CD34 antigen

12490

AUCAUUUUCACUCAUCACGtt
UUGAAUUAGAUCUUCUCCCtt
UGAUAGAUCAAGUAGUGGCtg

Cd36

CD36 antigen

12491

UCUUCAAGGACAACUUCCCtt
UUUUGAAAGCAGUGGUUCCHtt
AACACAGCGUAGAUAGACCtg

Cdc42bpa

Cdc42 binding protein kinase alpha

226751

AGCUUAUCGAGUUCACUCGtt
GAUAUCUUUUCGACUUGCGtg
AACAUUUGUUACUAGGUGCtg

Cdc42bpb

Cdc42 binding protein kinase beta

217866

GUAUCCUUCGCUCGUACGCtt
GUAGCAAAGGAUUAGUCGCtt
AUCUCGCCAAUGUAGAACCtc

Cdc42bpg

CDC42 binding protein kinase gamma
(DMPK-like)

240505

GGUAACAGAGAACUUGGCGtt
CAGGAAUUCUUCCUGCCGGtt
GAGGGUAUCAUCAUCCACGtc

Cdh2

cadherin 2

12558

UAUCAGGAACUUUGCCUGCtc
AUGUGGUUCCUUCAUAGGCtc
CUGUCCUUCGUGCACAUCCHtt

Cdh5

cadherin 5

12562

AGCAUUCUGGCGGUUCACGtt
UUUAGAUUGGACUUGAUCCtt
UGACAGAGGUCCCUAUAGCtg

Cdk5rap2

CDKS5 regulatory subunit associated protein 2

214444

AUGAUGUCUCUCUGUAACCtt
AUCAAAGAUGACUUUCUCCtg
AACCUUUCAUUUUCUUCCCtt

Ckap4

cytoskeleton-associated protein 4

216197

UACUAUAAAUUUGACUGCCtg
UGAAUUUGCAUAGUUACCGtt
AAACAACCUAUCCAGGUCGtt

Clecl4a

C-type lectin domain family 14, member a

66864

UCUCUUGAAGGUAGCGUGGtg
UCCUUAAUUAUUUACCACCtg
CCUUAAAGGCUCUUUCUCCtg

Colecl2

collectin sub-family member 12

140792

GGUUUUUUCUGUGAUCUCCtg
AAUAUCUGUCUCAAAGACCtg
UUUGUUGUCAUAAGUCUGGtg

Cox4il

cytochrome c oxidase subunit IV isoform 1

12857

AACUGAACUUUCUCAUCCCtg
AUGUCCAGCAUUCGCUUGGtc
UUUUUUCCACGUAAACUGGtc

Cox6al

cytochrome c oxidase, subunit VI a,
polypeptide 1

12861

UACUCAUCUUCAUAGCCGGtc
AUUUAUUUAAGCCAUCUCCtc
AAACCAGUGCUGUGGUCCCtt
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CoxT7al

cytochrome c oxidase, subunit VIIa 1

12865

ACACGGUUUUCUAAGUGGCtt
UUGAUGUUUGUCCAAGUCCtc
UUUCAAGUGUACUGGGAGGtc

CoxTa2

cytochrome c oxidase, subunit VIIa 2

12866

UUGAUGAAACUGAACCACGtg
CUUUUGUUUCUCUGGAACCtt
ACCUUGUUUUCAAAAUGCCtt

Cspg4

chondroitin sulfate proteoglycan 4

121021

AGAAUUCUUCAGCACAACCtt
UUCAUAUGGGCCAUAGACCtc
AGAGAUGGUCAUCUUGGCCtg

Ctsd

cathepsin D

13033

AGGAAUCAUAUACUCACCCtg
CACCUUGAUACCUCUUGCCtt
GUAGUUCAUAGUUUUUGCCtc

Cttn

cortactin

13043

GUGAAUGUUGAUGUGUUCCtg
CGUUUCCAGCUCCUUCUCCtt
ACUUUUAUCCACCUUGUCCtt

Cybb

cytochrome b-5

109672

CUUGGUCAGAUCGUACACCtt
AGUCUUUUAGUUCUUCGGCtt
AGGAUGCUCUUCGAGAAACtt

Cyb5b

cytochrome b5 type B

66427

UAAUGUUUUUUCAUGACCCtc
UGGGAAAAGAUUCAUAACCtg
AAGGAUCCUUGUCAUCGCCtt

Cycl

cytochrome c-1

66445

AAUAGUCAGACAACUUCCCtg
CAGGGAAAAUACGUAGUCCtc
CUAGCUCGAACGAUGUAGCtg

Cyp2b13

cytochrome P450, family 2, subfamily b,
polypeptide 13

13089

AAUGAAGUUGAGGAUUUCCtg
UUGUUCACCAGAGCCUCCCtt
CAGUCUAGUUUCCAGCAGCtc

Cyp2f2

cytochrome P450, family 2, subfamily f,
polypeptide 2

13107

UACUCCUUGCUAAGCUUGGtg
AUAAGACGGGUAUUUCACCtt
GGGUGCAUCAUAGAAUAGGtt

Cyp3alé

cytochrome P450, family 3, subfamily a,
polypeptide 16

13114

ACCAUUGAUUUCAACAUCCHtt
GCUAGAGAGAUGGAUUUACtc
CCUCAAGGGAAAAUCACGCtc

Cyp4bl

cytochrome P450, family 4, subfamily b,
polypeptide 1

13120

CUAACUGCCAGGUAGUAGCtg
GCUGGAACCAUUUUGGCCCtt
AGCUUUAGCAUAGUCAGGCtc

Cypb51

cytochrome P450, family 51

13121

UUUGUAACGGAUUACUGGGtt
AGCUGUCAAAAUUAUGAGCtc
UAUGUGGUGGACUUUUCGCtc

D4Ertd429e

DNA segment, Chr 4, ERATO Doi 429,
expressed

230917

UGUGAAAGCAGCCAGCUGCtt
UAGAUAAUGCUCUGCCAGGtg
AUAGGGCACCAGUGUAUCGtg

Dagl

dystroglycan 1

13138

UGUAAGGACAGUCACUGGCtc
AUUAAAUCCGUUGGAAUGCtc
CUGUUCAACAGAUCGAUCCtt

Dctnl

dynactin 1

13191

CUGGGUGAACUUGAUGUGGtc
UCACAUGUGAAAUACUUCCtt
ACUACAUGAUGUUUCCAGGtc

Dctn2

dynactin 2

69654

AUGUGUUCCACGCUUGUGCtg
GUACAACAGCAUUUAAUGGtc
AAACUCUGCUUGAUCAUCCtc

Dctn3

dynactin 3

53598

UUGUAGAGAAUCUUCACCCtc
AAUGUUCCCUAAAGCCACCtg
UUGUAGUCUUGUUAUACCCtt

Ddost

dolichyl-di-phosphooligosaccharide-protein
glycotransferase

13200

CUAUACUCCACCAAGUCGGtg
AGUAAGAGGUUGAAGAGCCtg
GAUGUAUCACUUAAAUACCtg

Discl

disrupted in schizophrenia 1

244667

CUGUGCUUCUCAUGUAGCCtg
GUUGCUCAGUAGGUAGUCCtg
UAAAAUUAAGGAAGUGACCtc

Dlgl

discs, large homolog 1 (Drosophila)

13383

AAAUAUGUUAAUAACCCGCtc
UUUGGAUUAUCAAGUAAGGtc
CGUUCUUUAGUGCAGCUGCtg

Dlg2

discs, large homolog 2 (Drosophila)

23859

GGAAUGAUCAUGUGGACCGtc
UAUCUUCUAAGGUAUCUCCtt
UCAUAUAAAUAGUGGUGGGtt

Digd

discs, large homolog 4 (Drosophila)

13385

AGCCAAGUCCUUUAGGCCCtt
UUAUACUGAGCGAUGAUCGtg
GAUAAAGAUGGAUGGGUCGtc

Dnajbll

DnaJ (Hsp40) homolog, subfamily B,
member 11

67838

AGUGAUUAUCAAAGAGCCCtt
AAGCAUCGUACUGUUUUCGHtt
CUACGAUGAUAUCACUUCCtc

Dnm?2

dynamin 2

13430

UCCCGAGCCUUCAAUUCGCtt
UUAAUAUGGCCAAAGGAGCtc
UCAAGUUCAACACGUGUGGtg
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Dpp4

dipeptidylpeptidase 4

13482

ACUCAUUUCAACGUGCUGCtg
AGCAGAACUAUUGGCACGGtg
CUUUGCAUAUAUGAUUUCCtg

Dtnbpl

dystrobrevin binding protein 1

94245

ACAAGUCACUUAAAUGUCCtg
CAGCAAAUGGUUCUCUACCtc
GUGUGUAAAAUUGAAAACCtc

Dullard

Dullard homolog (Xenopus laevis)

67181

GUGUUUGUCUAUUACCACCtt
CAGGAUCUUCCUCUUCACCtg
ACAAGCUCAUACCACUGGCtt

Dynclhl

dynein cytoplasmic 1 heavy chain 1

13424

GGAAAUGAAUUCUUUCUCCtc
CUGCAUCAAUCACAGGAGCtc
AGUUUUAAACAUAACCUCCtc

Dynclil

dynein cytoplasmic 1 intermediate chain 1

13426

CUUCUUCCUCUCCUCUUCCtt
AAUCAUGACCAAUUUUGGGtt
GAUCUGCUGUUUUUCUUCCtc

Dyncli2

dynein cytoplasmic 1 intermediate chain 2

13427

UACAAUUCUCGUAGAAUGGtc
AAAGAAGAUGUUAAUCUGCtc
UUCCUUUUUUUUCCUUUCCtc

Dyncllil

dynein cytoplasmic 1 light intermediate
chain 1

235661

AAUUGUCUUUCUUAGCCGGtc
UGCUAAAAGAGACUGUAGCtt
AUCCAAAGCAGUCCAAGGCtt

Dynclli2

dynein, cytoplasmic 1 light intermediate
chain 2

234663

UGUCAGCUACUUAACCUGCtt
CAGGUUAUGAGUCAGCACGtt
UAAGAGAAGAAGUGCUACGtt

Dynlll

dynein light chain LC8-type 1

56455

GUACUUCUUGUCAAACUCCtt
GAACAGAAGAAUGGCCACCtg
UGGAAUUUGGAUGCAGUCCtt

Dynll2

dynein light chain LC8-type 2

68097

GUUGUACUUCUCCAUGGCCtg
GAUAUAGGCAGCAAUGUCCtt
CAUUGCUAUACUUCAGACCtg

Dynlrbl

dynein light chain roadblock-type 1

67068

GAGCGAAUUCGAAGGAAGGtt
AAGCUCUCAUUCCAAAGCCtg
UGCUCUUGAUGGGAAUGCCtt

Dynlrb2

dynein light chain roadblock-type 2

75465

GACAAUCAGAAGAUAUUCCtt
GUACAAUAUCAUGGAUUCGtg
CCUAAGAAAAGUCAGGUCGHtt

Dynltl

dynein light chain Tctex-type 1

21648

GCUGAAGUCAUGUGGUUCCtg
UAAGACAAGUGGUACUGCCtg
GACUUGAGUUUUUAGCACCtt

Dynlt3

dynein light chain Tctex-type 3

67117

AUAGACUGUUCCACUAUGCtt
CAAACUUAAGUUAAUGGCCtt
GUGUGAAAUCCAUACGGGCtc

Ebp

phenylalkylamine Ca24 antagonist
(emopamil) binding protein

13595

GAUAUAUCGGCUAUCUCCCtt
AGUAGCUCAACUUGUUCCCtt
CCUUUUCUGACUCUGGCCCtt

Emd

emerin

13726

GGUGGUCAAAUAACUCUCCtc
GAUUUUCUUUUCGUAGAGCtt
UGCUCUAAAACCAAUACCCtt

Enpep

glutamyl aminopeptidase

13809

UACUCUAUUAGUAUCUUCCtg
UAUAAUUCAGAAGUUGAGCtc
AAGUUUUUCCAUUCUCCGCtt

Ergicl

endoplasmic reticulum-golgi intermediate
compartment (ERGIC) 1

67458

AGAAUGAGUUGGCAUGUGCtc
CAAACUGUGCCUUAUAUGGtc
CUUAAAGAUUGUCAAAGCCtg

Erlin2

Erlin2 ER lipid raft associated 2

244373

CUUGUUGAAGAUGAGGGCCtt
UUUCAGGAUAAGAAAUCCCtt
UGAGCACAUUAAAAUGUCCHtt

Erp29

endoplasmic reticulum protein 29

67397

CUUGCUUUUGGGAAUGACCtt
AUUACACUCAUCAAGGACCtg
UGGAAAGUCCUCACCUUGGtc

Esaml

endothelial cell-specific adhesion molecule

69524

UGAGCAGUAGGUUUACUCCtt
AAGACAACACCUGGUUUGGHtt
AUUAAUGUAAGACAACACCtg

Fllr

F11 receptor

16456

UGAGUUAAGAAUAUAGUCCtg
AUUCACCACUAUCAAAGGCtg
UAAAAAACAGCCGAGUUGGHtt

Fadsl

fatty acid desaturase 1

76267

AUGGUUGUAUGGCAUGUGCtt
AUACUUUCUCACAAGACCCtt
GUCGCUGAUGUUGUACACCtt

Fer1l3

fer-1-like 3, myoferlin (C. elegans)

226101

AUCUCCUUGAUCUUCUUCCtc
UGUUUGUAGGGCAAAGACCtg
UUCUUUCAAUCUCAAAACCtc

Fmol

flavin containing monooxygenase 1

14261

AGAGUUUUCCUUUACCUCCtt
UUUAAGUGAACAAAAGUGCtg
CCUUAAAAGUUAGUAUACCtg
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Fmo2

flavin containing monooxygenase 2

55990

UUCUUAUACUUUCACAUGGtg
AUAAGAACAUCCUGUAACCtt
AAUUUCUUGGCAAAGAUCCtg

Fmo3

flavin containing monooxygenase 3

14262

CUUUAAAACGGUUCAGUCCtg
UAUUUAUACUGGUUACAGGtg
CCUGGUUCCUUAUAGUCCCtg

Fmob

flavin containing monooxygenase 5

14263

AAUUCUUUGGCAUACAUCCtg
GUCAAUAGGAUAUCCAUGCtt
ACUGAAACACAUCAUUUCCtt

Ganab

alpha glucosidase 2 alpha neutral subunit

14376

AUCUUGAUCCAUUUGUCCCtt
CAUGUUCUUCUGAAGGCCCtg
AAUGAUUUUGUAGGGUCCCtc

Gesl

glucosidase 1

57377

GACCAGAAGACAUUGUAGCtg
ACUUCAACUGUCCUUUGGCtc
AAGGGAAGGAAGGUGUACCtg

Glgl

golgi apparatus protein 1

20340

GAUACUCAGUGAUGUUGCCtc
GUAAGAGAAUCGAAAAUCCtt
GGAUUCUUCAAACUUAUGGtt

Gpd2

glycerol phosphate dehydrogenase 2,
mitochondrial

14571

UAGUAAGUUGGCACGUUCGtg
AUCCAAGUUCAUGAUAGCCtt
CAUUGAUAACGCAUUUGGCtc

Gpm6a

glycoprotein m6a

234267

UUAAUGAAACACCAAUGCCtt
UCAGUAGAUUCACACAUCCtc
GAGAAGCAUAGGGAAUACCtc

Gprcba

G protein-coupled receptor, family C,
group 5, member A

232431

CCAACACUUAGCUGUCGCCtt
UUUCCUCUUGGGAGUAGGCtc
GAAAAUGGGUGGAAUAAGGtg

Gpsn2

glycoprotein, synaptic 2

106529

UGUCUUGGUGAAAAGGGUCtt
GAUUUCAGAAAUGGUGGCCtg
AUCUUCAUCUUUCAGGGACHtt

Hd

Huntington disease gene homolog

15194

GAUUAGAAUCCAUCAAAGCtt
CAAAGUCAGUUCAUAAACCtg
UUCACACGGUCUUUCUUGGtg

Hpxn

hemopexin

15458

GAACAACUUUGGAUACCCGtt
CACCCAGACUUUGUCUUCCHtt
GACAUACACUUGAGUGCCCtg

histidine rich calcium binding protein

15464

UUUCUCAUCUUUUUCUUCCtc
AAACUCAGUUGAUAGGUCCtc
UUCUCUGUGGCCUCUGUCCHtt

Hsd11b1l

hydroxysteroid 11-beta dehydrogenase 1

15483

GACAAUCACUUUCUUUCCCtg
AAUUAUCCCAGAGAUUUCCtt
CCAUUUCUCUUCCAAUCCCtt

Hyoul

hypoxia up-regulated 1

12282

GUACAAUUUGAUUCAAACCtg
AGUUUUCCUCCGAGAUUCCtt
AUGACUUUCUCUAAUGUCGtc

Icaml

intercellular adhesion molecule

15894

UUCUGUAACUUGUAUAUCCtg
CAUAACUUAUACAUUCACCtc
UGAGGAAGAACAGUUCACCtg

Igsf8

immunoglobulin superfamily, member 8

140559

GUACCGAUCAGUCCCUUCCtt
UAUACCUUCCGUGUCCAGCtg
UUCGGUACCGAUCAGUCCCtt

Ilvbl

ilvB (bacterial acetolactate synthase)-like

216136

UAAUACAGGCAUUAAAGCCtt
GAUGCUUGUCUUGUCCACCtt
UACCUUGACCACUUGAUCCHtt

Intsl

integrator complex subunit 1

68510

UCUGUGAGUUCAUCGUACCtt
AUCGUACCUUGGCAUGAGCtg
GGGUAUGAGUAGUUAUUGGtc

Igqgapl

IQ motif containing GTPase activating
protein 1

29875

UUUGUAUUCAGUAAGAUGGtc
UGACUUUGUUUACAUUCCCtt
UUCUUCUGUGAAAUCAACCHtt

Iqgap2

IQ motif containing GTPase activating
protein 2

544963

GUAAUCUGAUGUGACCUCCtc
GUCCAUUAGGUUCAAGUCCHtt
UUUAACAGCUCUUCUUCCGtg

Iqgap3

IQ motif containing GTPase activating
protein 3

404710

CCUUUCAUUAAUAGGGAGGtg
CAAAAGUUGAUGUUGUCCGtg
GGUUAAUCAGAACCACGGCtg

Itgal

integrin alpha 1

109700

UUGUCGAUGUCAAUUGUGGHtt
AUUUUCUGGAUCAGUGAGGtt
CGUAUGGUAAGAUUUAAGCtg

Itga2

integrin alpha 2

16398

GCCCGGAAAAUAUUUUCGCtc
AUGACUGAAAAUGUUAACCtc
GUUAAAUAUAAUUCUCGGCtc

Itga6

integrin alpha 6

16403

AUUCAAUCCGUGUACAAGGtc
UCUCUAUGAGUAACUUUCGtt
UUCAAUAACCACUUUUGCCtt
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Ttghl

integrin beta 1 (fibronectin receptor beta)

16412

CUUCUAAAUCAUCACAUCGtg
GGAUAAUCAUAGUAAUGGCtc
UCAAUUCCUUGUAAACAGGtt

Jph2

junctophilin 2

59091

AGAGUUCUCCAGGAUCUCCtg
UGCCGUUGGUGAAUUGGCCtt
GUGAAUUGGCCUUGAUAGGtt

Ktnl

kinectin 1

16709

AGGUUUUUGUUUCUUCUCCtt
UUCCUUCAACAUGAUCAGGtt
AUUCUUCUUCUUUUCUGCCtt

Lamal

laminin, alpha 1

16772

AUUUAUCUCCAGCAUAACCtt
CGUAGCAAAUGCACAUGCCtc
GUAUGCAACUUGAAAGACCtg

Lass2

longevity assurance homolog 2 (S. cerevisiae)

76893

UUAAGUCAUAGAACCAGGGtt
CCGUGACAAAAGGUCUACCtc
UUUUUGAGAAGACUGGGCCtg

Lbr

lamin B receptor

98386

AGGCUUGAUAUCACUCUCCtt
UGAAUAUUUUGCAUCUAGCtc
UGGGAUUUGUUGUCGUGGCtc

Lemd2

LEM domain containing 2

224640

CACAUUAGCUAUGUACUCCtg
ACAUUCAAAAUUACCUGCCtg
UGCCACAUUCAAAAUUACCtg

Lemd3

LEM domain containing 3

380664

GAGUCAAACUAUUUGGUGGtg
AACAACAAUAACCUAUGGGtc
GGCAAUAUGAACGAUGCCGtc

Letm1

leucine zipper-EF-hand containing
transmembrane protein 1

56384

AAUCAGCUUAUCAUCAGCCtt
CCUCAGCUCAUCCAGUACCtt
ACAACAUACAGAGAUUCCCtt

Limk1

LIM-domain containing, protein kinase

16885

UCAGAUCCCUGUCAAUACCtg
AUCAAACCGGAUAAGUUCCHtt
AAAUCUGGUGAGGGUAUCGtc

Limk2

LIM motif-containing protein kinase 2

16886

AUCAGGAUCCGCAUAUACCtg
CUUAGAUGACAAACCUUGGtg
CAAUUUGUUAAACAUGGCGtg

Lmanl

lectin, mannose-binding, 1

70361

GGUUUAUUACGAAAGUCCCtc
CUGAUAUCCCAAAAUGACCtt
GCACCUGUAAAAUACUUGCtg

Lpgatl

lysophosphatidylglycerol acyltransferase 1

226856

ACACACAUCUCCAGUUGCCtg
AUUUUUCUUGGCAAAUGCCtg
CUAUUAUCCACUGGAGGCCtc

Lrpl

low density lipoprotein receptor-related
protein 1

16971

UACUGGCUCAUUCUUGGCCtt
GUAGUCAGUGAAGAACACCtt
UUUUUGCACACAAACUGGCtt

Lrrc59

leucine rich repeat containing 59

98238

ACUGUUAUGAAAGAUUCGCtt
AUUACGUCACCUUCCCAGCtt
AGAAACGUAUUACGUCACCtt

Mag

myelin-associated glycoprotein

17136

GACAUUUAUUUCAUGUCCCtt
UGGACUCAUACUUAUCAGGtg
UCCCUUUUUGUACAGGUCCtg

Mbc2

membrane bound C2 domain containing
protein

23943

GUGAAUAAUGCUGAUCAGCtt
GUUGGUGCUGUAGGUAGCCtt
AACCUCGUGGACUAUCACCtc

Mcam

melanoma cell adhesion molecule

84004

AUUUUCAUCGGUGCUCUCCtc
CGGAAAAUCAGUAUCUGCCtc
UGUCUUCCUUAACUAGGCGtg

Mettl7a

methyltransferase like TA

70152

AAAAAGGAACCAGACAGGAtc
GUACAUCACGGAGAAUCGCtt
GUACUCAAGGAUAUCUACCtg

Mme

membrane metallo endopeptidase

17380

AUAGUCACACAACAGAACCtt
AGAAUAGGCUUAAGUUUGGHtt
UUUCAAAAUGACUUCUAGCtc

Mospd3

motile sperm domain containing 3

68929

CUGAGGCUUCACAUAUCCCtc
GAGGCUUCACAUAUCCCUCtg
CUCAAUGCGGAAUCUGUCCtg

moesin

17698

UCUAUUCUAGAGAGCUAGGtt
UCAUUGAAAGAGAUAUUCCtg
CCAAAGAACCAAACUUCCCtc

Mtdh

Metadherin

67154

AAAAAAUUCACGUUUCCCGtc
CAUUUAGAUGAGAAUCACCtt
GUUCUUCUUCUUUUGCUCCtc

Mtml

X-linked myotubular myopathy gene 1

17772

UUCUGAGUUUUGAUAUGCGtc
AAAACUUAUCCUCCAAUGGtg
GACAGUCUCACUCACAUCCtg

Mtmrl4

myotubularin related protein 14

97287

UGAUUAGUGUGAAAUUGCCtc
UUGCCCAGGUAUCAUCUGCtc
UAGACAACUGUUAGGGAGCtc
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Mybbpla

MYB binding protein (P160) la

18432

ACUAGGUCUCAUCAUUGCCtt
GAUCACUUUCAUGUUACCCtt
UUGUUCAUGGCUUGUAGGCtg

Myh10

myosin, heavy polypeptide 10, non-muscle

77579

UCCUGAAUAGUAGCGGUCCHt
AUGUACGCUCAUCUUUAGCtt
GCUCUUCUUUAAUACUAGCtg

Myh14

myosin, heavy polypeptide 14

71960

GGAUUGAUCCUCACGAUCCtg
AUGGAAGCUGCAUUCAUCCTtt
GUACAUUUCAACAAUGGCCtc

Myh9

myosin, heavy polypeptide 9, non-muscle

17886

GUACAUCUCCACGAUCUCCtc
GUCCUUGUUCACCUUCACCtt
UACCAGCUCUACAAUGGCCtc

Myl9

myosin, light polypeptide 9, regulatory

98932

AUGGCGAAGACAUUGGACGta
AUCAUGUUGAAGGCCUCCUta
CUUCUUAUCAAUGGGUGCCtc

Mylc2b

myosin light chain, regulatory B

67938

CGGAUAUAUUGUCCUGGGCtt
AAAUCCGGAUAUAUUGUCCtg
CUAAGUGACAGAAAGGGCCtg

Myol10

myosin X

17909

AUUGUACUCUGCUUGUAGGtg
AAUAAUCUACAAUUCUCCCtc
CUCUUUAAAUAUCUUCUCGtc

Myolb

myosin IB

17912

CCUGAUUGACUUCUGCUCCHtt
UGUUCUUGUCAACAAAUCCHtt
UUUGUUUGUGCCUUAAUGCtt

Nat10

N-acetyltransferase 10

98956

ACUACAACAAAAAGAGACCtc
UGUUUUGUUUCCAGUUUCCHtt
AAUACAAAUUCAAACAGCGtg

Ncln

nicalin homolog (zebrafish)

103425

AACGAAGGCUACGUUGUCCtg
GUAAGCAUUCAUCACUUGCtt
UGAGUCUAUCUGCUCCUCCtg

Ndel

nuclear distribution gene E homolog 1
(A nidulans)

67203

AGAUACAAUUUGAUCAUGCtg
AAUAAAGCCUUUUUUUGCCtc
UGGCAUCAUACGUUAGAGCtg

Ndell

nuclear distribution gene E-like homolog 1
(A. nidulans)

83431

UAACUCUCUGCUUCCUUCCtg
CUUCUAACUCUCUGCUUCCtt
CAUAAUUCAGAGAUGUUCCtg

Ndufal3

NADH dehydrogenase (ubiquinone) 1
alpha subcomplex, 13

67184

CUUCCAGUUGGGCACAUCCHtt
CAUGAUGAUGGCUUCCUCCtc
CUUUAUUAUGUGCGUUGGCtc

Ndufa4

NADH dehydrogenase (ubiquinone) 1
alpha subcomplex, 4

17992

UCAACAUGAUUUCAUGCAUtc
UUGUUCUUUCUGUCCCAGCtg
UUCAUUGGGACCCAGUUUGHtt

Ndufb4

NADH dehydrogenase (ubiquinone) 1
beta subcomplex 4

68194

AGUCUUUCCUUUCUGUCCCtg
AUUUUCUGUCCAGUUUUCCtt
ACUGAAGCAGAUACUCCCGtt

Ndufb5

NADH dehydrogenase (ubiquinone) 1
beta subcomplex, 5

66046

AGAAUGAUCAAUGAACUCCHtt
AGUGUUCAGGGAUGUAGCCtt
CUUUAACCGUAACUCAGCCtt

Ndufc2

NADH dehydrogenase (ubiquinone) 1,
subcomplex unknown, 2

68197

UCAAGAAUUUCAGCAUAGGtt
GGACGUAACGAACAGAAGCtg
AGAGGAACAGGAACAAGCCtt

Nnt

nicotinamide nucleotide transhydrogenase

18115

CAUCAAAUUAUAUACGACCtc
UAUUGUCACUCUUGGAACCtg
GGAUUUACACCACAGUGCCtg

Noc2l

nucleolar complex associated 2 homolog

57741

UUCUUUAUCUUCUUCUUCCtg
ACAACUUCAUGGAACAGCCtg
CAGGUAUUCCAGAAUAAGGtc

Noc4l

nucleolar complex associated 4 homolog

100608

GUAUUUGUAUGUGGCUCCCtg
CAAGAUGUCGAACACCGCGtt
CAAGUGUCUGUAAUUCUCGtt

Nppa

natriuretic peptide precursor type A

230899

CUACAUUUAACAUCGAUCGtg
AGGAUCUUUUGCGAUCUGCtc
GAUUUGCUCCAAUAUGGCCtg

Nptn

neuroplastin

20320

UACAUAAGGGUGUGAGAGCtg
GCAUUGUUUAAAAUGUACCtg
AAAGUUAUACGGUAAGCCCtt

nurim (nuclear envelope membrane protein)

106582

UAAACUUUCAGAUAGGCCCtg
AGGGCUUAGAACUAGCUCCtc
UUAGGAGACCACACAGAGCtg

Nrpl

neuropilin 1

18186

CAUAGCGACAGAACAUUCCtc
AGAUGUGAGGUACCCUGGGtt
CAAAUCGAGUUAUCAGUGGHtt

Nup210

nucleoporin 210

54563

AACAUUCUUAUAGACAGCCtc
AGAGACAAUCUGAAUGCCGtg
UAGAUGAUGUAGAAACAGCtt
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Pakl

p21 (CDKN1A)-activated kinase 1

18479

UAAUUUCUCUAAGAUCUCCtc
GUCCUUCUUUUUCUUCUCCtc
GUGGUUCAAUCACAGAUCGtg

Pard3

par-3 (partitioning defective 3) homolog
(C. elegans)

93742

UAAAUCUACUCCAUUGACCtc
ACUUCCAGCGGUGUUCUGCtt
GGCGGAACAUAUGUUGUGCtt

Pard6a

par-6 (partitioning defective 6,) homolog alpha
(C. elegans)

56513

AUCUAUAACUGAAGACACCtg
AUUACGCUGGUUGGCAGGCtt
GAACCAUGUUUGUGCAGCCtc

Pbxipl

pre-B-cell leukemia transcription factor
interacting protein 1

229534

AUCUUUCCUAGGGUGUACCtt
UAAUUCUUUGCCAUCUGCCtt
AAGUUCUUCUUUCUGAGCCtg

Pcyox1

prenylcysteine oxidase 1

66881

UUUAUUCCUUGAGAUAGGGtg
AAACACGUCAAUCUUCACGtc
CAGCUCUUUGACAAAUCGCtt

Pde3a

phosphodiesterase 3A, cGMP inhibited

54611

UAGCUUUUACAUGGUUAGCtg
ACAUGAAGAGAUUCCAGGCtg
UUAUGAUAAGGAAUGUCCCtg

Pdia6

protein disulfide isomerase associated 6

71853

GACACUAUGUCAGAUCUCGtc
CUAGAAGAAUACAGACCGCtg
UCCAAUUCACUGCUACAAUtc

Pecaml

platelet /endothelial cell adhesion molecule 1

18613

GAUAAUUUCUGUAAACUCCtg
CUCAAUCGUGGUUUUUUCCtt
CUUAUAGAACAGCACCCGGtg

Pex14

peroxisomal biogenesis factor 14

56273

UCCGAUUCAAAAGAAGUCCtt
GAUGACGUAGACUCGUUGCtg
UUCUUAAGAAAUGCUCUCCtg

Pgrmcl

progesterone receptor membrane component 1

53328

UUUGGUCACGUCGAACACCtt
AUUACAAGAGUUUGAAACCtc
GAAAUACCCAAGUUUUCCCtc

Pgrmc2

progesterone receptor membrane component 2

70804

GUUCAAAUCUGAGAGGUCGtc
CAGGGUGCUUAGCUUUACGtc
UUCAUCUCUAAGUGCAUCCTtt

Plecl

plectin 1

18810

CUUCAACUGCACAAUAGCCtt
AGUGAGAUGGUCUGUUCCGtg
CUGGUGGUCAAUGAGACCCtt

Plpl

proteolipid protein (myelin) 1

18823

AUGAAACUAAUCAAGAUCGtc
UUCUUUCUUUCUUUCACCCtt
GAAAUAGGUCUCAAUUAGCtt

Plvap

plasmalemma vesicle associated protein

84094

UUGCUGCAUGACUGUUUCCtt
GAUCCUUUUCUUGAAUUCCtc
CUGUUUGCUCAGGUUAGCCtg

Podxl

podocalyxin-like

27205

AAAAGGAAAAUUAAGGCCCtg
UGUUUUAGUCUUGUCCACCtc
GGCAUAGAUGGAGAUUGGGtt

Pom121

nuclear pore membrane protein 121

107939

CAUACAAUUCAAUUCUUCCtc
UGUUCUUUUCUUCUUCUCCtt
GCGCCUUCUCUUGUUUUCCtg

P450 (cytochrome) oxidoreductase

18984

UGAUCUCCAGAUUCAUACCtg
CAGCCAAUCAUAGAAGUCCtg
GAAAACAGAACAAUGUCCGtt

Ppapdc3

phosphatidic acid phosphatase type 2 domain
containing 3

227721

CUUGUUCUUGUCUGUUGCCtt
CCCAGAUUCAAUAGGUUCCtg
AGAUUCAAUAGGUUCCUGGtg

Ppib

peptidylprolyl isomerase B

19035

UGUUUUUGUAGCCAAAUCCtt
GACUGUGACUUUAGGUCCCtt
UUGUGACUGGCUACCUUCGtc

Ppplrl2a

protein phosphatase 1, regulatory (inhibitor)
subunit 12A

17931

UUCUAUGGUAAGUGGAUCCtt
UUCUUUCUAGAGCUCUUCGHtt
CAUCUGCUACAUCAAAGGCtg

Ppplrl2b

protein phosphatase 1, regulatory (inhibitor)
subunit 12B

329251

ACAUCUUCUAUUCUUCCGCtg
UCACAAUACCCACACUGGCtc
GUAACACCUUGAGUAGACCtt

Prkcz

protein kinase C, zeta

18762

CACUUCCUCACAGAGGUCCtt
AUUACACGCUAACUUUUCCtg
UUUUAAGACGUGUGAGGCCtt

Ptk7

PTKYTY protein tyrosine kinase 7

71461

UGAUAAAGACGAUAGCGGCtt
UCAUAUAAGUGUCAAAAGCtc
CUGGAAAGCACCAGAAUCCtg

Ptpladl

protein tyrosine phosphatase-like A domain
containing 1

57874

ACUGUGAUGUUCACCUGCCtc
UGUGAUGCUGAUAGCAGGGtt
UUCCCAGGUUCUGAUUUCGHtt

Ptpru

protein tyrosine phosphatase, receptor type, U

19273

GUCUAAGCCUAUGUAGCCCtt
GAAAUAGAUGAGAUAGGCCtt
GAUGAAGAUAUAUUGUUCCtc
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Ptrh2

peptidyl-tRNA hydrolase 2

217057

ACUUACGGUCUUACUUUCCtt
CUUACAGUCAGUCCCAAGGtt
GUUUAUGAAUUAGAACAGCtg

Ramp2

receptor (calcitonin) activity modifying
protein 2

54409

CGUAGUCUUCCAUCUUCCCHtt
UUUUGACACAAGGCUGUCCtc
AAAGUGUAUCAGGUGAGCCtc

Rdx

radixin

19684

AACUGUUUUUACAACCUGGtc
CUAUCUCAUAUUAUACACCtc
CUUCAGGAAAGAAUUUAGCtc

Reepb

receptor accessory protein 5

13476

GUUAUUGGAAGCUCAGACCtc
AACUUUGGUAGACAACUCCtt
UAUAUAAUCAUACACUGCGtg

Rilp

Rab interacting lysosomal protein

280408

AUAGCUAGUACAGGCGAGGtt
CUCCUUGAGCAAGAACACGHtt
AGCAGAGCUCAGAGAUCCCtt

Rock1

Rho-associated coiled-coil containing
protein kinase 1

19877

ACAUCGUACCAUACCUUCCtt
ACAAAUGAGAUUUUUUGCCtc
UUGGAAUGCAUAAAAAAGCtg

Rock2

Rho-associated coiled-coil containing
protein kinase 2

19878

AUUUCUUCCAAGUCGUACCtc
AUAAACCUUCUGUGAUGCCtt
AAGCUUCAUUGCAUAAACCtt

Rpnl

ribophorin I

103963

AAAAUCUCCCACUUUUCCCtt
UUCUAGGUUGUUGUCUUCCtc
GGGAGAGUAGAAAUAAUGGtt

Rpn2

ribophorin IT

20014

GAGUCAAAUUCAAUCUUCCtt
GUAAACAUGUAAGCACAGCtc
UUUCUUGACAUCUGGCACCtg

Rrbpl

ribosome binding protein 1

81910

CCUUCUUUUUCUUCUCUCCtt
GUGAGUUUUCGCCAUCUCCtt
UCCUUCUAUUUUUUUGUCCtg

Rtn2

reticulon 2 (Z-band associated protein)

20167

GUCCUUCCAGUACAACAGGtc
CCUCUCAUUCGGCUUUGGCtt
AUACUGGUCAAUCUGGGCCtg

Rtn4

reticulon 4

68585

AUAUUUCUGAACCAAUUCCtc
GAUAGCUUGGAUCACACCCtt
UCAGAUUCCAAAUAUGCCCtg

Ryr2

ryanodine receptor 2, cardiac

20191

UUUCCACAUCCACCUGCCCtt
AAAGUCUGUUGCCAAAUCCtt
CUUUGAUUUUCUUAGCACCtt

Scarab

scavenger receptor class A, member 5
(putative)

71145

AUUAAGGGUUUCUACUUGCtg
UUUGUGACAUGGACCAUCCtc
UUGGCAAGGGUGAUGUUCCtc

Scepdh

saccharopine dehydrogenase (putative)

109232

AUAUCAAAUACAGACGCGGtt
UUCAGCUCUCUACAAUAGCtg
CCAUUUCAUCAAGUGAGGCtg

ScnlOa

sodium channel, voltage-gated, type X, alpha

20264

UUCAAGUCCAACUGAGGCCtg
CAGUAAAGCGAUAAAAAGGtt
AUUCAUUAAGACAAAACCCtc

Sec22b

SEC22 vesicle trafficking protein homolog B

(S. cerevisiae)

20333

AAUCCAAUGCUGAGAGUGCtt
UCGAAAGAGUUGCUUAGCCtg
AGUGAAAAGUCAUGGCUCCtg

Sec61b

Sec61 beta subunit

66212

AGCCCAAUCUAUGAUCGCGtg
UGGGUUUUUUUCCUUCUUCtt
CCACAGCUGGCAUUUUUUCtc

Sec63

SEC63-like (S. cerevisiae)

140740

UGUACGUAUUAGAAUCUGGtc
UGUAGGAAUAAUAUUUGGCtg
AAUUUGCUCCGCGUUCUGGtc

Sf3b1l

splicing factor 3b, subunit 1

81898

AAUCUUUGGAGGACGAUGCtc
AAUAUAGGUGUUCUUAUCGtc
UUUCUUGGUCAUAAUAACCtg

Sftpc

surfactant associated protein C

20389

UGAUGUAGCAGUAGGUUCCtg
GAGUUUUCUAGCGAAAGCCtc
GCUUGUCUGACAAAGACCCtt

Sfxnl

sideroflexin 1

14057

UACAAAAGCAUUAAGAGGCtg
UAGUCAUGCACCACUUUCCtc
GGAUAUUUAGUCUUAGACCtt

Sfxn5

sideroflexin 5

94282

AAGCCAAUUCCCAAAAACCtt
AGCUCACACGAAAUUGUGCtg
AUGAUGUCCAAGAAGUGCCtg

Sgcb

sarcoglycan, beta
(dystrophin-associated glycoprotein)

24051

CUUAUAUAUGGAAAGCUCCtt
AAACACAUUUGGAAUCAGGtt
UGCUCUUUGUUAACAUUCCtc

Sgeg

sarcoglycan, gamma
(dystrophin-associated glycoprotein)

24053

AGUGUUCAAAAAGAGCUCCtt
AUAAAAAUUCCGACUCUCCtt
GUGUUUUAGCAAUGAGCCCtc
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Sirpa signal-regulatory protein alpha 19261 GUUGAUGUCAUUUGUGUCCtg
UUUGGCGAGUACAUAGACCtc
AUGGAGUUUAGUACCACCCtg

Slcl2al solute carrier family 12, member 1 20495 UCCUUUGAAGAUGUUGUCCtt
AAAAUUGUCAUAGCACUCCtg
CCAUCUCCAUUAGCAACCCtg

Slc12a2 solute carrier family 12, member 2 20496 AGCCAAACUUUACAACUCCtt
CAUCUAUAGUAUUCUUCCCtt
UUAAAUAGUACGCUCCUCCtc

Slcla2 solute carrier family 1 (glial high affinity 20511 ACAUUUUUCUGACCCUUCCHtt
glutamate transporter), member 2 GACGAAUCUGGUCACACGCtt
AACUGAUUGGUCCUUUUGGtg

Slcla3 solute carrier family 1 (glial high affinity 20512 GAACGAAAAGUACUUCACCtc
glutamate transporter), member 3 UAAUUUGAUGCGAUUAAGGtc
GUAACUCUUAACAUCUUCCHt

Slc25a22 solute carrier family 25 (mitochondrial carrier, 68267 GUCUGAAGAAGUCAUUAGCtg
glutamate), member 22 CUUCACCACAUCACAAGGGtt
AAGUGUCCUCAUUAACACCtc

Slc25a3 solute carrier family 25 (mitochondrial carrier, 18674 GUAUGUUGCUAUAUAAGGCtt
phosphate carrier), member 3 UGUAGAACGCAUUUAAGCCtt
CCACAGGUAGGUGUUUUCCtc

Slc25a4 solute carrier family 25 (mitochondrial carrier, 11739 UCAUCUUUUGCAAUCUUCCtc
adenine nucleotide translocator), member 4 UCUGUAGAUGAUGAUGCCCtg
UCCGACUUGAAGAUCUUGGtg

Slc25a42 solute carrier family 25, member 42 73095 CAUCCUUGCUCUAACCAGGtc

UCUACAUGGUGCAACCUGCtg
AAUCAACACCCAGAUCACCtc

Slc25a5 solute carrier family 25 (mitochondrial carrier, 11740 CACGCAGUCUAUGAUGCCCtt
adenine nucleotide translocator), member 5 GUACUGACACAUUAAAGCCtt
UGUACAUGAUAUCAGUUCCHtt

Slc27a2 solute carrier family 27 (fatty acid 26458 UCAAUGGUAUCUUGUAUCCtc
transporter), member 2 AGGCGAUGAUGAUUGAUGGHtt
UACUUGAUCAGCUCAUACCHtt

Slc38a3 solute carrier family 38, member 3 76257 ACUCUUCUGAAGGAAGCCCtt

AUGGAGGUCAUCCUAAUGGtt
CUAAUGGUUUCCUCCAUGCtg

Slc39al14 solute carrier family 39 (zinc transporter), 213053 AGGGUUGAAGCCAAAAGCCtc
member 14 CUCUGUCUGUUCAUUCUCCtc
UGACAUCCAAUCUAGUACCtt

Slcdal solute carrier family 4 (anion exchanger), 20533 CCAGAAAAUCCAGUGUACCtt
member 1 CUGGUCCAUCAUCAGUUCCtg
UGAUCAUCUUCCGUUCUGGHtt

Smpd4 sphingomyelin phosphodiesterase 4 77626 UUCCUUGGCUGGAAAAUCCtc

AUUCUCUUGAAUGGAUGCCtt
CCACAUUUCCACAAAAACCtg

Spag4 sperm associated antigen 4 245865 AACUAUUCCACAGUAUGCGtg
UAACACCAUGCUCAGCACCtg
GAACUAUUGCUGUUCUCGCtg

Spag4l sperm associated antigen 4-like 76407 GCCAUUCUGCUGAUAUAGCtt
UGUCGUGGUUAUACGUGGCtg
GAUUGUCUUAGGAAUGUGCtg

Ssrl signal sequence receptor, alpha 107513 CUAGUGAUUCCAAAAUUCCtt
UACUGAAAUUACCACUUCCtt
GAUGUAAAACUGGUAGUCCtg

Stx1b2 syntaxin 1B2 56216 GUGCUGUUUCUUCACUUGCtc
CUUCACUUGCUCCACAUCCtc
ACUCAUCCAUAAAGUGGUCtc

Stxba syntaxin 5A 56389 GUUGAGGCUAUUGAUAUCCtg
UUUGAUGAUGUAUGUUAGCtc
GCUUAUAAAAAUCUCAAGGtg

Suncl Sadl and UNC84 domain containing 1 194974 CAAAUGUUUGAAUGGUUGCtt
CAGCUUCAAUGACAGAGGCtc
AACUUUCUGAGGUCCCAGCtt

Synel synaptic nuclear envelope 1 64009 CAGUUAGCUCAUCACAGGCtt
NM__153399 ACUCAUGAAUUUCAUCACGtt
GAUUUUCUUCAAACAUGCCtt

Synel synaptic nuclear envelope 1 64009 UUGAUAAGCUCUAGUUGGGtc
NM__ 022027 GACAAAUCCUGCUGACUGCtt
CUAAUGAAGUGCUUGAGCCtg

Syne2 synaptic nuclear envelope 2 319565 GGUUUUCUUCUGAGUGUCCtc

UUUCUUCUGAGUGUCCUCCtg
UACAGUAGGUCUCACUUGCtg

Sytl synaptotagmin I 20979 GAGAACAUUUAAAAACUCCtc
AUACUGGUAUAUACAACGGtg
CUUGGAAAAGGCAUCUUCCtt

99



2 Materials and Methods

Tapbp

TAP binding protein

21356

AAAUGCCGUAGCCUUUUCCtg
CAACCUUUCUAGAACUUCCtc
AUAGUGAACUCCAUGCUGCtt

Thbd

thrombomodulin

21824

AUGUACAAAUAUGCUGAGCtt
GCACUGUCAUCAAAUGUCCHtt
ACAUACAGGAGUAAGAGCCtg

Tm7sf2

transmembrane 7 superfamily member 2

73166

GAAGCCAUUAAUCAGAUGGtt
AGUCAUACAUGGAAUUUCCtg
AUAAAGCUGGUGAGAGUGGtc

Tm9sfl

transmembrane 9 superfamily member 1

74140

CUCAAAGUAAUACAAUUCCtc
UAUUCUUUGUGCGACAAGGtg
AUAGUAGUGGUAAGUUUCCtg

Tm9sf2

transmembrane 9 superfamily member 2

68059

CUUUUGUUUGUCUUCAGCCtt
AUCCACAAUCCAGUGAUGCtg
UAAACGUAAACUUAUACGGtg

Tmc8

transmembrane channel-like 8

217356

AUCCAGGACAGAAGGAUCGtg
UUCAUUGCUGAUUUCGUGCHtt
AAUCUCGUAGAGAGCUCCCtc

Tmed10

transmembrane emp24-like trafficking
protein 10 (yeast)

68581

AAUGGACUCGGAAAGGUCCtc
GUCUAGAAUCACGAGUUGGtc
UACUGUUAGUAGAAUGGCCtt

Tmem1l4c

transmembrane protein 14C

66154

CAACCAUCAGCAAACUGGCtc
CAUAAUUUCAUAGCAGACCtg
AGGAAAACCCACACAUUCCtg

Tmem173

transmembrane protein 173

72512

AGCUGAUUGAACAUUCGGAtc
GGCUGAUCCAUACCACUGAtg
AGGAUGUACAGUCUUCGGCtc

Tmem?20

transmembrane protein 20

240660

UCAUUAUCGCUACGAGUCCtg
GUAAUCAUCUCUAAGAUCCtt
AACCAAAUAUAAAUGGUGGtc

Tmem35

transmembrane protein 35

67564

AUACAAGGAUGGUUGCUCCtc
UUAGUUCAAGAUCAGAGCCtc
GACUGUGUCUAGUAAAAGGtt

Tmem43

transmembrane protein 43

74122

UUAUGUGUACCAGUCUUCCHtt
CUUUGUCUCCUUCUUCACCtg
GGAAUAUGGGAUUAGUUGGtc

Tmem48

transmembrane protein 48

72787

AAAAGAUUCAAACACUCCCtc
UUUGAACUCCAAGAAUUGCtg
UGCUUAAGACUAUAAAGGCtg

Tmem53

transmembrane protein 53

68777

UAUAGUAAGUAGGAUAGUCtc
CAAGAGAAUCACCACAGGCtg
ACCAUACGUUCCACAUCCCtg

Tmem74

transmembrane protein 74

239408

AUGAGACCAUUCAUUAGGGtt
AAAAGAAGUUUCUAGUUCCtg
GCGAUCAGCCAUUACUUGGtt

Tmpo

thymopoietin

21917

UGUGUUCUUUCUUCUUUCCtt
UCAUCUUUAUCUUCUAGCCtg
UGGUUUGUACUUUCUUAGCtg

Tmtc3

transmembrane and tetratricopeptide repeat
containing 3

237500

ACAUCGGCAAGGUGUACCCtt
UCUUCAGAGCUUCAUUUGGtt
GAUUGAAAAACGAUAGUGCtc

Tnk2

tyrosine kinase, non-receptor, 2

51789

CUCAAAGUCAUCCUCAUCCtg
UUGGUGUUUACGUAGGCGGtc
GGUACAAAGGCGUAAUUGGtc

Torlaipl

torsin A interacting protein 1

208263

UUCAUUCAUCACUGAAGCCtc
CACUUUCUCUUCAAUUUCCtt
GCAUAAGUUGCUUAUAGGGtc

Torlaip?2

torsin A interacting protein 2

240832

UUUAAGAUCAGAUGUGGGCtg
GACUUUCUGACCUGUCACCtg
AGUCUUUCUCAAUGUAUCCtg

Tpm?2

tropomyosin 2, beta

22004

GGUAACAAUUUUCAGCUCCtc
UUAUCAGAAAGUGACAGGCtg
AUACUUUUCCACCUCGUCCtc

Tripl0

thyroid hormone receptor interactor 10

106628

ACAAAUAUGUACAACCACGtg
UGCGAAGUCAUUGACCUCCtg
GUGUAAUUCGAUGAGGACCtg

Trpm1l

transient receptor potential cation channel,
subfamily M, member 1

17364

UUUUCCAAUCAGGUCUUCCtt
UGGCAGCCUUGAUCAGACCtt
CAGACCUUUCCCAAACACCtg

Tsnax

translin-associated factor X

53424

CAAAGUGAACUAAAGUAGGtg
UGGAGAAGAAAAAUUGUCCtc
GAGUCUCUCAUAUUUGUCGtg

Txndc10

thioredoxin domain containing 10

67988

AUUGAUACAAUGAUCUGGCtt
AAAAUCUCUAUGGAAGUGGtc
AACUGCUAUGGCCACAAGCtt
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Tyro3 TYRO3 protein tyrosine kinase 3 22174 ACCAGUAAAUGGUUACGGGtt
CAUGAGAUCAUACACUUCCtc
CUGAGAAAUCUUGGUUUCCtc

Ugtla2 UDP glucuronosyltransferase 1 family, 22236 AAGGCAUAGGUUUUGAGGGtg
polypeptide A2 AAAACUGGAAUUCAGUUGCtg
ACAAGAAUUUGAGUAGAGGtc

Ugtla6a UDP glucuronosyltransferase 1 family, 94284 UCCACGACAAUCAUGUUGUtc
polypeptide A6A ACGACAAUCAUGUUGUUCCtg
AAGUGGUUGUUUCCAAAGGtg

Ugt2b5 UDP glucuronosyltransferase 2 family, 22238 GAGGCUGAAAGUUUGUUCAtg
polypeptide B5 ACACUAAGGACUAUAGUGGtt
AAGUCAAGUGUUUAGAAGGtg

Ugt3a2 UDP glycosyltransferases 3 family, 223337 AUCAGCAAAUUUCUUUUCCtg
polypeptide A2 AAAUGCUCCUGGAUAGUGCtg
UACUGAGAAAGGAUUUCCCtt

Unc50 unc-50 homolog (C. elegans) 67387 UGCCGAAAUCGAAAGAGCCtt

GACAGUUUCUCUAGGAUGCtc
AUUUACAAGAACUCAUCCCtt

Unc84a unc-84 homolog A (C. elegans) 77053 GUUGAUACUAAAAGCUGGCtt
AAGCUCUGGAUUCAUAGCCtt
CUUCUCUGUUUGACUGUCCtg

Unc84b unc-84 homolog B (C. elegans) 223697 GGACUGUCUUUAAACACGGtg
UUCCGAGUCUUGGUGAUGCtc
GCCGUUGAAUCUAAAAGCCtc

Vamp?2 vesicle-associated membrane protein 2 22318 GAAAGUUUUCAGUCGAACCtc
AAGAUAAGGGAAAGAUCGGHtt
AAAAAGAUUAGAUCCUUCCtc

Vapa vesicle-associated membrane protein, 30960 AGGUUCCAUAUCAUUCAGCtt
associated protein A GUGGAACAGCUUUGCUAGGHtt
UUUAUCCGAAUGUGCUACCtt

Vapb vesicle-associated membrane protein, 56491 CCGAAGUCCGUCUUCUUCCHtt
associated protein B and C UGGGUUGCCAAGCUUUAGGtt
UUUAAAACACACAUUUCGGtc

Vil2 villin 2 22350 CAGUGACAAUGAAUCUUGCtt

GCCAAUCGUCUUUACCACCtg
UACAGAACAAAACUUUCCCtt

Wasl Wiskott-Aldrich syndrome-like (human) 73178 UACUCAGAGUGGAUUAGCCtt
AGGUUAUGUGAUAAACUGGtt
UCUUUGCUAAAAAAUAGCCtg

Ywhae tyrosine 3-monooxygenase/tryptophan 22627 UCUUUAAUUUGUCCUCUCCtc
5-monooxygenase UAAUUUGUCCUCUCCUCCCtt
activation protein, epsilon polypeptide ACAACAGAUUAACUUGAGCtc

Zcdl zinc finger, CDGSH-type domain 1 52637 GCACGAGGUUGGUUUAGCCtt

AGGUGACAUCACAACACGCtg
CUUCUUCUUUCAACAAACGtg

Zcd2 zinc finger, CDGSH-type domain 2 67006 CUUCUUUAUUUAGCCUACCtt
AAGAUUGAUCAAGCUAUCCtt
CUUCAAACCAAUCAUAACCtc

2.1.6 Antibodies

Primary antibodies used for immunofluorescent stainings or Western Blot analysis
are listed in Table 2.9, Alexa fluorophore-conjugated secondary antibodies and
streptavidin were bought from Life Technologies and 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) from Molecular Probes (#D1306). Alexa fluorophore-
conjugated secondary antibodies were diluted 1:200-1:500 in IF blocking buffer
for immunofluorescent stainings (section . Prior to usage, diluted secondary
antibodies were pre-cleared by centrifugation at 12000 x g for 3 min. Horse radish

peroxidase-conjugated secondary antibodies (Santa Cruz) were diluted 1:10,000 in
WB blocking buffer and used for Western Blot analysis (section [2.4.2)).
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Table 2.9: Primary antibodies.

Antigen  Host Source Cat.No/ IF WB
Clone

Akap9 rabbit Sigma-Aldrich #HPA026109 1:100

Cep152 rabbit Sigma-Aldrich #HPA039408 1:100 -

Cdkbrap2  rabbit Bethyl Laboratories #IHC-00063 1:500 -

c-Myc mouse Clontech 9E10 1:500 -

c-Myc mouse Thermo Fisher Scientific #13-2500 - 1:2000

GAPDH mouse GeneTex #GTX627408 - 1:2000

GM130 mouse BD Transduction #610823 1:500 -
Laboratories

Histone rabbit Sigma-Aldrich #H0164 - 1:3000

H3

MHC mouse DSHB MF20 1:200  1:500

Myogenin  mouse DSHB F5D 1:200 -

Nesprin-1 — mouse A gift from Glenn E. Mor- MANNESIE 1:200  1:500
ris

Nesprin-1 ~ mouse A gift from Brian Burke SN - 1:500

PCM1 rabbit Bethyl Laboratories #A301-149A 1:500 -

Pericentrin  mouse BD Transduction #611814 1:500  1:500
Laboratories’

Pericentrin rabbit Covance #PRB432C 1:500 -

Pericentrin rabbit A gift from Kunsoo Rhee 1:2000 -

Sunl rabbit Sigma-Aldrich #AV49929 - 1:500

Sunl mouse A gift from Brian Burke 12F10 1:500  1:500

Sun2 rabbit ImmuQuest #1Q444 - 1:1000

Sun2 mouse A gift from Brian Burke 1:500  1:500

~v-tubulin ~ mouse Sigma-Aldrich #T6557 1:100  1:500

Tubulin rat European Collection of An- #92092402, 1:200  1:1000
imal Cell Culture YL1/2

DSHB - Developmental Studies Hybridoma Bank ; ECACC = European Collection of Animal
Cell Cultures; MHC - myosin heavy chain; SN - undiluted hybridoma supernatant
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2.2 Molecular biological methods

2.2.1 Transformation of chemically competent E. coli

Transformation of chemically competent E. coli (TOP10 strain) was performed
using a heat shock protocol. Therefore, 50 ul. of competent bacteria were thawed
on ice and incubated with 1 uli of purified plasmid DNA for 30 min on ice. Heat
shock was performed at 42°C for 40s. Bacteria were immediately placed on ice for 2
min and 250 pL of S.0.C. medium was subsequently added. After incubation for 1
hour at 37°C with agitation, 20-80 uL of bacteria solution were plated on LB-Agar
plates containing antibiotics as a selection marker. LB-Agar plates were incubated
overnight at 37°C. The next day, bacteria clones were picked and used to inoculate
3 mL of LB medium. Following incubation under constant shaking for 4-6 hours at
37°C, bacteria solution was diluted 1:1000 in 200 mL of fresh LB medium containing
antibiotics for overnight propagation. For longterm storage, bacteria were mixed
with 50% glycerol/ddH50 in a 1:1 ratio and kept at -80°C.

2.2.2 Plasmid DNA isolation from E. coli cultures

To isolate ultrapure plasmid DNA from overnight cultures, the NucleoBond® Xtra
Midi or Maxi kit from Machery-Nagel (Cat.No #740412, #740414) was used ac-
cording to manufacturer’s instructions. DNA concentration was measured using
a spectrophotometer (DeNovix DS-11). Purified plasmid DNA was sequenced by

GATC Biotech using commercial available company primers.

2.3 Cell biological methods

2.3.1 Mammalian cell lines

C2C12 cells: Mouse C2C12 myogenic precursor cells were purchased from ATCC
(American Type Culture Collection, Manassas, Virginia). Originally, |Yaffe and Saxel
(1977) obtained C2 myoblasts from the thigh muscle of adult C3H donor mice after
crush injury. Thereby, C2 lines were obtained after several and selective passaging
of these isolated myoblasts. The C2C12 cell line is a subclone of the C2 myoblasts
(Blau et al., [1983) that can be induced to differentiate into multinucleated myotubes
upon serum withdrawal. Therefore, the C2C12 cell line is generally used to study

myogenic differentiation processes.

Human immortalized myoblasts: Human myoblasts were obtained from a
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healthy control or from a congenital muscular dystrophy patient carrying a ho-
mozygous nonsense mutation within the SYNEI gene (nucleotide 23560 G>T).
Human myoblasts were immortalized by Kamel Mamchaoui and Vincent Mouly
(Center for Research in Myology, Paris, France) by transduction with both telomerase-
expressing and cyclin-dependent kinase 4-expressing vectors as described previously
(Holt et al., |2016; [Mamchaoui et al., 2011)).

2.3.2 Cell Cultivation

C2C12 myogenic precursor cells or human immortalized myoblasts were cultivated
in a humidified incubator at 37°C/5% COs in their respective Growth Medium
(Table . C2C12 cells and human immortalized myoblasts were only grown up
to 70% confluency and passaged every two to three days to avoid induction of
differentiation. For passaging, cells were washed twice in PBS and incubated with
0.05% Trypsin/EDTA at 37°C until cells started to detach. Trypsinization was
stopped by adding Growth Medium and cells were seeded on new plastic dishes at
dilutions of 1:10 to 1:20. To induce myogenic differentiation, cells were washed twice
with their respective Differentiation Medium and incubated at 37°C/5% COs for

the indicated time points.

2.3.3 Transfection of DNA

Transfection using jetPrime®

For co-transfection of dsRed-PACT and GFP-Nesprin-1a: or GFP, respectively, 8-well
p-slides (ibidi, #80826) were coated with sterile-filtered 0.1% gelatin/ddH,O for 20
min at room temperature. One day prior to transfection, 9.000 C2C12 cells were
seeded per well in 200 L. Growth Medium. When cells reached approximately 80%
confluency, cell transfection was carried out using jetPrime® (Polyplus-transfection,
#114-07) according to manufacturer’s instructions. In brief, a total amount of 1
pg DNA was diluted in 50 pL jetPrime® buffer and mixed by vortexing vigorously
for 10 s. 2 pL jetPrime® reagent were added, the mixture was vortexed again for
10 s and shortly spun down. After incubation for 10 min at room temperature,
the transfection mix was added drop wise onto the cells which were kept in 200 uL
freshly added Growth medium containing serum and antibiotics. The following day,
the Growth Medium was replaced to circumvent toxic side effects of the transfection
reagent.

For co-transfection of myc-PACT and GFP-Nesprin-1a or GFP, respectively, C2C12

cells were seeded on 10 cm dishes one day prior to transfection. When cells reached
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approximately 80% confluency, transfection was performed using jetPrime® as
described above. In total, 10 ug of DNA (5 pug GFP-Nesprin-lae or GFP + 5 pug
myc-PACT) were diluted in 500 pL jetPrime® buffer and then mixed with 20 uL

jetPrime® reagent.

Transfection using Lipofectamine® 2000

For live-cell imaging experiments, C2C12 cells were seeded in 2 mL Growth Medium
on gelatinated FluoroDish cell culture dishes (World Precision Instruments, #FD35-
100) at a density of approximately 80% confluency. 8 hours later, transfection
of dsRed-PACT or EB1-GFP was performed using Lipofectamine® 2000 (Invit-
rogen, #11668-019) according to manufacturer’s instructions. Therefore, 5 uL
Lipofectamine® reagent were diluted in 100 uL Opti-MEM® (Gibco, # 31985062)
and incubated for 5 min at room temperature. In parallel, 2.5 ug DNA were diluted
in 100 uL Opti-MEM® and gently mixed by inverting the tube. The diluted trans-
fection reagent was added to the diluted DNA, gently mixed by inverting the tube
and incubated at room temperature for 20 min. 200 pL of the transfection mix were
drop wise added onto the cells in 2 mL freshly replaced Growth Medium containing

serum and antibiotics.

2.3.4 Transfection of siRNA

C2C12 cells were seeded just before transfection on gelatinated 96-well ibiTreat
p-plates (ibidi, #89626) (9.000 cells per well) in 200 pL Growth Medium without
antibiotics. Transfection of siRNA was performed using Lipofectamine® RNAiMAX
(Invitrogen, #13778-150). Therefore, 0.6 uL of Lipofectamine® RNAIMAX reagent
were diluted in 20 xL Opti-MEM®, gently mixed by inverting the tube and incubated
for 5 min at room temperature. In parallel, 1 uL. siRNA of a stock concentration of
10 uM (10 pmol siRNA) were diluted in 20 uL Opti-MEM® and gently mixed by in-
verting the tube. The diluted Lipofectamine® RNAIMAX solution was added to the
diluted siRNA, gently mixed by inverting the tube and incubated for 20 min at room
temperature. Subsequently, the transfection mix was added to the cells (final con-
centration of siRNA: 42 nM) and incubated for 5 hours at 37°C/5% CO,. After the

incubation time, the medium was replaced by Growth Medium containing antibiotics.

For the siRNA screen, reverse transfection using Lipofectamine® RNAIMAX was
performed. In contrast to the procedure described beforehand, gelatinated Falcon®
96-well Imaging plates (Corning, #353219) were used. Additionally, the transfection
complex was prepared directly inside the plate by placing firstly 10 uL Opti-MEM®
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and 1 pL siRNA mix of a stock concentration of 10 pM (10 pmol siRNA) into
each well. Secondly, a master mix of Lipofectamine® RNAIMAX reagent and Opti-
MEM® (0.3 uL reagent and 10 uL Opti-MEM® per well) was prepared, incubated
for 5 min at room temperature and then added to each well using a multi-step pipette.
The transfection mix was incubated inside the plate for 20 min at room temperature
while C2C12 cells were trypsinized. 100 pL of cells diluted in Growth Medium
without antibiotics (final concentration of siRNA: 83 nM), yielding a confluency of
about 30%, were added to each well. After incubation for 5 hours at 37°C/5% COs,

the medium was replaced by 200 uL fresh Growth Medium containing antibiotics.

2.3.5 Genereation of Nesprin-1-depleted C2C12 cells using
CRISPR/ Cas9

Nesprin-1-depleted C2C12 cell lines were generated by Dr. Yin Loon Lee (Institute
of Medical Biology, A*STAR, Singapore) using the CRISPR/Cas9 system. In brief,
C2C12 cells were transfected overnight using Lipofectamine 3000 according to man-
ufacturer’s instructions with pX330 encoding Nesprin-1 N- and C-termini-directed
sgRNAs (N-terminus: ACATCACCAATGTGATGCAG, C-terminus: CCGTTG-
GTATATCTGAGCAT) and pEGFP-N1 in a 9:9:2 ratio. Cells with high levels of
EGFP expression, representing high levels of pX330 transfection, were sorted as
single cells into 96-well plates at the Singapore Immunology Network FACS facility.
Loss of Nesprin-1 NE localization in clonal lines was assessed by immunofluorescence

microscopy.

2.3.6 Generation of pTripZ-mycBirA*-Nesprin-1o stable C2C12

cell lines

Dr. Alessandra Calvi (Institute of Medical Biology, A*STAR, Singapore) designed
and created the pTripZ-mycBirA*-Nesprin-1la vector and generated C2C12 cells
lines stably expressing mycBirA*-Nesprin-1la. In brief, mouse cDNA was obtained
from mouse hindlimb skeletal muscle RNA using ThermoScriptTM RT-PCR System
for First-Strand ¢cDNA Synthesis (Invitrogen, Carlsbad, CA, #11146-024) according
to manufacturer’s instructions. Nesprin-la ¢cDNA was obtained by PCR from
mouse skeletal muscle cDNA and ligated into pcDNA3.1 with an EGFP tag using
the following primers 5-GCGCCTCGAGATGGTGGTGGCAGAGGACTTGC-3’
and 5'-GCGCCTTAAGTCA-GAGTGGAGGAGGACCGTT-3". pTripZ-mycBirA*-
Nesprin-la was obtained by PCR amplification of Nesprin-la from pcDNA3.1

containing Nesprin-1la followed by restriction digestion and ligation (Chojnowski
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et al.| [2015)). Subsequently, C2C12 cells were transduced with lentivirus expressing
myc-BirA*-Nesprin-1a and stable integration of the transgene was selected for using

0.67 pug/mL puromycin.

2.3.7 Mouse strains and primary myoblasts

The Sunl”/- and Sun2”/- mice that were previously described by (Chi et al.| (2009)
were maintained by our collaborators Dr. Yin Loon Lee and Prof. Dr. Brian Burke
at the A*STAR Biological Resource Centre facility in accordance with the guidelines
of the Institutional Animal Care and Use Committee. Primary myoblasts were
obtained essentially as previously described (Solovei et al., [2013) from E18.5 mouse
embryos, and maintained in Ham’s F10 (Gibco) containing 20% fetal bovine serum
and 10 pg/ml bFGF (Invitrogen, Carlsbad, CA, #13256029).

2.3.8 Immunofluorescence (IF)

For immunofluorescent stainings, C2C12 cells were seeded on gelatinated 96-well
ibiTreat p-plates (ibidi, #89626) and human immortalized myoblasts on cover slips
coated with Matrigel (Corning Life Sciences, #354230) diluted 1:100 in DMEM. After
differentiation for the indicated time points, cells were fixed in 4% paraformaldehyde
(PFA) for 15 min at room temperature or in icecold methanol for 20 min at -20°C.
Cells were then washed three times in PBS. PFA-fixed cells were permeabilized with
0.5% Triton X-100/PBS for 5 min at room temperature and then washed again
three times with PBS. Subsequently, cells were incubated in 10% goat serum for
30 min at room temperature and incubated with primary antibodies (Table
diluted in blocking buffer over night at 4°C. The next day, cells were washed three
times in PBS and then incubated with fluorophore-conjugated secondary antibodies
and DAPIT (1:10,000) in blocking buffer for 1 hour at room temperature. After three
washes in PBS, cells were mounted in Fluoromount-G (Southern Biotech, #0100-01)
or Vectashield (Vector Laboratories, #H-1000).

2.3.9 Microtubule regrowth assay

C2C12 cells or human immortalized myoblasts were differentiated in their respective
Differentiation Medium (Table for 48 hours. Subsequently, cells were treated
with 5 pg/mL nocodazole (Sigma-Aldrich, #M1404) in Differentiation Medium for
2 hours. After a quick wash with Differentiation medium, cells were incubated in
fresh, pre-heated Differentiation Medium for 4 to 6 min (human immortalized cells)
or 5 min (C2C12 cells) at 37°C/5% CO,. Cells were immediately incubated with
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pre-extraction buffer for 30 s, fixed with 4% PFA and stained as indicated following
the IF protocol (2.3.8)). MT regrowth was quantified by counting the number of
Myogenin-positive nuclei that showed at least 50% of MT seeds at the NE.

2.4 Biochemical methods

2.4.1 Preparation of cell lysates

To prepare total protein extracts from C2C12 cells grown on 6-well plastic dishes,
cells were washed once with PBS to remove dead cells and debris. Subsequently,
cells were lysed in 200 pL 1% SDS/PBS per well and plates were rotated until cells
started to detach. Plates were quickly frozen at -20°C and then thawed again under
gentle rotation. Cells were harvested using a cell scraper and lysates were loaded
onto a QIAshredder-homogenizer (Qiagen, #79656). After centrifugation at full
speed for 1 min, the homogenized lysate was collected into a tube and total protein
concentration was measured as described in section 2.4l

For preparation of cell lysates used in immunoprecipitation assays see section [2.4.3]

Bicinchoninic acid (BCA) assay

For measuring the total protein concentration of cell lysates, the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, #23225) was used according to manufacturer’s
instructions. In brief, 10 ul. of each sample were diluted with 40 pl. ddH,O (1:5
dilution) and 1 mL BCA reagent (50:1 ratio of Reagent A and Reagent B) was
added. The mixtures were incubated for 30 min at 37°C and the absorbance of 2
pL was measured at 562 nm using a spectrophotometer (DeNovix DS-11). BCA
reagent mixed with 50 puL. ddH,O was used as a Blank standard to correct the 562
nm measurements of all samples. Finally, the protein concentration was determined
using a Blank-corrected Bovine Serum Albumin (BSA) standard curve ranging from
0, 25, 125, 250, 500, 750, 1000, to 1500 ug/mL.

2.4.2 SDS-PAGE and Western Blot

To separate total protein extracts from cell lysates (section , 30 to 50 pug of each
sample were mixed with 4x Laemmli sample buffer (Bio-Rad, #1610747) containing
10% freshly added S-mercaptoethanol and heated for 5 min at 95°C.

For analysis of proteins with molecular weights up to approximately 120 kDa, samples
were loaded onto 4-15% Mini-PROTEAN TGX protein gels (Bio-Rad, #4561084)
together with the Novex sharp pre-stained protein standard. Sodium dodecysulfate
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polyacrylamide gel electrophoresis (SDS-PAGE) was run in 1x TGS buffer at 120
V to 140 V using the Bio-Rad Mini Protean Tetra Cell electrophoresis chamber.
Subsequently, proteins were transferred onto a nitrocellulose membrane (TransBlot®
Turbo' " Mini Nitrocellulose Transfer Packs (BioRad, #1704158) using the protocol
for mixed molecular weight proteins of the Bio-Rad TransBlot®TurboTMblotting
system.

For analysis of proteins with high molecular weight (e.g. centrosomal proteins
such as Pericentrin), samples were loaded on 4-12% NuPAGE"" Bis-Tris protein
gels (Invitrogen, #NP0335) together with the HiMark pre-stained protein standard.
SDS-PAGE was run in 1x NuPAGE®MOPS SDS running buffer at 140 V using
the XCell SureLock " Mini-Cell electrophoresis system (Novex, Life Technologies).
Proteins were transferred at 4°C overnight (approximately 16 hours) at 30 V in WB
Transfer buffer using the Bio-Rad Wet/Tank Blotting system.

After protein transfer, membranes were placed in ddH,O and then stained with
Ponceau S to confirm equal protein loading and successful transfer. Membranes
were then destained using TBS-Tween, blocked in blocking solution for 1 h at
room temperature under constant shaking and incubated with primary antibodies
overnight at 4°C. The following day, membranes were washed three times with
TBS-Tween for 5 min under constant shaking and incubated for 1 h at room
temperature with horseradish peroxidase-(HRP)-conjugated secondary antibodies
diluted 1:10,000 in blocking solution. Membranes were again washed three times
with TBS-Tween for 5 min under constant shaking and incubated for 5 min at room
temperature with SuperSignalTMWest Pico PLUS Chemiluminescence substrate
(Thermo Fisher Scientific, #34080) or Luminata Classico Western HRP Substrate
(Millipore, #WBLUC0100), respectively, to detect highly abundant proteins (e.g.
GAPDH). To detect low abundant proteins (e.g. Pericentrin), membranes were
incubated for 5 min at room temperature with Luminata Forte Western HRP
Substrate (Millipore, #WBLUF0100). Chemiluminescence signals were detected
using films (GE Healthcare, #10094984) or the VWR®Imager CHEMI Premium.
Images were processed using Fiji and arranged using Adobe Illustrator CS5.
Western Blot stripping was rarely performed when proteins of similar sizes needed
to be detected. To this end, membranes were incubated with Roti®-Free Stripping
Buffer (Carl Roth, #0083) for 30 min at 56°C under agitation. Membranes were
subsequently washed three times with TBS-Tween, re-blocked and incubated with

primary and secondary antibodies prior to Western Blot detection as decribed above.
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2.4.3 Immunoprecipitation (IP) using GFP-Trap® beads

C2C12 cells expressing myc-PACT and GFP-Nesprin-1a or myc-PACT and GFP,
respectively, were differentiated for two days in Differentiation Medium. Cells
were then washed once with PBS, trypsinized and collected into tubes. After
centrifugation for 5 min at 400x g at 4°C, the cell pellet was washed twice with
10 mL of icecold PBS and subsequently resuspended in IP Lysis Buffer. Following
incubation for 30 min on ice, cell lysates were centrifuged for 15 min at 15.000x g at
4°C. The supernatant was transferred to a new tube and the protein concentration
was determined (section 2.4.1). For each sample, 25 L of GFP-Trap® A beads
(ChromoTek, #gta-20) were transferred into icecold IP Wash Buffer. Beads were
washed twice with IP Wash Buffer after centrifugation for 2 min at 2.500x g at
4°C. 1500 pg of cell lysate were diluted 1:1 in IP WASH buffer and some lysate
was saved for Western Blot analysis (input). Diluted cell lysates were added to the
equilibrated beads and incubated under rotation for 2 hours at 4°C. Beads were
then centrifuged for 2 min at 2.500x g at 4°C and resuspended in icecold IP Wash
Buffer. This washing step was repeated twice before beads were resuspended in 50
1L 2x Laemmli buffer. Subsequently, samples were heated for 10 min at 95°C. Beads
were removed from all samples by centrifugation for 2 min at 2.500x g at room
temperature. All supernatants and input samples were then analyzed by SDS-PAGE
and Western Blot analysis (section [2.4.2)).

2.4.4 Proximity-dependent biotin identification method (BiolD)

This experiment was carried out in collaboration with Dr. Yin Loon Lee of Prof.
Dr. Brian Burke’s laboratory at the Institute of Medical Biology, A*STAR in Singa-
pore. Thereby, I performed the first experiment with Dr. Yin Loon Lee together,

while the experiment was additionally repeated two times by Dr. Yin Loon Lee alone.

Stably transduced cells were expanded in 5-layer flasks and directly harvested
after cells reached 90-100% confluency (myoblast samples) or switched to Differen-
tiation Medium for 4 days (myotube samples). Before harvesting, both myoblast
and myotubes samples were incubated with 50 uM biotin and 1 pg/mL doxycycline
for 1-2 days. In parallel, control myoblast and myotube samples were incubated
without biotin and doxycycline, or solely with 50 M biotin.

For harvesting, cells were washed twice with PBS and then incubated at 37°C with
10 mL 0.05% Trypsin/EDTA per multi-layer flask. Trypsinization was stopped by

adding Growth Medium or Differentiation Medium, respectively, and multi-layer
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flasks were washed with PBS to collect all cells for each condition in one Falcon
tube. Cells were spun down at room temperature at 1200 rpm for 5 min and the
supernatant was removed. Cell pellets were resuspended in 20 mL. PBS and the
centrifugation step was repeated twice. After the final centrifugation, cells were
resuspended in 1 mL PBS and transferred to a new Eppendorf tube. Cells were
again spun down at room temperature at 1200 rpm for 5 min and the remaining
PBS was completely removed. Cells were shock frozen in liquid nitrogen and kept
at -80°C until all conditions were collected.

For cell lysis, cell pellets were thawed and 1-2 mL Kyle lysis buffer were added. Sam-
ples were sonicated (1 min, 10 s PULSE on, 20 s PULSE off) and then centrifuged
for 20 min at 16.000x g at 4°C. Subsequently, the supernatant was transferred
to a clean Eppendorf tube and some lysate was saved as ’input’ for Western Blot
analysis.

For affinity capture of biotinylated proteins, each supernatant was incubated with
100 pL Dynabeads (MyOne Steptavadin C1; Invitrogen, # 65001) for 2 hours at
room temperature under rotation. Beads were washed twice with 1 mL of Buffer
A and then with 1 mL of Buffer B under rotation for 5 to 10 min. 100 uL of each
sample was transferred into a new tube and saved for Western Blot analysis. Beads
were then collected on a magnet and the remaining Buffer B was thoroughly removed.
After further centrifugation at 6000x g for 2 min, dried beads were frozen until

in-solution digestion was performed (see section [2.4.5)).

2.4.5 Mass spectrometry and data processing

All samples of the BiolD experiment were analyzed by mass spectrometry and further
processed with the help of Dr. Radoslaw M. Sobota at the Institute of Molecular
and Cell Biology, A*STAR in Singapore.

Mass spectrometry samples were in-solution digested. After streptavidin affin-
ity purification, beads were denatured using 50% TFE in 100 mM TEAB. Proteins
were reduced in 25 mM TCEP and alkylated with 55 mM CAA. Prior digestion,
samples were further diluted with 100 mM TEAB to achieve TFE final concentration
below 5%. Digestion with LysC (Wako) for 4 hours (1:100 enzyme/protein ratio) and
Trypsin (Promega) for 18 hours (1:100) was performed. Following acidification with
1% TFA, samples were desalted with Sep-Pak C-18 cartridges (Waters). Samples
were labelled with TMT 6plex isobaric labelling (Thermo) according to manufac-
turer’s instructions. Samples were desalted on C18 Basic Resins 10 pm (Dr. Maisch)
and eluted using a step gradient (4 fractions) containing 17.5%; 256%; 30%; 50%
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acetonitrile further optimised to (3 fractions) 15%, 22%, 50% acetonitrile in 7.5%
ammonium hydroxide. Each fraction was vacuum centrifuged and submitted for
analysis. An Orbitrap Fusion (Thermo) mass spectrometer coupled to nanoUPLC
Easy LC 1000 system (Thermo) was used for analysis. Samples were injected and
separated in EasySpray column 50 ¢cm x 75 pm (C18, 1.8 um) in a 120 min gradient
(Solvent A: 0.1% Formic Acid; Solvent B: 0.1% Formic acid / 99.9% Acetonitrile) in
data dependent mode using Orbitrap analyzer (speed mode -3 sec cycle) with ion
targets and resolution (OT-MS 4xE5, resolution 60K, OT-MS/MS 1E5, resolution
15k). Peak lists were generated with Proteome Discoverer 2.1 software (Thermo)
and searches were done with Mascot 2.5.1 (Matrix Science) against concatenated
forward /decoy Mouse Uniprot with BirA sequences database (109799 entries) with
the following parameters: precursor mass tolerance (MS) 30 ppm, OT-MS/MS
0.06 Da, 3 missed cleavages; static modifications: Carboamidomethyl (C); variable
modifications: Oxidation (M), Deamidated (NQ), Acetyl N-terminal protein Phos-
pho (STY), Biotin(K). Forward/decoy searches were used for false discovery rate
estimation for PSM and peptides matching high confidence (FDR 1%) and medium
confidence (FDR 5%).

Following protein identification, extracted TMT reporter abundances were used
for protein quantitation. For protein normalization, the bait (BirA-Nesprin-1l«)
expression was assessed in both myoblasts and myotubes. Using BirA* specific
peptides, correcting factors were derived and used for normalization of specific
Nesprin-la-interacting proteins. Proteins identified in at least 2 biological replicates
were used for further analysis and illustration (Figure by Dr. Bruno Cadot at

the Center for Research in Myology in Paris, France.

2.5 Computer simulations

Computer simulations were carried out by Dr. Bruno Cadot at the Center for
Research in Myology, Paris, France.

Computer simulations were performed using Cytosim (Nedelec and Foethke, 2007)).
In brief, overdamped Langevin equations are used to describe the motion of elastic
fibers and nuclei in a viscous fluid in the presence of Brownian motion. All stochastic
events (motor binding, MT catastrophes, and MT nucleation) are generated as
first-order random events. The simulation parameters are summarized in Table S1
(Appendix, Chapter @ Myotubes have elliptical shapes, 95 x 14 pm for five nuclei,
114 x 14 pm for six nuclei, 133 x 14 pm for seven nuclei, 152 x 14 pm for eight

nuclei and 171 x 14 pm for nine nuclei, with the cytoplasm having homogenous
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constant viscosity, as shown experimentally (Figure A). The elliptical boundary
confines MTs, centrosomes, and nuclei. A soft excluded volume interaction applies
to centrosomes, MTs, and nuclei, preventing these objects from overlapping, but
MTs only interact with each other via molecular motors (MT-MT steric interactions
are not considered). Nuclei nucleate MTs, which undergo dynamic instability with
no rescues. Moreover, the growth rate is reduced by force with a sensitivity of
1.5 pN and depends on the availability of tubulin monomers, for which a fixed
pool is prescribed. The catastrophe rate depends on the growth rate as observed
in vitro (Janson et al.| [2003). MTs are nucleated horizontally, leading to their
organization parallel to the long axis of the myotube, as shown by the EB1 comets
angle analysis (Figure B, C). MTs interact with nuclei via the dynein and
kinesin motor proteins located at the NE. A given density of motor proteins is evenly
distributed on nuclear surfaces. All motor proteins exert Hookean forces and move
along bound MTs with a linear force-velocity relationship. The maximum number
of MTs nucleated by one nucleus has been estimated by counting the number of EB1

comets near myotube nuclei.

2.6 Imaging

2.6.1 Epi-fluorescence and confocal microscopy

Wide-field epi-fluorescence imaging was performed on an inverted Nikon Ti micro-
scope equipped with a XY-motorized stage (Nikon) using 20x 0.45 NA S Plan Fluor
air or 40x 1.3 NA Plan Fluor oil objectives with a 1.5x magnifier (Nikon). Digital
images were acquired with a CoolSNAP HQ2 camera (Roper Scientific) using Meta-
morph Software (Molecular Devices) and processed in Fiji. For analyses of C2C12
cells after MT regrowth assay, a maximum projection of four 0.25 pum z-sections
was directly created during imaging using Metamorph. Wide-field epi-fluorescence
images were also acquired on a DeltaVision CORE (Applied Precision) equipped
with a xenon light source and bandpass filters with a Plan Apochromat 40x/1.35 NA
(Olympus) oil-immersion objective lens (Olympus) and a CCD camera (no binning;
CoolSNAP HQ, Photometrics). For deconvolved images, z-spacing was fixed at
0.2 pm on the DeltaVision CORE and deconvolution then completed using the
SoftWorX program (Applied Precision). Confocal images of human immortalized
cells after MT regrowth assay and staining were acquired on a Leica SPE confocal
microscope using the 63x 1.3 NA Apo objective or on a Nikon Spinning disk confocal
with EMCCD camera using a 60x (oil) 1.4 NA objective.
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2.6.2 Live-cell imaging

For live-cell imaging of human immortalized myoblasts, 200.000 cells per well were
plated on a 6-well plate in Growth Medium. Two days after seeding the cells, cells
were washed twice with Differentiation Medium and then kept in an environmen-
tal chamber at 37°C/5% COq (Okolab, Pozzuoli, Italy). Bright-field images were
acquired every 15 min over a time frame of 63 hours using a 10x 0.3 NA PL Fluo
objective on an inverted Nikon Ti microscope and Metamorph Software (section
2.6.1)).

For live-cell imaging of dsRed-PACT-transfected C2C12 cells (section , cells
were washed twice with Differentiation Medium and then kept at 37°C/5% COy for
24 hours. The next day, the Differentiation Medium was renewed and cells were
placed in an environmental chamber at 37°C/5% COs. Images were acquired every
10 min over a time frame of 70 hours using a 40x 1.3 NA Plan Fluor oil objective on
an inverted Nikon Ti microscope and Metamorph Software (section . During
imaging, a maximum projection of four 0.25 pum z-sections was automatically created
for each position and time point by Metamorph. Metamorph was also used to create

and export movies which were further processed and compiled into montages using
Fiji.

For live-cell imaging of EB1-GFP comets, C2C12 cells transfected with EB1-GFP
were differentiated in Differentiation Medium for five days. Subsequently, EB1-GFP-
expressing-C2C12 myotubes were imaged with stream acquisition (250 ms/frame) in
an environmental chamber at 37°C/5% CO,.

2.6.3 Structured-illumination microscopy (SIM)

Wild type C2C12 cells were grown on gelatinated cover slips and induced to dif-
ferentiation upon confluency. 48 hours later, cells were subjected to MT regrowth
assay as described in (section and stained as indicated. Cover slips were
mounted using Vectashield and sealed with nail polish. Using the 488 nm, 568 nm,
and 643 nm laser lines and standard filter sets, 3D-SIM images were obtained on
the OMX V4 Blaze (GE Healthcare). Thereby, we used multicolour beads mounted
on coverslips (TetraSpec, Invitrogen) to control exact registration (within 40 nm)

of the three-colour channels.
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2.6.4 SD-dSTORM

Wild type C2C12 cells were grown on gelatinated cover slips and induced to differ-
entiation upon confluency. After 48 hours of differentiation, cells were fixed and
stained for Nesprin-1 (MANNESIE) and Pericentrin (Covance) following the IF
protocol (section [2.3.8)). Cells were incubated with Alexa Fluor 647 (Invitrogen)
and CF 680 (Biotium, Fremont, California) labelled secondary antibodies diluted
1:200 in blocking buffer for 1 hour at room temperature. |Lehmann et al.| (2016])
have been previously proven that this dye pair is applicable for spectral demixing
SD-dSTORM. Shortly before SD-dSTORM imaging, cover slips were mounted in
imaging buffer on slides with moulds (Carl Roth, Karlsruhe, Germany). Images
were acquired on a custom-build SD-dSTORM system using a 700-DCXXR dichroic
mirror and a F76-635 emission bandpass filter (AHF Ana-lysentechnik, Tubingen,
Germany) and reconstructed as described previously (Lampe et al.| [2012; |Lehmann
et al., 2016).

2.7 Image Analysis

2.7.1 Manual quantification of Pericentrin/Akap450 at the NE

We counted the number of nuclei with more than 50% of Pericentrin or Akap450,
respectively, at the NE in Myogenin-(MYOG)- or myosin heavy chain-(MHC)-positive

cells.

2.7.2 CellProfiler analysis

C2C12 cells transfected with different siRNAs (see section were stained
for Pericentrin, myosin heavy chain (MHC) and DAPI. Subsequently, cells were
automatically imaged using a customer developed journal (created by Dr. Bruno
Cadot) for 96-well imaging plates in Metamorph. For each well, 30 images were
thereby acquired and stitched together using the scan slide plugin of Metamorph.
All images were analyzed for fusion index and Pericentrin levels at the nucleus in
myotubes using CellProfiler (Carpenter et al., 2006)) (CellProfiler pipeline by Dr.
Bruno Cadot). In brief, CellProfiler was first optimized to identify Pericentrin rings
(Figure [2.1| A) as well as myotube (Figure [2.1) B) and nuclei areas (Figure [2.1/ C) as
primary objects. Subsequently, nuclei (Figure D) or Pericentrin rings (Figure
E) were masked on the identified myotubes, respectively. The fusion index was
obtained by calculating the ratio of the nuclei area within myotubes over the total

nuclei area within one image. Finally, Pericentrin levels at the nucleus in myotubes
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were determined by normalizing the area of masked Pericentrin rings in myotubes
to the area of masked nuclei in myotubes. The data for all 30 images per well were

averaged and further processed in Microsoft Excel.
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Figure 2.1: Workflow of the CellProfiler analysis. Pericentrin rings (A), myotubes (B)
and nuclei (C) were defined as primary objects using CellProfiler. (D) Nuclei or (E) Pericentrin
rings were masked on myotubes. The fusion index and the levels of Pericentrin at the nucleus were
then determined as follows:

fusion index = (area of nuclei in myotubes) / (total area of nuclei);

Pericentrin at the NE = (area of Pericentrin rings in myotubes) / (area of nuclei in myotubes)

2.7.3 Spreading factor analysis

For determining the spreading factor, we used differentiated muscle cells stained for
myosin heavy chain (MHC) and DAPI to visualize myotubes and nuclei, respectively.
We tracked the position of both myotube ends and all nuclei within each myotube
using Metamorph. Subsequently, we calculated the maximal theoretical distance
between all nuclei within one myotube (digea) and the experimentally observed
distances (d1, d2, d3 etc.) according to the myotube length (Figure (Excel
macro by Dr. Bruno Cadot, Center for Research in Myology, Paris). The spreading
factor was then determined as the median of all observed distances normalized to

the maximal theoretical distance.
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Figure 2.2: Model of the spreading factor analysis. Myotubes in an ideal set up as well as
one exemplified myotube observed in cell culture experiments are depicted in grey, while nuclei
are shown in red. The maximal theoretical distance between nuclei (digea)) is determined as the
myotube length divided by the number of nuclei + 1. The spreading factor (SF) is defined as the
median of all observed interdistances normalized to the maximal theoretical distance. d, distance;
n, number; SF, spreading factor

2.7.4 Western Blot quantification

Western Blots were quantified for individual protein bands based on densitometry
using Fiji. Therefore, each protein band was measured using a rectangle to define a
single region of interest (ROI). In order to compare the density of one individual
protein band with others, the same ROI was used for all measurements. All values
were corrected using a background measurement and were then normalized to the

respective loading control.

2.8 Statistical analysis

Statistical tests were performed using GraphPad Prism (GraphPad Prism Software
Inc. version 6) and are further described in each figure legend. Statistical significance
is represented as follows: *** p<0.001; ** p<0.01, *p<0.05; n.s., not statistically
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significant.
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3.1 Recruitment of centrosomal proteins to the NE

During skeletal muscle formation, the recruitment of several centrosomal proteins,
including Pericentrin, Akap450, and y-tubulin, to the nucleus is now well established.
However, additional information about the recruitment dynamics and if centrosomal
proteins are directly recruited from the centrosome are still missing.

To address this, we took advantage of the C-terminal PACT (Pericentrin-Akap450
centrosomal targeting) domain of Pericentrin fused to dsRed. The PACT domain
was initially shown by |Gillingham and Munro| to be sufficient for bringing GFP
or RFP to the centrosome and was thus ideal to follow its localization during the
process of myogenic differentiation by live-cell imaging (Figure .

In dsRed-PACT-overexpressing C2C12 myoblasts, dsRed-PACT localized to two
closely spaced perinuclear spots, resembling the two centrioles of the centrosome
(frame 13:30 hh:min, arrows). These two centriole-like dots were highly motile and
their distance seemed to increase during time progression (frame 15:10 to 18:30
hh:min). Within approximately 2 hours, starting from time frame 18:30 hh:min, we
additionally observed faint dsRed fluorescence at the perinuclear rim (frame 20:10
hh:min). The fluorescence at the perinuclear rim but also at the perinuclear spots
continuously increased over time (frame 21:50 to 35:10 hh:min). The two perinuclear

spots seemed to push against the nucleus and often followed invaginations of the

NE.

Overall, we confirmed that the PACT domain is sufficient to target dsRed to
the centrosome in myoblasts and additionally to the nucleus in differentiating C2C12
cells. However, during the process of dsRed-PACT localization to the NE, we
could not observe if dsRed-PACT was first released from the centrosome and then
directly moved to the NE or if newly synthesized dsRed-PACT molecules within the

cytoplasm localized to the NE independently of the centrosome.
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11:50 hh:min 13:30 hh:min

16:50 hh:min 18:30 hh:min 20:10 hh:min 21:50 hh:min

31:50 hh:min 33:30 hh:min 35:10 hh:min

Figure 3.1: Time-lapse video microscopy of dsRed-PACT during myogenic differen-
tiation. Depicted is a montage of frames from live-cell imaging of C2C12 cells overexpressing
dsRed-PACT during differentiation. Arrows point to the centrosome or centriole-like structures,
respectively. Scale bar, 10 pm.
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3.2 ldentifying the nuclear receptor for NE

localization of centrosomal proteins

Several studies have reported the reorganization of various centrosomal proteins to
the nucleus throughout myogenic differentiation (Bugnard et al., [2005; |[Fant et al.,
2009; |Srsen et al., [2009; Tassin et al., [1985a)). Yet, how centrosomal proteins or the
dsRed-PACT domain are recruited and anchored to the NE remained unanswered.
We therefore aimed to identify nuclear receptors that build a so far unknown link

between the nucleus and centrosomal proteins.

3.2.1 Nesprin-1 - a potential receptor for Pericentrin?

In order to determine potential receptor and NE-associated protein complexes
that are implicated in the recruitment of centrosomal proteins to the nucleus, we
performed small interfering RNA (siRNA) screens using the myogenic precursor
C2C12 cell line and automated immunofluorescence microscopy (Figure . Based
on previous published mass spectrometry studies of NE fractions, we chose 238
potential nuclear transmembrane proteins or NE-associated proteins, respectively,
and conceived a pool of three siRNAs for each gene (Kislinger et al., [2006; Schirmer
et al., [2003; Wilkie et al., [2011)). After transfection and subsequent differentiation
of C2C12 myogenic precursor cells, myotubes were stained and automatically im-
aged. To analyze the effects of each gene on myogenic differentiation capacity and
Pericentrin recruitment to the nucleus, we developed an analysis pipeline within
CellProfiler for measuring the fusion index and Pericentrin levels at the NE in
mytoubes (section [2.7.2]). All results were compared to C2C12 cells transfected
with a non-targeting control siRNA or to C2C12 cells silenced for Pericentrin. Note
that the siRNAs used to target Pericentrin mRNAs in C2C12 cells as well as the
antibodies used to identify Pericentrin levels at the NE, recognize all Pericentrin
isoforms (see section , so that we refer here to "Pericentrin’ throughout the text.

Among the 238 tested genes, the majority of 200 genes did not increase or decrease
Pericentrin levels at the NE more than 20%, respectively, and were therefore con-
sidered to have no substantial effects on Pericentrin recruitment to the nucleus
(Figure [3.3} see Appendix chapter [6] Table for a complete list of all results).
Pericentrin recruitment to the NE was increased upon knockdown of seven genes
(Sec61b, Ugtla2, Bcam, Podxl, Rpnl, Mospd3, Tmem74, see Appendix chapter @
Table , while Pericentrin levels at the NE were decreased after knockdown of 31

genes (Figure [3.3).
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1. Knockdown 2. Differentiation 3. Immunofluorescence 4. Automatic imaging 5. Analysis

C2C12 myotubes IF staining

Cell Profiler

PCNT MHC DAPI
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Figure 3.2: Workflow of the siRNA screen. C2C12 myoblasts were transfected in 96-
well imaging plates with siRNA pools against 238 genes encoding for proteins with potential
transmembrane domains. After three to four days of myogenic differentiation, C2C12 myotubes
were fixed and stained for Pericentrin (PCNT, red), myosin heavy chain (MHC, green) and nuclei
(DAPI, blue). Immunofluorescence images were acquired using a Metamorph-based automatic
imaging system. Consequently, immunofluorescence images were analyzed for fusion index and the
levels of Pericentrin at the NE within myotubes by using CellProfiler.

Among the genes showing decreased Pericentrin relocalization after silencing, low
density lipoprotein receptor-related protein 1 (Lrpl) and MYB binding protein
(P160) 1a (Mybbpla) displayed the strongest effect. Lrpl is a large transmembrane

protein that belongs to the LDL receptor family and functions in endocytosis and

in various signaling cascades (Boucher and Herz, |2011; Herz and Strickland}, 2001)),

whereas Mybbpla binds to a variety of transcription factors, including c-Myb, PGC-
1o, Prepl, NF-sB, and Aire, and inhibits their transactivation activity
et all, 2010} [Diaz et al., 2007} [Fan et al. [2004; Owen et all, 2007} [Tavner et al.|
. However, knockdown of Lrpl or Mybbpla also resulted in a strong decrease
of the fusion index, suggesting that Lrpl and Mybbpla might play crucial roles

during myogenic differentiation.

As Pericentrin depletion itself did not have an impact on the fusion index, we were
rather interested in these candidate genes which upon silencing showed reduced
Pericentrin levels at the NE but at the same time had no or only mild effects on the
early differentiation process. Candidates that fulfilled these criteria were components
of the LINC complex, the KASH domain proteins Synel and Syne2 (also known
as Nesprin-1 and Nesprin-2), as well as the SUN domain protein Unc84a (also
known as Sunl). Strikingly, knockdown of Synel (referred hereafter as Nesprin-1)
resulted not only in decreased Pericentrin intensity levels at the NE as assessed by
CellProfiler analysis but also visually in abnormal Pericentrin localization within
the cytoplasm (see section m, Figure . In contrast, Pericentrin levels seemed
to be slightly decreased but not mislocalized upon Syne2 (referred hereafter as
Nesprin-2) silencing. However, further validation of Nesprin-2 as a potential receptor
candidate for Pericentrin failed, when C2C12 cells were silenced for Nesprin-2 using

different sets of siRNAs (data not shown). This result was in agreement with other
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studies showing that the expression of Nesprin-2 decreases from the myoblast to
the myotube state, thus making Nesprin-2 an unlikely candidate for Pericentrin
recruitment during myogenic differentiation (Espigat-Georger et al., [2016; Randles
et al., 2010).

The SUN domain protein Spag4l (also known as Sun5) was previously reported to
be exclusively expressed in testis and was not taken into further consideration as
C2C12 cells silenced for Spag4l additionally demonstrated a reduced fusion index
(Frohnert et al.l 2011; Jiang et al., 2011]).

Taken together, among the 31 genes from the siRNA screen showing decreased
Pericentrin relocalization after silencing, only Nesprin-1-depleted cells displayed
mislocalized clusters of Pericentrin within the cytoplasm. Thus, we hypothesized
that Nesprin-1 might be potentially important for recruiting Pericentrin and other
centrosomal proteins to the NE during myogenic differentiation and decided to

explore this candidate and the underlying mechanism in more detail.

3.2.2 Validating the LINC complex as nuclear receptor

To validate if Nesprin-1 could be the nuclear receptor for Pericentrin and other
centrosomal proteins, we firstly analyzed if Pericentrin is colocalizing with Nesprin-1
at the nucleus of differentiated C2C12 cells by applying spectral demixing direct
stochastic optical reconstruction microscopy (SD-dSTORM was performed together
with Dr. Jan Schmoranzer, Charité Universitidtsmedizin Berlin, Campus Mitte,
CharitéCrossOver, Berlin, Germany). SD-dSTORM is a super-resolution technique
with a lateral resolution of 20-35 nm (Lampe et al., [2012; Lehmann et al., 2016).
Nesprin-1 and Pericentrin appeared in close proximity at the nucleus (Figure
SD-dSTORM, insets) at the spatial resolution of SD-dSTORM and completely
overlapped when the same SD-dSTORM data was rendered at the approximate
resolution of a conventional wide-field microscope (Figure wide-field, insets).
Thus, this result confirms the spatial co-organization of Nesprin-1 and Pericentrin
at the nucleus of differentiated muscle cells.

By way of further confirming the results from the siRNA screen, we depleted C2C12
myoblasts for Nesprin-1 using two different siRNAs and determined Pericentrin
localization upon myogenic differentiation (Figure . Note that the siRNAs used
to target Nesprin-1 mRNAs in C2C12 cells as well as the antibody (MANNES1E)
used to identify Nesprin-1 levels at the NE target a region nearby the KASH
domain encoding sequence and therefore potentially recognize Nesprin-1 giant but
also other smaller isoforms such as Nesprin-la due to the high sequence similarity
of these isoforms. We confirmed that both siRNAs efficiently knocked down the
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Figure 3.3: Hits of the siRNA screen showing decreased Pericentrin levels at the NE.
The pie chart indicates the number of genes (total = 238) that resulted in increased (more than
1.2, while control = 1) or decreased (lower than 0.8, control = 1) Pericentrin (Pcnt) levels at the
NE in myotubes, respectively. The majority of genes had no effect (between 0.8 and 1.2) on Pcnt
levels at the NE. The bottom graph shows the result (fusion index and Pcnt levels at the NE)
for 31 genes that displayed decreased Pericentrin recruitment to the NE upon silencing. Results
were normalized to control sample and are depicted as the average of three to four independent
experiments. Error bars represent the standard error of the mean (S.E.M.). Note that silencing of
Sf3b1 resulted in induced cell death and is therefore marked by an asterisk (*).

smaller muscle-specific Nesprin-1 isoform, Nesprin-1a, as assessed by Western Blot
analysis (Figure D). In myotubes transfected with non-targeting control siRNA,
Pericentrin typically localized to the nuclear rim in about 80% of myotube nuclei
(Figure A, B). When cells were effectively depleted for Pericentrin itself (Figure
C), Pericentrin was expectably absent from the nucleus (Figure A, B).
Similarly, Pericentrin was absent at myotube nuclei in Nesprin-1-depleted cells and
instead mislocalized within perinuclear regions or generally within the cytoplasm.
Note, that the decreased levels of Pericentrin at the NE upon Nesprin-1 silencing
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SD-dSTORM ‘Wide-field’ Figure 3.4: SD-dSTORM reveals Peri-

3 j ; centrin and Nesprin-1 colocalization at
the NE. Dual colour SD-dSTORM image
of Pericentrin (Pcnt, green) and Nesprin-
la/Nesprin-1 (red, MANNESIE mAb) at the
nuclear surface of a differentiated C2C12 my-
oblast (left) and the same SD-dSTORM im-
age rendered to the resolution of a conven-
tional wide-field microscope (right). Insets
show higher magnifications of colocalization
regions (arrows). Scale bar, 1 ym. Scale bar
of insets, 100 nm.
Cell preparation, staining and imaging was
performed by Petra Gimpel. Image recon-
struction and analysis was done by Dr. Jan
Schmoranzer, Charité Universitdatsmedizin
Berlin, Campus Mitte, CharitéCrossOver,
Berlin.

were not due to altered gene expression since protein levels of Pericentrin were
unaffected and constant throughout differentiation (Figure .

Considering that Nesprin-1 is retained at the outer nuclear membrane through its
interaction with Sunl/2 and that Sunl (also termed Unc84a) was one of the major
candidates of the siRNA screen showing decreased Pericentrin levels at the nucleus
(Figure [3.3)), we further elucidated the effects of Sunl and Sun2 on Pericentrin
recruitment.

First, we depleted C2C12 cells for Sunl, Sun2 or both Sunl and Sun2 (Sunl/2),
verified efficient knockdown by Western Blot analysis (Figure E, F) and analyzed
the number of Pericentrin-positive myotube nuclei (Figure [3.5[ A, B). While Pericen-
trin NE localization was not affected in Sun2-depleted myotubes, Sunl depletion
slightly but significantly decreased the number of Pericentrin-positive myotube nu-
clei. Strikingly, Sunl-depleted myotubes also visually displayed changed Pericentrin
localization to the nuclear poles rather than an equal distribution around the nuclear
rim (Figure A, Sunl). However, Pericentrin mislocalization within the cytoplasm,
as demonstrated in Nesprin-1-silenced myotubes, was only observed upon double
depletion of Sunl and Sun2.

To validate these data and to exclude eventual off-target effects of the siRNAs, we
analyzed Pericentrin localization in differentiated myoblasts isolated from Sunl”-,
Sun2/~ or Sunl”/~;Sun2”/- knockout mice (in collaboration with Dr. Yin Loon Lee,
Institute of Medical Biology, A*STAR, Singapore). In line with our previous findings,
only Sunl”/";Sun2/- myotubes lacked Pericentrin at the NE but instead showed
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Figure 3.5: The LINC complex is required for recruiting centrosomal proteins during
myogenic differentiation. (A) Representative epi-fluorescence images of 48 h differentiated
C2C12 myotubes, transfected with control siRNA#1, Pcent siRNAmix, two different siRNAs for
Nesprin-1 (Nesprin-1 siRNA#1 or Nesprin-1 siRNA#2), Sunl, Sun2 or both Sunl and Sun2
(Sunl/2). Cells were stained for Pericentrin (Pcnt, red), nuclei (DAPI, blue) and myosin heavy
chain (MHC, green) to identify differentiated myotubes. White squares indicate selected regions
for higher magnifications of Pericentrin staining alone (Pcnt, red) or together with nuclei (DAPI,
blue) shown on the right. Scale bar, 20 um. (B) Quantification of Pericentrin recruitment to the
NE in myotube nuclei after treatment with the indicated siRNAs. Error bars + SD. n represents
total number of nuclei from at least three independent experiments. *** p<0.001; *p<0.05; n.s.,
not statistically significant, t-test. (C) Immunoblot of anti-Pericentrin (Pent) and anti-tubulin
(anti-tyrosinated a-tubulin, YL 1/2) as loading control in C2C12 cells treated with non-targeting
control siRNA#1 or a mix of two Pericentrin siRNAs (Pcnt mix). (D) Western Blot of 48 h
differentiated C2C12 cells transfected with non-targeting control siRNA#1 or two different siRNAs
to Nesprin-1 (Nesprin-1 #1 or Nesprin-1 #2) stained for Nesprin-1lar/Nesprin-1 (MANNESIE) or
GAPDH as a loading control. (E) C2C12 were transfected with non-targeting control siRNA#1,
Sunl or Sunl and Sun2 siRNA (Sunl/2), respectively, differentiated for 48 h and subjected to
SDS-PAGE and Western Blot analysis using anti-Sunl and anti-GAPDH antibodies. (F) C2C12
were transfected with non-targeting control siRNA#1, Sun2 or Sunl and Sun2 siRNA (Sunl/2),
respectively, differentiated for 48 h and subjected to SDS-PAGE and Western Blot analysis using
anti-Sun2 and anti-GAPDH antibodies.
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Figure 3.7: Sunl/2 are required for Pericentrin recruitment to the nucleus. (A)
Representative epi-fluorescence images of 72 h in vitro differentiated primary myotubes from wild
type, Sunl”~, Sun2/- or Sunl”/-;Sun2”/~ knockout mice, stained for Pericentrin (Pent red), MHC
(green), and nuclei (DAPI, blue). White squares indicate selected regions for higher magnifications
of Pericentrin staining alone (Pcnt, red) or together with nuclei (DAPI, blue) shown on the right.
Scale bar, 20 pm. (B) Quantification of Pericentrin recruitment to the NE in primary myotubes of
wild type, Sunl-/-, Sun2/- or Sunl/-;Sun2-/- knockout mice. Error bars = SD. n represents total
number of nuclei from two independent experiments. ** p<0.01; n.s., not statistically significant,
t-test.

Primary myoblasts were isolated by Dr. Yin Loon Lee at the IMB in Singapore and were
differentiated in vitro by Petra Gimpel and Dr. Yin Loon Lee at the Center for Research in
Mpyology in Paris. Image acquisition and preparation as well as quantification was performed by
Petra Gimpel.
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Pericentrin mislocalization within the cytoplasm (Figure[3.7/ A, B). Sunl”/~ myotubes
displayed again a prominent redistribution of Pericentrin to the nuclear poles, how-
ever, the total number of Pericentrin-positive myotube nuclei was not significantly
decreased. According to the RNAi data (Figure A, B) as well as to the siRNA
screen (Figure [3.3)), where Sun2 was not part of the candidates showing decreased
Pericentrin levels at the NE, Sun2/~ myotubes demonstrated no obvious effect on
Pericentrin localization. Collectively, these data suggested that Sunl might have
a more pronounced role in localizing Pericentrin to the nucleus during myogenic

differentiation but that Sunl and Sun2 potentially function redundantly.

To test this hypothesis, we determined endogenous protein levels of Sunl and
Sun2 over 96 hours of myotube formation using C2C12 cells. While Sunl protein
levels increased over time together with myosin heavy chain as a marker for differ-
entiation, Sun2 protein levels remained unchanged throughout the differentiation
process (Figure A). To elucidate if Sunl and Sun2 could compensate for each
other’s function, we analyzed the relative protein expression levels of both SUN
domain proteins upon depletion of Sunl, Sun2 or both Sunl/2 in C2CI12 cells
(Figure |3.8 B). Quantification of protein levels after 0 and 48 hours of differentiation
revealed a similar increase of Sunl and constant protein levels of Sun2 in C2C12 cells
transfected with non-targeting control siRNA (Figure C). Contrarily, relative
protein levels of Sun2 were increased upon silencing of Sunl when compared to
control cells both after 0 and 48 hours of differentiation. C2C12 cells silenced for
Sun2 showed slightly reduced protein levels of Sunl when compared to the respective
control, although the tendency of increased Sunl protein levels from 0 to 48 hours of
differentiation was still detectable. Taking into account that Sunl-depletion showed
stronger effects on Pericentrin localization at the NE and that Sunl was additionally
increased during myogenic differentiation, we believe that Sunl is the dominant
SUN domain protein involved in binding Nesprin-1a/Nesprin-1 and thus localizing
Pericentrin to the NE. However, in conditions were Sunl is absent, increased Sun2

protein levels might functionally compensate for the loss of Sunl.

3.2.3 Pericentrin, Akap450, and PCM1 are mislocalized in
SYNE1 (23560 G>T) patient myotubes

Several mutations within genes encoding proteins of the LINC complex have been

connected with striated muscle diseases, including Emery-Dreifuss muscular dys-

trophy (EDMD) (Meinke et al., 2014} [Wheeler et al., 2007} [Zhang et al., 2007b)).
In a patient with an EDMD-like phenotype, compound heterozygous mutations
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Figure 3.8: Sunl and Sun2 during myogenic differentiation. (A) C2C12 cells were
differentiated for the indicated time points (hours of differentiation) in Differentiation Medium.
Cell lysates were analyzed by SDS-PAGE and Western Blot using antibodies against myosin heavy
chain (MHC) as a marker for differentiation, Sunl, Sun2 or GAPDH as loading control. (B) C2C12
cells transfected with control sSiRNA#1 or Sunl#1, Sun2#1 or both Sunl and Sun2 (Sunl/2)
siRNAs, respectively, were differentiated for 0 or 48 hours (hrs) in Differentiation Medium. Cell
lysates were subjected to SDS-PAGE and Western Blot analysis using specific antibodies against
Sunl, Sun2 or GAPDH as loading control. (C) Quantification of Western Blots shown in (B).
Band intensities for Sunl or Sun2 were measured using Fiji and normalized to total GAPDH
protein levels. A.U., arbitrary units.

within SUNI (p.G68D p.G338S) were previously demonstrated to affect Pericentrin
localization to the nucleus (Meinke et al. 2014)). Therefore, we hypothesized that
a recently identified mutation within the SYNEI gene (23560 G>T) that encodes
Nesprin-1 would also lead to defects in NE localization of centrosomal proteins.
This homozygous nonsense mutation was found in a congenital muscular dystrophy
patient and was reported to result in decreased mRNA expression of both Nesprin-1
giant and Nesprin-la (Holt et al., [2016; [Mamchaoui et al., 2011)).

First, we confirmed by immunofluorescence that Nesprin-1 isoforms were present at
the NE in wild type healthy control myotubes but were absent in SYNEI (23560
G>T) patient myotubes (Figure A). Next, we examined NE localization of
Pericentrin and two additional centrosomal proteins, Akap450 and PCMI1, that

are known to be recruited to the NE during skeletal muscle formation (Oddoux
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Figure 3.9: SYNE1 (23560 G>T) patient myotubes fail to recruit centrosomal pro-
teins to the NE. (A) Representative epi-fluorescence images of differentiated human immortalized
myotubes from a healthy control (wild type) or from a patient carrying a nonsense mutation within
the SYNEI (23560 G>T) gene immunostained for Nesprin-1 (MANNESIE, green) and nuclei
(DAPI, blue). Scale bar, 10 um. (B) Representative epi-fluorescence image of differentiated human
immortalized myotubes from a healthy control (wild type) or from a patient carrying a nonsense
mutation within the SYNEI (23560 G>T) gene immunostained for (B) Pericentrin (Pcnt, Ab
gift from Kunsoo Rhee, red), (C) Akap450 (red) or (D) PCM1 together with Myogenin (MYOG,

grey) as differentiation marker. Scale bar, 10 pm.

et al., 2013 Srsen et al., |2009). We were particularly interested to analyze Akap450
localization in comparison to Pericentrin, as both Pericentrin and Akap450 were
demonstrated to possess a C-terminal PACT domain and to interact with each
other (Gillingham and Munro, 2000 Takahashi et al., |2002)). Moreover, we chose
to analyze PCMI1 localization in comparison to Pericentrin, as PCM1 was shown
to be important for Pericentrin localization to the centrosome (Dammermann and
Merdes, 2002).

In line with our previous results using C2C12 cells, we observed nuclear rim stainings
for Pericentrin, Akap450, and PCM1 in wild type human myotubes (Figure B-D).
Conversely, Pericentrin, Akap450, and PCM1 did not localize to the NE but were
often found within the cytoplasm at perinuclear regions in SYNE1 (23560 G>T)
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3.2 Identifying the nuclear receptor for NE localization of centrosomal proteins

patient myotubes.

These data confirm the importance of Nesprin-1 in recruiting Pericentrin, Akap450
and PCM1 to the NE during myogenic differentiation. As all three centrosomal
proteins were mislocalized in SYNEI (23560 G>T') patient myotubes, this suggests
that Pericentrin, Akap450 and PCM1 might localize to the NE through a similar

mechanism.

In differentiated C2C12 depleted for Nesprin-1 as well as in SYNEI (23560 G>T)
patient myotubes, centrosomal proteins that were mislocalized to the cytoplasm
appeared to be restricted at perinuclear regions. However, which cellular structure
was implicated in retaining centrosomal proteins near the nucleus or how these
aggregates were composited was not addressed yet. As the Golgi complex was shown
to reorganize to the nucleus together with centrosomal proteins during myogenic
differentiation (Lu et al., 2001 Zaal et al., 2011), we speculated that the Golgi
complex might impact localization of centrosomal proteins in Nesprin-1-depleted
cells as well. To test this hypothesis, we co-stained differentiated human wild type
or SYNE1 (23560 G>T) patient cells for Akap450, PCM1, and Pericentrin together
with the cis-Golgi marker GM130 (Figure [3.10). Akap450 completely colocalized
with GM130 at the NE but also at cytoplasmic sites within wild type myotubes
(Figure A). In comparison, Akap450 also colocalized with GM130, when both
proteins were mislocalized within the cytoplasm near the nucleus in SYNEI (23560
G>T) patient myotubes. Also PCM1 and Pericentrin colocalized with GM130 at
the NE in wild type myotubes and seemed to be concentrated at mislocalized Golgi
complex fragments in SYNE1 (23560 G>T) patient myotubes.

Next, we wanted to test if the observed aggregates still contain centrioles and thus
might reflect centrosome-like structures in the absence of Nesprin-1. In human wild
type myotubes, we found the centriole marker Cep152 in close contact with Golgi
complex elements within the cytoplasm but not with reorganized GM130 at the
NE (Figure . Similarly, Cep152 localized to Golgi complex fragments near
the nucleus in SYNEI gene (23560 G>T') patient myotubes, without revealing any

obvious differences when compared to wild type myotubes.

Generally, these data indicate that the aggregates observed in Nesprin-1-deficient
cells contain multiple centrosomal proteins, including Akap450, PCM1 and Pericen-
trin, which are collectively retained at mislocalized Golgi complex fragments. Some

but not all of the Golgi complex elements within the cytoplasm contain additionally
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Figure 3.10: Akap450, PCM1, and Pericentrin are mislocalized together with Golgi
fragments in SYNE1 (23560 G>T) patient myotubes. Differentiated human immortalized
myotubes from a healthy control (wild type) or from a patient carrying a nonsense mutation within
the SYNEI (23560 G>T) gene were immunostained for (A) Akap450 (red), (B) PCM1 (red) or
(C) Pericentrin (Pcnt; red, Ab gift from Kunsoo Rhee) together with GM130 (green) and nuclei

(DAPI, blue). Scale bar, 10 pm.
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the centriole marker Cep152 and might function together with mislocalized Akap450,

PCM1 and Pericentrin as centrosome-like structures when Nesprin-1 is missing.

wild type SYNET (23560 G>T)

"

Figure 3.11: Centrioles are enclosed by Golgi fragments in human myotubes. Differen-
tiated human immortalized myotubes from a healthy control (wild type) or from a patient carrying
a nonsense mutation within the SYNE1 (23560 G>T) gene were immunostained for Cepl52 as a
centriole marker (red), GM130 (green) and nuclei (DAPI, blue). Scale bar, 10 pm.

3.3 Interdependent recruitment of centrosomal

proteins

So far, we have shown that several centrosomal proteins localize to the nucleus in
dependence of Nesprin-1 and Sunl/2-containing LINC complexes. Yet, if these cen-
trosomal proteins are individually recruited by the LINC complex during myogenic
differentiation or interdependently of other centrosomal proteins remained an open
question.

To distinguish between these two possibilities, we analyzed C2C12 myotubes for NE
localization of centrosomal proteins that are known to either interact with each other,
like Akap450 and Pericentrin (Takahashi et al.l 2002), and/or to depend on other
centrosomal proteins for their localization to the centrosome. As described above,
Pericentrin was demonstrated to localize to the centrosome in a Pcm1-dependent
manner (Dammermann and Merdes, [2002)). Pericentrin in turn, was shown to be
required for centrosome localization of another PCM component, namely CdkbRap2
(Buchman et al., [2010). CdkbRap2 was further determined to localize to the Golgi-
complex in dependence of Pericentrin and Akap450 (Wang et al., 2010). Thus, we
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set out to examine the impact of Akap450, Pcm1, Pericentrin and Cdk5Rap2 on NE
localization of the other centrosomal proteins. C2C12 myoblasts were individually

silenced for these centrosomal proteins and upon differentiation stained for Akap450,
Pcml1, Pericentrin and CdkbRap2.

C2C12 cells treated with non-targeting control siRNA displayed perfect nuclear rim
staining for Akap450, while Akap450 was expectably absent from the nucleus in cells
depleted of Akap450 itself (Figure [3.12)). In comparison, neither Pcml, Pericentrin
or CdkbRap2 depletion affected NE localization of Akap450.
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Figure 3.12: Akap450 is recruited to the NE independently of Pcml, Pcnt or
Cdk5Rap2. Representative fluorescence images of 48 h differentiated C2C12 myotubes, trans-
fected with control siRNA#1, two different siRNAs for Akap450, two different siRNAs for Pcml,
two different siRNAs for Pericentrin (Pcnt) or three different siRNAs for Cdk5Rap2. Cells were
stained for Akap450 (red), nuclei (DAPI, blue) and myosin heavy chain (MHC, green) to identify
differentiated myotubes. n = 4 independent experiments. Scale bar, 10 pm.
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Figure 3.13: Pcml is recruited to the NE independently of Akap450, Pcnt or
Cdk5Rap2. Representative fluorescence images of 48 h differentiated C2C12 myotubes, trans-
fected with control siRNA#1, two different siRNAs for Akap450, two different siRNAs for Peml,
two different siRNAs for Pcnt or three different siRNAs for CdkbRap2. Cells were stained for
Pcml (red), nuclei (DAPI, blue) and myosin heavy chain (MHC, green) to identify differentiated
myotubes. n = 4 independent experiments. Scale bar, 10 um.

Similar results were obtained, when we determined NE localization of Pcml in
comparison to control or Peml-depleted cells (Figure [3.13). None of the other
siRNA-mediated depletions had an obvious effect on Pecm1 localization to the NE.
However, knockdown of Pecml seemed to affect NE localization of Pericentrin as
assessed by the decreased nuclear rim staining compared to control myotubes (Figure
, while knockdown of Akap450 or CdkbRap2 had no effect on Pericentrin NE
localization.

Nuclear rim staining of Cdk5Rap2 was very weak even in C2C12 myotubes treated
with non-targeting control siRNA but was clearly decreased upon silencing for
CdkbRap?2 itself (Figure . While Cdk5Rap2 localization to the nucleus was
unaffected in Akap450- or Pcm1-depleted myotubes and comparable to the respective

95



3 Results

control, CdkbRap2 nuclear rim staining was apparently decreased in Pericentrin-
depleted cells.

Collectively, these data show that Akap450 and Pcml are recruited to the nu-
cleus independently of the other centrosomal proteins investigated here. Contrarily,
NE localization of Pericentrin most likely depends on the presence of Pcml, while
Cdk5Rap2 in turn is dependent on Pericentrin localization to the nucleus. Thus, we
assume that some centrosomal proteins might be directly recruited to the NE by
the LINC complex or by other unknown adaptor proteins, while others possibly rely

on mutual interactions with other centrosomal proteins.
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Figure 3.14: Pcnt recruitment to the NE requires Pcml but is independent of
Akap450 or Cdk5Rap2. Representative fluorescence images of 48 h differentiated C2C12
myotubes, transfected with control siRNA#1, two different siRNAs for Akap450, two different
siRNAs for Pcml, two different siRNAs for Pent or three different siRNAs for CdkbRap2. Cells
were stained for Pericentrin (Pent, red), nuclei (DAPI, blue) and myosin heavy chain (MHC, green)
to identify differentiated myotubes. n = 4 independent experiments. Scale bar, 10 pm.
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Figure 3.15: Cdk5Rap2 recruitment to the NE is dependent on Pcnt but independent
of Akap450 or Pcml. Representative fluorescence images of 48 h differentiated C2C12 myotubes,
transfected with control siRNA#1, two different siRNAs for Akap450, two different siRNAs for
Pceml, two different siRNAs for Pent or three different siRNAs for Cdk5Rap2. Cells were stained
for Cdk5Rap2 (red), nuclei (DAPI, blue) and myosin heavy chain (MHC, green) to identify
differentiated myotubes. n = 4 independent experiments. Scale bar, 10 pm.

3.4 Involvement of Nesprin-1a in NE localization of

centrosomal proteins

During muscle formation, Nesprin-1 giant has been reported to be mostly replaced by
dominant expression of smaller isoforms (Randles et al., |2010). Thereby, Nesprin-1la
has been demonstrated to be predominantly expressed in cardiac and skeletal muscle
and to be highly increased, both on mRNA and protein levels, during skeletal muscle
differentiation (Duong et al., 2014; Holt et al., 2016; Rajgor et al., 2012; Warren
et al., 2005, [Zhang et all) 2001). As the biological function for this muscle-specific
isoform remained uncertain so far, we were interested if Nesprin-1la could be the

dominant isoform implicated in the recruitment of Pericentrin and other centrosomal
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proteins to the NE.

3.4.1 Nesprin-1a expression increases during myogenic
differentiation

To test whether Nesprin-la expression was also increased in C2C12 cells, we exam-
ined Nesprin-1a protein levels during myogenic differentiation. On the protein level,
expression of Nesprin-la was firstly detected after 48 hours of differentiation and
further increased with time together with the differentiation marker myosin heavy

chain (MHC).

Next, we wanted to uncover if centrosomal proteins were associated with Nesprin-1a
during muscle formation. To this extent, we created in collaboration with Prof. Brian
Burke’s laboratory (Dr. Alessandra Calvi, Institute of Medical Biology, A*STAR,
Singapore) a C2C12 cell line stably expressing doxycycline-inducible myc-BirA*-
Nesprin-1la and took advantage of the proximity-dependent biotin identification
method (BiolD).

3.4.2 BiolD identifies Akap450, Pcnt, and Pcml to be
associated with Nesprin-1a in myotubes

BiolD coupled to mass spectrometry is a novel and powerful approach to study
protein-protein interactions in a natural cellular environment by determining bi-
otinylated proteins in close proximity to a fusion protein (Roux et al., 2013, 2012).
BiolD is especially advantageous for transmembrane or highly insoluble proteins
as standard biochemical approaches are often limited due to protein insolubility or
weak protein interaction. This technique is based on a 35 kDa Escherichia coli biotin
protein ligase, BirA, fused to a protein of interest (here mycBirA*-Nesprin-1a).
BirA catalyzes firstly the formation of biotinoyl-5-AMP (bioAMP) from biotin
and adenosine triphosphate (ATP) and secondly the reaction of bioAMP with a
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lysine residue of a target peptide. Within the BiolD system, a specific BirA mutant
(R118G; referred hereafter as BirA*) is used which prematurely releases bioAMP and
therefore allows biotinylation of proteins based on proximity, regardless of any target
sequence. When myc-BirA*-Nesprin-1a is expressed in mammalian cells, proteins
that are close to or directly interacting with Nesprin-1a should be biotinylated upon
addition of biotin (Figure . After cell lysis and biotin affinity capture using
streptavidin-conjugated beads, all biotinylated proteins can then be identified by

mass spectrometry analysis.

. Nesprin-1a

Nesprin-1a

____________________________
__________
-

Figure 3.17: Model for BioID applied to BirA*-Nesprin-1a. (A) The promiscuous biotin-
ligase fusion protein, BirA*-Nesprin-1q, is expressed in mammalian cells and ideally localizes to the
outer nuclear membrane (ONM) as expected from its endogenous counterpart. (B) Upon addition
of biotin, proteins will be biotinylated if they are directly interacting with BirA*-Nesprin-1a or
if they are in close proximity (proteins depicted in light grey). In contrast, non-vicinal proteins
(proteins depicted in dark grey) outside of the bioAMP diffusion radius (yellow circle) will not be
biotinylated. Scheme is not drawn to scale.

We applied the BiolD method to C2C12 cells stably and doxycycline-inducibly ex-
pressing mycBirA*-Nesprin-1la (Figure A) to determine Nesprin-1la-associated

or interacting proteins. Firstly, we confirmed that mycBirA*-Nesprin-1a is properly
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3.4 Involvement of Nesprin-la in NE localization of centrosomal proteins

Figure 3.18: BiolD identifies Akap450, Pcnt and Pcm1 as Nesprin-la-vicinal proteins
in myotubes. (A) Schematic representation of the construct used for the BioID experiment. Myc-
BirA* was fused to the N-terminal part of Nesprin-la (BioID-Nesprin-1cv). This construct has been
designed and cloned by Dr. Alessandra Calvi, Institute of Medical Biology, A*STAR, Singapore.
(B) Non-differentiated C2C12 cells stably expressing doxycycline-inducible myc-BirA*-Nesprin-1a
were treated with (+ DOX) or without (- DOX) doxycycline, fixed and stained for Nesprin-1 (green,
clone 9F10), myc (red) or nuclei (DAPI, blue). Scale bar, 20 ym. This experiment as well as
image preparation was performed by Dr. Yin Loon Lee, Institute of Medical Biology, A*STAR,
Singapore. (C) C2C12 myoblasts or myotubes stably expressing myc-BirA*-Nesprin-la were
treated with or without doxycycline and biotin, harvested and subjected to immunoprecipitation
using streptavidin-beads. Expression of myc-BirA*-Nesprin-1la after doxycycline addition was
confirmed by Western Blot using anti-Nesprin-1 (clone 9F10) antibody. Biotinylated proteins
were detected using fluorescent conjugates of streptavidin. Arrows point to BiolD-Nesprin-1la.
Western Blot analysis was performed by Petra Gimpel and Dr. Yin Loon Lee. (D) Depicted are
normalized quantities of proteins purified on streptavidin beads in BiolD-Nesprin-1a-expressing
C2C12 myotubes (Y-axis) and myoblasts (X-axis) treated with biotin (+biotin). Each protein
quantity is the ratio of the amount of a protein in cells treated with doxycycline (+DOX) to
the amount from untreated cells (-DOX), as determined by tandem mass tag quantitative mass
spectrometry following streptavidin affinity purification. Proteins in green are previously described
binding partners of Nesprin-la or Nesprin-1, while proteins shown in red are known centrosomal
proteins investigated in this study.

Please see also Appendix, Chapter [6, Table S2 for a complete list of all results. Mass
spectrometry analysis and data processing was performed by Dr. Radoslaw M. Sobota at the
Institute of Molecular and Cell Biology, Agency for Science, Technology and Research (A*STAR)
in Singapore. Graphical illustration was done by Dr. Bruno at the Center for Research in Myology
in Paris, France.

localizing to the NE in C2C12 myoblasts after addition of doxycycline (Figure
B). Subsequently, we induced the expression of mycBirA*-Nesprin-law in C2C12
myoblasts and myotubes in the presence of biotin to compare Nesprin-1a-associated
proteins during myogenic differentiation. For control samples, both C2C12 myoblasts
and myotubes were treated without doxycycline and without biotin (-DOX -biotin)
or with biotin only (-DOX + biotin), respectively. Following biotin affinity capture,
we verified successful biotinylation and expression of mycBirA*-Nesprin-la in both
the myoblast and myotube samples (+DOX + biotin) by Western Blot analysis (Fig-
ure C, arrows). Note that expression of mycBirA*-Nesprin-1la was reduced in
myotubes compared to myoblasts and that the results obtained by mass spectrometry
analysis were therefore normalized to the respective expression levels. Additionally,
biotinylation of endogenous proteins (-DOX -biotin) was analyzed for myoblast
and myotube samples using streptavidin (Figure C). Thereby, proteins seemed
to be less endogenously biotinylated in myotubes than in myoblasts. To account
for induced biotinylation of proteins in the absence of doxycycline, resulting from
some basal level expression of mycBirA*-Nesprin-1a, we furthermore determined
the biotinylation status in myoblasts and myotubes treated with biotin only (-DOX
+biotin, Figure 3.18 C). While biotin-induced biotinylation (-DOX + biotin) was
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comparable to the amount of endogenously biotinylated proteins (-DOX -biotin)
in myoblasts, total biotinylation in the presence of biotin (-DOX +biotin) was
increased compared to untreated conditions (-DOX -biotin) in myotubes. However,
most importantly, Western Blot analysis revealed increased levels of biotinylated
proteins in the presence of biotin when mycBirA*-Nesprin-1la was expressed in both
the myoblast and myotube condition (+DOX +biotin).

To determine and quantify all selectively isolated proteins of control (-DOX -biotin;
-DOX +biotin) and experimental samples (+DOX +biotin) in myoblasts and my-
otubes, we used tandem mass tag labelling and mass spectrometry analysis. After
normalization according to different bait (mycBirA*-Nesprin-1a) expression levels,
we calculated the ratio of each identified peptide in cells treated with doxycycline
and biotin (+DOX +biotin) to the amount from cells treated with biotin only (-DOX
-biotin). By illustrating these protein quantities from myotubes over myoblasts, we
were able to identify overall 446 proteins in at least two out of three experiments,
which showed increased association with mycBirA*-Nesprin-la during myogenic
differentiation (Figure D). Among the strongest hits, were previously described
interactors, including muscle A-kinase anchoring protein (mAkap, also known as
Akap-6), kinesin light chains 1 and 2 (Klc1/2) and Kifsb which have been reported to
localize to the nucleus in a Nesprin-la or Nesprin-1 dependent manner, respectively
(Pare et al., 2005, Wilson and Holzbaur, [2015)). Remarkably, we further determined
four centrosomal proteins, Akap450, Pcml1, centrosomal protein 170 (Cepl70) and
Pericentrin which were highly associated with myc-BirA*-Nesprin-1a in myotubes.
Taken together, these data confirm that Nesprin-la might be the relevant isoform

at the NE for binding centrosomal proteins during myogenic differentiation.

3.4.3 Nesprin-1a is involved in binding of the PACT domain

To further strengthen a possible role for Nesprin-1a in recruiting centrosomal pro-
teins to the nucleus in muscle cells, we overexpressed dsRed-PACT together with
GFP-Nesprin-1la or GFP, respectively, in C2C12 myoblasts. Thereby, we identi-
fied non-differentiated cells by co-staining for Myogenin (not shown) and analyzed
the percentage of cells showing dsRed-PACT at the NE. In GFP-expressing non-
differentiated C2C12 myoblasts, dsRed-PACT localized exclusively to the centrosome
(Figure A, B). By contrast, in GFP-Nesprin-1la-expressing cells, dsRed-PACT
localized to the centrosome and additionally to the NE in about 30% of non-
differentiated C2C12 myoblasts.

This indicates that Nesprin-1a is important for NE localization of centrosomal pro-

teins. However, the recruitment process seems to be temporarilly coordinated during
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myogenic differentiation as only one-third and not the majority of non-differentiated
cells displayed dsRed-PACT localization to the NE.
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Figure 3.19: Nesprin-1la is sufficient to recruit the PACT domain to the nucleus. (A)
Representative epi-fluorescence images of C2C12 myoblasts transfected with dsRed-PACT and
GFP or GFP-Nesprin-1q, respectively. Cells were stained for nuclei (DAPI, blue) and Myogenin
(not shown). Scale bar, 10 ym. (B) Quantification of dsRed-PACT recruitment to the NE in
non-differentiated, Myogenin-negative C2C12 cells expressing GFP or GFP-Nesprin-lae (GFP-
Nla), respectively. Error bars & SD. n represents total number of nuclei from three independent
experiments. (C) C2C12 cells were transfected with myc-PACT and GFP-Nesprin-la (GFP-N1a)
or GFP, respectively. After differentiation for two days, whole cell lysates were subjected to GFP
immunoprecipitation (IP) and SDS-PAGE/ Western Blot (WB) analysis using anti-GFP and
anti-myc antibodies.

To test if the PACT domain is sufficient to bring centrosomal proteins to the nu-
cleus by binding to Nesprin-la, we performed co-immunoprecipitation assays of
differentiated C2C12 cells expressing myc-PACT and GFP-Nesprin-1a. or GFP as a
control (Figure C). Although GFP-Nesprin-lar was hardly detectable in whole
cell lysates (input), GFP-Nesprin-1la was clearly immunoprecipitated using GFP
beads. Moreover, GFP-Nesprin-1a co-precipitated myc-PACT, while GFP alone did
not.

This demonstrates that the PACT domain and thus most likely proteins such as
Pericentrin and Akap450 harboring this domain, are found together with Nesprin-1a

in one protein complex.
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3.4.4 Nesprin-1a rescues Pericentrin and Akap450
mislocalization in Nesprin-1-depleted cells

To ultimately proof if the Nesprin-1a isoform is sufficient for recruiting centrosomal
proteins to the NE, we used C2C12 cell lines stably depleted for NE-associated
Nesprin-1 by CRISPR/Cas9 and reintroduced doxycycline-inducible mycBirA*-
Nesprin-1a, the construct which we previously used for the BiolD experiment
(experiments were performed by Dr. Yin Loon Lee, Institute for Medical Biology,
A*STAR, Singapore). In the absence of doxycycline, when Nesprin-1 was not
expressed (-DOX), Pericentrin and Akap450 were not detected at the NE as in
wild type cells but were mislocalized within the cytoplasm (Figure A, C)in
differentiated Myogenin-positive cells. In the presence of doxycycline (+DOX),
when Nesprin-la was expressed and present at the NE, Pericentrin and Akap450
localization to the NE was rescued (Figure A-D, +DOX).

Taken together, these data establish a functional role for Nesprin-1la as a molecular

receptor at the NE for binding centrosomal proteins during muscle formation.

3.5 Microtubule nucleation from the nucleus in

differentiated muscle cells

Recruitment of centrosomal proteins to the NE has been proposed to be required
for Microtubule (MT) nucleation from the nucleus in differentiated muscle cells
(Tassin et al., |1985a)). Therefore, we aimed to investigate if the identified molecular
receptors for centrosomal proteins were also required for MT nucleation from the

nucleus in differentiated myoblasts and myotubes.

3.5.1 The LINC complex is involved in MT nucleation from the
NE

If MT nucleation from the nucleus depends on NE localization of centrosomal
proteins, then based on our data, there should also be a requirement for Nesprin-1-
containing LINC complexes. We thus set out to determine whether Nesprin-1 and
Sunl/2 were involved in MT nucleation and organization from the nucleus during
skeletal muscle formation.

Using 3D structured illumination microscopy (SIM), we first demonstrated that
Pericentrin is localized to the ONM close to Nesprin-la/Nesprin-1 and that MTs
emanate from these complexes in differentiated C2C12 myoblasts (Figure [3.21]).
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Figure 3.20: Reintroduction of Nesprin-la in Nesprin-1-depleted cells rescues NE
localization of Pericentrin and Akap450. (A) C2C12 wild type or Nesprin-1 CRISPR mutant
cells transduced with mycBirA*-Nesprin-la without and with 1 pg/ml doxycycline (£DOX) were
differentiated for 48 h, fixed and stained for Nesprin-1 (green, clone 9F10), Pericentrin (Pcnt, red),
and Myogenin (MYOG, grey) Scale bar, 10 pm. (B) Quantification of Pericentrin recruitment to
the NE in Myogenin-(MYOG)-positive nuclei as described (A). Error bars £ SEM. n represents
total number of nuclei from three independent experiments. ***p<0.001; n.s., not statistically
significant, Tukey’s multiple comparisons test following a one-way ANOVA. (C) C2C12 wild type
or Nesprin-1 CRISPR mutant cells transduced with mycBirA*-Nesprin-1la without and with 1
ug/ml doxycycline (2DOX) were differentiated for 48 h, fixed and stained for Nesprin-1 (green,
clone 9F10), Akap450 (red), and Myogenin (MYOG, grey) Scale bar, 10 um. (D) Quantification
of Akap450 recruitment to the NE in Myogenin (MYOG)-positive nuclei as described in (C). Error
bars + SEM. n represents total number of nuclei from three independent experiments. ***p<0.001,
*p<0.05, one-way ANOVA with Tukey’s multiple comparisons test.

All experiments and quantifications shown in (A)-(D) were performed by Dr. Yin Loon Lee,
Institute for Medical Biology, A*STAR, Singapore.
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Figure 3.21: MTs emanate from foci
containing Pericentrin and Nesprin-
1o/ Nesprin-1. 3D-SIM fluorescent im-
age of the nucleus of a differentiated C2C12
cell, stained for Nesprin-la/ Nesprin-1
(white, MANNESIE mAb), Pericentrin
(Pent, red) and microtubules (MTs, green)
after nocodazole washout to allow MT re-
growth. Scale bar, 5 pym.

Next, we explored how MTs are organized in C2C12 myotubes silenced for Nesprin-1,
Sunl, Sun2 or both Sunl/2 by performing immunofluorescent stainings. In control
myotubes, we observed a dense array of longitudinal MTs as previously described by
Tassin et al.| (Figure A, untreated). Overall, this longitudinal MT array was not
altered by any of these siRNA mediated depletions, while Pericentrin localization
was similarly affected as described above.

However, due to the compact and highly dense network of MTs, it was impossible to
determine small changes of MT organization at the level of the nucleus. Therefore,
we turned to MT regrowth assays to monitor the starting points of MT nucleation
after complete MT depolymerization using nocodazole. In the presence of nocodazole,
MTs were depolymerized in all conditions, whereas Pericentrin localization per se was
not affected (Figure A, nocodazole). After nocodazole-washout, more than 60%
of differentiated, Myogenin-positive, control cells displayed MT regrowth from the
NE and additionally from seeds within the cytoplasm (Figure B, C). In contrast,
silencing for Nesprin-1 resulted in significantly decreased MT regrowth from the
NE but did not impair MT nucleation from Pericentrin-positive cytoplasmic seeds.
Similarly, we observed a reduction of MT regrowth from the NE in Sunl/2-depleted
C2C12 cells, while depletion of Sunl or Sun2 alone had little or no effect on overall
MT regrowth. Interestingly, we noticed in cells transfected with Sunl siRNA that
MTs regrew from the NE at sites of Pericentrin displacement to the nuclear poles.
This might again reflect a more pronounced role for Sunl in localizing Pericentrin

and thus MT nucleation to the NE in differentiated muscle cells.
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Figure 3.22: MT nucleation from the NE requires Nesprin-1 and Sunl/2. (A) 48 h
differentiated C2C12 cells, treated with control siRNA#1, two different siRNAs to Nesprin-1
(Nesprin-1 #1 or Nesprin-1 #2), Sunl, Sun2 or both Sunl and Sun2 (Sunl/2) siRNAs, were
incubated with or without (untreated) nocodazole and immunostained for Pericentrin (Pent, red),
microtubules (MTs, green) and Myogenin (MYOG, grey). Scale bar, 10 um. (B) 48 h differentiated
C2C12 cells, treated with control siRNA#1, two different siRNAs to Nesprin-1 (Nesprin-1 #1 or
Nesprin-1 #2), Sunl, Sun2 or both Sunl and Sun2 (Sunl/2) siRNAs, were immunostained for
Pericentrin (Pcnt, red), microtubules (MTs, green) and Myogenin (MYOG, grey) after nocodazole
washout. Scale bar, 10 um. (C) Graph shows the mean percentage (%) of Myogenin-positive cells
with MT nucleation from the NE as described in (B). Error bars = SD. n represents total number
of nuclei from at least three independent experiments. *** p<0.001; *p<0.05; n.s., not statistically
significant, t-test.

In order to further validate the MT nucleation defects from the nucleus in Nesprin-
1-depleted C2C12 cells, we performed the same MT regrowth assay in human wild
type and SYNEI (23560 G>T) patient cells. Thereby, we first confirmed that
both wild type and SYNEI (23560 G>T) patient myotubes exhibited longitudinal
MT arrays (Figure A, untreated), comparable to those observed in C2C12
myotubes. Treatment with nocodazole completely depolymerized MTs in wild type or
SYNEI (23560 G>T) patient cells but did not impact NE-associated or cytoplasmic
localization of PCM1 (Figure A, nocodazole). When MTs were let to recover
after nocodazole-washout, more than 80% of Myogenin-positive nuclei of wild type
myotubes nucleated MTs in a sun-like pattern from the nuclear surface (Figure m
B, C). In comparison, in almost all SYNEI (23560 G>T) patient myotubes, MT
nucleation occurred from mislocalized PCM1-positive seeds within the cytoplasm
but not from the NE.

Overall, these results strongly suggest a key role for the LINC complex, consisting
of Nesprin-1 and Sunl/2, in MT nucleation from the NE through the recruitment of

centrosomal proteins.

3.5.2 Akap450 is required for MT nucleation from the NE

Several centrosomal proteins were described in literature to be recruited to the NE
during myogenic differentiation (Bugnard et al. 2005; Fant et al., |2009; |Srsen et al.
2009). However, which of these centrosomal proteins are in turn required for MT
nucleation from the NE remained uncertain so far.

To address this question, we focussed on centrosomal proteins known to be important
for MT nucleation at the centrosome as well as on centrosomal proteins that were
identified by BiolD using mycBirA*-Nesprin-law (Figure D). Among these

centrosomal proteins, Cepl192 was shown to function as MT regulator through the
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Figure 3.23: MT organization and nucleation in human wild type and SYNE1 (23560
G>T) patient myotubes. (A) Human immortalized myotubes from a healthy control (wild
type) or from a patient carrying a nonsense mutation within the SYNEI (23560 G>T) gene were
treated with or without (untreated) nocodazole and immunostained for PCM1 (red), microtubules
(MTs, green) and nuclei (DAPI, blue). Scale bar, 10 pm. (B) Differentiated human immortalized
myotubes from a healthy control (wild type) or from a patient carrying a nonsense mutation
within the SYNEI (23560 G>T') gene were immunostained for PCM1 (red), microtubules (MTs,
green) and Myogenin (MYOG, grey) after nocodazole washout. Images represent maximum
projections of confocal z-sections. Scale bar, 10 um. (C) Graph shows the mean percentage (%) of
Myogenin-positive cells with MT nucleation from the NE as described in (B). Error bars £ SD. n
represents total number of nuclei from two independent experiments. *** p<0.001; **p<0.05; n.s.,
not statistically significant, t-test.
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recruitment of y-tubulin at the onset of mitosis and more importantly to control
centrosomal versus non-centrosomal MTs during interphase (O’Rourke et al., |2014;
Yang and Feldman, |2015). CdkbRap2 was described to bind y-tubulin ring complexes
(7-TuRC) and to activate y-TuRC-mediated MT nucleation (Choi et al., 2010)). Also
Pericentrin and Akap450 were implicated in y-TuRC-anchoring to centrosomes
by binding to GCP2/GCP3 through their N-terminal domains (Takahashi et al.|
2002)). Solely Pcm1, which was identified by BiolD of mycBirA*-Nesprin-law was
not described to be directly implicated in MT nucleation at the centrosome but
in MT-dependent recruitment of centrosomal proteins (Dammermann and Merdes|,
2002).

Before investigating if these centrosomal proteins were involved in M'T nucleation
from the NE, we first depleted C2C12 cells for y-tubulin (Tubgl), Pericentrin, Cep192,
or Cdk5Rap2, respectively, and analyzed their impact on Pericentrin localization
or myotube formation during myogenic differentiation. While depletion of Cep192
slightly affected myogenic differentiation as assessed by the decreased fusion index,
depletion of CdkbRap2 rather showed an opposite effect (Figure A). However,
none of these siRNA-mediated depletions had an impact on Pericentrin localization
to the NE, when compared to control or Pericentrin siRNA conditions. Thereby, we
confirmed efficient knockdown of y-tubulin, Pericentrin and Cdk5Rap2 by Western
Blot analysis (Figure [3.24] B, Figure C) or immunofluorescent stainings (Figure
Cdk5Rap2 siRNA#1-3). Unfortunately, we did not further verify if Cep192
protein levels were efficiently decreased upon siRNA treatment due to the lack of
commercially available antibodies.

Next, we analyzed the effect of Pericentrin, Cep192, or CdkbRap2 depletion on MT
nucleation from the NE by performing MT regrowth assays in differentiated C2C12
cells (Figure C, D). When we silenced C2C12 cells for v-tubulin itself, both
MT nucleation within the cytoplasm and MT regrowth from the NE were reduced.
Nevertheless, the latter effect was not significant which might result from the way
of quantification. As we just counted the number of Myogenin-positive cells with at
least 50% of MT seeds at the NE, we would not reveal any defects regarding MT
length or absolute numbers as observed upon ~v-tubulin depletion. In cells treated
with Pericentrin, Cep192 or Cdk5Rap2 siRNA, MT regrowth from the NE was not
significantly altered and was comparable to control siRNA treated cells.

Because none of the known 7-TuRC-binding proteins at the centrosome, tested so
far, displaced MT nucleation, we turned to analyze the requirement of centrosomal
proteins identified by mycBirA*-Nesprin-1a BiolD experiments for MT nucleation
from the NE. In C2C12 cells silenced for Pericentrin or Pcm1, MTs regrew from the
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NE to a similar extent as observed in control cells (Figure A, B). Strikingly, cells
treated with Akap450 siRNA showed significantly reduced MT regrowth from the
NE and rather displaced MT nucleation to the cytoplasm. Note, that we confirmed
efficient knockdown of Akap450, Pericentrin or Pcm1 using these sets of siRNAs by
immunofluorescent stainings (Figure Akap450 siRNA#1/2; Figure Pent
siRNA#1/2; Figure Peml siRNA#1/2).

Taken together, these results suggest a role for Akap450 as the dominant ~-TuRC-
receptor at the NE in mediating MT nucleation from the nucleus during myogenic

differentiation.

3.6 Nuclear positioning

During skeletal muscle formation, nuclear centration and nuclear spreading move-
ments were demonstrated to depend on a functional MT network, on MT motor
proteins, such as dynein and kinesin-1, as well as on MT-associated proteins (MAPs)
(Cadot et all 2015, 2012; [Metzger et al., 2012; Wilson and Holzbaur}, 2012, 2015)).
If active MT nucleation from the NE, however, is a prerequisite for proper nuclear
positioning remained unanswered until now. To address this question we aimed
to determine the impact of Nesprin-1-mediated MT nucleation from the NE via

Akap450 on nuclear positioning.

3.6.1 Nesprin-1 is important for nuclear positioning

Nesprin-1 was already previously reported to be required for nuclear movement in
skeletal muscle through the recruitment of kinesin-1 motor proteins to the nucleus
(Chapman et al., 2014} Grady et al. 2005; Wilson and Holzbaur, [2015; Zhang et al.,
2010, 2007¢c|). Thereby, kinesin-1 anchored to the nucleus by Nesprin-1 was proposed
to transport nuclei as a cargo along MTs in myotubes.

We confirmed that Nesprin-1 is involved in the distribution of skeletal muscle nuclei
by analyzing the spreading factor in differentiated C2C12 cells transfected with
non-targeting control or Nesprin-1-targeting siRNAs. The spreading factor is defined
as the ratio between the observed and the maximal theoretical average distance
between nuclei according to the myotube length (see section for further details).
In Nesprin-1-depleted myotubes, nuclei were less spread throughout the myotube and
the spreading factor was significantly reduced when compared to control myotubes
(Figure A, B). Similar results were obtained when we analyzed the spreading
factor in human control or SYNEI (23560 G>T) patient myotubes (Figure [3.26]
C-F). Nuclei of wild type myotubes were more evenly distributed throughout the
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Figure 3.24: MT nucleation from the NE does not require Pcnt, Cepl92, or
Cdk5Rap2. (A) C2C12 myoblasts were transfected with non-targeting control siRNA#1, a
mix of three siRNAs against v-tubulin, a mix of two siRNAs against Pericentrin (Pcnt), a mix
of three siRNAs against Cepl192 or a mix of three siRNAs against Cdk5Rap2, respectively. 48
hours differentiated cells were immunostained for Pericentrin, myosin heavy chain (MHC), and
nuclei (DAPI) and subsequently analyzed for fusion index and Pericentrin recruitment to the NE
using CellProfiler. (B) C2C12 cells were treated without (untreated) or with non-targeting control
siRNA #1, three single siRNAs against y-tubulin (y-tubulin#1, y-tubulin#2, v-tubulin#3) or
with a mix of all three siRNAs against y-tubulin (y-tubulin#mix). Cells were differentiated for 48
hours and cell lysates were subjected to SDS-PAGE and Western Blot analysis using the indicated
antibodies. (C) 48 hours differentiated C2C12 cells, treated with the indicated siRNAs, were
immunostained for Pericentrin (Pcnt, red), microtubules (MTs, green) and Myogenin (MYOG,
grey) after 8 min of nocodazole washout. Scale bar, 5 um. (D) Graph shows the mean percentage
(%) of Myogenin-positive cells with MT nucleation from the NE as described in (C). Error bars +
SD. n represents total number of nuclei from two independent experiments. n.s., not statistically
significant, Mann-Whitney test.
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Figure 3.25: MT nucleation from the NE is mediated by Akap450. (A) 48 hours
differentiated C2C12 cells, treated with control siRNA#2, two different siRNAs to Akap450
(Akap450 siRNA#1, Akapd50 siRNA#2), Pericentrin (Pent #1, Pent#2) or Peml (Peml#1,
Pem1#2) were immunostained for Akap450 (red), microtubules (MTs, green) and Myogenin
(MYOG, grey) after nocodazole washout. Scale bar, 10 gm. (B) Graph shows the mean percentage
(%) of Myogenin-positive cells with MT nucleation from the NE as described in (A). Error bars +
SEM. n represents total number of nuclei from two independent experiments. *p<0.05; n.s., not
statistically significant, one-way ANOVA with Dunnett’s multiple comparisons test.

All experiments and quantifications shown in (A)-(B) were performed by Dr. Yin Loon Lee,
Institute for Medical Biology, A*STAR, Singapore.
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myotube, while nuclei of SYNE1 (23560 G>T) patient myotubes predominantly
clustered in the middle of the myotube (Figure C, E, F). Additionally, SYNFE1
(23560 G>T) patient myotubes showed a decreased spreading factor when compared
to wild type myotubes (Figure D).

Together, these results validate that Nesprin-1 is involved in nuclear positioning
during muscle formation. However, global depletion of Nesprin-1 most likely prevents
both kinesin-1 localization to the nucleus (Wilson and Holzbaur, 2015) and MT
nucleation from the NE (section . Thus, it is impossible to evaluate by siRNA-
mediated depletion of Nesprin-1 if the observed nuclear positioning defects arise
from an absence of kinesin-1 motor proteins at the nucleus or from defective MT

nucleation.

3.6.2 Cytosim as computational model for nuclear movement

To assess solely the impact of MT nucleation from the NE on nuclear positioning,
we developed a computational model of nuclear movement in myotubes using the
cytoskeleton simulation engine Cytosim (Nedelec and Foethkel 2007)), in collaboration
with Dr. Frangois Nédélec, Cell Biology and Biophysics Unit, European Molecular
Biology Laboratory, Germany, and Dr. Bruno Cadot, Center for Research in Myology,
France. To set the simulation parameters, we first experimentally determined the
myotube shape. Therefore, myotube areas of C2C12 cells were analyzed relatively
to the number of nuclei per myotube and were then used to optimize myotubes
generated by Cytosim (Figure A). The elliptical myotube boundary was set to
restrict movements of MTs, nuclei and centrosomes inside the myotube. To simulate
MTs correctly, we analyzed overall MT organization using EBl-overexpressing
C2C12 cells (Figure B). EB1 is a plus-end-tracking protein that localizes to
plus-ends of growing MTs and is therefore often used to track MTs in live-cell
imaging experiments (Honnappa et al., 2009)). Tracking and analyzing the angle of
all EB1 comets relatively to the long axis of the myotube revealed that MTs were
horizontally nucleated (Figure C). In control simulations, MTs were thus set to
be nucleated from the nucleus parallel to the long axis of the myotube. Additionally,
nuclei harboured MT plus-end (Kif5b) and MT minus-end (dynein) directed motor
proteins as described in literature (Cadot et al., |2012; Wilson and Holzbaur, [2015).
MTs were furthermore allowed to interact with cytoplasmic MAP4 and Kif5b-MAP7
complexes to achieve MT sliding and anti-parallel MT organization as observed in
vitro (Metzger et al., 2012; Mogessie et al., 2015). Using these minimal settings, we
simulated nuclear movements within in silico myotubes (see Appendix @, Table S1

for a complete list of simulation parameters). Nuclei moved dynamically and became
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Figure 3.26: Nesprin-1 is required for nuclear positioning in muscle cells. (A) C2C12
cells were transfected with control siRNA#1 or two different siRNAs for Nesprin-1 (Nesprin-1
siRNA#1 or Nesprin-1 siRNA#2), differentiated for 48 hours and stained for nuclei (DAPI, blue)
and myosin heavy chain (MHC, white). Myotube outlines are marked by dashed lines and nuclei
are encircled. Scale bar, 20 um. (B) Spreading factor analysis of nuclei in C2C12 myotubes as
shown in (A). Results are depicted as median (blue line) with interquartile range (black bars) from
three independent experiments. *** p<0.001, **p<0.05, Mann-Whitney test. (C) Representative
images taken from live-cell imaging of differentiated human immortalized cells from a healthy
control (wild type) or SYNEI (23560 G>T) patient cells. Myotube outlines are marked by dashed
lines and nuclei are encircled. Scale bar, 20 um. (D) Spreading factor analysis of nuclei in human
myotubes as shown in (C). Results are depicted as median (blue line) with interquartile range (black
bars) from two independent experiments. *** p<0.001, Mann-Whitney test. (E) Two-dimensional
representations of nuclear distributions in wild type or SYNEI (23560 G>T) patient myotubes.
Each myotube is represented on a single line with blue dots representing the myotube edges and
black dots the nuclei. The blue line indicates the midline of the myotube. Note that all myotubes
are arranged in descending order of the myotube length.

evenly dispersed along the long axis in simulated myotubes, when MT nucleation
occurred from the NE and kinesin-1 motor proteins (Kif5b) were retained at the
nucleus (Figure D, F; MT from NE+, Kif5B at NE+). These computational
nuclear movements strikingly resembled those observed in cultured myotubes and
clearly recapitulated nuclear positioning events in vitro.

Next, we removed the MT nucleation activity from the NE and added it to
centrosome-like structures randomly positioned in the cytoplasm, as observed in
Nesprin-1-depleted myotubes in vitro. Under this condition, we kept Kif5b at the NE
in order to analyze the impact on MT nucleation from the NE on nuclear positioning
irrespectively of plus-end motor proteins. Strikingly, nuclei were found to cluster in
the middle of the myotube or in small groups throughout the myotube (Figure m D,
G; MT from NE-, Kif5B at NE+4). Moreover, the spreading factor was significantly
decreased in this situation when compared to control simulated myotubes (Figure
3.27| E). Finally, we simulated nuclear distribution in myotubes where we removed
both MT nucleation activity and Kifbb from the NE. In this situation, nuclei further
clustered in groups throughout the myotube and the spreading factor was decreased
even more, when compared to removal of MT nucleation alone (Figure D, E, H;
MT from NE-, Kif5B at NE-).

Collectively, these simulations strongly support the hypothesis that MT nucle-
ation from the NE is required for proper nuclear positioning in myotubes in addition
to the recruitment of Kifsb/kinesin-1 to the NE.
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Figure 3.27: MT nucleation from the NE is required for proper nuclear positioning.
(A) The myotube area was plotted over the number of nuclei for C2C12 myotubes (blue dots) or
for simulated myotubes generated using Cytosim (red dots). (B) EB1-GFP-expressing myotubes
were imaged using stream acquisition (250 ms/frame). We used a maximum projection of 100
frames to measure the angle of each comet compared to the long axis of the myotube. (C) All
comet angles were then normalized over a 90° quadrant and distributed in 5° steps, thus revealing
a preferential orientation of EB1 comets towards the long axis of the myotube. (D) Snapshots
of myotubes simulated with Cytosim. Nuclei are blue and MTs in white. Three conditions are
shown from top to bottom, with and without MTs nucleated from NE, and Kif5b anchored at NE
as indicated. The third condition demonstrates nuclear clustering in myotubes where both MT
nucleation and Kif5b motor proteins were removed from the NE (MTs from NE-, Kif5b at NE-).
Scale bar, 20 um. (E) Spreading factor analysis of nuclei in simulated myotubes as shown in (D).
Results are depicted as median (blue line) with interquartile range (black bars). *** p<0.001,
**p<0.05, Mann-Whitney test. (F)-(H) Two-dimensional representations of nuclear distributions
in myotubes after computer simulations. We compared nuclear positioning in myotubes (F) with
MT nucleation activity and Kif5b motor proteins at the NE (control; MTs from NE+, Kif5b at
NE+), (G) without MT nucleation activity but Kif5b motor proteins at the NE (MTs from NE-;
Kif5b at NE+) or (H) without both MT nucleation activity and Kif5b motor proteins at the NE
(MTs from NE-; Kif5b at NE-). Thereby, each myotube is represented on a single line (y-axis) with
blue dots representing the myotube edges and black dots the nuclei. The blue line indicates the
midline of the myotube. Note that all myotubes are arranged in descending order of the myotube
length.

Computer simulations and all experiments for determining computer simulation parameters were
performed by Dr. Bruno Cadot (Center for Research in Myology in Paris, France).

3.6.3 Akap450 is required for nuclear positioning

Among the centrosomal proteins known to localize to the nucleus during skeletal
muscle formation, solely Akap450 seemed to be involved in MT nucleation from
the NE. If this is the case, then based on our simulation data, removing Akap450
should also affect nuclear positioning in myotubes, while removing other centrosomal
proteins involved in MT nucleation at the centrosome should have no effect. To test
this, we depleted C2C12 cells for Akap450, Pcml, Pericentrin or Cdk5Rap2 and
analyzed the spreading factor following differentiation in myotubes. Remarkably,
nuclei were found to cluster in Akap450-silenced myotubes, leading to a significantly
reduced spreading factor when compared to myotubes treated with non-targeting
control siRNA (Figure A, B). In contrast, myotubes depleted for Pcm1 or
Pericentrin displayed no obvious nuclear positioning defects and no significant
alterations regarding the spreading factor. Spreading factor analysis of CdkbRap2-
silenced myotubes revealed different results depending on the siRNA. While nuclei
were normally distributed in C2C12 cells treated with CdkbRap2-targeting siRNAs
#1 and #2, nuclei were more clustered in C2C12 myotubes treated with Cdk5Rap2-
targeting siRNA #3, resulting in a decreased spreading factor.

However, as two different siRNAs showed no effect for Cdk5Rap2 on nuclear dis-

tribution, we assume that the decreased spreading factor observed upon treatment
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Figure 3.28: Akap450 is required for nuclear positioning. (A) C2C12 cells were transfected
with control siRNA#1 or two different siRNAs for Akap450 (Akap450 siRNA#1 or Akap450
siRNA#2), Pecml (Pcml siRNA#1 or Peml siRNA#2), Pericentrin (Pent siRNA#1 or Pent
siRNA#2) or three different siRNAs for CdkbRap2 (Cdk5Rap2 siRNA #1, CdkbRap2 siRNA#2
or Cdk5Rap2 siRNA#3). Cells were differentiated for 48 hours and stained for nuclei (DAPI, blue)
and myosin heavy chain (MHC, white). Myotube outlines are marked by dashed lines and nuclei
are encircled. Scale bar, 20 um. (B) Spreading factor analysis of nuclei in C2C12 myotubes as
shown in (A). Results are depicted as median (blue line) with interquartile range (black bars) from
four independent experiments. *** p<0.001, **p<0.05, ANOVA Dunn’s multiple comparison test.
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with CdkbRap2 siRNA#3 might result from potential siRNA off-target effects.

Taken together, these data affirm the importance of Akap450-mediated MT nucle-

ation from the nucleus to ensure proper nuclear distribution within myotubes.
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During skeletal muscle formation, the centrosome-organized MT network is rear-
ranged to the nucleus together with a plethora of centrosomal proteins, the Golgi
complex and ER exit sites. In differentiated myoblasts and myotubes, the nucleus
thus takes over the function as a non-centrosomal MTOC. However the underly-
ing mechanisms driving the rearrangements during myogenic differentiation and
especially how centrosomal proteins and MT nucleation capacity are displaced and
anchored at the NE remained unanswered until now. In the present study, we
show that the LINC complex is required for the recruitment of centrosomal proteins
and MT nucleation capacity to the NE (Figure . This specific LINC complex
comprises two developmentally-expressed components, the muscle-specific isoform
Nesprin-la at the ONM and Sunl at the INM. Although the protein levels of
Sun2 remain constant throughout the myogenic differentiation process, Sun2 can
contribute to anchor Nesprin-la at the ONM. Among the centrosomal proteins
(Pericentrin, Akap450, Pcm1, Cdk5Rap2) that are recruited to the NE in a Nesprin-
lar/Nesprin-1-dependent manner, Peml is partially required to target Pericentrin to
the nucleus. NE localization of Pericentrin is required to target Cdk5Rap2 to the
nucleus. Moreover, the centrosomal protein Akap450 colocalizes with the cis-Golgi
component GM130 at the NE and is required for initiating MT nucleation from the
nucleus. In turn, Akap450-Nesprin-1-mediated MT nucleation from the nucleus is
important for correct nuclear positioning in skeletal muscle cells; any defects within

the underlying mechanism affect nuclear spreading movements.

4.1 Involvement of Nesprin-1a:/Nesprin-1 in MTOC

relocalization to the nucleus

Nesprin-1 is a large KASH protein of the ONM that is known to connect the nucleus
to the cytoskeleton via its cytoplasmic extensions (Starr and Fridolfsson, 2010).
Using a siRNA screen against 238 genes encoding potential nuclear transmembrane
or NE-associated genes, we identified here Nesprin-1 as a promising candidate to
localize Pericentrin, a scaffolding component of the PCM, to the NE (Figure . In
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Figure 4.1: Model for MTOC formation at the nucleus in skeletal muscle cells. The
KASH domain protein Nesprin-la is up-regulated during myogenic differentiation and localized
at the outer nuclear membrane (ONM) by binding to the SUN domain proteins Sunl/2 of the
inner nuclear membrane (INM). During skeletal muscle formation, Nesprin-la recruits several
centrosomal proteins, including Akap450, Pcm1, Pericentrin, and Cdk5Rap2 to the nucleus. Pcml
is at least in part involved in localizing Pericentrin to the nuclear envelope (NE) but may require
itself unknown adaptor proteins to bind to Nesprin-la. Pericentrin is important to bring CdkbRap2
to the nucleus but might require other factors than Pcml in order to interact with Nesprin-1la.
Akap450 localizes to the NE either through direct interaction with Nesprin-1la or unknown adaptor
proteins and drives microtubule nucleation from the nucleus, likely by binding to components
of the v-TuRC. Additionally, Nesprin-la can interact with kinesin motor proteins, which move
towards the microtubule plus-end to mediate nuclear positioning. Scheme is not drawn to scale.

differentiated C2C12 cells depleted of Nesprin-1 using two different siRNAs as well
as in myotubes from a congenital muscular dystrophy patient carrying a nonsense
mutation within the SYNEI (23560 G>T) gene, Pericentrin, PCM1 and Akap450
were absent at the NE and instead mislocalized together with Golgi complex frag-
ments within the cytoplasm (Figure , Figure Figure . These findings
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4.1 Involvement of Nesprin-la/Nesprin-1 in MTOC relocalization to the nucleus

are consistent with a recent report that was published during the preparation of
our own manuscript, showing that Pericentrin, PCM1, y-tubulin and Cdk5Rap2 are
reduced at the NE in Nesprin-1 depleted C2C12 myotubes (Espigat-Georger et al.,
2016)).

Although Nesprins were suggested to function together with SUN domain proteins
in transcription control (Akhtar and Gasser, 2007)), the reduced NE-localization
of Pericentrin in Nesprin-1 depleted cells was not simply resulting from altered
Pericentrin protein levels during myogenic differentiation (Figure . In cardiomy-
ocytes, NE localization of Pericentrin was previously correlated with the increased
expression of Pericentrin S (Miyoshi et al.| [2006a; Zebrowski et al., [2015)). Compared
to cardiomyocytes, we and others did not observe an isoform switch of Pericentrin
during the course of C2C12 differentiation (Figure (Zaal et al., [2011)). However,
as we used anti-Pericentrin antibodies recognizing all Pericentrin isoforms, we cannot
exclude the possibility that also in skeletal muscle cells Pericentrin S might be the
predominant isoform localizing to the NE.

In skeletal and cardiac muscle, a shorter and tissue-specific isoform of Nesprin-1,
termed Nesprin-1la, predominates but a specific function for Nesprin-1la in these
differentiated tissues remained uncertain (Duong et al. 2014; Holt et al. 2016;
Pare et al., [2005; [Randles et al., 2010). Consistent with published data, we found
Nesprin-1a to be up-regulated during myogenic differentiation of C2C12 cells and
speculated that Nesprin-la might be the relevant isoform for bringing centrosomal
proteins to the NE (Holt et al. 2016; Randles et al., 2010). Indeed, using the
BioID technique, we revealed Nesprin-la to be preferentially associated with three
centrosomal proteins, Akap450, Pcml and Pericentrin in myotubes (Figure .
BiolD is a novel technique to determine potential protein-protein interactions based
on proximity within an estimated radius of 10-20 nm (Kim et al., 2014; Roux et al.|
2013). Based on the high number of peptide counts for Akap450 in comparison
to the other two centrosomal proteins, Pcm1 and Pericentrin, it is tempting to
speculate that Akap450 might be more proximal to Nesprin-la than Pem1 and
Pericentrin. However, the number of peptide counts as determined by tandem mass
tag quantitative mass spectrometry is not necessarily proportional to the proximity
of the bait protein (here myc-BirA*-Nesprin-1a). The number of peptide counts
could also be influenced, for example, by the relative abundance of the identified
protein within myoblasts and myotubes or by the number of lysine residues that are
accessible for biotinylation.

Our data further suggested a key role for Nesprin-1a in bringing centrosomal proteins

to the NE during skeletal muscle formation, as Nesprin-1la was sufficient to rescue
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NE-localization of Pericentrin and Akap450 in differentiated C2C12 cells that had
been rendered Nesprin-1-deficient using CRISPR/Cas9 (Figure [3.20). Whether
Nesprin-1a fulfills this function exclusively or whether other Nesprin-1 KASH-
containing isoforms comprising most of the Nesprin-law domains (e.g. Nesprin-1
giant, Nesprin-1/3) can contribute to the recruitment of centrosomal proteins is still
under investigation. One could hypothesize that the muscle-specific Nesprin-1a
isoform is more prone to target centrosomal proteins to the NE during myogenic
differentiation when compared to other Nesprin-1 isoforms which are ubiquitously
expressed and not restricted to certain tissues. This would explain why non-muscle
cells (e.g. U208 cells), which express Nesprin-1, are capable to acquire centrosomal
proteins at their nuclei upon fusion with differentiated muscle cells but to a lesser
extent than muscle nuclei (Fant et al.; [2009)). It will be interesting to investigate in
future studies if certain domain structures of Nesprin-law and/or additional Nesprin-
la-binding factors could confer specificity for centrosomal protein recruitment in
skeletal muscle cells.

Recruitment of centrosomal proteins to the NE was previously suggested to be a
prerequisite for MT nucleation from the NE (Tassin et al. 1985a). In line with
this hypothesis, we found MTs emanating from the nucleus in close proximity to
foci containing Pericentrin and Nesprin-1 (Figure . Additionally, MTs failed
to regrow from the NE in differentiated C2C12 cells or in SYNEI (23560 G>T)
patient myotubes, when centrosomal proteins were mislocalized within the cytoplasm
(Figure , Figure . Interestingly, the overall longitudinal MT organization at
steady state was unaffected in the absence of Nesprin-1, suggesting that cytoplasmic
nucleated MTs are sufficient to generate a dense array of parallel organized MTs
and that the underlying mechanisms driving MT alignment (e.g. oMap4) are not
perturbed (Mogessie et al., [2015). This raises the question if MT nucleation from
the NE is biologically relevant or after all dispensable for muscle cells. Our data
support an important function for NE-mediated MT nucleation in nuclear position-
ing (discussed in section . However, if also other biological processes, such as
intracellular transport of mRNAs, require active MT nucleation from the NE in

skeletal muscle cells, remains to be determined in future studies.

4.2 Involvement of Sunl and Sun2 in MTOC

relocalization to the nucleus

Nesprins are known to be anchored at the ONM by binding to SUN domain proteins
of the INM, thereby forming LINC complexes (Crisp et al. 2006)). In order to
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examine which of the SUN domain proteins is involved in complex formation with
Nesprin-la/Nesprin-1 and thus in relocalizing MTOC function to the NE during
myogenic differentiation, we assessed the impact of Sunl and Sun2 on Pericentrin
recruitment and MT nucleation. We identified Sunl (Unc84a) but not Sun2 (Unc84b)
among the 31 genes showing decreased Pericentrin levels at the NE upon siRNA-
mediated silencing in C2C12 myotubes (Figure . This result was confirmed with
different sets of siRNAs targeting Sunl or Sun2, respectively, and with in vitro cell
culture systems of isolated myoblasts from Sunl”/~ and Sun2/~ knockout mice (Figure
A, B; Figure . In both systems, Sunl depletion resulted in slightly decreased
Pericentrin levels at the NE and in a prominent localization of Pericentrin at the
nuclear poles, whereas Sun2 depletion had no effect. Interestingly, M'T nucleation
from the NE was restricted to Pericentrin-positive sites at the NE and in the case of
Sunl-depleted cells occurred from nuclear poles (Figure [3.22)). However, only double
depletion of Sunl and Sun2 displaced Nesprin-lar/Nesprin-1 from the NE (data
not shown), as previously described (Lei et al., 2009), and thus recapitulated the
Pericentrin and MT mislocalization phenotype associated with Nesprin-1 deficiency
(Figure [3.5] A, B; Figure Figure . This suggested that either both Sunl and
Sun2 are required for MTOC relocalization during myogenic differentiation or that
Sunl and Sun2 could functionally compensate each other. Our data indicated, in
agreement with other studies, that Sunl protein levels increase during the course
of myogenic differentiation, whereas Sun2 proteins levels remain largely constant
(Figure (Mattioli et al., 2011)). Sun2 protein levels were slightly elevated upon
Sunl depletion, thus supporting the idea that Sun2 could functionally compensate
for the loss of Sunl. Together with previous work showing an enrichment of Sun2 at
nuclear poles (Mattioli et al., [2011)), our data suggest that in the absence of Sunl,
Sun2 might predominate within LINC complexes, resulting in MTOC recruitment to
the nuclear poles. In line with our results, Pericentrin localization and MT nucleation
at the NE was affected in myotubes from a patient with an EDMD-like phenotype,
carrying compound heterozygous mutations within SUN1 p.G68D/p.G338S (Meinke
et al., [2014). Interestingly, these patient myotubes additionally displayed nuclear
positioning defects, thus strengthening our hypothesis that MTOC recruitment to
the NE and in turn active MT nucleation from the nucleus is important for nuclear
positioning (as discussed in section .
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4.3 Centrosomal proteins involved in NE-mediated

MT nucleation

During skeletal muscle formation, a plethora of centrosomal proteins were reported
to relocalize to the NE (Bugnard et al. 2005; Fant et al., 2009; |Oddoux et al., [2013;
Srsen et al., 2009). This relocalization of centrosomal proteins was proposed to
be a requirement for MT nucleation from the nucleus (Tassin et al., |1985al). We
identified Akap450 as the major anchoring protein for NE-localized MT nucleation
in skeletal muscle cells among the centrosomal proteins studied here (Pericentrin,
Peml1, Cepl192, Cdk5Rap2, Akap450), which were previously implicated in the
recruitment of 4-TuRC components in proliferating cells (Figure (Choi et al.|
20105 Dammermann and Merdes| [2002; |[Fong et al., 2008}, (Gomez-Ferreria et al., | 2007;
Pelletier et al., 2004} [Takahashi et al., 2002; Zimmerman et al., 2004). Akap450
and Pericentrin were both demonstrated to bind to the v-TuRC components GCP2
and/or GCP3 through their N-terminal domains, thereby contributing to MT for-
mation at the centrosome (Takahashi et al., 2002)). Although it is likely that also
in skeletal muscle cells Nesprin-1a-bound Akap450 recruits v-TuRCs to the NE to
induce MT nucleation, further co-stainings with ~-tubulin and/or other components
of the -TuRC will be performed to analyze how Akap450 contributes to MT nucle-
ation from the NE.

Interestingly, the Akap450 paralogue, Pericentrin, did not seem to play a significant
role in MT nucleation from the NE nor did Pericentrin depletion affect the fusion
index (Figure . This is in contrast to cardiomyocytes, where MT nucleation
from the NE was recently reported to depend on Pericentrin, suggesting that MTOC
formation at the nucleus is driven by a different mechanism in cardiomyocytes
than in skeletal muscle cells (Zebrowski et al., 2015). In myofibers isolated from
mouse skeletal muscle, Pericentrin was found at MT-nucleating Golgi elements, while
Akap450 remained exclusively at the NE (Oddoux et al., 2013). One could thus
hypothesize that Pericentrin might contribute at later stages during skeletal muscle
formation in v-TuRC recruitment and in turn in MT nucleation from Golgi complex
elements, whereas Akap450 might exclusively control MT nucleation from the NE in
myotubes and myofibers. In agreement with other studies, Pericentrin localization
to the NE depended at least in part on Pcml (Dammermann and Merdes|, [2002;
Espigat-Georger et al., [2016)). Although Pericentrin levels at the NE were decreased
upon Peml depletion (Figure , Pericentrin was not mislocalized within the
cytoplasm like in the absence of Nesprin-1la/Nesprin-1, suggesting that additional

factors might contribute to Pericentrin anchorage at the NE.
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Similarly as in the case of Pericentrin, knockdown of Pecml did not affect MT
nucleation from the NE in differentiated C2C12 cells (Figure [3.25). These results
are in line with previous work, showing an indirect involvement of Pcml in MT
organization but not in MT nucleation, through the recruitment of other proteins to
the centrosome (e.g. Pericentrin, ninein) (Dammermann and Merdes| 2002).

In differentiated C2C12 cells, Cdk5Rap2 recruitment to the nucleus required Peri-
centrin and thus resembled Pericentrin-dependent localization of Cdk5Rap2 to the
centrosome (Figure (Buchman et al., 2010). Surprisingly, Pcm1 depletion did
not affect NE localization of Cdkb5Rap2, thus arguing against a successive recruit-
ment process of (1) Peml, (2) Pericentrin and (3) Cdk5Rap2. It might be possible
that a subpopulation of Pericentrin is recruited to the NE by Pcml, while another
subpopulation of Pericentrin is recruited either directly via Nesprin-1ar/Nesprin-1 or
other unknown adaptor proteins. If the latter subpopulation of Pericentrin would
be responsible for NE localization of Cdk5Rap2, this would explain why Pcml
depletion itself has no impact on CdkbRap2 recruitment. However, the diverse and
multiple interactions between centrosomal proteins are even poorly characterized at
the centrosome and it will be a challenging task to unravel how each centrosomal
protein is anchored at the NE in dependence of Nesprin-1la/Nesprin-1.

Although CdkbRap2 was previously shown to anchor and activate v-TuRC-mediated
MT nucleation at the centrosome and at non-centrosomal sites (Choi et al., 2010;
Fong et al., [2008)), we did not observe obvious MT nucleation defects upon Cdk5Rap2
depletion (Figure . Additionally, Cdk5Rap2 was implicated in the regulation
of MT dynamics and stability through interaction with the MT plus-end binding
protein EB1 (Fong et al 2009)). As the MT regrowth assay that we used to deter-
mine potential M'T nucleation defects upon Cdkb5Rap2 depletion is exclusively based
on the localization of MT seeds in fixed cells, any defects regarding M'T dynamics
or stability would not be revealed. To examine if Cdk5Rap2 potentially functions
from the NE to control MT dynamics in skeletal muscle cells, live-cell imaging
experiments of EBl-overexpressing cells in the absence or presence of CdkbRap2
will be helpful to address this question in future studies. Aside from the fact that
CdkbRap2-silenced cells did not display perturbed MT nucleation from the NE,
we noticed an increased fusion index upon Cdk5Rap2 depletion (Figure A),
suggesting that CdkbRap2 might control myogenic differentiation. Also neuronal
progenitor cells were previously reported to undergo increased premature differentia-
tion upon knockdown of CdkbRap2 due to reduced cell proliferation and increased
cell-cycle exit (Buchman et al., |2010). It will be interesting to analyze if CdkbRap2

could also control cell-cycle exit of proliferating myoblasts and thus the time-wise
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relocalization of centrosomal proteins to the NE in post-mitotic skeletal muscle cells.
Cepl92 was previously shown to regulate mitotic spindle assembly by recruiting
components of the PCM, such as v-tubulin and Pericentrin, to the centrosome
(Gomez-Ferreria et al., 2007; Pelletier et al., 2004)). Additionally, Cep192 was re-
ported to regulate the generation of centrosomal versus non-centrosomal MTs by
keeping the centrosome in an active MTOC state (O’Rourke et al., 2014; |[Yang
and Feldman, 2015). We thus thought that depleting Cep192 would inactivate the
centrosome and thereby enhance the MTOC potential of the nucleus during myo-
genic differentiation. However, knockdown of Cep192 slightly but not significantly
increased MT nucleation from the NE in differentiated C2C12 cells (Figure C,
D). Furthermore, we noticed that C2C12 cells depleted of Cep192 showed a decreased
fusion index upon myogenic differentiation. Although it remains questionable how
Cep192 might impact myotube formation, one could speculate based on previous
findings that Cep192 depletion might affect myoblast migration and thus potentially
myoblast fusion (O’Rourke et al.; 2014; Rochlin et al., 2010).

Overall, our data suggested that among the centrosomal proteins that are recruited
to the NE, solely Akap450 was important for initiating MT nucleation from the
nucleus during myogenic differentiation. If centrosomal protein recruitment is a pre-
requisite for MT nucleation from the NE, which is exclusively mediated by Akap450,
why is there a plethora of centrosomal proteins that relocalize to the nucleus during
myogenic differentiation? The biological functions of centrosomal proteins are diverse
and extend far beyond the established roles in MT nucleation and MT organization.
In cardiomyocytes for example, relocalization of centrosomal proteins was suggested
to maintain the post-mitotic state (Zebrowski et al., 2015). Several centrosomal
proteins are involved in signaling pathways by localizing certain kinases or cell-cycle
regulators to the centrosome (Arquint et al., 2014)), suggesting that NE-localized
centrosomal proteins could form a signaling platform at the nucleus during skeletal

muscle formation.

4.4 The PACT domain localizes to the NE during

myogenic differentiation

Akap450 and Pericentrin contain both a C-terminal PACT domain that is required
to target these proteins to the centrosome (Gillingham and Munro, 2000). By
live-cell imaging of C2C12 cells overexpressing dsRed-PACT, we now showed that
the PACT domain localizes dsRed to the centrosome in myoblasts but additionally
to the NE upon myogenic differentiation (Figure [3.1). DsRed-PACT was found
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at two perinuclear spots, resembling the centrosome or centriole-like structures
which increased in size and seemed to push against the nucleus during the course of
differentiation. If these two perinuclear spots are two centrosomes, each comprising
a pair of centrioles and a surrounding PCM or two centrioles that disengage during
the myogenic differentiation process, is difficult to evaluate. Although in studies
with Drosophila D-PLP, the PACT domain was proposed to be linked with both
centrioles and the PCM (Martinez-Campos et al., 2004), additional co-stainings
with centriole and PCM markers will be needed to assess if the PACT domain of
Pericentrin is localized in a similar manner in mouse C2C12 cells.

One interesting observation was that the two perinuclear spots increased in size
during the differentiation process, approximately at the time when dsRed-PACT
additionally localized to the NE (Figure , compare frame 21:50 and 23:30 hh:min).
This raises the question, if the increase in size is simply a reflection of dsRed-PACT
overexpression or resulting from a centrosome maturation process. The latter refers
to a phenomenon that normally occurs in preparation for mitosis, when centrosomes
accumulate additional PCM components, including y-tubulin and other ~-TuRC
recruiting proteins, in order to increase their M'T organizing and nucleation potential
(Bettencourt-Dias and Glover], 2007; Conduit et al., [2015)). Centrosome maturation
is at least in part controlled by polo-like kinase 1 (Plk1l) and Aurora A kinase and
Plk1-mediated phosphorylation of Pericentrin at S1235 and S1241 is required for
the recruitment of PCM components to the centrosome (Lee and Rheel 2011). It
would be thus interesting to investigate if blocking Plk1l and/or Aurora A kinase
activity during myogenic differentiation would prevent the increased dsRed-PACT
localization at the perinuclear spots.

Because the two increased perinuclear spots seemed to push against the NE and
to follow invaginations of the nucleus, it is tempting to speculate that the centro-
some or centriole-like structures, respectively, are actively involved in delivering
dsRed-PACT to the NE. Although material exchange between the centrosome and
the nucleus was indeed observed in other systems (Bailly et al., [1989; [Pockwinse
et al., [1997), we did not notice an increase in dsRed fluorescence intensity at the NE
and a simultaneous decrease at the perinuclear spots, when both structures were
in close contact. Moreover, we did not observe a transition state with only partial
dsRed-PACT localization at the nucleus (e.g. half rings). This is in contrast to fixed
cells, where half nuclear rings of Pericentrin were observed to originate from the
centrosome at early stages during myogenic differentiation (Zaal et al.l 2011)). To ulti-
mately proof if dsRed-PACT or centrosomal proteins in general are directly delivered

from the centrosome to the NE, FRAP experiments with a photoactivatable fluo-
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rescent PACT construct would be helpful (Lippincott-Schwartz and Patterson, 2009).
Localization of dsRed-PACT to the NE could artificially be induced in non-differentiated
(C2C12 myoblasts, when cells co-expressed GFP-Nesprin-1a. Under these conditions,
30% of GFP-Nesprin-1la-expressing cells showed faint dsRed-PACT fluorescence at
the NE in addition to the centrosome. In comparison, dsRed-PACT localization at
the NE was never observed under non-differentiating conditions in C2C12 myoblasts
overexpressing GFP together with dsRed-PACT (Figure A, B). These results
suggest that Nesprin-la is involved in bringing centrosomal proteins to the NE but
that the recruitment process itself is tightly regulated according to the differentiation
status. If Nesprin-l« is a key recruitment factor, one would probably naively expect
more than 30% of GFP-Nesprin-la-expressing cells showing NE localization of
dsRed-PACT. However, it is possible that either adaptor proteins which themselves
need to be upregulated during myogenic differentiation are required to induce the
relocalization process or that centrosomal proteins need to undergo differentiation-
induced post-translational modifications (e.g. phosphorylation) and/or release from
the centrosome to be capable to interact with Nesprin-la. In either case, the
recruitment of dsRed-PACT would be incomplete in non-differentiated C2C12 cells,
even in the presence of Nesprin-la.

Nevertheless, we could demonstrate using co-immunoprecipitation assays that GFP-
Nesprin-1a and the PACT domain of Pericentrin are found in one protein complex
in C2C12 cells (Figure C). From these co-immunoprecipitation studies, however,
we cannot judge if the interaction between the PACT domain and Nesprin-la« is
direct or only occurs in the presence of unknown adaptor proteins. Moreover, as
centrosomal proteins usually contain large coiled-coil regions and are thus able to
dimerize, we cannot exclude that the PACT domain solely dimerizes with endoge-
nous Pericentrin or other centrosomal proteins which are recruited to the NE in a
Nesprin-la-dependent manner. To analyze if the PACT domain directly interacts
with Nesprin-la, we will need to perform in vitro GST pulldown assays using
recombinant proteins. In turn, pulldown assays using GST-coupled fragments of
Nesprin-1a could help to identify potential binding regions or motifs in Nesprin-1la

that mediate binding to centrosomal proteins.

4.5 The Golgi complex as non-centrosomal MTOC in

skeletal muscle cells

In some cells, such as human retinal pigment epithelium (RPE-1) cells, the Golgi

complex is largely involved in generating non-centrosomal MTs during interphase
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(Efimov et al., 2007). Golgi-mediated MT nucleation requires the MT-stabilizing
proteins CLASPs (CLASP1 and CLASP2) as well as Akap450, which localizes to the
cis-Golgi through GM130 (Efimov et al., 2007 Rivero et al., 2009; Zhu and Kaverinal,
2013). Also in skeletal muscle fibers, Golgi complex elements, which localize together
with ~-tubulin and Pericentrin to the intersections of the MT grid-like network,
function in addition to the nucleus as non-centrosomal MTOCs (Oddoux et al.
2013)). However, if the Golgi complex is already contributing to MT nucleation at
earlier stages of myogenic differentiation is still controversially discussed.

We found here that Akap450 perfectly colocalizes with GM130 at the NE in differ-
entiated human wild type myotubes or in the cytoplasm in SYNEI (23560 G>T)
patient myotubes (Figure . This suggests that Nesprin-1a/Nesprin-1 is not
only involved in recruiting centrosomal proteins but also the Golgi complex to the
NE during myogenic differentiation and that Akap450 localization is tightly coupled
to the localization of the cis-Golgi. Although also Pericentrin and PCM1 colocalized
with GM130 at the NE in human wild type myotubes or at cytoplasmic seeds in
SYNEI (23560 G>T) patient myotubes, their colocalization with GM130 was less
striking when compared to Akap450. Moreover, among the centrosomal proteins
tested in this study, solely Akap450 seemed to be required for MT nucleation from
the NE (Figure . It is thus tempting to speculate that the Golgi complex
is not only active as a non-centrosomal MTOC in skeletal muscle fibers but also
in differentiated myoblasts and myotubes, when the Golgi complex is rearranged
around the NE in dependence of Nesprin-1la/Nesprin-1.

Interestingly, in the absence of Nesprin-1a/Nesprin-1, Akap450, PCM1 and Peri-
centrin were mislocalized within the cytoplasm and particularly concentrated at
Golgi complex fragments nearby the nucleus. These Golgi foci contained Cepl52,
suggesting that the aggregates comprising mislocalized centrosomal proteins and
Golgi fragments might be partially associated with centrioles (Figure[3.11]). Although
Cep152 was reported to localize at the proximal end of mother centrioles (Hatch
et al., 2010)), recent studies additionally identified Cep152 within the PCM, forming
toroidal structures that surround the mother centriole (Lawo et all) 2012)). Thus,
additional stainings with other centriole markers will be needed to ultimately proof if
the aggregates in Nesprin-1la/Nesprin-1-depleted cells still contain centrioles. These
experiments will help us to further clarify if the observed aggregates function as
centrosome-like structures or if they are simply assemblies of centrosomal proteins
which tend to cluster due to their coiled-coil domains.

Previous electron microscopy (EM) studies of myotubes showed that five to seven

Golgi cisternae align as a perinuclear belt along the NE, with the cis-Golgi facing
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towards the NE at a constant distance between 0.1 and 0.2 pm (Lu et al., 2001}
Tassin et al., |1985b)). Interestingly, in the same study MTs were shown by trans-
mission EM to emanate from the space between the Golgi complex and the NE,
suggesting that both structures could either act individually or in cooperation with
each other to recruit 7-TuRCs around the nucleus and to initiate MT nucleation.
To distinguish between these two possibilities, it would be helpful to perform MT
regrowth assays in the presence of Golgi-altering drugs, such as Brefeldin A. However,
previous reports and our own preliminary results (data not shown) showed that the
Golgi complex is tightly associated with the NE in myotubes even in the presence
of nocodazole, making it complicated to physically unlink the Golgi complex from
the NE and thus to assess the MT nucleation capacity of both structures (Tassin
et al., [1985b} |Zaal et al., 2011). As the Golgi-NE distance is at the spatial resolution
limit of conventional microscopy techniques, super-resolution imaging (e.g. 3D-SIM
and SD-dSTORM) could be helpful to examine if (a) Akap450 is exclusively local-
ized at the cis-Golgi and/or the NE and if (b) MTs emanate in association with
Akap450 from the cis-Golgi and/or the NE after MT regrowth assays. In order to
assess if Nesprin-1l« is also sufficient to relocalize the Golgi complex to the NE, it
could be reasonable to overexpress the dsRed-PACT construct in C2C12 cells and
subsequently analyze the percentage of non-differentiated cells that display Golgi

complex reorganization.

4.6 Nuclear positioning

During skeletal muscle formation, correct nuclear positioning is achieved through
distinct nuclear movements - nuclear centration, nuclear spreading, nuclear disper-
sion, and nuclear clustering - and involves different molecular pathways (Cadot et al.,
2015). Correct nuclear positioning is thought to be important for muscle function as
mislocalized nuclei are often associated with muscular diseases (Bitoun et al., 2005}
Jungbluth et al., 2008; |Metzger et al., 2012). Several mouse models have pointed
to an involvement of Nesprin-1 in nuclear positioning and anchorage of synaptic
and non-synaptic nuclei (Apel et al. 2000; Chapman et al., |2014; Grady et al.
2005; Puckelwartz et al, 2009; |Zhang et al., 2007c). In vitro, Nesprin-1/Nesprin-2
was shown to mediate nuclear rotations and translocations by interacting with
Kif5b/kinesin-1 through a conserved KLC-binding region (LEWD motif) (Wilson
and Holzbaur, 2012} [2015). NE-localized kinesin and also dynein motor proteins

depend on an intact and dynamic MT network to drive nuclear centration and
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spreading movements (Cadot et al [2012; |Metzger et al., [2012). Although these
studies already indicated an importance for Nesprin-1 and MTs in nuclear posi-
tioning, it remained uncertain if active Nesprin-1-mediated MT nucleation from
the NE is required for nuclear positioning. Here, we confirmed that absence of
Nesprin-1la/Nesprin-1 lead to nuclear aggregation in both C2C12 myotubes and
SYNE1 (23560 G>T) patient myotubes (Figure [3.26). To understand if Nesprin-
la/Nesprin-1-mediated MT nucleation was involved in nuclear positioning besides
Nesprin-1-mediated recruitment of Kif5b/kinesin-1, we performed computer simula-
tions using known components involved in nuclear movement in skeletal muscle cells
(Figure . Our results suggested that MT nucleation at the NE is a key factor for
correct nuclear positioning, as removing MT nucleation capacity from the NE but
keeping Kif5b/kinesin-1 motor proteins at the nucleus affected nuclear spreading in
simulated myotubes. Nevertheless, Kif5b/kinesin-1 seemed to have an additive role
in nuclear positioning since combined removal of Kif5b/kinesin-1 and MT nucleation
from the NE further affected nuclear aggregation. In that manner, computer simula-
tions allowed us to distinguish between these two Nesprin-1-mediated functions -
anchoring MT nucleation capacity and recruiting Kif5b/kinesin-1 to the NE - and to
decipher their contributions to nuclear positioning. Future work will address if these
two different Nesprin-1 activities work within the same LINC complex containing
Nesprin-1a/Nesprin-1 and Sunl/2 or if this activity is segregated.

In support of the idea that active MT nucleation from the NE is required for cor-
rect nuclear positioning, also depletion of Akap450 resulted in nuclear aggregation
in C2C12 myotubes (Figure [3.28)). This further confirms that Nesprin-1-Akap450-
mediated MT nucleation from the NE is contributing to nuclear spreading movements
during myogenic differentiation. In comparison to Akap450, neither Pcm1 nor Peri-
centrin depletion affected nuclear spreading in myotubes, which is in contrast to
the results obtained by Espigat-Georger et al.| (2016)). Their data suggested that
Nesprin-1-mediated recruitment of Pcml is required for NE-localization of motor
proteins (dynactin subunit p150¢"°? and KLC1) and thus for nuclear alignment in
C2C12 myotubes. As Pecm1 was already previously demonstrated to be important
for Pericentrin localization to the centrosome and Pericentrin in turn was shown
to interact with dynein/dynactin (Dammermann and Merdes|, 2002; [Purohit et al.)
1999), they proposed that Pcml-dependent recruitment of motor proteins might
occur indirectly through Pericentrin. However, as we did not observe an effect on
nuclear spreading movements upon either Pcm1 or Pericentrin depletion, respec-
tively, our data is arguing against this hypothesis. The discrepancies regarding

the effect of Pcm1 on nuclear positioning might result from the different methods
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used to analyze nuclear positioning events in C2C12 myotubes (nuclear spreading
versus nuclear alignment). As we only examined the effects of different centrosomal
proteins on nuclear spreading, it is possible that Pcml-mediated recruitment of
dynein/dynactin could be important for other nuclear movements, such as nuclear
centration. In comparison to Pcm1 and Pericentrin, also Cdk5Rap2 depletion using
two different siRNAs did not affect nuclear spreading movements, whereas siRNA-
mediated depletion of Cdk5Rap2 using a third siRNA resulted in a reduced spreading
factor. Further experiments using different sets of siRNAs or CRISPR/Cas9-induced
depletion of Cdk5Rap2 will be required to analyze if the observed discrepancies are
truly resulting from potential siRNA off-target effects.

Overall our data contribute to the understanding how Nesprin-1la/Nesprin-1 as a
component of the LINC complex can contribute to achieve proper nuclear positioning
in skeletal muscle cells. Thereby, Nesprin-1a/Nesprin-1 drives nuclear movement

through connecting the nucleus to MTs via motor proteins and moreover through
active Akap450-mediated MT nucleation from the NE (Figure {4.1)).
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4.7 Outlook

Mutations within various components of the LINC complex, including Nesprin-
la/Nesprin-1, Nesprin-2, Sunl, Sun2 as well as emerin and lamin A/C, have been
correlated with muscle dysfunctions in several disorders, particularly in EDMD), as
well as in cardiomyopathies and ataxias (Attali et al., [2009; Ellis, 2006; |Gros-Louis
et al| 2007; [Puckelwartz et al., [2010; Wheeler et al., 2007; [Zhang et al., 2007Db)).
Although mutations within these proteins are generally believed to affect interactions
between LINC complex components and thus cytoskeleton-nucleoskeleton coupling,
the precise role of the LINC complex in muscular disorders remains largely unknown.
Our findings reveal a novel function for the LINC complex components Nesprin-
la/Nesprin-1 and Sunl/2 in MTOC formation at the nucleus and subsequently in
nuclear positioning. Importantly, these processes were perturbed in myotubes from
a congenital muscular dystrophy patient carrying a nonsense mutation within the
SYNEI1 (23560 G>T) gene. It will be important to investigate if also other EDMD-
correlated point mutations within Nesprin-1 or other LINC complex-associated
proteins, such as emerin or lamin A/C, affect MTOC formation at the nucleus in
skeletal muscle cells (Bonne et al., [1999; Zhang et al., 2007b)). Several mutations
within Nesprin-1la/Nesprin-1 have been associated with severe dilated cardiomyopa-
thy (Puckelwartz et all 2010; [Zhou et al., [2017). In cardiomyocytes, centrosomal
proteins were recently demonstrated to accumulate at the NE during heart develop-
ment (Zebrowski et al., 2015)). Recruitment of centrosomal proteins to the nucleus
was thereby suggested to be a requirement for maintaining cardiomyocytes in a
post-mitotic state. Thus, it will be particularly interesting to investigate if NE lo-
calization of centrosomal proteins is also mediated by Nesprin-l« in cardiomyocytes
and if the underlying mechanisms are similar to the observed processes in skeletal
muscle cells.

In order to understand how MTOC formation at the nucleus could be potentially
perturbed in muscle diseases, it will be important to explore the molecular pathways
driving and initiating MTOC recruitment to the NE in more detail. In particular,
analyzing how centrosomal proteins are released from the centrosome and which
signaling cascades are involved in the spatiotemporal control of centrosomal protein
recruitment could give valuable insight into the regulation of MTOC displacement
during skeletal muscle formation. Investigating if Nesprin-1a-induced recruitment
of centrosomal proteins is a prerequisite for the loss of centrosome integrity and
centrioles during skeletal muscle formation could improve our understanding on how
skeletal muscle cells maintain their post-mitotic state.

Further knowledge about non-centrosomal MTOC formation could thus not only
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have an impact in the muscle field but also in other systems, such as cancer.
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6 Appendix

Table 6.1: Results of the siRINA screen. Results for the fusion index and Pericentrin (Pcnt) levels
at the nuclear envelope (NE) were normalized to the respective control sample and are
depicted as the average of three to four independent experiments. S.E.M., standard error
of the mean.

Gene symbol Gene description Fusion Pcnt at the
index NE +S.E.M.
+S.E.M

Abhd12 abhydrolase domain containing 12 1,08 + 0.13 0,89 £ 0.06

Acsll acyl-CoA synthetase long-chain family member 1 1,00 £+ 0.05 0,83 4+ 0.04

Acslb acyl-CoA synthetase long-chain family member 5 0,83 + 0.06 1,18 £ 0.03

Acbdb acyl-Coenzyme A binding domain containing 5 0,64 + 0.04 0,79 + 0.04

Aytl2 acyltransferase like 2 0,82 4+ 0.07 1,04 + 0.07

Arl6ip5 ADP-ribosylation factor-like 6 interacting protein 5 1,15 £+ 0,04 0,98 4+ 0,04

Ager advanced glycosylation end product-specific receptor 1,05 + 0,04 0,94 4+ 0,07

Afg312 AFG3(ATPase family gene 3)-like 2 (yeast) 1,09 £ 0,04 1,09 + 0,06

Aldh3a2 aldehyde dehydrogenase family 3, subfamily A2 1,25 £ 0,11 1,06 £ 0,02

Aldh6al aldehyde dehydrogenase family 6, subfamily Al 0,91 + 0,07 1,07 £ 0,02

Ganab alpha glucosidase 2 alpha neutral subunit 0,80 + 0,06 0,90 4+ 0,04

Aoc3 amine oxidase, copper containing 3 1,11 4+ 0,07 0,97 £+ 0,02

App amyloid beta (A4) precursor protein 1,12 + 0,08 1,15 + 0,06

Ace angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 1,04 £+ 0,10 1,09 + 0,02

Aphlc anterior pharynx defective 1c homolog (C. elegans) 0,92 + 0,04 0,99 + 0,07

Aqgpl aquaporin 1 1,23 £ 0,12 1,18 £ 0,02

Aadacll arylacetamide deacetylase-like 1 0,78 4+ 0,09 1,02 + 0,06

Asph aspartate-beta-hydroxylase 0,67 £+ 0,04 0,89 £+ 0,04

Atp8a2 ATPase, aminophospholipid transporter-like, class I, type 8A, 0,71 £ 0,04 0,91 + 0,04

member 2

Atp2a2 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 0,78 + 0,14 0,70 4+ 0,07

Atp2bl ATPase, Ca++ transporting, plasma membrane 1 1,04 £ 0,05 1,11 £ 0,03

Atp2b2 ATPase, Ca++ transporting, plasma membrane 2 1,17 £ 0,12 0,99 + 0,03

Atp6v0al ATPase, H+ transporting, lysosomal VO subunit Al 0,95 + 0,08 0,80 4+ 0,01

Atpda ATPase, H+/K+ exchanging, gastric, alpha polypeptide 1,26 £ 0,04 0,89 + 0,04

Atplal ATPase, Na+/K+ transporting, alpha 1 polypeptide 0,07 £+ 0,02 0,71 + 0,14

Atpla2 ATPase, Na+/K+ transporting, alpha 2 polypeptide 0,64 + 0,04 1,03 + 0,07

Atpla3 ATPase, Na+/K+ transporting, alpha 3 polypeptide 0,79 £+ 0,06 0,85 4+ 0,02

Bceap31 B-cell receptor-associated protein 31 1,02 £+ 0,03 1,16 + 0,04

Bcam basal cell adhesion molecule 1,29 4+ 0,04 1,26 + 0,06

Bsg basigin 0,78 £+ 0,05 0,74 £+ 0,04

Bel2113 BCL2-like 13 (apoptosis facilitator) 0,93 £+ 0,14 1,01 4+ 0,09

Clecl4a C-type lectin domain family 14, member a 1,13 £+ 0,02 1,07 £ 0,03

Cdh2 cadherin 2 0,80 £+ 0,11 0,88 £ 0,11

Cdh5 cadherin 5 0,77 £ 0,05 0,82 £ 0,15

Canx calnexin 1,19 4+ 0,03 1,00 + 0,03

Ctsd cathepsin D 0,87 £+ 0,07 0,90 £+ 0,03
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Cavl
Cd34
Cd36
Cadm4
Cspg4
Ccdc90b
Colecl2
C3

Cybb
Cyb5b
Cox4il
Coxb6al
CoxT7al
CoxTa2
Cycl
Cyp2b13
Cyp2f2
Cyp3al6
Cyp4bl
Cypb1
Ckap4
Dpp4
D4Ertd429e
Dnajbl1
Ddost
Dullard
Dagl
Emd
Erp29
Ergicl

Esaml
Erlin2
AT464131
Flir
Fads1
Ferll3
Fmol
Fmo2
Fmo3
Fmob
Gprcba
Gesl
Enpep
Gpd2
Gpmb6a
Gpsn2
Glmp
Glgl
Hpxn
Hrc
Hsd11b1l
Hyoul
Ilvbl
Igsf8
Intsl
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caveolin, caveolae protein 1

CD34 antigen

CD36 antigen

cell adhesion molecule 4

chondroitin sulfate proteoglycan 4

coiled-coil domain containing 90B

collectin sub-family member 12

complement component 3

cytochrome b-5

cytochrome b5 type B

cytochrome c oxidase subunit IV isoform 1
cytochrome c oxidase, subunit VI a, polypeptide 1
cytochrome c oxidase, subunit VIIa 1

cytochrome c oxidase, subunit VIIa 2

cytochrome c-1

cytochrome P450, family 2, subfamily b, polypeptide 13
cytochrome P450, family 2, subfamily f, polypeptide 2
cytochrome P450, family 3, subfamily a, polypeptide 16
cytochrome P450, family 4, subfamily b, polypeptide 1
cytochrome P450, family 51

cytoskeleton-associated protein 4

dipeptidylpeptidase 4

DNA segment, Chr 4, ERATO Doi 429, expressed
DnaJ (Hsp40) homolog, subfamily B, member 11

dolichyl-di-phosphooligosaccharide-protein glycotransferase

Dullard homolog (Xenopus laevis)
dystroglycan 1
emerin

endoplasmic reticulum protein 29

endoplasmic reticulum-golgi intermediate compartment (ERGIC)

1

endothelial cell-specific adhesion molecule
Erlin2 ER lipid raft associated 2
expressed sequence Al464131

F11 receptor

fatty acid desaturase 1

fer-1-like 3, myoferlin (C. elegans)

flavin containing monooxygenase 1

flavin containing monooxygenase 2

flavin containing monooxygenase 3

flavin containing monooxygenase 5

G protein-coupled receptor, family C, group 5, member A
glucosidase 1

glutamyl aminopeptidase

glycerol phosphate dehydrogenase 2, mitochondrial
glycoprotein m6a

glycoprotein, synaptic 2

glycosylated lysosomal membrane protein
golgi apparatus protein 1

hemopexin

histidine rich calcium binding protein
hydroxysteroid 11-beta dehydrogenase 1
hypoxia up-regulated 1

ilvB (bacterial acetolactate synthase)-like
immunoglobulin superfamily, member 8

integrator complex subunit 1

0,86 + 0,04
0,80 % 0,10
1,16 £ 0,06
0,97 + 0,02
0,64 % 0,08
0,87 % 0,03
0,91 + 0,03
1,11 £ 0,06
1,03 £ 0,03
1,05 £ 0,05
0,97 % 0,06
1,01 £ 0,04
1,07 £ 0,07
0,98 + 0,04
0,79 % 0,05
0,79 + 0,06
0,87 + 0,07
1,31 £ 0,04
0,86 + 0,04
0,89 + 0,04
0,90 % 0,06
1,08 £ 0,04
0,54 + 0,04
0,92 % 0,02
0,53 % 0,10
0,87 + 0,08
1,17 £ 0,05
0,97 + 0,05
0,97 + 0,02
0,72 % 0,08

1,15 £ 0,04
0,76 % 0,02
0,33 + 0,07
1,03 £ 0,03
0,97 & 0,01
0,64 + 0,07
1,11 £ 0,05
1,04 & 0,02
0,87 & 0,01
1,09 £ 0,02
0,80 % 0,04
1,20 £ 0,03
0,85 % 0,05
0,93 + 0,06
0,86 % 0,05
0,87 + 0,05
0,67 + 0,06
0,97 % 0,02
0,90 + 0,06
1,27 £ 0,08
0,92 & 0,01
0,96 % 0,04
0,66 = 0,04
0,87 & 0,01
0,56 % 0,05

0,95 + 0,08
1,01 £ 0,05
0,85 + 0,03
1,00 & 0,04
0,78 + 0,07
0,87 & 0,02
1,07 & 0,05
1,04 £ 0,07
1,01 £ 0,06
0,08 + 0,03
0,79 & 0,04
0,91 & 0,03
1,05 & 0,07
0,71 & 0,04
0,76 + 0,06
0,88 + 0,04
0,72 & 0,06
1,13 £ 0,07
0,91 + 0,05
0,78 + 0,02
1,05 £ 0,03
1,13 £ 0,03
0,89 + 0,04
1,04 £ 0,05
0,66 + 0,05
0,92 £ 0,06
1,00 £ 0,06
0,01 & 0,03
1,00 & 0,05
0,99 + 0,08

0,04 + 0,04
0,95 & 0,04
0,95 & 0,09
0,01 £ 0,05
0,99 & 0,03
1,14 £ 0,09
1,04 £ 0,04
1,06 & 0,01
0,94 & 0,05
1,07 £0,03
1,07 & 0,03
0,92 & 0,04
0,75 £ 0,10
0,99 £ 0,03
1,03 £ 0,00
0,90 & 0,07
0,88 £ 0,05
0,93 & 0,04
0,96 & 0,01
0,88 + 0,04
0,89 & 0,03
0,98 & 0,04
0,94 + 0,04
1,03 £ 0,01
0,81 & 0,06



Ttgal
Itga2
Itgab
Ttgbl
Icaml
Jph2
Lbr
Lamal
Lmanl
Lemd?2
Lemd3
Lrrcb9
Letm1
Lass2
Lrpl
Lpgatl
Mcam
Mbc2
Mme
Mtdh
Mettl7a
Mospd3
Mybbpla
Mag
Nat10
Ndufal3
Ndufa4
Ndufb4
Ndufbb
Ndufc2
Nppa
Nrpl
Nptn
Ncln
Nnt
Pom121
Noc2l
Noc4l
Nepro
Nup210
Nrm
Ostc
Por
Ptrh2
Ppib
Pex14
Ebp
Ppapdc3
Pde3a
Plvap
Pecaml
Podxl
Pbxipl
Pcyox1
Pgrmcl
Pgrmc2

integrin alpha 1

integrin alpha 2

integrin alpha 6

integrin beta 1 (fibronectin receptor beta)

intercellular adhesion molecule

junctophilin 2

lamin B receptor

laminin, alpha 1

lectin, mannose-binding, 1

LEM domain containing 2

LEM domain containing 3

leucine rich repeat containing 59

leucine zipper-EF-hand containing transmembrane protein 1
longevity assurance homolog 2 (S. cerevisiae)

low density lipoprotein receptor-related protein 1
lysophosphatidylglycerol acyltransferase 1

melanoma cell adhesion molecule

membrane bound C2 domain containing protein
membrane metallo endopeptidase

Metadherin

methyltransferase like 7TA

motile sperm domain containing 3

MYB binding protein (P160) la

myelin-associated glycoprotein

N-acetyltransferase 10

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4
NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5
NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2
natriuretic peptide precursor type A

neuropilin 1

neuroplastin

nicalin homolog (zebrafish)

nicotinamide nucleotide transhydrogenase

nuclear pore membrane protein 121

nucleolar complex associated 2 homolog

nucleolar complex associated 4 homolog

nucleolus and neural progenitor protein

nucleoporin 210

nurim (nuclear envelope membrane protein)
oligosaccharyltransferase complex subunit (non-catalytic)
P450 (cytochrome) oxidoreductase

peptidyl-tRNA hydrolase 2

peptidylprolyl isomerase B

peroxisomal biogenesis factor 14

phenylalkylamine Ca2+ antagonist (emopamil) binding protein
phosphatidic acid phosphatase type 2 domain containing 3
phosphodiesterase 3A, cGMP inhibited

plasmalemma vesicle associated protein

platelet /endothelial cell adhesion molecule 1
podocalyxin-like

pre-B-cell leukemia transcription factor interacting protein 1
prenylcysteine oxidase 1

progesterone receptor membrane component 1

progesterone receptor membrane component 2

0,86 + 0,02
0,98 & 0,02
1,06 £ 0,02
0,79 + 0,03
0,76 % 0,03
1,13 £ 0,04
0,81 + 0,01
0,88 & 0,07
1,23 £ 0,03
1,09 £ 0,07
0,78 % 0,09
1,14 + 0,11
1,10 £ 0,08
0,56 % 0,04
0,51 + 0,11
0,81 % 0,09
0,87 & 0,07
0,99 % 0,03
1,18 £ 0,13
1,24 4 0,03
0,94 % 0,03
0,77 % 0,04
0,44 + 0,07
0,86 % 0,03
0,88 & 0,12
1,06 £ 0,04
1,14 £ 0,05
0,77 % 0,04
1,02 £ 0,03
1,12 4 0,04
0,59 % 0,05
0,89 + 0,05
1,01 £ 0,05
0,78 & 0,12
0,74 + 0,06
0,23 & 0,06
0,62 % 0,07
0,93 + 0,02
0,85 + 0,03
0,93 % 0,04
0,77 % 0,04
0,95 + 0,03
1,03 £ 0,04
0,87 & 0,05
0,88 & 0,04
1,23 £ 0,01
0,86 % 0,05
0,96 + 0,04
0,84 % 0,05
0,56 % 0,03
0,81 + 0,03
0,98 & 0,02
1,08 £ 0,04
0,67+ 0,04
0,93 & 0,06
0,93 % 0,06

0,96 + 0,04
1,08 & 0,03
1,08 £ 0,04
0,91 + 0,04
0,77 % 0,01
1,14 £ 0,03
1,09 £ 0,09
0,86 + 0,03
1,17 £ 0,04
1,18 £ 0,10
1,06 £ 0,03
1,07 £ 0,06
1,06 £ 0,03
0,89 + 0,05
0,48 %+ 0,05
0,81 + 0,05
0,85 %+ 0,07
1,12 4+ 0,04
0,90 % 0,05
1,09 £ 0,02
1,14 + 0,04
1,21 + 0,03
0,41 £ 0,03
0,90 % 0,03
0,99 + 0,07
1,04 £ 0,06
0,84 + 0,07
0,90 % 0,09
0,98 + 0,02
0,99 % 0,05
0,95 % 0,01
0,97 + 0,04
1,05 & 0,05
1,19 + 0,06
0,85 + 0,05
0,77 £ 0,11
1,16 £ 0,04
1,06 £ 0,07
0,92 + 0,06
1,03 £ 0,02
0,89 + 0,09
1,04 £ 0,03
0,97 + 0,05
1,02 £ 0,02
0,78 + 0,05
0,99 % 0,04
0,89 + 0,02
1,03 £ 0,02
0,85 % 0,03
0,98 + 0,06
0,86 + 0,03
1,25 £ 0,03
0,94 %+ 0,02
1,00 £ 0,05
0,88 % 0,06
0,92 + 0,07
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Pdia6
Ptpladl
Ptpru
Plp1l
Ptk7
Ramp2
Reepb
Rtn2
Rpnl
Rpn2
Rrbpl
0610007P14Rik
Ryr2
Scepdh
Suncl
Sgcb
Sgcg
Scarab
Sec22b
Sec61b
Sec63
Sfxnl
Sfxnb
Ssrl
Sirpa
Scnl0a
Slcla2

Slcla3

Slc12al
Slc12a2
Slc25a4

Slc25ab
Slc25a22
Slc25a3

Slc25a42
Slc27a2
Slc38a3
Slc39a14
Slcdal
Synel
Syne3
Syne4
Spag4
Spag4l
Smpd4
Sf3bl
Scai
Sftpc
Synel
Syne2
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protein disulfide isomerase associated 6

protein tyrosine phosphatase-like A domain containing 1

protein tyrosine phosphatase, receptor type, U

proteolipid protein (myelin) 1

PTKY protein tyrosine kinase 7

receptor (calcitonin) activity modifying protein 2

receptor accessory protein 5

reticulon 2 (Z-band associated protein)

ribophorin I

ribophorin II

ribosome binding protein 1

RIKEN cDNA 0610007P14 gene

ryanodine receptor 2, cardiac

saccharopine dehydrogenase (putative)

Sadl and UNC84 domain containing 1

sarcoglycan, beta (dystrophin-associated glycoprotein)
sarcoglycan, gamma (dystrophin-associated glycoprotein)
scavenger receptor class A, member 5 (putative)

SEC22 vesicle trafficking protein homolog B (S. cerevisiae)
Sec61 beta subunit

SEC63-like (S. cerevisiae)

sideroflexin 1

sideroflexin 5

signal sequence receptor, alpha

signal-regulatory protein alpha

sodium channel, voltage-gated, type X, alpha

solute carrier family 1 (glial high affinity glutamate transporter),
member 2

solute carrier family 1 (glial high affinity glutamate transporter),
member 3

solute carrier family 12, member 1

solute carrier family 12, member 2

solute carrier family 25 (mitochondrial carrier, adenine nucleotide
translocator), member 4

solute carrier family 25 (mitochondrial carrier, adenine nucleotide
translocator), member 5

solute carrier family 25 (mitochondrial carrier, glutamate), mem-
ber 22

solute carrier family 25 (mitochondrial carrier, phosphate carrier),
member 3

solute carrier family 25, member 42

solute carrier family 27 (fatty acid transporter), member 2
solute carrier family 38, member 3

solute carrier family 39 (zinc transporter), member 14

solute carrier family 4 (anion exchanger), member 1

spectrin repeat containing, nuclear envelope 1

spectrin repeat containing, nuclear envelope family member 3
spectrin repeat containing, nuclear envelope family member 4
sperm associated antigen 4

sperm associated antigen 4-like

sphingomyelin phosphodiesterase 4

splicing factor 3b, subunit 1

suppressor of cancer cell invasion

surfactant associated protein C

synaptic nuclear envelope 1

synaptic nuclear envelope 2

0,89 + 0,02
0,80 % 0,07
1,04 £ 0,05
1,11 £ 0,06
0,72 % 0,04
1,02 £ 0,03
1,01 £ 0,03
0,53 % 0,09
1,25 £ 0,10
0,77 + 0,05
1,01 & 0,02
0,95 % 0,02
0,75 + 0,02
0,35 + 0,07
0,91 % 0,03
1,03 £ 0,03
0,87 % 0,02
0,73 % 0,09
1,05 £ 0,02
0,97 + 0,05
1,00 £ 0,03
0,86 % 0,02
1,07 & 0,10
0,96 % 0,03
0,88 + 0,05
0,98 + 0,04
0,61 % 0,03

0,93 + 0,04

1,06 & 0,05
1,14 4 0,04
1,19 £ 0,06

1,12 + 0,07

0,84 % 0,04

0,94 £ 0,05

1,06 £ 0,05
0,91 + 0,03
0,68 % 0,05
1,14 £ 0,03
0,97 &+ 0,05
0,89 % 0,05
1,10 £ 0,01
1,07 £ 0,01
1,08 £ 0,08
0,44 % 0,10
1,03 £ 0,04
0,00 % 0,00
0,69 + 0,07
0,82 =+ 0,04
0,90 % 0,04
0,78 + 0,11

0,95 + 0,07
0,90 & 0,02
0,99 £ 0,06
0,75 + 0,08
1,15 & 0,05
0,88 & 0,02
1,11 £ 0,04
0,64 % 0,06
1,25 £ 0,06
0,82 % 0,07
1,05 & 0,02
1,03 £ 0,03
0,92 £ 0,03
0,83 & 0,14
1,02 £ 0,06
1,16 £ 0,02
1,05 £ 0,04
0,66 & 0,08
0,98 £ 0,03
1,53 & 0,09
1,19 £ 0,07
0,96 % 0,02
0,97 + 0,04
1,09 £ 0,02
0,88 & 0,06
0,80 + 0,06
0,76 & 0,02

0,90 % 0,03

0,95 + 0,04
0,82 + 0,02
1,05 + 0,08

1,12 + 0,07

0,89 & 0,06

0,90 £ 0,03

1,11 + 0,02
1,18 4 0,02
0,87 & 0,04
1,06 £ 0,06
1,05 & 0,03
0,63 & 0,05
0,95 & 0,03
1,12 + 0,04
0,87 & 0,04
0,67 £ 0,02
1,17 4 0,02
0,15 & 0,07
0,89 & 0,04
0,68 + 0,03
0,92 & 0,06
0,58 & 0,03



Sytl
Stx1b2
Stxba
Tapbp
Txndcl0
Thbd
Tmpo
Torlaipl
Torlaip2
Timm21
Trpm1

Timmdcl

TmT7sf2
Tm9sf1
Tm9sf2
Tmtc3
Tmc8
Tmed10
Tmem120a
Tmeml4c
Tmem173
Tmem20
Tmem209
Tmem35
Tmem43
Tmem48
Tmemb3
Tmem74
Tyro3
Ugtla2
Ugtlaba
Ugt2bb
Ugt3a2
Unc84a
Unc84b
Urb2
Vamp?2
Vapa
Vapb
Zcd1l

Zcd2

synaptotagmin I

syntaxin 1B2

syntaxin 5A

TAP binding protein

thioredoxin domain containing 10

thrombomodulin

thymopoietin

torsin A interacting protein 1

torsin A interacting protein 2

tranlocase of inner mitochondrial membrane 21

transient receptor potential cation channel, subfamily M, member
1

translocase of inner mitochondrial membrane domain containing
1

transmembrane 7 superfamily member 2

transmembrane 9 superfamily member 1

transmembrane 9 superfamily member 2

transmembrane and tetratricopeptide repeat containing 3
transmembrane channel-like 8

transmembrane emp24-like trafficking protein 10 (yeast)
transmembrane protein 120A

transmembrane protein 14C

transmembrane protein 173

transmembrane protein 20

transmembrane protein 209

transmembrane protein 35

transmembrane protein 43

transmembrane protein 48

transmembrane protein 53

transmembrane protein 74

TYROS3 protein tyrosine kinase 3

UDP glucuronosyltransferase 1 family, polypeptide A2
UDP glucuronosyltransferase 1 family, polypeptide A6A
UDP glucuronosyltransferase 2 family, polypeptide B5
UDP glycosyltransferases 3 family, polypeptide A2
unc-84 homolog A (C. elegans)

unc-84 homolog B (C. elegans)

URB?2 ribosome biogenesis 2 homolog (S. cerevisiae)
vesicle-associated membrane protein 2

vesicle-associated membrane protein, associated protein A
vesicle-associated membrane protein, associated protein B and C
zinc finger, CDGSH-type domain 1

zinc finger, CDGSH-type domain 2

0,60 + 0,04
1,05 £ 0,04
0,37 + 0,17
0,68 + 0,07
0,88 & 0,01
0,87 & 0,05
0,85 + 0,05
1,14 + 0,02
0,68 % 0,04
1,38 £ 0,05
0,83 % 0,04

0,82 % 0,04

1,00 £ 0,03
1,11 £ 0,04
0,86 % 0,03
0,70 & 0,05
0,95 + 0,02
0,81 + 0,02
1,16 £ 0,08
1,16 £ 0,05
0,93 + 0,03
0,95 & 0,08
1,01 £ 0,02
1,06 £ 0,03
0,20 & 0,05
0,80 & 0,02
1,11 £ 0,03
0,85 & 0,05
1,05 £ 0,03
0,87 + 0,05
1,32 + 0,11
0,83 % 0,03
0,62 + 0,07
0,96 & 0,12
0,64 % 0,01
0,80 + 0,13
0,97 + 0,01
0,76 % 0,02
1,08 £ 0,05
1,05 £ 0,03
1,13 £ 0,04

0,99 =+ 0,10
1,11 4 0,02
0,79 = 0,08
0,89 =+ 0,07
0,97 &+ 0,01
0,97 + 0,07
0,75 =+ 0,04
1,01 £ 0,06
0,92 + 0,05
1,01 & 0,04
0,88 + 0,04

0,95 + 0,06

1,07 £ 0,04
1,06 £ 0,04
0,99 + 0,04
0,90 % 0,07
1,09 £ 0,02
0,93 + 0,05
0,91 % 0,06
1,12 £ 0,06
0,98 + 0,07
1,15 £ 0,10
0,96 + 0,07
0,99 + 0,02
0,89 % 0,09
0,82 + 0,04
1,09 £ 0,02
1,21 £ 0,03
1,16 £ 0,06
1,28 £ 0,04
1,05 £ 0,04
1,13 £ 0,06
1,09 £ 0,05
0,78 % 0,03
1,06 £ 0,04
1,16 £ 0,03
1,16 & 0,04
1,17 £ 0,05
0,75 + 0,04
1,05 & 0,03
1,03 £ 0,02
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Table S1

Name

Global

Time step
Viscosity

kT

Cell geometry

Microtubules
Rigidity
Segmentation
Dynamics

Growing forces

Total polymer
Kinesin (Kif5b)
Binding

Unbinding

Stiffness
Motility

Crossslider kif5b/Map7 like
Diffusion

Stiffness

Activity

Binding

Unbinding

Motility
Quantity
Map4
Binding

Unbinding

Crosslinker Map4/Map4
Diffusion

Stiffness

Activity

Specificity

Quantity

Dynein

Binding

Unbinding

Stiffness

Motility

Nuclei

Quantity

Radius

Nucleator (Gamma-tubulin)

KifSb
Dynein

Centrioles (when no Nesprin-1)

Quantity
Radius
MT nucleation sites
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Value

0.05s

0.1pN s/um?

0.0042 pN um

R=7um L=190 um / 5 nuclei
L=228 um / 6 nuclei
L=266um / 7 nuclei
L=304um / 8 nucleis
L=342um/ 9 nuclei

20 pN pm?

4 um

growing speed= 0.4 um/s
Shrinking speed= 0.8 um/s
hydrolysis rate= 0.5 um/s
fg=1.5pN

Stiffness = 500 pN/ um
7000 per nucleus

Range= 0.05 um
Rate=5s"

Force= 5 pN
Rate=0.1s"

200pN/um

Max speed vm= 0.8 um/s
stall force fs=5 pN

20 um?/s
500pN

Slide

Range= 0.1um
Rate =10s”
Force = 1 pN
Rate =10s”

0.1 um.s™ pN"
200 per nucleus

Range= 0.1 um
Rate =25
Force= 3 pN
Rate=1s

20 um?/s
k=200pN
Bridge
Antiparallel

400 per nucleus

Range= 0.05 um
Rate =55
Force= 3 pN

Rate=0.1s"
k=200 pN/um

Max speed vm= 1 um/s

stall force fs=5 pN

5t09

5 um

Quantity = 58 / nucleus
Nucleation rate = 0.02 s™
Unbindina rate = 0.1s™
Unbinding force= 3 pN
Stiffness = 1000pN/um
Quantity = 30 / nucleus
Quantity = 18 / nucleus

5 per nucleus
0.2 um
11

Note

Computational parameter

Estimate viscosity of the cytoplasm, Daniels et al, 2006
Thermal energy at 25°C

Ellipse

Flexural rigidity (Dogterom and Yurke, 1997; Kimura and Onami, 2005; Kozlowski etal., 2007)

computational parameter

measures (growing speed only)

Brun et al, 2009

Brun et al, 2009

growing velocity is slowed down by antagonostic force on plus end.

to limit the length of MTs

Maximal distance to which a binder can bind a filament
Rate at which possible binding can occur

Unbinding increases with load exponentially
Andreasson JOL et al, eLife 2015

Andreasson JOL et al, eLife 2015

Map7 moves in the direction of the applied force, with the specified mobility
Maximal distance to which a binder can bind a filament

Rate at which possible binding can occur

Load force needed to unbind

Rate at which possible unbinding can occur

Maximal distance to which a binder can bind a filament
Rate at which possible binding can occur

Load force needed to unbind

Rate at which possible unbinding can occur

as described in Mogessie et al Elife 2015
as described in Mogessie et al Elife 2015

De simone et al, Cell Reports 2016, reviewed in Reck-Peterson et al., 2012

Rupp and Nedelec 2012

motors unbinding rate is deduced from measurements of dynein processivity ~ 1-2 um

(reviewed in ReckPeterson et al., 2012) and dynein velocity ~ 1.5 pm s-1

Athale et al., 2014; reviewed in Howard, 2001; Kimura and Onami, 2005; reviewed in

Reck-Peterson et al., 2012

Measurements ~1-7 (Athale et al., 2014; Goshima et al., 2005; reviewed in Howard,

2001; reviewed in ReckPeterson et al., 2012
Density is 1 nuclei/ 700um? of myotube (measured)

The nucleators nucleate independently.
50 possible new MTs per second and per nucleator

Fixed at the NE, stiffness = 200pN/um
Fixed at the NE, stiffness = 200pN/um
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Table

S2

Average ratio| Average
’ : (SD) MB (D) MT . . ; q
Umprf:t Protein Description Genelp MB +DOX/- | Ratio MT +DOX/-DOX | +DOX/-DOX | MT/MB Protein # Peptides | # PSMs # Unllque #Protein | # Ra.zor O~ # Peptides #As | MW [kDa] | calc. pI
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Q9CWEO Mitochondrial fission regulator 1-like 0S=Mus musculus GN=Mtfr1l PE=1 SV=1 -am54b; Mtfr 8.513 17.786 6.452 14.556 2.089 20.761 5 21 5 1 0 446.5364758 5 289 31.706 6.1
Q9D845 Testis-expressed sequence 9 protein 0S=Mus musculus GN=Tex9 PE=2 SV=1 Tex9 12.477 13.563 7.324 4.909 1.087 12.145 5 8 5 1 0 163.785 5 387 44.039 7.65
E9QQ25 Striated muscle-specific serine/threonine-protein kinase 0S=Mus musculus GN=Speg PE=1 SV=1 Speg 1.998 12.103 0.859 10.279 6.059 0.736 2 5 2 1 0 127.73 2 3262 | 354.096 8.18
Q9CZH7 Matrix-remodeling-associated protein 7 0S=Mus musculus GN=Mxra7 PE=1 SV=2 Mxra7 5.358 11.186 1.681 2411 2.087 6.180 2 3 2 1 0 54.34 2 178 19.445 4.26
A2AEH9 Protein Tmsb15a 0S=Mus musculus GN=Tmsb15a PE=4 SV=1 Tmsb15a 0.961 10.537 0.719 0.693 10.959 8.861 1 4 1 1 0 38.65 1 79 8.904 9.09
Q99pP72 Reticulon-4 0S=Mus musculus GN=Rtn4 PE=1 SV=2 Rtn4 5.063 8.553 2.166 5.422 1.689 14.544 12 28 12 1 0 386.5427273 12 1162 126.535 4.54
Q921C5 Protein bicaudal D homolog 2 0S=Mus musculus GN=Bicd2 PE=1 SV=1 Bicd2 4.412 8.422 1.453 1.794 1.909 41.585 39 113 33 1 7 1631.224064 39 820 93.334 5.44
BIDOO1 BirA-1 long isoform 0S=Mus Musculus GN=BIRAV1L PE=1 SV=1 6.658 8.319 0.488 1.912 1.249 56.627 17 129 17 1 0 1940.399868 17 332 36.49 5.64
Q6ZWR6 Nesprin-1 0S=Mus musculus GN=Synel PE=1 SV=2 Synel 7.368 8.292 1.535 1.477 1.125 4.569 43 417 43 1 0 8049.642528 43 8799 | 1009.295 | 5.59
Q64010 Adapter molecule crk 0S=Mus musculus GN=Crk PE=1 SV=1 Crk 4.800 8.063 4.494 7.169 1.680 6.250 2 2 2 1 0 38.95 2 304 33.794 5.55
Q70F)1 | vy 7.949 0.097 5.538 5.571 1.264 5 7 5 1 0 79.23333333 5 3797 | 435.943 | 5.03
Q8CD76 Kinesin light chain 1 0S=Mus musculus GN=Klc1 PE=1 SV=1 Klc1 3.739 7.146 0.731 1.294 1911 25.162 16 39 12 1 4 709.5614286 16 616 69.452 5.96
P14069 Protein $100-A6 OS=Mus musculus GN=5100a6 PE=1 SV=3 $100a6 1.001 7.143 0.171 1.601 7.133 10.112 2 5 2 1 0 38.00947971 2 89 10.044 5.48
ESQ9K8 Protein Akap6 OS=Mus musculus GN=Akap6 PE=1 SV=1 Akap6 2.167 6.964 0.422 0.381 3.213 11.313 24 67 24 1 0 964.30073 24 2307 | 254.165 5.06
VIGXM1 ADP-ribosylation factor GTPase-activating protein 1 0S=Mus musculus GN=Arfgap1 PE=1 SV=1 Arfgapl 3.917 6.586 1.291 2.107 1.682 3.302 1 2 1 1 0 54.23 1 424 46.511 5.57
A2RS22 Coronin 0S=Mus musculus GN=Corolb PE=1 SV=1 Corolb 3.315 6.517 0.712 4.565 1.966 9.711 5 14 5 1 0 120.37 5 484 53.878 5.78
E9Q616 Protein Ahnak OS=Mus musculus GN=Ahnak PE=1 SV=1 Ahnak 2.823 6.413 0.849 2.227 2.271 40.329 101 304 101 1 0 3936.383442 101 5656 | 603.866 6.3
P50543 Protein $100-A11 0S=Mus musculus GN=5100a11 PE=1 SV=1 S$100a11 1.137 5.971 0.453 2.236 5.253 16.327 2 5 2 1 0 51.5046153 2 98 11.075 5.45
Q60598 Src substrate cortactin 0S=Mus musculus GN=Cttn PE=1 SV=2 Cttn 3.495 5.903 1.579 3.314 1.689 18.681 11 18 11 1 0 262.7366667 11 546 61.212 5.4
Q91Ys4 Kinesin light chain 2 0S=Mus musculus GN=KIc2 PE=1 SV=1 Klc2 3.334 5.901 1.540 4.312 1.770 21.971 12 20 9 1 0 209.17 12 619 | 68.378 7.06
Q80UU9 Membrane-associated progesterone receptor component 2 0S=Mus musculus GN=Pgrmc2 PE=1SV=/  Pgrmc2 2.662 5.875 0.700 0.381 2.207 40.553 7 19 7 1 0 255.333366 7 217 23.32 5.15
Q91wWL8 WW domain-containing oxidoreductase 0S=Mus musculus GN=Wwox PE=1 SV=1 Wwox 3.020 5.574 0.679 2.396 1.846 20.048 8 11 8 1 0 122.89 8 414 46.483 7.02
P59325 Eukaryotic translation initiation factor 5 0S=Mus musculus GN=Eif5 PE=1 SV=1 10047658; LO 2.797 5.199 0.089 1.233 1.859 7.226 4 6 4 1 0 78.86858233 4 429 48.938 5.52
AOAOR4JOM9 Deubiquitinating protein VCIP135 OS=Mus musculus GN=Vcpip1 PE=1 SV=1 Vcpipl 3.886 5.186 0.579 2214 1.335 8.770 9 23 9 1 0 474.46 9 1220 134.358 7.17
Q9ROL6 1.577 5.078 0.318 3.002 3.219 9.531 18 25 18 1 0 259.4520737 18 2025 | 228.706 5.01
Q9ERU9 E3 SUMO-protein ligase RanBP2 0S=Mus musculus GN=Ranbp2 PE=1 SV=2 Ranbp2 2.804 5.024 1.007 1.085 1.792 13.429 39 64 39 1 0 597.6762977 39 3053 | 340.907 6.18
E9QA16 Protein Cald1 0S=Mus musculus GN=Cald1 PE=1 SV=1 1.725 4.782 0.260 2.001 2.772 27.239 17 29 17 1 0 381.7954765 17 536 61.799 6.93
QSWVA4 Transgelin-2 0S=Mus musculus GN=TagIn2 PE=1 SV=4 TagIn2 1.679 4.215 0.386 1.398 2.510 15.075 3 7 3 1 0 92.37 3 199 22.381 8.24
P37804 Transgelin 0S=Mus musculus GN=Tagln PE=1 SV=3 Tagln 1.757 4.119 0.787 0.064 2.344 11.443 2 2 2 1 0 35.85 2 201 22.561 8.81
Q61595 Kinectin 0S=Mus musculus GN=Ktn1 PE=1 SV=1 Ktnl 1.952 3.799 0.807 2.659 1.946 24.793 37 58 3 1 33 493.3145967 37 1327 152.498 5.86
Q9D0A3 Arpin 0S=Mus musculus GN=Arpin PE=1 SV=1 0034B18Rik; A 1.970 3.762 0.545 2.598 1.910 9.292 2 3 2 1 0 27.12 2 226 25.178 5.19
J3KMH5 Melanoma inhibitory activity protein 3 0S=Mus musculus GN=Mia3 PE=1 SV=1 2.956 3.750 1.040 0.787 1.268 3.457 3 4 3 1 0 101.93 3 781 87.154 8.81
Q9EP71 Ankycorbin 0S=Mus musculus GN=Rai1l4 PE=1 SV=1 Rail4 1.978 3.743 0.855 3.006 1.893 5.107 5 5 5 1 0 35.92 5 979 108.785 6.27
P63242 Eukaryotic translation initiation factor 5A-1 OS=Mus musculus GN=Eif5a PE=1 SV=2 Eif5a 0.533 3.738 0.106 2.797 7.009 12.987 2 3 2 1 0 39.03 2 154 16.821 5.24
Q3uL22 Chaperonin subunit 8 (Theta), isoform CRA_a 0S=Mus musculus GN=Cct8 PE=1 SV=1 Cct8 1.457 3.648 0.937 3.330 2.503 29.745 16 29 16 1 0 405.6334787 16 548 59.518 5.62
Qoqyi3 DnaJ homolog subfamily B member 1 0S=Mus musculus GN=Dnajb1 PE=1 SV=3 Dnajbl 2.042 3.487 1.168 0.422 1.708 3.235 1 2 1 1 0 48.43 1 340 38.143 8.63
Q4FzZC9 Nesprin-3 0S=Mus musculus GN=Syne3 PE=1 SV=1 1426119Rik; S 1.972 3.429 0.572 0.355 1.739 7.077 7 10 7 1 0 95.19072199 7 975 | 111.966 6.33
Q6A065 1.376 3.246 0.151 2.885 2.359 1.889 3 4 3 1 0 92.808854 3 1588 174.943 7.17
AOAOR4J1E2 Elongation factor 1-delta 0S=Mus musculus GN=Eefld PE=1 SV=1 Eefld 2.266 3.241 0.217 0.353 1.430 10.000 6 10 5 1 1 116.93 6 660 72.886 6.51
F8VPM7 ELKS/Rab6-interacting/CAST family member 1 0S=Mus musculus GN=Erc1 PE=1 SV=1 Ercl 2.942 3.127 0.599 0.739 1.063 7.321 7 10 7 1 0 225.8085343 7 1120 128.252 5.91
P08121 Collagen alpha-1(l1l) chain 0S=Mus musculus GN=Col3al PE=1 SV=4 Col3al 0.802 3.065 0.022 1934 3.820 2.117 2 4 2 1 0 67.49082117 2 1464 ( 138.858 6.52
Q6NZJ6 Eukaryotic translation initiation factor 4 gamma 1 0S=Mus musculus GN=Eif4gl PE=1 SV=1 Eif4gl 1.204 2.989 0.456 1.279 2.483 4.500 7 8 7 1 0 84.76 7 1600 | 175.967 5.4
Q9CRB2 H/ACA ribonucleoprotein complex subunit 2 0S=Mus musculus GN=Nhp2 PE=1 SV=1 Nhp2 0.610 2.907 0.271 2.143 4.768 35.948 4 10 4 1 0 245.9508772 4 153 17.236 8.41
Q99LB4 Capping protein (Actin filament), gelsolin-like 0S=Mus musculus GN=Capg PE=1 SV=1 Capg 1.148 2.903 0.470 2414 2.529 9.742 2 3 2 1 0 84.87333333 2 349 38.745 6.95
Q8BFW7 Lipoma-preferred partner homolog 0S=Mus musculus GN=Lpp PE=1 SV=1 Lpp 1.287 2.846 0.322 0.244 2.212 7.993 5 13 5 1 0 170.86 5 613 65.848 7.37
Q8BHB0 ‘sicle-associated membrane protein, associated protein B and C 0S=Mus musculus GN=Vapb PE=1 SV Vapb 1.760 2.807 0.998 0.315 1.595 12.346 4 4 4 1 0 50.3396996 4 243 26.901 7.78
Q9CY58 Plasminogen activator inhibitor 1 RNA-binding protein 0S=Mus musculus GN=Serbp1 PE=1 SV=2 Serbpl 1371 2.793 0.666 1.107 2.038 11.794 4 5 4 1 0 53.17 4 407 44.687 8.54
P10107 Annexin A1 0S=Mus musculus GN=Anxal PE=1 SV=2 Anxal 0.772 2.734 0.171 1.102 3.540 7.803 3 5 3 1 0 50.10162303 3 346 38.71 7.37
Q6P5H2 Nestin 0S=Mus musculus GN=Nes PE=1 SV=1 Nes 1.683 2.717 1.011 1.290 1.615 13.841 21 30 21 1 0 292.4663459 21 1864 207 4.34
Q61768 Kinesin-1 heavy chain 0S=Mus musculus GN=Kif5b PE=1 SV=3 Kif5b 1.733 2.696 0.573 0.413 1.556 15.265 13 21 13 1 0 395.1573043 13 963 | 109.484 6.44
P26039 Talin-1 0S=Mus musculus GN=TIn1 PE=1 SV=2 Tin1 1.401 2,618 0.441 0.823 1.869 7.950 19 31 19 1 0 319.6146104 19 2541 | 269.653 6.18
P07091 Protein $100-A4 0S=Mus musculus GN=5100a4 PE=1 SV=1 5100a4 0.660 2.589 0.359 1.051 3.921 16.832 2 5 2 1 0 53.31 2 101 11.714 5.31
Q61029 |na-associated polypeptide 2, isoforms beta/delta/epsilon/gamma 0S=Mus musculus GN=Tmpo PE=1 Tmpo 1.187 2.540 0.099 0.149 2.139 5.310 2 2 2 1 0 63.21 2 452 50.342 9.45
Q08093 Calponin-2 0S=Mus musculus GN=Cnn2 PE=1 SV=1 Cnn2 0.879 2.525 0.144 0.516 2.874 15.082 4 6 4 1 0 192.6633333 4 305 33.134 7.62
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Q9DCT8 Cysteine-rich protein 2 0S=Mus musculus GN=Crip2 PE=1 SV=1 Crip2 1.660 2.515 0.352 0.291 1.515 14.423 2 3 2 1 0 82.78333333 2 208 22.712 8.63
F8WID5 Tropomyosin alpha-1 chain 0S=Mus musculus GN=Tpm1 PE=1 SV=1 0.740 2.494 0.476 1.759 3.371 35.890 13 23 1 1 9 212.4976952 13 326 37.39 4.72
A2AFQ2 3-hydroxyacyl-CoA dehydrogenase type-2 0S=Mus musculus GN=Hsd17b10 PE=1 SV=1 Hsd17b10 0.862 2.483 0.169 1.126 2.883 22.140 5 6 5 1 0 57.11 5 271 28.356 8.76
P14602 Heat shock protein beta-1 0S=Mus musculus GN=Hspb1 PE=1 SV=3 Hspb1 0.729 2.455 0.363 0.887 3.366 22.010 4 6 4 1 0 92.05333333 4 209 23 6.55
Q543N3 LIM and SH3 domain protein 1 0S=Mus musculus GN=Lasp1 PE=1 SV=1 Laspl 1.667 2.438 0.804 0.622 1.463 20.152 5 7 5 1 0 91.24 5 263 29.975 7.05
Q3V3R1 [lonofunctional Cl-tetrahydrofolate synthase, mitochondrial 0S=Mus musculus GN=Mthfd1l PE=1SV:  Mthfd1l 0.743 2.394 0.023 1.147 3.224 10.235 10 15 9 1 1 252.107789 10 977 | 105.662 7.02
Q61136 Serine/threonine-protein kinase PRP4 homolog 0S=Mus musculus GN=Prpf4b PE=1 SV=3 Prpfdb 0.794 2379 0.042 1.209 2.996 18.371 18 35 18 1 0 512.4228149 18 1007 [ 116.904 | 10.23
QOESX4 Nucleolar protein of 40 kDa 0S=Mus musculus GN=Zcchc17 PE=1 SV=1 Zcchcl7 0.671 2.365 0.358 0.473 3.525 21.162 6 11 6 1 0 88.02467247 6 241 27.454 9.63
P14211 Calreticulin 0S=Mus musculus GN=Calr PE=1 SV=1 Calr 0.565 2.360 0.307 1.807 4.181 13.221 6 12 6 1 0 151.1245455 6 416 47.965 4.49
Q62523 Zyxin 0S=Mus musculus GN=Zyx PE=1 SV=2 Zyx 0.936 2.343 0.284 0.054 2.504 15.957 7 13 7 1 0 305.71 7 564 60.507 6.4
Q9axs1 Plectin 0S=Mus musculus GN=Plec PE=1 SV=3 Plec 0.971 2.278 0.177 0.784 2.347 19.804 93 125 93 1 0 869.7809491 93 4691 | 533.861 5.96
B2RTMO Histone H4 0S=Mus musculus GN=Hist2h4 PE=1 SV=1 1h4f; Hist1h4; 0.606 2.249 0.477 1.981 3.712 43.689 6 77 6 1 0 1773.280192 6 103 11.36 11.36
D3Z0X5 Pleckstrin homology-like domain family B member 1 0S=Mus musculus GN=Phldb1 PE=1 SV=1 2.043 2.235 0.876 0.283 1.094 3.796 6 7 6 1 0 77.97 6 1449 [ 158.595 9.11
E9PWE8 Dihydropyrimidinase-related protein 3 0S=Mus musculus GN=Dpys|3 PE=1 SV=1 DpysI3 1.061 2.227 0.332 0.492 2.099 18.887 11 22 9 1 2 296.3621053 11 683 73.838 6.46
B1AUX2 Host cell factor 1 0S=Mus musculus GN=Hcfc1 PE=1 SV=1 Hcfcl 1.446 2.221 0.127 0.293 1.536 2.344 3 6 3 1 0 55.58 3 2090 | 214.917 6.89
P15532 Nucleoside diphosphate kinase A 0S=Mus musculus GN=Nme1 PE=1 SV=1 Nmel 1.016 2.219 0.686 0.056 2.183 13.158 2 2 2 1 0 17.27 2 152 17.197 7.37
Q97219 uccinyl-CoA ligase [ADP-forming] subunit beta, mitochondrial 0S=Mus musculus GN=Sucla2 PE=1 SV= Sucla2 0.825 2.204 0.088 0.959 2,673 21.814 11 13 11 1 0 210.9796891 11 463 50.082 7.01
D3z722 40S ribosomal protein $19 0S=Mus musculus GN=Rps19 PE=1 SV=1 0.528 2.194 0.236 0.329 4.156 12.264 3 5 3 1 0 65.86 3 212 23.09 10.46
Q91VD9  |DH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 0S=Mus musculus GN=Ndufs1 PE=1 S\ Ndufsl 0.814 2.188 0.005 0.771 2.687 5.777 4 4 4 1 0 69.75333333 4 727 79.726 5.72
P50446 Keratin, type Il cytoskeletal 6A 0S=Mus musculus GN=Krt6a PE=1 SV=3 Krt6a 2.714 2.169 3.379 0.549 0.799 27.667 18 75 3 1 8 710.1636752 18 553 59.299 7.94
Q97218  uccinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial 0S=Mus musculus GN=Suclg2 PE=1 SV= Suclg2 0.747 2.163 0.048 0.697 2.897 13.857 6 8 6 1 0 167.84 6 433 46.811 7.02
P27546 Microtubule-associated protein 4 0S=Mus musculus GN=Map4 PE=1 SV=3 Map4; Mtap4| 1.480 2.148 0.341 0.151 1.452 11.111 10 13 10 1 0 167.4701705 10 1125( 117.357 4.98
QoQysl Chloride intracellular channel protein 4 0S=Mus musculus GN=Clic4 PE=1 SV=3 Clica 0.731 2.146 0.333 1.253 2.936 12.648 3 5 3 1 0 52.8 3 253 28.711 5.59
Q9QxXK3 Coatomer subunit gamma-2 0S=Mus musculus GN=Copg2 PE=1 SV=1 Copg2 1.666 2.144 0.649 0.636 1.287 5.626 5 6 3 1 2 70.98 5 871 97.617 5.8
Q8BTM8 Filamin-A 0S=Mus musculus GN=FIna PE=1 SV=5 Flna 0.869 2.139 0.099 0.349 2.462 20.325 45 74 41 1 4 1276.017213 45 2647 | 281.046 6.04
P49817 Caveolin-1 0S=Mus musculus GN=Cav1 PE=1 SV=1 Cavl 1.150 2.136 0.648 0.038 1.858 8.989 2 4 2 1 0 36.13333333 2 178 20.525 6.02
Q99LX5 Multiple myeloma tumor-associated protein 2 homolog 0S=Mus musculus GN=Mmtag2 PE=2 SV=1 2310033P09Ri 0.760 2.130 0.091 0.800 2.801 20.385 4 8 4 1 0 203.8366667 4 260 29.281 9.86
Q61335 B-cell receptor-associated protein 31 0S=Mus musculus GN=Bcap31 PE=1 SV=4 Bcap31 1.094 2.128 0.088 0.826 1.946 7.755 2 3 2 1 0 61.89333333 2 245 27.939 8.7
P45952  ledium-chain specific acyl-CoA dehydrogenase, mitochondrial 0S=Mus musculus GN=Acadm PE=1 SV Acadm 0.745 2.121 0.078 0.614 2.848 18.765 8 11 8 1 0 224.385 8 421 46.452 8.37
Q542P5 Carbonyl reductase 2, isoform CRA_b 0S=Mus musculus GN=Cbr2 PE=1 SV=1 Cbr2 1.080 2.119 0.314 0.261 1.963 11.885 3 3 3 1 0 37.88 3 244 25.942 9.01
Q9WUMS |inyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial 0S=Mus musculus GN=Suclgl PE=1 Suclgl 0.883 2112 0.060 0.921 2.391 7.225 2 5 2 1 0 153.23 2 346 36.132 9.39
P50544 :ry long-chain specific acyl-CoA dehydrogenase, mitochondrial 0S=Mus musculus GN=Acadvl PE=1 SV Acadvl 0.861 2.105 0.150 0.283 2.444 10.213 7 10 7 1 0 127.1046117 7 656 70.831 8.75
Q8BGT5 Alanine aminotransferase 2 0S=Mus musculus GN=Gpt2 PE=1 SV=1 Gpt2 0.818 2.099 0.034 1.081 2.564 13.218 6 6 6 1 0 65.27 6 522 57.906 8
Q52K18 Serine/arginine repetitive matrix protein 1 0S=Mus musculus GN=Srrm1 PE=1 SV=2 Srrm1 1.075 2.064 0.344 0.727 1.921 23.362 19 42 19 1 0 862.2456757 19 946 106.798 | 11.87
Q8BWT1 3-ketoacyl-CoA thiolase, mitochondrial 0S=Mus musculus GN=Acaa2 PE=1 SV=3 Acaa2 0.860 2.059 0.099 0.697 2.394 17.128 6 10 6 1 0 185.14 6 397 41.803 8.09
P56383 ATP synthase F(0) complex subunit C2, mitochondrial 0S=Mus musculus GN=Atp5g2 PE=2 SV=2 Atp5g2 0.891 2.058 0.313 1.851 2.310 4.795 1 4 1 1 0 34.01921088 1 146 15.466 10.35
035857  pchondrial import inner membrane translocase subunit TIM44 0S=Mus musculus GN=Timm44 PE=1¢  Timm44 0.887 2.051 0.039 0.031 2.313 7.743 4 4 4 1 0 51.93209426 4 452 51.059 8.13
P62983 Ubiquitin-40S ribosomal protein S27a 0S=Mus musculus GN=Rps27a PE=1 SV=2 s27a-ps2; LOQ 0.877 2.048 0.188 0.432 2.335 48.718 7 45 3 1 4 857.655 7 156 17.939 9.64
Q55540 14-3-3 protein epsilon 0S=Mus musculus GN=Ywhae PE=1 SV=1 Ywhae 0.536 2.043 0.067 1112 3.813 19.608 5 8 2 1 0 90.04568909 5 255 29.155 4.74
Q64727 Vinculin 0S=Mus musculus GN=Vcl PE=1 SV=4 Vel 0.867 2.040 0.114 0.038 2.354 6.473 6 10 6 1 0 202.2194973 6 1066 [ 116.644 6
Q61578 NADPH:adrenodoxin oxidoreductase, mitochondrial 0S=Mus musculus GN=Fdxr PE=1 SV=1 Fdxr 0.972 2.013 0.071 0.484 2.071 5.061 2 2 2 1 0 45.09 2 494 54.168 8.66
P07356 Annexin A2 0S=Mus musculus GN=Anxa2 PE=1 SV=2 Anxa2 0.816 2.002 0.113 0.852 2.451 36.578 13 34 13 1 0 532.9614286 13 339 38.652 7.69
Q99PT1 Rho GDP-dissociation inhibitor 1 0S=Mus musculus GN=Arhgdia PE=1 SV=3 Arhgdia 0.819 1.995 0.325 0.727 2.435 7.843 1 3 1 1 0 81 7 1 204 23.393 5.2
H3BL37 Treacle protein 0S=Mus musculus GN=Tcof1 PE=1 SV=1 Tcofl 0.920 1.993 0.111 0.615 2.166 23.304 29 57 29 1 0 669.50202 29 1356 138.473 9.26
F8WGL3 Cofilin-1 0S=Mus musculus GN=Cfl1 PE=1 SV=1 0.760 1.991 0.299 0.020 2.619 30.396 6 15 6 1 0 95.83671996 6 227 24.561 8.03
QspCcw4 Electron transfer flavoprotein subunit beta 0S=Mus musculus GN=Etfb PE=1 SV=3 Etfb 0.784 1.990 0.075 0.635 2.539 23.137 5 7 5 1 0 161.15 5 255 27.606 8.1
G5E8NS5 L-lactate dehydrogenase OS=Mus musculus GN=Ldha PE=1 SV=1 Ldha 0.593 1.979 0.161 1.297 3.340 18.006 6 12 6 1 0 202.8866667 6 361 39.733 8.35
H9KV00 Protein SON 0S=Mus musculus GN=Son PE=1 SV=1 Son 0.810 1.971 0.041 0.102 2434 21.276 39 106 39 1 0 2118.995883 39 2477 | 268.652 5.71
P97868 E3 ubiquitin-protein ligase RBBP6 0S=Mus musculus GN=Rbbp6 PE=1 SV=5 Rbbp6 0.750 1.968 0.004 0.585 2.625 11.173 20 28 20 1 0 304.2701375 20 1790 199.466 9.63
Q97110 Delta-1-pyrroline-5-carboxylate synthase 0S=Mus musculus GN=Aldh18a1 PE=1 SV=2 Aldh18a1 0.777 1.959 0.012 0.531 2.520 10.692 10 14 10 1 0 83.63987503 10 795 87.212 7.55
AOAOR4J0GO| Phosphoenolpyruvate carboxykinase [GTP], mitochondrial 0S=Mus musculus GN=Pck2 PE=1 SV=1 Pck2 0.967 1.954 0.214 0.505 2.021 14.693 8 9 8 1 0 181.0671429 8 667 73.371 7.74
Q8CI51 PDZ and LIM domain protein 5 0S=Mus musculus GN=Pdlim5 PE=1 SV=4 Pdlim5 1.129 1.953 0.325 0.100 1.730 10.998 5 7 5 1 0 125.8033333 5 591 63.259 8.25
P35486 hydrogenase E1 component subunit alpha, somatic form, mitochondrial 0S=Mus musculus GN=Pdha Pdhal 0.768 1.950 0.071 0.473 2.540 10.000 4 6 4 1 0 66.5 4 390 43.204 8.19
Q3U7R1 Extended synaptotagmin-1 0S=Mus musculus GN=Esyt1 PE=1 SV=2 Esytl 1.553 1.945 0.443 0.783 1.253 7.326 7 9 7 1 0 103.7666667 7 1092 | 121.478 5.95
P16045 Galectin-1 0S=Mus musculus GN=Lgals1 PE=1 SV=3 Lgals1 0.628 1.941 0.353 1.043 3.090 37.778 6 12 6 1 0 80.295 6 135 14.856 5.49
Q92208 Leucine-rich repeat-containing protein 59 0S=Mus musculus GN=Lrrc59 PE=1 SV=1 Lrrc59 1.045 1.940 0.251 0.280 1.857 11.401 4 5 4 1 0 56.22 4 307 34.856 9.52
P58252 Elongation factor 2 0S=Mus musculus GN=Eef2 PE=1 SV=2 Eef2 0.872 1.936 0.227 0.811 2.222 19.347 17 45 17 1 0 657.9020602 17 858 95.253 6.83
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Q8BVQ9 26S protease regulatory subunit 7 0S=Mus musculus GN=Psmc2 PE=1 SV=1 Psmc2 1.291 1.924 0.491 0.642 1.490 18.526 8 10 8 1 0 156.9859013 8 475 52.833 6.28
Q9R112 Sulfide:quinone oxidoreductase, mitochondrial 0S=Mus musculus GN=SqrdI| PE=1 SV=3 Sqrdl 0.894 1.924 0.146 0.038 2.151 14.667 5 8 5 1 0 161.1524942 5 450 50.25 9.09
Q60605 Myosin light polypeptide 6 0S=Mus musculus GN=Myl6 PE=1 SV=3 Myle 0.849 1.923 0.375 1.100 2.265 64.901 10 56 9 1 2 1126.832442 10 151 16.919 4.65
Q61171 Peroxiredoxin-2 0S=Mus musculus GN=Prdx2 PE=1 SV=3 Prdx2 0.704 1.923 0.432 0.844 2.731 26.768 5 9 5 1 0 122.5226495 5 198 21.765 5.41
P47738 Aldehyde dehydrogenase, mitochondrial 0S=Mus musculus GN=Aldh2 PE=1 SV=1 Aldh2 0.821 1.921 0.116 0.661 2.339 18.304 10 14 10 1 0 225.4107832 10 519 56.502 7.62
Q04750 DNA topoisomerase 1 0S=Mus musculus GN=Top1 PE=1 SV=2 Topl 0.872 1.919 0.135 0.420 2.200 28.162 23 47 23 1 0 435.4126455 23 767 90.819 9.33
P43275 Histone H1.1 0S=Mus musculus GN=Hist1hla PE=1 SV=2 Histlhla 0.839 1.911 0.385 0.600 2.277 29.577 7 29 5 1 0 546.0106954 7 213 21.772 10.93
Q80UG5 Septin-9 0S=Mus musculus GN=Sept9 PE=1 SV=1 Sept9 0.983 1.907 0.250 0.449 1.940 11.664 6 8 6 1 0 109.4933333 6 583 65.534 8.9
AOAOR4J124 SRSF protein kinase 2 0S=Mus musculus GN=Srpk2 PE=1 SV=1 Srpk2 0.815 1.906 0.218 0.427 2.339 7.918 6 7 3 1 3 82.7 6 682 76.837 4.91
P17751 Triosephosphate isomerase 0S=Mus musculus GN=Tpil PE=1 SV=4 Tpil 0.651 1.887 0.416 0.672 2.900 12.709 3 7 3 1 0 196.0685714 3 299 32.171 5.74
Q8vCws Acyl-CoA synthetase family member 2, mitochondrial 0S=Mus musculus GN=Acsf2 PE=1 SV=1 Acsf2 0.861 1.886 0.093 0.497 2.190 4.228 3 4 3 1 0 37.56 3 615 67.907 8.18
P38647 Stress-70 protein, mitochondrial 0S=Mus musculus GN=Hspa9 PE=1 SV=3 Hspad9 0.692 1.885 0.091 1.244 2.722 34.904 23 71 22 1 2 1120.72228 23 679 73.416 6.07
Q3UL36 Arginine and glutamate-rich protein 1 0S=Mus musculus GN=Arglul PE=1 SV=2 Arglul 1.276 1.880 1.098 0.577 1.474 35.793 18 76 18 1 0 197.5024065 18 271 32.868 10.36
Q60847 Collagen alpha-1(XIl) chain 0S=Mus musculus GN=Col12al PE=2 SV=3 Col12al 1.203 1.878 0.556 0.843 1.561 0.673 2 2 2 1 0 17.78 2 3120 | 340.004 5.64
Q99L04 Dehydrogenase/reductase SDR family member 1 0S=Mus musculus GN=Dhrs1 PE=1 SV=1 Dhrs1 0.781 1.876 0.141 0.343 2.402 7.348 2 5 2 1 0 136.27 2 313 33.983 8.35
054774 AP-3 complex subunit delta-1 0S=Mus musculus GN=Ap3d1 PE=1 SV=1 Ap3dl 0.971 1.868 0.093 0.703 1.923 26.939 34 61 34 1 0 583.3397881 34 1199 134.996 7.37
Q32pP04 Keratin 5 0S=Mus musculus GN=Krt5 PE=1 SV=2 Krt5 1.413 1.865 1.207 0.445 1.320 24.483 19 88 7 1 6 492.454823 19 580 61.729 7.75
P48678 Prelamin-A/C 0S=Mus musculus GN=Lmna PE=1 SV=2 Lmna 0.688 1.854 0.194 0.342 2.696 43.008 27 66 26 1 1 769.2096066 27 665 74.193 6.98
Q3SYP5 Keratin 16 0S=Mus musculus GN=Krt16 PE=1 SV=1 Krt16 2.092 1.849 2.073 0.214 0.884 13.433 7 60 3 1 0 794.8728777 7 469 51.574 5.2
E9QPD7 Pyruvate carboxylase 0S=Mus musculus GN=Pcx PE=1 SV=1 Pcx 0.879 1.848 0.174 0.835 2.104 58.439 61 676 61 1 0 13091.39632 61 1179 129.749 6.71
D3YVN7 Elongation factor Tu 0S=Mus musculus GN=Gm9755 PE=3 SV=1 Gm9755 0.737 1.844 0.056 0.779 2.502 28.761 12 16 12 1 0 185.4444735 12 452 49.507 7.56
Q61781 Keratin, type | cytoskeletal 14 0S=Mus musculus GN=Krt14 PE=1 SV=2 Krt14 1.093 1.834 0.562 0.616 1.679 28.719 15 84 1 1 6 949.8857691 15 484 52.834 5.17
Q80SY5 Pre-mRNA-splicing factor 38B 0S=Mus musculus GN=Prpf38b PE=1 SV=1 Prpf38b 1.149 1.830 0.625 0.395 1.593 10.886 6 12 6 1 0 244.1966554 6 542 63.715 10.54
Q3U9G9 Lamin-B receptor 0S=Mus musculus GN=Lbr PE=1 SV=2 Lbr 1.804 1.828 1.174 0.268 1.013 9.265 7 8 7 1 0 159.4228571 7 626 71.395 9.36
Q55wWs8s Protein Rabla OS=Mus musculus GN=Rabla PE=1 SV=1 Rab1l; Rabla 0.891 1.818 0.129 0.379 2.041 41.584 9 20 5 1 4 410.225 9 202 22.358 6.21
P42208 Septin-2 0S=Mus musculus GN=Sept2 PE=1 SV=2 Sept2 0.907 1.810 0.236 0.685 1.995 6.648 3 4 3 1 0 33.43 3 361 41.499 6.55
Q99JY0 Trifunctional enzyme subunit beta, mitochondrial 0S=Mus musculus GN=Hadhb PE=1 SV=1 Hadhb 0.814 1.809 0.067 0.370 2.222 9.474 5 7 5 1 0 63.22 5 475 51.353 9.38
F8VPVO 0.965 1.807 0.362 0.104 1.873 0.754 2 2 2 1 0 48.95 2 2916 | 331.134 5.38
Q9CQaN1 Heat shock protein 75 kDa, mitochondrial 0S=Mus musculus GN=Trap1 PE=1 SV=1 Trapl 0.826 1.806 0.004 0.325 2.185 21.388 14 25 13 1 0 330.3504055 14 706 80.159 6.68
F6VW30 14-3-3 protein theta (Fragment) 0S=Mus musculus GN=Ywhagq PE=1 SV=1 0.579 1.800 0.220 0.375 3.111 17.822 6 16 1 1 1 194.3007421 6 303 34.327 6.38
088844 Isocitrate dehydrogenase [NADP] cytoplasmic OS=Mus musculus GN=Idh1 PE=1 SV=2 Idh1 0.878 1.799 0.299 0.480 2.049 5.556 3 4 3 1 0 58.73666667 3 414 46.644 7.17
A2A6A1 G patch domain-containing protein 8 0S=Mus musculus GN=Gpatch8 PE=1 SV=1 Gpatch8 1.124 1.795 0.271 0.177 1.598 3.721 4 6 4 1 0 136.58 4 1505 | 164.888 7.64
AOAOR4J083 | Long-chain-specific acyl-CoA dehydrogenase, mitochondrial 0S=Mus musculus GN=Acadl PE=1 SV=1 Acadl 0.769 1.794 0.168 0.198 2.334 10.930 4 5 4 1 0 112.63 4 430 47.866 8.15
C6AAF2 60 kDa chaperonin OS=Bartonella grahamii (strain as4aup) GN=groL PE=3 SV=1 -oEL; Bgr_177 0.919 1.792 0.024 0.262 1.949 11.700 6 9 6 1 0 83.38345328 6 547 57.619 5.22
Q9DAWS Calponin-3 0S=Mus musculus GN=Cnn3 PE=1 SV=1 Cnn3 0.883 1.786 0.421 0.169 2.023 8.182 2 4 2 1 0 127.67 2 330 36.406 5.72
Q9D051 uvate dehydrogenase E1 component subunit beta, mitochondrial 0S=Mus musculus GN=Pdhb PE=1 S Pdhb 0.863 1.781 0.255 0.477 2.063 22.563 7 13 7 1 0 193.28 7 359 38.912 6.87
088569 Heterogeneous nuclear ribonucleoproteins A2/B1 0S=Mus musculus GN=Hnrnpa2b1 PE=1 SV=2 Hnrnpa2bl 0.620 1.780 0.032 0.813 2.872 20.113 7 14 6 1 1 186.9479009 7 353 37.38 8.95
P54071 Isocitrate dehydrogenase [NADP], mitochondrial 0S=Mus musculus GN=Idh2 PE=1 SV=3 Idh2 0.605 1.780 0.172 0.852 2.940 7.080 3 4 3 1 0 116.85 3 452 50.874 8.69
P63101 14-3-3 protein zeta/delta 0S=Mus musculus GN=Ywhaz PE=1 SV=1 Ywhaz 0.648 1.777 0.356 0.786 2.741 28.980 7 19 3 1 4 253.1805974 7 245 27.754 4.79
Q3UMA3 | Hepatocyte growth factor-regulated tyrosine kinase substrate 0S=Mus musculus GN=Hgs PE=1 SV=1 Hgs 0.770 1.772 0.107 0.187 2.301 2.191 2 2 2 1 0 33.81 2 776 86.089 6.16
Q8BMS1 Trifunctional enzyme subunit alpha, mitochondrial 0S=Mus musculus GN=Hadha PE=1 SV=1 Hadha 0.748 1.770 0.092 1.033 2.367 17.038 12 16 12 1 0 198.3924471 12 763 82.617 9.14
Q9DOF4 NF-kappa-B-activating protein 0S=Mus musculus GN=Nkap PE=2 SV=1 Nkap 0.880 1.769 0.231 0.273 2.011 12.289 4 10 4 1 0 170.13 4 415 47.199 10.13
Q5FW97 Alpha-enolase 0S=Mus musculus GN=EG433182 PE=1 SV=1 1; Gm5506; E 0.653 1.765 0.250 0.950 2.705 62.673 22 115 10 1 15 1654.934359 22 434 47.111 6.8
BOEHNO Ubiquitin-activating enzyme E1, Chr X 0S=Mus musculus GN=Uba1 PE=1 SV=1 Ubal 0.693 1.765 0.084 0.751 2.546 3.119 4 6 4 1 0 37.66726314 4 1058 117.734 5.66
QsCzp3 Glycine--tRNA ligase 0S=Mus musculus GN=Gars PE=1 SV=1 Gars 0.791 1.762 0.159 0.468 2.229 6.722 5 5 5 1 0 74.13 5 729 81.826 6.65
Q7TPR4 Alpha-actinin-1 0S=Mus musculus GN=Actn1 PE=1 SV=1 Actnl 0.767 1.761 0.162 0.608 2.295 3.475 3 5 3 1 0 96.83 3 892 | 103.004 5.38
B1AQ77 Keratin 15, isoform CRA_a 0S=Mus musculus GN=Krt15 PE=1 SV=1 Krt15 1.009 1.760 0.468 0.618 1.744 12.281 8 96 3 1 0 596.9286045 8 456 49.463 4.86
Q6IMES Keratin, type Il cytoskeletal 72 0S=Mus musculus GN=Krt72 PE=3 SV=1 <rt72; Krt72-pj 1.005 1.759 0.470 0.400 1.750 11.538 6 13 4 1 0 108.9614286 6 520 56.715 7.4
P97351 40S ribosomal protein S3a 0S=Mus musculus GN=Rps3a PE=1 SV=3 Rps3a; Rps3a 0.649 1.758 0.102 0.141 2.708 12.879 4 5 4 1 0 70.82604704 4 264 29.866 9.73
Q07417  Short-chain specific acyl-CoA dehydrogenase, mitochondrial 0S=Mus musculus GN=Acads PE=1 SV=2 Acads 0.932 1.758 0.072 0.353 1.887 16.019 6 9 6 1 0 58.98381613 6 412 44.861 8.47
Q49714 Keratin, type | cuticular Ha5 0S=Mus musculus GN=Krt35 PE=1 SV=1 Krt35 4.663 1.756 5.507 0.222 0.377 8.132 4 5 2 1 0 45.43 4 455 50.497 4.97
Q3uLu3 Branched-chain-amino-acid aminotransferase 0S=Mus musculus GN=Bcat2 PE=1 SV=1 Bcat2 0.849 1.752 0.036 0.667 2.064 5.598 2 3 2 1 0 86.15666667 2 393 44.099 8.29
Q8BTI8 Serine/arginine repetitive matrix protein 2 0S=Mus musculus GN=Srrm2 PE=1 SV=3 Srrm2 0.559 1.745 0.003 0.668 3.120 27.858 63 172 54 1 10 2038.374563 63 2703 | 294.666 | 12.03
Q6IFX2 Keratin, type | cytoskeletal 42 0S=Mus musculus GN=Krt42 PE=1 SV=1 Krt42 2413 1.744 2.591 0.271 0.723 29.425 15 63 6 1 0 710.3161291 15 452 50.102 5.16
Q14929 Histone H1.3 0S=Mus musculus GN=Hist1h1d PE=1 SV=1 Histlh1ld 0.927 1.743 0.415 0.154 1.881 44.796 13 114 2 1 12 2165.344536 13 221 22.086 11.03
P78371 T-complex protein 1 subunit beta 0S=Homo sapiens GN=CCT2 PE=1 SV=4 CCT2 0.662 1.737 0.039 0.393 2.623 4.486 2 6 2 1 0 62.79 2 535 57.452 6.46
P63017 Heat shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1 SV=1 Hspa8 0.775 1.735 0.105 0.699 2.240 36.997 23 58 14 1 9 689.9231958 23 646 70.827 5.52
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Q3TTYS Keratin, type Il cytoskeletal 2 epidermal 0S=Mus musculus GN=Krt2 PE=1 SV=1 Krt2 1.450 1.731 1.084 0.520 1.194 8.345 9 57 3 1 0 578.6812821 9 707 70.88 8.06
Q9DOE1 Heterogeneous nuclear ribonucleoprotein M 0S=Mus musculus GN=Hnrnpm PE=1 SV=3 Hnrnpm 0.530 1.727 0.192 0.407 3.261 11.248 11 14 11 1 0 160.2907445 11 729 77.597 8.63
P17742 Peptidyl-prolyl cis-trans isomerase A 0S=Mus musculus GN=Ppia PE=1 SV=2 Ppia 0.665 1.726 0.308 0.283 2.596 26.220 5 8 5 1 0 65.44906019 5 164 17.96 7.9
P31001 Desmin 0S=Mus musculus GN=Des PE=1 SV=3 Des 0.755 1.725 0.116 0.226 2.287 50.746 26 123 22 1 0 1174.049973 26 469 53.465 5.27
Q3uUDzZ1 Ras homolog gene family, member G 0S=Mus musculus GN=Rhog PE=1 SV=1 Rhog 0.933 1.725 0.053 0.026 1.850 23.560 4 4 3 1 1 78.86 4 191 21.295 8.12
QsQwL7 Keratin, type | cytoskeletal 17 0S=Mus musculus GN=Krt17 PE=1 SV=3 Krt17 1.190 1.725 0.771 0.288 1.450 27.021 15 89 1 1 18 826.9942116 15 433 48.132 5.06
Q8CGK3 Lon protease homolog, mitochondrial 0S=Mus musculus GN=Lonp1 PE=1 SV=2 Lonpl 0.636 1.720 0.111 1.023 2.703 9.168 8 12 8 1 0 162.74 8 949 | 105.776 6.57
Q3U186 Probable arginine--tRNA ligase, mitochondrial 0S=Mus musculus GN=Rars2 PE=1 SV=1 Rars2 0.781 1.719 0.067 0.127 2.201 3.633 2 3 2 1 0 42.24 2 578 65.295 8.02
P52480 Pyruvate kinase PKM 0S=Mus musculus GN=Pkm PE=1 SV=4 Pkm 0.861 1.716 0.261 0.756 1.993 35.217 15 46 15 1 0 840.8153488 15 531 57.808 7.47
Q99LC5 Electron transfer flavoprotein subunit alpha, mitochondrial 0S=Mus musculus GN=Etfa PE=1 SV=2 Etfa 0.794 1.716 0.220 1.063 2.160 25.225 7 12 7 1 0 220.0890909 7 333 34.988 8.38
Q80X90 Filamin-B 0S=Mus musculus GN=FInb PE=1 SV=3 Finb 0.836 1.713 0.014 0.399 2.050 4.842 12 13 7 1 0 164.3916317 12 2602 | 277.651 5.71
Q4VAG4 60S ribosomal protein L22 0S=Mus musculus GN=Rpl22 PE=1 SV=1 72; LOC10050: 0.895 1.702 0.179 0.276 1.901 18.750 2 7 2 1 0 211.1742857 2 128 14.75 9.19
P02535 Keratin, type | cytoskeletal 10 0S=Mus musculus GN=Krt10 PE=1 SV=3 Krt10 1.125 1.699 0.536 0.549 1.510 11.404 9 133 8 1 0 2314.477753 9 570 57.735 5.11
P63038 60 kDa heat shock protein, mitochondrial 0S=Mus musculus GN=Hspd1 PE=1 SV=1 Hspd1 0.653 1.694 0.210 0.733 2.593 21.466 11 22 11 1 0 326.6969476 11 573 60.917 6.18
P14685 26S proteasome non-ATPase regulatory subunit 3 0S=Mus musculus GN=Psmd3 PE=1 SV=3 Psmd3 1.042 1.694 0.159 0.116 1.625 18.679 8 8 8 1 0 119.88 8 530 60.68 8.44
A2AEX6 Four and a half LIM domains protein 1 0S=Mus musculus GN=FhI1 PE=1 SV=1 Fhil 1.100 1.686 0.049 0.141 1.533 21.683 7 14 2 1 5 222.2233333 7 309 35.056 8.44
Q9DCL9 Multifunctional protein ADE2 0S=Mus musculus GN=Paics PE=1 SV=4 Paics 0.800 1.684 0.180 0.661 2.105 4.235 2 4 2 1 0 43.38 2 425 46.976 7.23
P13020 Gelsolin 0S=Mus musculus GN=Gsn PE=1 SV=3 Gsn 0.839 1.677 0.163 1.027 1.999 8.846 7 21 7 1 0 275.1732151 7 780 85.888 6.18
P21550 Beta-enolase 0S=Mus musculus GN=Eno3 PE=1 SV=3 Eno3 0.660 1.673 0.198 0.654 2.533 29.954 11 34 5 1 1 704.9713586 11 434 46.995 7.18
C6ACT4 Elongation factor Tu OS=Bartonella grahamii (strain as4aup) GN=tufl PE=3 SV=1 ; Bgr_06850; 0.706 1.672 0.288 0.378 2.370 6.138 3 3 3 1 0 41.04 3 391 42.811 5.38
F2Z456 NADH-cytochrome b5 reductase 0S=Mus musculus GN=Cyb5r3 PE=1 SV=1 0.643 1.669 0.248 0.098 2.595 27.476 8 22 8 1 0 267.5398194 8 313 34.907 9.1
Q97204 Heterogeneous nuclear ribonucleoproteins C1/C2 0S=Mus musculus GN=Hnrnpc PE=1 SV=1 Hnrnpc 0.763 1.668 0.017 0.316 2.185 16.613 5 10 5 1 0 189.6164079 5 313 34.364 5.05
Q8BL97 Serine/arginine-rich splicing factor 7 0S=Mus musculus GN=Srsf7 PE=1 SV=1 Srsf7 1.187 1.668 0.805 0.600 1.405 12.360 2 6 2 1 0 211.7133333 2 267 30.799 11.9
008528 Hexokinase-2 0S=Mus musculus GN=Hk2 PE=1 SV=1 Hk2 0.844 1.665 0.275 0.036 1.972 2.181 2 2 2 1 0 65.61 2 917 | 102.469 6.11
P10922 Histone H1.0 0S=Mus musculus GN=H1f0 PE=2 SV=4 H1fo 1.197 1.663 0.450 0.639 1.390 21.134 5 18 5 1 0 397.091568 5 194 20.848 10.9
E9Q1G8 Septin-7 0S=Mus musculus GN=Sept7 PE=1 SV=2 Sept7 0.863 1.659 0.124 0.438 1.923 5.263 3 5 3 1 0 31.29 3 437 50.617 8.57
P43274 Histone H1.4 0S=Mus musculus GN=Hist1hle PE=1 SV=2 Histlhle 0.940 1.655 0.387 0.093 1.760 34.247 10 83 3 1 0 1621.968991 10 219 21.964 11.11
Q5sQB7 MCG68069 0S=Mus musculus GN=Npm1 PE=1 SV=1 Npm1 0.659 1.654 0.185 0.372 2.508 16.438 4 5 4 1 0 74.85837374 4 292 32.54 4.77
Q9DBJ1 Phosphoglycerate mutase 1 0S=Mus musculus GN=Pgam1 PE=1 SV=3 Pgaml 0.759 1.651 0.294 0.507 2.176 6.693 2 3 2 1 0 67.27 2 254 28.814 7.18
Q8K009 | Mitochondrial 10-formyltetrahydrofolate dehydrogenase 0S=Mus musculus GN=Aldh1I2 PE=1 SV=2 Aldh1I12 0.842 1.648 0.105 0.659 1.958 8.884 8 13 8 1 0 122.5144444 8 923 | 101.526 6.29
P68369 Tubulin alpha-1A chain 0S=Mus musculus GN=Tubala PE=1 SV=1 Tubala 0.833 1.647 0.201 0.718 1977 43.902 16 86 6 1 16 1384.626958 16 451 50.104 5.06
P43276 Histone H1.5 0S=Mus musculus GN=Hist1h1b PE=1 SV=2 Histlhlb 1.040 1.644 0.469 0.133 1.580 38.117 11 55 9 1 0 1181.196949 11 223 22.562 10.92
Q8VDD5 Myosin-9 0S=Mus musculus GN=Myh9 PE=1 SV=4 Myh9 0.924 1.643 0.197 0.993 1.778 61.173 136 916 33 1 144 11782.01071 136 1960 226.232 5.66
E9QKRO ianine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2 0S=Mus musculus GN=Gnb2 PE=1 SV 0.946 1.639 0.082 0.109 1.732 8.377 3 6 1 1 2 88.39 3 382 41.382 6.6
Q99LC3  lirogenase [ubiquinone] 1 alpha subcomplex subunit 10, mitochondrial 0S=Mus musculus GN=Ndufal Ndufal0 0.763 1.638 0.096 0.339 2.146 11.268 4 5 4 1 0 59.06333333 4 355 40.578 7.78
Q8BGZ7 Keratin, type Il cytoskeletal 75 0S=Mus musculus GN=Krt75 PE=1 SV=1 Krt75 1.772 1.627 1.198 0.226 0.918 17.241 11 53 1 1 0 425.9344828 11 551 59.704 8.31
A2AVI7 Ribosome-binding protein 1 0S=Mus musculus GN=Rrbp1 PE=1 SV=1 Rrbpl 0.865 1.626 0.173 0.061 1.881 62.432 82 172 82 1 0 1977.565831 82 1464 [ 158.301 9.19
Q8BMF4 due acetyltransferase component of pyruvate dehydrogenase complex, mitochondrial 0S=Mus musc Dlat 0.861 1.619 0.012 0.142 1.881 7.632 4 4 4 1 0 59.45 4 642 67.899 8.57
P51881 ADP/ATP translocase 2 0S=Mus musculus GN=Slc25a5 PE=1 SV=3 Slc25a5 0.733 1.615 0.141 0.964 2.204 35.906 12 22 7 1 5 386.0653679 12 298 32.91 9.73
Q9DAM7 Transmembrane protein 263 0S=Mus musculus GN=Tmem263 PE=1 SV=1 97468; Tmem| 0.967 1.613 0.673 0.252 1.668 49.565 4 11 4 1 0 132.3936364 4 115 11.542 9.32
Q9QzDp9 Eukaryotic translation initiation factor 3 subunit | 0S=Mus musculus GN=Eif3i PE=1 SV=1 Eif3i 0.796 1.607 0.277 0.777 2.019 5.846 2 3 2 1 0 47.68666667 2 325 36.438 5.64
A8IP69 14-3-3 protein gamma 0S=Mus musculus GN=Ywhag PE=1 SV=1 Ywhag 0.633 1.603 0.367 0.626 2.531 21.457 6 9 2 1 0 136.0442605 6 247 28.285 4.89
Q8BH95 Enoyl-CoA hydratase, mitochondrial 0S=Mus musculus GN=Echs1 PE=1 SV=1 Echs1 0.807 1.602 0.200 0.622 1.986 10.000 3 4 3 1 0 49.8762985 3 290 31.454 8.48
P62196 26S protease regulatory subunit 8 0S=Mus musculus GN=Psmc5 PE=1 SV=1 Psmc5 0.665 1.598 0.207 0.119 2.402 17.980 7 9 6 1 1 98.02669985 7 406 45.597 7.55
P62071 Ras-related protein R-Ras2 0S=Mus musculus GN=Rras2 PE=1 SV=1 Rras2 0.914 1.598 0.281 0.284 1.748 30.882 5 7 5 1 0 125.9333333 5 204 23.385 6.01
Q5SXR6 Clathrin heavy chain 0S=Mus musculus GN=Cltc PE=1 SV=1 Cltc 0.686 1.596 0.169 0.556 2.325 7.326 11 16 11 1 0 148.9133333 11 1679 191.864 5.69
P80317 T-complex protein 1 subunit zeta 0S=Mus musculus GN=Cct6a PE=1 SV=3 Cctba 0.507 1.595 0.247 0.533 3.146 16.573 9 18 9 1 0 193.569377 9 531 57.968 7.08
P15880 40S ribosomal protein S2 0S=Homo sapiens GN=RPS2 PE=1 SV=2 RPS2 0.692 1.592 0.146 0.776 2.301 28.328 8 17 8 1 0 368.0343541 8 293 31.305 10.24
Q99LF4 tRNA-splicing ligase RtcB homolog 0S=Mus musculus GN=Rtcb PE=1 SV=1 10Wsu52e; Rt 0.684 1.592 0.176 0.336 2.328 7.921 4 5 4 1 0 56.41666667 4 505 55.214 7.23
Q642K5 40S ribosomal protein S30 0S=Mus musculus GN=Fau PE=1 SV=1 Fau 1.153 1.592 0.178 0.828 1.381 9.023 3 16 3 1 0 162.6453846 3 133 14.407 10.05
P20029 78 kDa glucose-regulated protein 0S=Mus musculus GN=Hspa5 PE=1 SV=3 Hspa5 0.738 1.591 0.220 0.536 2.155 24.122 14 30 11 1 0 433.7889801 14 655 72.377 5.16
D3YWG1 Protein Gm7964 0S=Mus musculus GN=Gm7964 PE=4 SV=1 0.694 1.591 0.265 0.096 2.291 9.503 4 8 4 1 0 106.2857143 4 463 50.9 5.76
Q972D6 Methyl-CpG-binding protein 2 0S=Mus musculus GN=Mecp2 PE=1 SV=1 Mecp2 0.899 1.589 0.541 0.086 1.767 19.215 8 10 8 1 0 232.67 8 484 52.275 9.96
QsxJys Coatomer subunit delta 0S=Mus musculus GN=Arcn1 PE=1 SV=2 Arcnl 0.918 1.586 0.185 0.252 1.728 18.004 9 12 9 1 0 191.89 9 511 57.193 6.21
Q4VoW2 Protein SREK1IP1 OS=Mus musculus GN=Srek1ip1 PE=1 SV=1 Sreklipl 0.647 1.583 0.157 0.160 2.446 18.301 5 10 5 1 0 38.26620302 5 153 18.14 9.91
Q9z1Q5 Chloride intracellular channel protein 1 0S=Mus musculus GN=Clicl PE=1 SV=3 Clicl 0.664 1.579 0.222 0.742 2.380 19.087 3 3 3 1 0 94.81 3 241 26.996 5.17
Q03265 ATP synthase subunit alpha, mitochondrial 0S=Mus musculus GN=Atp5al PE=1 SV=1 Atp5al 0.719 1.579 0.225 0.877 2.197 42.676 26 76 24 1 2 1599.92349 26 553 59.716 9.19
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P26043 Radixin 0S=Mus musculus GN=Rdx PE=1 SV=3 Rdx 0.884 1.579 0.033 0.336 1.785 10.806 7 9 2 1 0 73.68089669 7 583 68.5 6.2
P08238 Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1 SV=4 HSP90AB1 0.703 1.579 0.110 0.702 2.244 36.326 27 108 16 1 13 1959.767022 27 724 83.212 5.03
P35700 Peroxiredoxin-1 0S=Mus musculus GN=Prdx1 PE=1 SV=1 Prdx1 0.808 1577 0.286 0.517 1.951 42.211 9 24 7 1 2 296.5694737 9 199 22.162 8.12
QD881 Cytochrome c oxidase subunit 5B, mitochondrial 0S=Mus musculus GN=Cox5b PE=1 SV=1 6079; Gm112 0.605 1.573 0.172 0.187 2.599 15.504 2 3 2 1 0 47.9749538 2 129 13.838 8.12
Q9JKR6 Hypoxia up-regulated protein 1 0S=Mus musculus GN=Hyou1l PE=1 SV=1 Hyoul 0.727 1.568 0.177 0.162 2.156 6.406 7 9 7 1 0 66.06849522 7 999 111.112 5.19
QsDoI9 Arginine--tRNA ligase, cytoplasmic 0S=Mus musculus GN=Rars PE=1 SV=2 Rars 0.855 1.568 0.055 0.152 1.833 12.121 8 8 8 1 0 102.48 8 660 75.625 7.55
Q6P542 ATP-binding cassette sub-family F member 1 0S=Mus musculus GN=Abcf1 PE=1 SV=1 Abcfl 0.907 1.567 0.102 0.283 1.727 28.315 20 40 20 1 0 586.1850508 20 837 94.887 6.51
QsDCY1 Peptidyl-prolyl cis-trans isomerase 0S=Mus musculus GN=Ppib PE=1 SV=1 Ppib 1.015 1.561 0.225 0.446 1.538 22.685 5 15 5 1 0 212.0416161 5 216 23.699 9.55
AOAOAOMOQF€ Glyceraldehyde-3-phosphate dehydrogenase 0S=Mus musculus GN=Gapdh PE=1 SV=1 Gapdh 0.583 1.558 0.353 1.007 2,672 29.248 9 39 5 1 8 989.9756073 9 359 38.629 8.97
P20152 Vimentin 0S=Mus musculus GN=Vim PE=1 SV=3 Vim 0.869 1.558 0.306 0.181 1.792 78.541 46 331 41 1 8 4539.089035 46 466 53.655 5.12
055029 Coatomer subunit beta' 0S=Mus musculus GN=Copb2 PE=1 SV=2 Copb2 0.732 1.555 0.087 0.067 2.124 1.878 2 3 2 1 0 25.57 2 905 | 102.384 5.3
P99024 Tubulin beta-5 chain 0S=Mus musculus GN=Tubb5 PE=1 SV=1 Tubb5 0.735 1.554 0.265 0.458 2114 42.342 18 85 3 1 27 1182.029599 18 444 49.639 4.89
QsvDJ3 Vigilin 0S=Mus musculus GN=Hdlbp PE=1 SV=1 Hdlbp 0.962 1.553 0.042 0.220 1.615 15.063 19 30 19 1 0 246.2630873 19 1268 141.655 6.87
P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 EEF1A1 0.698 1.553 0.140 0.497 2.223 22.727 13 54 13 1 0 497.1484649 13 462 50.109 9.01
P09405 Nucleolin 0S=Mus musculus GN=Ncl PE=1 SV=2 Ncl 0.571 1.552 0.052 0.303 2.719 14.710 11 17 11 1 0 141.6216801 11 707 76.677 4.75
P48036 Annexin A5 0S=Mus musculus GN=Anxa5 PE=1 SV=1 Anxa5 0.602 1.551 0.001 0.817 2.577 9.404 3 5 3 1 0 55.77 3 319 35.73 4.96
P04264 Keratin, type Il cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 KRT1 1.159 1.549 0.695 0.422 1.336 51.398 36 356 27 1 12 5622.652238 36 644 65.999 8.12
Q4FIX4 Csrp1 protein 0S=Mus musculus GN=Csrp1 PE=1 SV=1 Csrpl 0.913 1.549 0.390 0.422 1.698 35.233 6 11 6 1 0 218.8608038 6 193 20.57 8.57
P08249 Malate dehydrogenase, mitochondrial 0S5=Mus musculus GN=Mdh2 PE=1 SV=3 Mdh2 0.692 1.549 0.364 0.372 2.240 13.609 4 7 4 1 0 133.4657143 4 338 35.589 8.68
Q80ZM5 H1 histone family, member X 0S=Mus musculus GN=H1fx PE=1 SV=1 H1fx 1.299 1.548 0.212 0.192 1.192 30.319 7 11 7 1 0 146.2233548 7 188 20.139 11.22
P26041 Moesin 0S=Mus musculus GN=Msn PE=1 SV=3 Msn 0.770 1.545 0.133 0.495 2.008 21.317 15 33 10 1 5 188.790692 15 577 67.725 6.6
E9PYH2 Cytosolic acyl coenzyme A thioester hydrolase 0S=Mus musculus GN=Acot7 PE=1 SV=1 Acot7 0.933 1.543 0.012 0.026 1.654 7.552 2 2 2 1 0 33.48 2 384 42.799 8.68
Q99KI0 Aconitate hydratase, mitochondrial 0S=Mus musculus GN=Aco2 PE=1 SV=1 Aco2 0.847 1.539 0.122 0.634 1.817 17.179 11 28 11 1 0 365.1502677 11 780 85.41 7.93
P14873 Microtubule-associated protein 1B 0S=Mus musculus GN=Map1b PE=1 SV=2 Naplb; Mtap]] 0.938 1.537 0.246 0.259 1.638 13.231 30 51 29 1 1 590.0632096 30 2464 | 270.089 4.83
P62869 Transcription elongation factor B polypeptide 2 0S=Mus musculus GN=Tceb2 PE=1 SV=1 Tceb2 0.743 1.536 0.149 0.522 2.068 14.407 2 2 2 1 0 48.74 2 118 13.162 5.01
ESQNN1 ATP-dependent RNA helicase A 0S=Mus musculus GN=Dhx9 PE=1 SV=1 Dhx9 0.727 1.534 0.035 0.482 2.109 6.720 9 10 9 1 0 138.0246442 9 1384 149.596 6.83
G5E924 Heterogeneous nuclear ribonucleoprotein L (Fragment) 0S=Mus musculus GN=Hnrnpl PE=1 SV=1 0.735 1.533 0.170 0.619 2.087 4.715 3 3 3 1 0 64.19800347 3 615 66.89 8.18
Qsc2Q7 Heterogeneous nuclear ribonucleoprotein H 0S=Mus musculus GN=Hnrnph1 PE=1 SV=1 Hnrnphl 0.728 1.526 0.000 0.317 2.097 15.890 6 14 2 1 3 230.0457143 6 472 51.185 6.8
Q8VED5 Keratin, type Il cytoskeletal 79 0S=Mus musculus GN=Krt79 PE=1 SV=2 Krt79 2.052 1.512 2117 0.596 0.737 10.546 8 38 2 1 0 215.9828571 8 531 57.517 7.69
F6YVP7 Protein Gm10260 0S=Mus musculus GN=Gm10260 PE=3 SV=2 0.599 1.509 0.008 0.338 2.517 13.816 3 5 3 1 0 63.54 3 152 17.661 10.74
Q3UAD6 Endoplasmin 0S=Mus musculus GN=Hsp90b1 PE=1 SV=1 Hsp90b1 0.606 1.508 0.211 0.695 2.487 30.673 25 48 24 1 0 575.7786553 25 802 92.418 4.82
Q91YN9 BAG family molecular chaperone regulator 2 0S=Mus musculus GN=Bag2 PE=1 SV=1 Bag2 0.785 1.508 0.230 0.227 1.922 21.905 5 9 5 1 0 88.00410672 5 210 23.459 6.42
G3UY93 Valine--tRNA ligase (Fragment) 0S=Mus musculus GN=Vars PE=1 SV=1 0.842 1.508 0.167 0.371 1.791 7.199 8 12 8 1 0 256.6388377 8 1278 141.317 7.75
P03930 ATP synthase protein 8 0S=Mus musculus GN=Mtatp8 PE=1 SV=1 ATP8 0.932 1.507 0.223 0.303 1.616 34.328 2 4 2 1 0 69.3 2 67 7.761 9.88
A6Z144 Fructose-bisphosphate aldolase 0S=Mus musculus GN=Aldoa PE=1 SV=1 Aldoa 0.643 1.504 0.243 0.139 2.338 10.766 4 11 4 1 0 170.5043125 4 418 45.092 7.91
P50580 Proliferation-associated protein 2G4 0S=Mus musculus GN=Pa2g4 PE=1 SV=3 Pa2g4 0.677 1.503 0.229 0.600 2.220 2.792 1 2 1 1 0 86.38 1 394 43.671 6.86
Q60932 Voltage-dependent anion-selective channel protein 1 0S=Mus musculus GN=Vdac1 PE=1 SV=3 Vdacl 0.892 1.501 0.146 0.038 1.682 10.473 3 3 3 1 0 49.91 3 296 32.331 8.43
Q78PY7 Staphylococcal nuclease domain-containing protein 1 0S=Mus musculus GN=Snd1 PE=1 SV=1 Sndl 0.810 1.495 0.035 0.740 1.845 1.978 2 3 2 1 0 57.37 2 910 | 102.025 7.43
P60335 Poly(rC)-binding protein 1 0S=Mus musculus GN=Pcbp1 PE=1 SV=1 Pcbpl 0.753 1.495 0.102 0.360 1.986 32.584 9 26 5 1 5 369.8529096 9 356 37.474 7.09
Q922B2 Aspartate--tRNA ligase, cytoplasmic 0S=Mus musculus GN=Dars PE=1 SV=2 Dars 1.027 1.494 0.366 0.426 1.455 29.940 15 23 15 1 0 225.2964002 15 501 57.111 6.49
Q8VEK3 Heterogeneous nuclear ribonucleoprotein U 0S=Mus musculus GN=Hnrnpu PE=1 SV=1 Hnrnpu 0.717 1.494 0.081 0.419 2.085 12.250 10 17 10 1 0 191.2288812 10 800 87.863 6.24
Q9ERGO LIM domain and actin-binding protein 1 0S=Mus musculus GN=Limal PE=1 SV=3 Limal 1.079 1.492 0.010 0.121 1.383 11.023 8 13 8 1 0 179.0866667 8 753 84.008 6.6
Q3TF14 Adenosylhomocysteinase 0S=Mus musculus GN=Ahcy PE=1 SV=1 Ahcy; Gm473 0.738 1.490 0.193 0.369 2.020 2.778 1 2 1 1 0 101.62 1 432 47.657 6.54
P56480 ATP synthase subunit beta, mitochondrial 0S=Mus musculus GN=Atp5b PE=1 SV=2 Atp5b 0.666 1.485 0.233 0.721 2.228 30.246 12 25 12 1 0 472.1897327 12 529 56.265 5.34
P17095 High mobility group protein HMG-I/HMG-Y 0S=Mus musculus GN=Hmga1 PE=1 SV=4 ngal; Hmgal-| 0.571 1.484 0.091 0.003 2.597 30.841 4 8 4 1 0 152.9871429 4 107 11.607 10.32
Q8BMJ2 Leucine--tRNA ligase, cytoplasmic 0S=Mus musculus GN=Lars PE=1 SV=2 Lars 0.786 1.482 0.019 0.179 1.886 8.744 9 13 9 1 0 136.245 9 1178 | 134.106 7.05
P09411 Phosphoglycerate kinase 1 0S=Mus musculus GN=Pgk1 PE=1 SV=4 Pgkl 0.636 1.480 0.215 0.870 2.326 11.511 5 9 5 1 0 64.38766473 5 417 44.522 7.9
P60766 Cell division control protein 42 homolog 0S=Mus musculus GN=Cdc42 PE=1 SV=2 Cdc42 0.831 1.479 0.457 0.765 1.780 19.895 3 3 2 1 0 77.41333333 3 191 21.245 6.55
H3BKH6 S-formylglutathione hydrolase 0S=Mus musculus GN=Esd PE=1 SV=1 Esd 0.809 1.478 0.326 0.334 1.827 7.458 2 2 2 1 0 27.11 2 295 32.808 7.83
P62858 40S ribosomal protein 528 0S=Mus musculus GN=Rps28 PE=1 SV=1 Rps28 0.669 1.477 0.139 0.526 2.208 46.377 3 4 3 1 0 83.05 3 69 7.836 10.7
P29341 Polyadenylate-binding protein 1 0S=Mus musculus GN=Pabpc1 PE=1 SV=2 Pabpcl 0.636 1.473 0.035 0.596 2.316 8.333 6 9 5 1 1 72.67639858 6 636 70.626 9.5
Q61553 Fascin 0S=Mus musculus GN=Fscn1 PE=1 SV=4 Fscnl 0.798 1.472 0.240 0.277 1.846 17.444 8 10 8 1 0 152.7777778 8 493 54.474 6.89
P14923 Junction plakoglobin OS=Homo sapiens GN=JUP PE=1 SV=3 Jup 1.075 1.472 0.619 0.062 1.369 9.933 6 12 6 1 0 257.63 6 745 81.693 6.14
= Q9JHU4 Cytoplasmic dynein 1 heavy chain 1 0S=Mus musculus GN=Dync1h1 PE=1 SV=2 Dynclhl 0.790 1.469 0.261 0.300 1.859 8.527 39 45 39 1 0 564.8759294 39 4644 | 531.71 6.42
=~ AOAO87WRX8  Serine/arginine repetitive matrix protein 2 (Fragment) 0S=Mus musculus GN=Srrm2 PE=1 SV=1 0.772 1.468 0.120 0.293 1.902 68.421 10 25 1 1 0 257.64 10 171 19.684 6.38
E9Q557 Desmoplakin 0S=Mus musculus GN=Dsp PE=1 SV=1 Dsp 0.959 1.466 0.294 0.167 1.529 2.775 8 12 8 1 0 115.326336 8 2883 | 332.706 6.8
P61222 ATP-binding cassette sub-family E member 1 0S=Mus musculus GN=Abce1l PE=1 SV=1 Abcel 0.774 1.461 0.198 0.340 1.888 18.698 10 15 10 1 0 244.9427273 10 599 67.271 8.34
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Q99MN9 Propionyl-CoA carboxylase beta chain, mitochondrial 0S=Mus musculus GN=Pcch PE=1 SV=2 Pccbh 0.966 1.448 0.254 0.308 1.499 56.747 25 152 25 1 0 3150.372622 25 541 58.372 7.66
E9Q6ES Protein Srsf11 0S=Mus musculus GN=Srsf11 PE=1 SV=1 Srsf1l 0.873 1.447 0.285 0.248 1.658 16.438 8 17 8 1 0 83.08 8 511 56.664 10.7
Q02248 Catenin beta-1 0S=Mus musculus GN=Ctnnb1 PE=1 SV=1 Ctnnb1l 0.751 1.447 0.306 0.448 1.927 2.689 2 4 2 1 0 26.24 2 781 85.416 5.86
Q05D44 Eukaryotic translation initiation factor 5B 0S=Mus musculus GN=Eif5b PE=1 SV=2 EifSbh 0.982 1.446 0.054 0.200 1.473 30.181 34 68 34 1 0 1015.438979 34 1216 137.532 5.59
Q3TMLO Protein disulfide-isomerase A6 0S=Mus musculus GN=Pdia6 PE=1 SV=1 Pdia6 0.797 1.445 0.427 0.722 1.813 3.820 1 2 1 1 0 33.79 1 445 48.659 5.19
Q8BTS0 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 0S=Mus musculus GN=Ddx5 PE=1 SV=1 Ddx5 0.743 1.445 0.097 0.548 1.946 16.260 10 15 9 1 0 138.7427273 10 615 69.223 8.92
G5E896 Enhancer of mRNA decapping 4, isoform CRA_b 0S=Mus musculus GN=Edc4 PE=1 SV=1 Edc4 1.146 1.443 0.388 0.320 1.260 1.849 3 3 3 1 0 44.77 3 1406  152.389 5.82
P62996 Transformer-2 protein homolog beta 0S=Mus musculus GN=Tra2b PE=1 SV=1 Tra2b 0.577 1.441 0.178 0.899 2.497 11.111 5 8 4 1 3 77.13333333 5 288 33.646 11.25
Q7TMM9 Tubulin beta-2A chain 0S=Mus musculus GN=Tubb2a PE=1 SV=1 Tubb2a 1.025 1.439 0.572 0.271 1.403 38.427 17 77 1 1 5 1016.192846 17 445 49.875 4.89
Q9D671 Nucleolar protein 56 0S=Mus musculus GN=Nop56 PE=1 SV=2 Nop56 0.763 1.436 0.141 0.139 1.883 40.862 19 61 19 1 0 622.7754376 19 580 64.424 9.14
P11679 Keratin, type Il cytoskeletal 8 0S=Mus musculus GN=Krt8 PE=1 SV=4 Krt8 1.269 1.435 0.939 0.277 1131 9.388 8 50 1 1 0 186.0712449 8 490 54.531 5.82
Q9CXT8 Mitochondrial-processing peptidase subunit beta 0S=Mus musculus GN=Pmpcb PE=1 SV=1 Pmpcb 0.726 1.431 0.253 0.297 1.972 4.499 2 2 2 1 0 30.53 2 489 54.58 6.99
Q9JM93 | ADP-ribosylation factor-like protein 6-interacting protein 4 0S=Mus musculus GN=Arl6ip4 PE=1 SV=1  Arl6ip4 1.956 1.426 1.502 0.059 0.729 24.017 5 12 5 1 0 228.7201855 5 229 25.51 11.19
P68372 Tubulin beta-4B chain 0S=Mus musculus GN=Tubb4b PE=1 SV=1 Tubb4b 0.879 1.425 0.318 0.342 1.622 38.427 17 75 2 1 1 877.3541451 17 445 49.799 4.89
Q80sw1 Putative adenosylhomocysteinase 2 0S=Mus musculus GN=Ahcyl1 PE=1 SV=1 Ahcyll 0.780 1.423 0.255 0.476 1.823 8.679 5 5 5 1 0 43 5 530 58.913 6.89
QIFIW6E ricopeptide repeat-containing protein At5g67570, chloroplastic OS=Arabidopsis thaliana GN=DG1 PE=G1; AT5G675 1.126 1.422 0.373 0.519 1.263 0.877 1 5 1 1 0 97.42070222 1 798 92 5.57
Q61584 Fragile X mental retardation syndrome-related protein 1 0S=Mus musculus GN=Fxr1 PE=1 SV=2 Fxrl 0.882 1.420 0.009 0.433 1.610 2.363 2 2 1 1 1 32.98718781 2 677 76.175 6.98
Q8BZX4 Splicing regulatory glutamine/lysine-rich protein 1 0S=Mus musculus GN=Srek1 PE=2 SV=1 Srekl 0.901 1.417 0.225 0.082 1574 14.777 6 12 6 1 0 140.2733333 6 494 56.73 10.48
Q8CAQ8 MICOS complex subunit Mic60 0S=Mus musculus GN=Immt PE=1 SV=1 Immt 0.823 1.416 0.043 0.404 1.721 13.210 11 15 11 1 0 137.78 11 757 83.848 6.61
Q3TS38 UDP-glucose 6-dehydrogenase 0S=Mus musculus GN=Ugdh PE=1 SV=1 Ugdh 0.791 1.415 0.347 0.371 1.788 18.256 8 9 8 1 0 194.32 8 493 54.797 7.56
Q3UGC8 Propionyl-CoA carboxylase alpha chain, mitochondrial 0S=Mus musculus GN=Pcca PE=1 SV=1 Pcca 0.904 1.413 0.190 0.260 1.563 75.967 50 916 47 1 6 19058.99209 50 724 79.871 7.25
Q97276 Keratin, type Il cuticular Hb5 OS=Mus musculus GN=Krt85 PE=1 SV=2 Krt85 2.987 1.411 4.081 0.491 0.472 20.118 12 32 2 1 7 229.5332398 12 507 55.723 6.42
Q1HFZ0 tRNA (cytosine(34)-C(5))-methyltransferase 0S=Mus musculus GN=Nsun2 PE=1 SV=2 Nsun2 0.653 1.410 0.099 0.221 2.159 2.378 2 3 2 1 0 52.51333333 2 757 85.397 6.58
QO5CL8 La-related protein 7 0S=Mus musculus GN=Larp7 PE=1 SV=2 Larp7 1.223 1.409 0.406 0.279 1.151 28.421 14 25 14 1 0 324.5233333 14 570 64.762 9.54
Q6ZWX6 Eukaryotic translation initiation factor 2 subunit 1 0S=Mus musculus GN=Eif2s1 PE=1 SV=3 Eif2s1 0.723 1.405 0.194 0.353 1.943 37.460 11 14 11 1 0 146.1178958 11 315 36.085 5.08
054724 Polymerase | and transcript release factor 0S=Mus musculus GN=Ptrf PE=1 SV=1 Ptrf 0.830 1.405 0.010 0.103 1.692 17.602 5 5 5 1 0 77.8 5 392 43.927 5.52
070318 Band 4.1-like protein 2 0S=Mus musculus GN=Epb4112 PE=1 SV=2 b4.112; Epb4 0.915 1.403 0.158 0.371 1.533 18.016 17 19 15 1 2 156.5091415 17 988 | 109.873 5.43
Q9R1C7 Pre-mRNA-processing factor 40 homolog A 0S=Mus musculus GN=Prpf40a PE=1 SV=1 Prpf40a 0.830 1.401 0.027 0.292 1.688 24.029 24 43 24 1 0 522.5628571 24 953 108.412 7.69
Q5SUF2 Luc7-like protein 3 0S=Mus musculus GN=Luc7I3 PE=1 SV=1 Luc7I3 1.047 1.400 0.652 0.456 1.337 27.083 11 36 11 1 0 477.1372458 11 432 51.419 9.77
P11440 Cyclin-dependent kinase 1 0S=Mus musculus GN=Cdk1 PE=1 SV=3 Cdk1 0.724 1.398 0.083 0.342 1.932 12.458 4 5 3 1 1 60.57548245 4 297 34.085 8.43
Q8BKZ9  Pyruvate dehydrogenase protein X component, mitochondrial 0S=Mus musculus GN=Pdhx PE=1 SV= Pdhx 0.561 1.397 0.307 0.092 2.492 4.591 2 2 2 1 0 54.91709735 2 501 53.965 7.75
P11276 Fibronectin 0S=Mus musculus GN=Fn1 PE=1 SV=4 Fnl 0.753 1.397 0.297 0.248 1.854 3.956 9 11 9 1 0 80.09 9 2477 | 272.368 5.59
P61620 Protein transport protein Sec61 subunit alpha isoform 1 0S=Mus musculus GN=Sec61al PE=1 SV=2 Sec6lal 0.756 1.396 0.081 0.300 1.845 5.672 3 6 3 1 0 94.87 3 476 52.231 8.06
Q62267 Cornifin-B 0S=Mus musculus GN=Sprrib PE=2 SV=1 Sprrib 0.660 1.392 0.038 0.580 2.110 5.229 1 3 1 1 0 18.9 1 153 16.625 7.71
Q80Y52 {eat shock protein 90, alpha (Cytosolic), class A member 1 0S=Mus musculus GN=Hsp90aal PE=1SV=Hsp90aal 0.590 1.389 0.207 0.663 2.355 21.965 18 61 8 1 0 1199.183803 18 733 84.735 5.01
P02301 Histone H3.3C 0S=Mus musculus GN=H3f3c PE=3 SV=3 13f3c; Gm742 0.573 1.389 0.326 0.609 2.426 28.676 5 21 1 1 4 73.82250351 5 136 15.305 11.14
Q8BU30 Isoleucine--tRNA ligase, cytoplasmic 0S=Mus musculus GN=lars PE=1 SV=2 lars 0.773 1.389 0.149 0.345 1.797 6.894 9 10 9 1 0 87.21912234 9 1262 | 144.179 6.55
E9QO070 60S acidic ribosomal protein PO 0S=Mus musculus GN=Gm8730 PE=1 SV=1 0.648 1.385 0.280 0.453 2.139 17.035 4 8 4 1 0 99.59 4 317 34.195 6.25
Q8BML9 Glutaminyl-tRNA synthetase OS=Mus musculus GN=Qars PE=1 SV=1 Qars 0.826 1.385 0.080 0.379 1.677 4.516 4 4 3 1 0 54.82 4 775 87.621 7.31
QOEPF5 Olfactory receptor 703 0S=Mus musculus GN=0Ifr703 PE=4 SV=1 Olfr703 0.941 1.381 0.284 0.505 1.468 2.194 1 2 1 1 0 28.36 1 319 35.47 7.9
Q99LH1 Nucleolar GTP-binding protein 2 0S=Mus musculus GN=Gnl2 PE=1 SV=2 Gnl2 0.859 1.381 0.562 0.679 1.607 3.846 3 3 3 1 0 54.01 3 728 83.294 9.2
Q99N87 28S ribosomal protein S5, mitochondrial 0S=Mus musculus GN=Mrps5 PE=1 SV=1 Mrps5 0.742 1.381 0.034 0.373 1.861 11.806 6 7 6 1 0 127.86 6 432 48.176 10.14
P84078 ADP-ribosylation factor 1 0S=Mus musculus GN=Arf1 PE=1 SV=2 Arfl 0.862 1.380 0.154 0.503 1.602 39.227 5 13 3 1 0 279.7122222 5 181 20.684 6.8
Q3v23s5 Prohibitin 2 0S=Mus musculus GN=Phb2 PE=1 SV=1 Phb2 0.747 1.379 0.126 0.606 1.845 39.130 12 16 12 1 0 146.964264 12 299 33.276 9.83
Q8CGC7 Bifunctional glutamate/proline--tRNA ligase 0S=Mus musculus GN=Eprs PE=1 SV=4 Eprs 0.811 1.379 0.019 0.412 1.699 11.905 16 20 15 1 1 277.36 16 1512 | 169.972 7.66
P05132 cAMP-dependent protein kinase catalytic subunit alpha 0S=Mus musculus GN=Prkaca PE=1 SV=3 Prkaca 0.819 1.378 0.247 0.555 1.683 20.798 8 11 3 1 5 69.53 8 351 40.545 8.79
Q60930 Voltage-dependent anion-selective channel protein 2 0S=Mus musculus GN=Vdac2 PE=1 SV=2 Vdac2 0.847 1.375 0.223 0.241 1.623 21.356 5 7 5 1 0 100.6744583 5 295 31.713 7.49
Q9ROP5 Destrin 0S=Mus musculus GN=Dstn PE=1 SV=3 Dstn 0.753 1.371 0.352 0.703 1.822 19.394 3 7 3 1 0 130.9071429 3 165 18.509 7.97
Q8JzQs Eukaryotic translation initiation factor 3 subunit B 0S=Mus musculus GN=Eif3b PE=1 SV=1 Eif3b 0.696 1.368 0.091 0.611 1.965 8.219 5 7 5 1 0 65.72333333 5 803 91.313 5.02
Q8CBB6 Histone H2B 0S=Mus musculus GN=Hist1h2br PE=2 SV=1 :1h2bg; Hist1l 0.684 1.368 0.360 0.440 2.000 50.000 8 68 1 1 13 967.1025023 8 134 14.879 10.37
P19096 Fatty acid synthase 0S=Mus musculus GN=Fasn PE=1 SV=2 Fasn 0.783 1.367 0.048 0.425 1.745 6.110 15 18 15 1 0 231.3435449 15 2504 | 272.257 6.58
P55072 Transitional endoplasmic reticulum ATPase OS=Homo sapiens GN=VCP PE=1 SV=4 VCP 0.721 1.366 0.268 0.639 1.895 13.151 10 15 10 1 0 147.9520684 10 806 89.266 5.26
Q543K5 Phosphoserine aminotransferase 0S=Mus musculus GN=Psat1 PE=1 SV=1 Psatl 0.562 1.365 0.057 0.377 2.430 5.676 2 2 2 1 0 54.25 2 370 40.447 8.03
000571 ATP-dependent RNA helicase DDX3X OS=Homo sapiens GN=DDX3X PE=1 SV=3 DDX3X 0.733 1.364 0.067 0.374 1.860 16.012 10 16 9 1 1 229.68 10 662 73.198 7.18
P06733 Alpha-enolase 0S=Homo sapiens GN=ENO1 PE=1 SV=2 ENO1 0.746 1.363 0.298 0.304 1.827 38.710 14 69 2 1 1 1248.011143 14 434 47.139 7.39
Q9Z0N1 |Eukaryotic translation initiation factor 2 subunit 3, X-linked 0S=Mus musculus GN=Eif2s3x PE=1 SV=2 Eif2s3x 0.774 1.361 0.043 0.604 1.759 16.949 6 14 6 1 0 192.84 6 472 51.033 8.4
Q31125 Zinc transporter SLC39A7 0S=Mus musculus GN=SIc39a7 PE=1 SV=2 Slc39a7 0.942 1.360 0.202 0.305 1.444 3.571 2 4 2 1 0 42.76423798 2 476 50.625 6.87




161

Average ratio| Average
. . (SD) MB (SD) MT . . H a
NILnE Protein Description Genelp | MBPOX- | RatoMT | o hox | +pox/-pox| mr/me | PrO™ | 4 peptides [ # psms | Uniaue | #Protein | #Razor | 0o | # Peptides |y ne | mw [kbal | cale. pl
Accession DOX (2to | +DOX/-DOX Coverage Peptides | Groups | Peptides Mascot
(2 to 3 Exp) | (2 to 3 Exp)
3exp) (2 to 3Exp)
A2AKU9 ATP synthase subunit gamma 0S=Mus musculus GN=Atp5c1 PE=1 SV=1 Atp5cl 0.636 1.359 0.354 0.354 2.137 21.212 6 19 1 1 7 329.5251347 6 297 32.75 9.13
Q5BLK2 40S ribosomal protein $20 0S=Mus musculus GN=Rps20 PE=1 SV=1 Rps20 0.725 1.352 0.022 0.126 1.864 27.731 5 9 5 1 0 160.87 5 119 13.364 9.94
Q9JKF1 Ras GTPase-activating-like protein IQRGAP1 0S=Mus musculus GN=Iggap1 PE=1 SV=2 lggapl 0.754 1.348 0.288 0.406 1.787 5.432 9 9 9 1 0 123.8033333 9 1657 188.624 6.48
P62852 40S ribosomal protein $25 0S=Mus musculus GN=Rps25 PE=1 SV=1 Rps25 0.591 1.347 0.272 0.714 2.281 15.200 2 3 2 1 0 63.10314037 2 125 13.734 10.11
Q5SwuU9 Acetyl-CoA carboxylase 1 0S=Mus musculus GN=Acaca PE=1 SV=1 Acaca 0.570 1.345 0.331 0.329 2.360 40.853 86 344 73 1 17 4870.738967 86 2345| 265.088 6.39
Q5suc3 Calnexin 0S=Mus musculus GN=Canx PE=1 SV=1 Canx 0.592 1.343 0.184 0.202 2.268 16.582 9 12 9 1 0 54.42 9 591 67.236 4.64
P09103 Protein disulfide-isomerase 0S=Mus musculus GN=P4hb PE=1 SV=2 P4hb 0.702 1.342 0.456 0.684 1911 3.143 2 2 2 1 0 29.44 2 509 57.023 4.88
Q8VHX6 Filamin-C 0S=Mus musculus GN=FInc PE=1 SV=3 Finc 0.828 1.341 0.234 0.289 1.619 7.814 18 21 14 1 1 361.5055556 18 2726 | 290.937 5.95
055143 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 0S=Mus musculus GN=Atp2a2 PE=1 SV=2 Atp2a2 0.762 1.330 0.045 0.054 1.747 16.667 17 29 11 1 6 421.5054042 17 1044 | 114.784 5.34
Q91YQ5 yl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 0S=Mus musculus GN=Rpn1 PE= Rpnl 0.734 1.330 0.146 0.508 1.812 8.882 5 10 5 1 0 124.95 5 608 68.486 6.46
Q7TNC4 Putative RNA-binding protein Luc7-like 2 0S=Mus musculus GN=Luc7I2 PE=1 SV=1 Luc712 0.855 1.320 0.394 0.523 1.544 35.969 17 30 13 1 5 239.456046 17 392 46.555 10.1
P16460 Argininosuccinate synthase 0S=Mus musculus GN=Ass1 PE=1 SV=1 Assl 0.753 1.320 0.090 0.285 1.753 19.417 9 13 9 1 0 107.3318214 9 412 46.555 8.22
Q5M9IMO 60S ribosomal protein L13a 0S=Mus musculus GN=Rpl13a PE=1 SV=1 Rpl13a 0.670 1.317 0.291 0.261 1.966 23.645 5 9 5 1 0 156.1134719 5 203 23.449 11.02
QS5EBQ6 60S ribosomal protein L9 0S=Mus musculus GN=Rpl9 PE=1 SV=1 Rpl9 0.923 1.317 0.018 0.417 1.428 27.083 4 6 4 1 0 170.5866667 4 192 21.868 9.95
Q9WUA2 Phenylalanine--tRNA ligase beta subunit 0S=Mus musculus GN=Farsb PE=1 SV=2 Farsb 0.742 1.314 0.205 0.428 1.772 6.791 4 4 4 1 0 65.92 4 589 65.655 7.12
P62889 60S ribosomal protein L30 OS=Mus musculus GN=Rpl30 PE=1 SV=2 Rpl30-ps8; G 0.742 1314 0.291 0.540 1.772 39.130 4 10 4 1 0 143 4 115 12.776 9.63
P80316 T-complex protein 1 subunit epsilon 0S=Mus musculus GN=Cct5 PE=1 SV=1 Cct5 0.794 1.313 0.107 0.654 1.653 21.257 12 17 12 1 0 156.7584615 12 541 59.586 6.02
P35279 Ras-related protein Rab-6A OS=Mus musculus GN=Rab6a PE=1 SV=4 Rab6a 0.780 1.313 0.378 0.291 1.684 15.865 3 10 2 1 0 206.2 3 208 23.575 5.54
Q3TDA7 kinase C and casein kinase substrate in neurons 2, isoform CRA_a 0S=Mus musculus GN=Pacsin2 PE: Pacsin2 0.794 1.311 0.190 0.375 1.651 3.498 2 4 2 1 0 42.72649515 2 486 55.798 5.2
P46978 diphosphooligosaccharide--protein glycosyltransferase subunit STT3A 0OS=Mus musculus GN=Stt3a P Stt3a 0.871 1.305 0.136 0.584 1.499 8.794 7 10 6 1 1 115.63 7 705 80.545 8.1
Q91VM5 RNA binding motif protein, X-linked-like-1 0S=Mus musculus GN=RbmxI1 PE=2 SV=1 RbmxI1 1.596 1.305 0.981 0.672 0.818 10.567 5 6 3 1 2 54.86 5 388 42.136 9.99
Q9)JI8 60S ribosomal protein L38 0S=Mus musculus GN=Rpl38 PE=1 SV=3 Rpl38-ps1; Rp| 0.723 1.304 0.090 0.536 1.803 14.286 1 3 1 1 0 75.09666667 1 70 8.199 10.1
Q9DOF3 Protein ERGIC-53 0S=Mus musculus GN=Lman1 PE=1 SV=1 Lmanl 0.842 1.302 0.050 0.461 1.547 14.700 6 11 6 1 0 110.455 6 517 57.753 6.34
Q9D8NO Elongation factor 1-gamma 0S=Mus musculus GN=Eeflg PE=1 SV=3 Eeflg 0.702 1.302 0.198 0.673 1.856 18.307 8 13 8 1 0 169.1045571 8 437 50.029 6.74
Q697ZA1 Cyclin-dependent kinase 13 0S=Mus musculus GN=Cdk13 PE=1 SV=3 Cdk13 0.701 1.302 0.040 1.016 1.858 1.588 3 3 2 1 0 36.1759844 3 1511 164.452 9.69
Q510W0 ATP synthase F(0) complex subunit B1, mitochondrial 0S=Mus musculus GN=Atp5f1 PE=1 SV=1 Atp5fl 0.640 1.300 0.260 0.329 2.033 6.250 2 5 2 1 0 73.26514522 2 256 28.93 9.06
P68040 Guanine nucleotide-binding protein subunit beta-2-like 1 0S=Mus musculus GN=Gnb2I1 PE=1 SV=3 Gnb2I1; Rack 0.753 1.300 0.155 0.332 1.726 33.754 12 40 12 1 0 374.5393583 12 317 35.055 7.69
QAFZE6 40S ribosomal protein S7 0S=Mus musculus GN=Rps7 PE=1 SV=1 Rps7 0.635 1.300 0.094 0.308 2.047 34.021 8 19 8 1 0 184.5585422 8 194 22.113 10.1
P84091 AP-2 complex subunit mu 0S=Mus musculus GN=Ap2m1 PE=1 SV=1 Ap2m1 0.813 1.297 0.195 0.365 1.596 19.080 7 12 7 1 0 106.8517 7 435 49.623 9.54
P17710 Hexokinase-1 0S=Mus musculus GN=Hk1 PE=1 SV=3 Hk1 0.805 1.290 0.168 0.644 1.602 3.080 3 3 3 1 0 55.34666667 3 974 | 108.234 6.8
P80315 T-complex protein 1 subunit delta 0S=Mus musculus GN=Cct4 PE=1 SV=3 Cct4 0.695 1.290 0.102 0.433 1.855 19.481 10 15 10 1 0 249.7551255 10 539 58.03 8.02
Q8VHMS Heterogeneous nuclear ribonucleoprotein R 0S=Mus musculus GN=Hnrnpr PE=1 SV=1 Hnrnpr 0.854 1.285 0.023 0.307 1.504 4.114 3 4 3 1 0 38.62 3 632 70.844 8.13
Q90788 Vacuolar protein sorting-associated protein 29 0S=Mus musculus GN=Vps29 PE=1 SV=1 Vps29 0.796 1.283 0.310 0.460 1.612 9.890 2 2 2 1 0 54.67 2 182 20.483 6.79
Q8VDN2 Sodium/potassium-transporting ATPase subunit alpha-1 0S=Mus musculus GN=Atplal PE=1 SV=1 Atplal 0.610 1.283 0.163 0.396 2.102 14.663 13 17 13 1 0 210.6542857 13 1023 | 112.91 5.45
Q3TLP8 RAS-related C3 botulinum substrate 1, isoform CRA_a OS=Mus musculus GN=Rac1 PE=1 SV=1 Racl 0.707 1.283 0.425 0.422 1.814 13.270 3 4 2 1 0 77.61809815 3 211 23.417 8.69
P62281 40S ribosomal protein $11 0S=Mus musculus GN=Rps11 PE=1 SV=3 Rps1l 0.772 1.282 0.089 0.233 1.661 44.937 9 22 9 1 0 194.8422857 9 158 18.419 10.3
Q5YLW3 40S ribosomal protein S3 0S=Mus musculus GN=Rps3 PE=1 SV=1 Rps3 0.767 1.277 0.199 0.403 1.666 60.494 15 52 15 1 0 580.2589057 15 243 26.657 9.66
P11983 T-complex protein 1 subunit alpha 0S=Mus musculus GN=Tcp1 PE=1 SV=3 Tepl 0.711 1.275 0.229 0.398 1.793 24.460 12 28 12 1 0 481.229082 12 556 60.411 6.16
Q6ZWU9 40S ribosomal protein 527 0S=Mus musculus GN=Rps27 PE=1 SV=3 7; Gm9846; R 0.794 1.271 0.273 0.655 1.601 38.095 3 7 1 1 4 80.25847628 3 84 9.455 9.45
Q8BHC4 Dephospho-CoA kinase domain-containing protein 0S=Mus musculus GN=Dcakd PE=1 SV=1 Dcakd 0.794 1.270 0.177 0.478 1.599 3.463 1 2 1 1 0 42.29375214 1 231 26.459 9.58
P47962 60S ribosomal protein L5 OS=Mus musculus GN=Rpl5 PE=1 SV=3 Rpl5 0.685 1.268 0.175 0.330 1.851 24.916 8 20 8 1 0 128.6966667 8 297 34.379 9.77
Q62376 U1 small nuclear ribonucleoprotein 70 kDa OS=Mus musculus GN=Snrnp70 PE=1 SV=2 Snrnp70 0.590 1.268 0.138 0.651 2.149 14.063 7 10 7 1 0 55.71397766 7 448 51.961 9.94
Q5M9IM4 40S ribosomal protein S15a 0S=Mus musculus GN=Rps15a PE=1 SV=1 Rps15a 0.711 1.267 0.272 0.439 1.782 40.769 6 16 6 1 0 232.1654545 6 130 14.83 10.13
Q91ZW3 trix-associated actin-dependent regulator of chromatin subfamily A member 5 0S=Mus musculus GN'  Smarca5 1.101 1.266 0.428 0.432 1.150 13.225 14 19 14 1 0 133.2795439 14 1051 121.55 8.15
Q542v3 Serine/arginine-rich-splicing factor 4 0S=Mus musculus GN=Srsf4 PE=1 SV=1 Srsf4 0.923 1.259 0.010 0.551 1.364 5.092 3 10 3 1 0 183.2711111 3 491 56.216 11.37
Ql4c24 MCG14259, isoform CRA_a 0S=Mus musculus GN=U2af1 PE=1 SV=1 U2afl 0.695 1.258 0.079 0.470 1.810 12.134 3 4 3 1 0 64.67774917 3 239 27.797 8.81
P24527 Leukotriene A-4 hydrolase 0S=Mus musculus GN=Lta4h PE=1 SV=4 Ltadh 0.791 1.257 0.297 0.579 1.590 9.984 6 6 6 1 0 93.02116726 6 611 69.007 6.42
P48962 ADP/ATP translocase 1 0S=Mus musculus GN=Slc25a4 PE=1 SV=4 Slc25a4 0.728 1.255 0.145 0.483 1.722 27.181 9 20 4 1 0 387.5755477 9 298 32.883 9.72
Q92217 MCG13402, isoform CRA_c 0S=Mus musculus GN=Ptbp1 PE=1 SV=1 Ptbpl 0.647 1.254 0.087 0.288 1.938 5.405 3 8 2 1 1 140.265 3 555 59.285 9.16
P47836 40S ribosomal protein S4 0S=Gallus gallus GN=RPS4 PE=2 SV=2 RPS4X 0.695 1.251 0.153 0.500 1.800 30.038 8 20 8 1 0 247.5216454 8 263 29.576 10.15
A2AR02 Peptidyl-prolyl cis-trans isomerase G 0S=Mus musculus GN=Ppig PE=1 SV=1 Ppig 0.756 1.250 0.025 0.720 1.653 7.846 7 12 7 1 0 61.04333333 7 752 88.272 10.27
P62827 GTP-binding nuclear protein Ran 0S=Mus musculus GN=Ran PE=1 SV=3 1999; Ran; LOM 0.712 1.250 0.242 0.446 1.757 29.167 5 32 5 1 0 596.2116041 5 216 24.408 7.49
B2RTB6 Keratin 86 0S=Mus musculus GN=Krt86 PE=1 SV=1 Krt86 4.787 1.248 6.139 0.011 0.261 16.872 10 28 1 1 0 172.4807857 10 486 53.217 5.76
Q60737 Casein kinase Il subunit alpha 0S=Mus musculus GN=Csnk2al PE=1 SV=2 Csnk2al 0.971 1.234 0.091 0.366 1.271 27.621 8 15 8 1 0 194.8428571 8 391 45.105 7.74
Q8VDM4 26S proteasome non-ATPase regulatory subunit 2 0S=Mus musculus GN=Psmd2 PE=1 SV=1 Psmd2 0.604 1.233 0.266 0.393 2.040 4.626 3 3 3 1 0 31.58 3 908 100.139 5.17
P19324 Serpin H1 0S=Mus musculus GN=Serpinh1 PE=1 SV=3 Serpinhl 0.803 1.232 0.405 0.621 1.534 38.849 13 53 13 1 0 703.5832081 13 417 46.504 8.82
P61750 ADP-ribosylation factor 4 0S=Mus musculus GN=Arf4 PE=1 SV=2 Arf4 0.840 1.226 0.400 0.535 1.459 35.556 5 11 3 1 3 203.245 5 180 20.384 7.14
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Q61753 D-3-phosphoglycerate dehydrogenase 0S=Mus musculus GN=Phgdh PE=1 SV=3 Phgdh 0.622 1.219 0.148 0.480 1.961 9.568 4 5 4 1 0 159.04 4 533 56.549 6.54
Q8BVY0O Ribosomal L1 domain-containing protein 1 0S=Mus musculus GN=Rs|1d1 PE=1 SV=1 Rsl1d1 0.918 1.217 0.254 0.352 1.326 26.327 11 31 11 1 0 735.68 11 452 50.39 9.98
P80313 T-complex protein 1 subunit eta 0S=Mus musculus GN=Cct7 PE=1 SV=1 Cct7 0.686 1.217 0.196 0.445 1.773 11.029 6 9 6 1 0 144.7 6 544 59.614 7.84
Q99K48 Non-POU domain-containing octamer-binding protein 0S=Mus musculus GN=Nono PE=1 SV=3 Nono 0.744 1.214 0.129 0.413 1.633 28.330 12 23 11 1 1 150.6697523 12 473 54.506 8.95
P60843 Eukaryotic initiation factor 4A-1 0S=Mus musculus GN=Eif4al PE=1 SV=1 Eif4al 0.727 1.208 0.208 0.414 1.662 24.877 11 29 9 1 2 456.9073203 11 406 46.125 5.48
P84104 Serine/arginine-rich splicing factor 3 0S=Mus musculus GN=Srsf3 PE=1 SV=1 Srsf3 0.721 1.199 0.192 0.370 1.664 18.293 3 6 3 1 0 120.95 3 164 19.318 11.65
Q91725 Actin-related protein 2/3 complex subunit 1B 0S=Mus musculus GN=Arpclb PE=1 SV=1 Arpclb 0.767 1.194 0.232 0.286 1.557 10.106 3 5 3 1 0 99.01 3 376 41.472 8.35
Q3U4U6 T-complex protein 1 subunit gamma 0S=Mus musculus GN=Cct3 PE=1 SV=1 Cct3 0.677 1.194 0.219 0.452 1.764 21.651 10 16 10 1 0 138.8267675 10 545 60.591 6.7
Q6ZWZ6 40S ribosomal protein $12 0S=Mus musculus GN=Rps12 PE=1 SV=1 Rps12 0.609 1.191 0.280 0.354 1.955 39.394 5 9 5 1 0 85.98 5 132 14.505 7.21
Q9D823 60S ribosomal protein L37 0S=Mus musculus GN=Rpl37 PE=3 SV=3 3826; Rpl37rt; 1.033 1.190 0.478 1.099 1.152 18.557 4 10 4 1 0 121.7499448 4 97 11.071 11.74
Q99MR8 lethylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial 0S=Mus musculus GN=Mcccl PE=1 SV: Mcccl 0.839 1.188 0.302 0.339 1.417 55.649 35 276 35 1 0 4686.684238 35 717 79.293 7.83
P62835 Ras-related protein Rap-1A 0S=Mus musculus GN=Rap1la PE=1 SV=1 Rapla 0.788 1.186 0.357 0.502 1.506 10.326 2 6 2 1 0 157.3456222 2 184 20.974 6.67
G5E902 MCG10343, isoform CRA_b 0S=Mus musculus GN=Slc25a3 PE=1 SV=1 Slc25a3 0.686 1.184 0.102 0.381 1.726 15.084 6 13 6 1 0 157.0550436 6 358 39.711 9.29
Q970X1 Apoptosis-inducing factor 1, mitochondrial 0S=Mus musculus GN=Aifm1 PE=1 SV=1 Aifm1 0.752 1171 0.094 0.690 1.558 3.105 2 2 2 1 0 49.03 2 612 66.724 9.17
Q3ULF7 Actin-related protein 3 0S=Mus musculus GN=Actr3 PE=1 SV=1 Actr3 0.801 1.169 0.295 0.117 1.459 11.244 4 4 4 1 0 95.12 4 418 47.327 5.88
P04406 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3 GAPDH 1.964 1.168 1.381 0.376 0.595 15.821 4 10 1 1 0 202.97 4 335 36.03 8.46
Q31Q70 Betal subnuit of GTP-binding protein 0S=Mus musculus GN=Gnb1 PE=1 SV=1 Gnb1 0.879 1.151 0.312 0.576 1.309 9.412 3 7 1 1 0 119.0471429 3 340 37.353 6
Q545V8 Casein kinase Il subunit alpha' 0S=Mus musculus GN=Csnk2a2 PE=1 SV=1 Csnk2a2 1.050 1.142 0.044 0.618 1.087 23.714 7 13 7 1 0 161.045922 7 350 41.189 8.56
P62849 40S ribosomal protein $24 0S=Mus musculus GN=Rps24 PE=1 SV=1 2677113; LOC 0.776 1.138 0.223 0.468 1.465 30.075 4 15 4 1 0 142.3344444 4 133 15.413 10.78
Q3ULD5  Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial 0S=Mus musculus GN=Mccc2 PE=1 SV=1 Mccc2 0.970 1.132 0.132 0.485 1.167 41.385 20 85 20 1 0 1895.643656 20 563 61.34 8
Q8R429 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 0S=Mus musculus GN=Atp2al PE=1 SV=1 Atp2al 0.705 1.132 0.209 0.126 1.606 15.292 14 21 8 1 0 294.7892193 14 994 | 109.355 5.22
P26443 Glutamate dehydrogenase 1, mitochondrial 0S=Mus musculus GN=Glud1 PE=1 SV=1 Glud1 0.650 1.126 0.113 0.506 1.733 8.961 4 7 4 1 0 128.6666667 4 558 61.298 8
P62918 60S ribosomal protein L8 0S=Mus musculus GN=Rpl8 PE=1 SV=2 Rpl8 0.893 1.125 0.035 0.778 1.261 22.568 6 8 6 1 0 136.4695733 6 257 28.007 11.03
Q3u2w2 MYB binding protein (P160) 1a, isoform CRA_b 0S=Mus musculus GN=Mybbpla PE=1 SV=1 Mybbpla 0.888 1.120 0.156 0.562 1.261 27.307 33 93 33 1 0 1410.469384 33 1344 151.942 8.95
P35979 60S ribosomal protein L12 0S=Mus musculus GN=Rpl12 PE=1 SV=2 Rpl12 0.582 1.119 0.170 0.625 1.924 49.091 6 11 6 1 0 235.2029202 6 165 17.794 9.42
P12970 60S ribosomal protein L7a 0S=Mus musculus GN=Rpl7a PE=1 SV=2 Rpl7a 0.849 1.111 0.195 0.541 1.309 33.083 11 45 11 1 0 911.8113154 11 266 29.958 10.56
P61255 60S ribosomal protein L26 0S=Mus musculus GN=Rpl26 PE=1 SV=1 pl26; Gm15774 0.764 1.106 0.190 0.677 1.447 23.448 6 18 6 1 0 195.6427797 6 145 17.248 10.55
Q9DC)7 Aurora kinase A-interacting protein 0S=Mus musculus GN=Aurkaip1 PE=2 SV=2 Aurkaipl 0.834 1.103 0.085 1.140 1.323 5.000 1 5 1 1 0 75.45 1 200 23.286 10.73
P62264 40S ribosomal protein $14 0S=Mus musculus GN=Rps14 PE=1 SV=3 Rps14 0.703 1.098 0.253 0.564 1.562 39.073 6 25 6 1 0 274.8728571 6 151 16.263 10.05
P62717 60S ribosomal protein L18a 0S=Mus musculus GN=Rpl18a PE=1 SV=1 Rpl18a 0.898 1.094 0.224 1.077 1.219 30.114 5 8 5 1 0 184.045 5 176 20.719 10.71
P62892 60S ribosomal protein L39 0S=Mus musculus GN=RpI39 PE=1 SV=2 Rpl39 0.977 1.092 0.470 0.783 1.118 19.608 1 6 1 1 0 57.5 1 51 6.403 12.56
E9Q7G0 Protein Numal 0S=Mus musculus GN=Numa1 PE=1 SV=1 Numal 1.026 1.074 0.168 0.967 1.046 7.402 15 16 15 1 0 218.1919642 15 2094 | 235.487 5.87
Q55X40 Myosin-1 0S=Mus musculus GN=Myh1 PE=1 SV=1 Myh1 0.794 1.070 0.079 0.095 1.348 17.559 33 65 8 1 0 490.1461955 33 1942 [ 223.203 5.76
P14131 40S ribosomal protein $16 0S=Mus musculus GN=Rps16 PE=1 SV=4 ps16-ps2; Rps. 0.745 1.070 0.131 0.625 1.435 49.315 8 19 8 1 0 224.1647637 8 146 16.435 10.21
P47963 60S ribosomal protein L13 0S=Mus musculus GN=Rpl13 PE=1 SV=3 Rpl13 0.694 1.062 0.221 0.575 1.530 31.754 8 23 8 1 0 231.0975 8 211 24.291 11.55
P0COS8 Histone H2A type 1 OS=Homo sapiens GN=HIST1IH2AG PE=1 SV=2 vI; HIST1H2AL;; 0.854 1.060 0.752 0.415 1.241 32.308 5 79 1 1 0 410.1514115 5 130 14.083 10.9
Q51078 Ribosomal protein L19 0S=Mus musculus GN=Rpl19 PE=1 SV=1 2119; Rpl19-ps| 0.717 1.060 0.236 1.012 1.478 4.592 1 2 1 1 0 79.38 1 196 23.451 11.47
P27659 60S ribosomal protein L3 0S=Mus musculus GN=Rpl3 PE=1 SV=3 Rpl3 0.819 1.056 0.115 0.582 1.290 22.333 11 25 11 1 0 276.36014 11 403 46.081 10.21
P14148 60S ribosomal protein L7 0S=Mus musculus GN=Rpl7 PE=1 SV=2 Rpl7 0.720 1.046 0.174 0.606 1.453 39.630 14 39 14 1 0 520.7105605 14 270 31.4 10.89
Q564D0 | derived from t(12;16) malignant liposarcoma (Human), isoform CRA_a 0S=Mus musculus GN=Fus PE Fus 1.103 1.042 0.229 0.305 0.945 7.529 3 4 3 1 0 31.95 3 518 52.642 9.36
Q99020 Heterogeneous nuclear ribonucleoprotein A/B 0S=Mus musculus GN=Hnrnpab PE=1 SV=1 Hnrnpab 0.890 1.038 0.131 1.010 1.166 14.035 3 3 3 1 0 56.77666667 3 285 30.812 7.91
QICX86 Heterogeneous nuclear ribonucleoprotein AO 0S=Mus musculus GN=Hnrnpa0 PE=1 SV=1 Hnrnpa0 0.774 1.034 0.129 1.008 1.337 14.098 4 11 3 1 0 190.372402 4 305 30.512 9.31
P41105 60S ribosomal protein L28 0S=Mus musculus GN=Rpl28 PE=1 SV=2 Rpl28 0.743 1.022 0.182 0.933 1376 27.007 4 9 4 1 0 210.4222222 4 137 15.724 12.02
AOAOA6YX26 60S ribosomal protein L31 0S=Mus musculus GN=RpI31 PE=1 SV=1 0.738 1.016 0.072 0.785 1.376 20.155 3 10 3 1 0 90.69965279 3 129 14.987 10.61
Q6zwz7 60S ribosomal protein L17 0S=Mus musculus GN=Rpl17 PE=1 SV=1 pl17; Rpl17-p: 0.768 1.003 0.021 0.646 1.306 25.543 5 14 5 1 0 89.21346087 5 184 21.383 10.18
Q8VH51 RNA-binding protein 39 0S=Mus musculus GN=Rbm39 PE=1 SV=2 Rbm39 1.009 1.003 0.095 0.897 0.994 12.453 7 10 7 1 0 117.9478581 7 530 59.37 10.1
Q91783 Myosin-7 0S=Mus musculus GN=Myh7 PE=1 SV=1 Myh7 0.875 1.003 0.027 0.192 1.146 19.070 35 58 19 1 1 507.8787686 35 1935 222.741 5.76
Q6zZWz4 60S ribosomal protein L36 0S=Mus musculus GN=RpI36 PE=1 SV=1 Rpl36 1.024 1.002 0.340 0.998 0.978 29.524 3 5 3 1 0 111.67 3 105 12.246 11.59
Q8ci11 Guanine nucleotide-binding protein-like 3 0S=Mus musculus GN=GnI3 PE=1 SV=2 Gnl3 0.977 0.999 0.197 1.107 1.022 39.219 25 45 24 1 1 549.8448073 25 538 60.749 9.11
Q6ZWN5 40S ribosomal protein S9 0S=Mus musculus GN=Rps9 PE=1 SV=3 Rps9 0.689 0.990 0.192 0.624 1.437 41.753 10 18 10 1 0 145.2663239 10 194 22.578 10.65
E9QAZ2 Ribosomal protein L15 0S=Mus musculus GN=Gm10020 PE=3 SV=1 0.834 0.973 0.225 0.863 1.166 20.588 4 8 4 1 0 105.2524007 4 204 24.062 11.58
P47911 60S ribosomal protein L6 0S=Mus musculus GN=Rpl6 PE=1 SV=3 Rpl6 0.778 0.973 0.067 0.485 1.250 29.392 9 30 9 1 0 307.3284779 9 296 33.489 10.7
Q6IFZ8 MCG1050941 0S=Mus musculus GN=Gm5414 PE=1 SV=1 Gm5414 0.813 0.969 0.322 0.058 1.193 11.594 7 18 1 1 0 164.8845874 7 552 60.191 7.3
Q80X14 Phosphatidylinositol 5-phosphate 4-kinase type-2 beta 0S=Mus musculus GN=Pip4k2b PE=1 SV=1 Pip4k2b 1.052 0.964 0.047 0.858 0.916 19.952 9 33 6 1 4 446.1775755 9 416 47.289 7.33
P27661 Histone H2AX 0S=Mus musculus GN=H2afx PE=1 SV=2 H2afx 0.603 0.957 0.386 0.387 1.588 27.273 6 76 2 1 6 298.8869847 6 143 15.133 10.74
Q9D1R9 60S ribosomal protein L34 0S=Mus musculus GN=Rpl34 PE=1 SV=2 -ps1; Rpl34; G 0.843 0.957 0.204 0.629 1.135 41.880 6 14 6 1 0 154.0836364 6 117 13.284 11.47
Q99ME9 Nucleolar GTP-binding protein 1 0S=Mus musculus GN=Gtpbp4 PE=1 SV=3 Gtpbp4 0.895 0.955 0.275 0.897 1.067 9.937 8 21 8 1 0 133.7543642 8 634 74.066 9.52
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Q544E3 Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha 0S=Mus musculus GN=Pip4k2a PE=1 SV=1 Pip4k2a 0.989 0.953 0.299 0.732 0.963 20.494 8 28 5 1 0 300.7666667 8 405 46.122 6.99
QICR57 60S ribosomal protein L14 OS=Mus musculus GN=Rpl14 PE=1 SV=3 Rpl14 0.822 0.950 0.203 0.573 1.157 25.806 5 8 5 1 0 330.082014 5 217 23.549 11.02
P61486 60S ribosomal protein L36a OS=Takifugu rubripes GN=rpl36a PE=3 SV=2 -0C10106128: 0.924 0.943 0.072 1.089 1.021 24.528 4 16 4 1 0 171.32 4 106 12.52 10.54
P62267 40S ribosomal protein $23 0S=Mus musculus GN=Rps23 PE=1 SV=3 Rps23 0.946 0.941 0.032 0.880 0.995 28.671 4 9 4 1 0 214.2588889 4 143 15.798 10.49
Q564E8 60S ribosomal protein L4 0S=Mus musculus GN=Rpl4 PE=1 SV=1 Rpl4 1.000 0.926 0.093 0.746 0.926 29.833 13 41 13 1 0 801.9678788 13 419 47.124 11
P24788 Cyclin-dependent kinase 11B 0S=Mus musculus GN=Cdk11b PE=1 SV=2 Cdk11b 1.060 0.906 0.525 0.799 0.855 3.189 3 4 3 1 0 32.05 3 784 91.458 5.39
P14115 60S ribosomal protein L27a 0S=Mus musculus GN=Rpl27a PE=1 SV=5 Rpl27a 1.124 0.906 0.528 0.801 0.806 28.378 5 21 5 1 0 287.9766546 5 148 16.595 11.12
P62737 Actin, aortic smooth muscle 0S=Mus musculus GN=Acta2 PE=1 SV=1 Acta2 0.772 0.881 0.437 0.287 1.141 46.154 17 229 1 1 8 4040.417678 17 377 41.982 5.39
Q5BLJ9 60S ribosomal protein L27 0S=Mus musculus GN=Rpl27 PE=1 SV=1 Rpl27 0.735 0.868 0.159 0.646 1.181 32.353 5 16 5 1 0 134.2861507 5 136 15.788 10.56
Q497E9 40S ribosomal protein S8 0S=Mus musculus GN=Rps8 PE=1 SV=1 }ps8; Gm1550) 0.854 0.858 0.145 0.684 1.005 58.173 11 27 11 1 0 445.05 11 208 24.19 10.32
009167 60S ribosomal protein L21 0S=Mus musculus GN=Rpl21 PE=1 SV=3 Rpl21 0.782 0.851 0.045 0.899 1.088 18.750 3 4 3 1 0 44.24333333 3 160 18.55 10.49
P32067 Lupus La protein homolog 0S=Mus musculus GN=Ssb PE=1 SV=1 Ssb 0.635 0.839 0.137 0.673 1.322 16.867 8 13 8 1 0 75.96739881 8 415 47.727 9.77
Q8BP67 60S ribosomal protein L24 0S=Mus musculus GN=Rpl24 PE=1 SV=2 Rpl24 0.852 0.824 0.171 0.547 0.967 45.860 10 34 10 1 0 750.7067519 10 157 17.768 11.25
P13541 Myosin-3 0S=Mus musculus GN=Myh3 PE=2 SV=2 Myh3 0.853 0.800 0.226 0.048 0.938 34.330 60 114 37 1 19 1054.620618 60 1940 223.652 5.81
Q8BGO5 Heterogeneous nuclear ribonucleoprotein A3 0S=Mus musculus GN=Hnrnpa3 PE=1 SV=1 Hnrnpa3 0.851 0.782 0.163 0.888 0.918 10.290 3 9 2 1 0 157.4689383 3 379 39.628 9.01
Q5BLK1 40S ribosomal protein S6 0S=Mus musculus GN=Rps6 PE=1 SV=1 }; Rps6; LOCI 0.652 0.772 0.221 0.645 1.184 33.735 10 30 6 1 4 248.5782091 10 249 28.663 10.84
Q5M9M5 60S ribosomal protein L23a 0S=Mus musculus GN=Rpl23a PE=1 SV=1 Rpl23a 0.849 0.748 0.349 0.791 0.880 32.051 5 29 5 1 0 354.1114286 5 156 17.684 10.45
P47915 60S ribosomal protein L29 0S=Mus musculus GN=Rpl29 PE=2 SV=2 3pl29; Gm821 0.787 0.608 0.203 0.661 0.772 27.500 5 23 5 1 0 361.3257143 5 160 17.576 11.84
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