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1. Summary

In highly polarized cells like neurons, cytoskeleton dynamics play a crucial role in
establishing neuronal connections during development and are required for adult plasticity.
Actin turnover is particularly important for neurite growth, axon path finding, branching and
synaptogenesis. Motoneurons establish several thousand branches that innervate
neuromuscular synapses (NMJs). Axonal branching and terminal arborization are
fundamental events during the establishment of synapses in motor endplates. Branching
process is triggered by the assembly of actin filaments along the axon shaft giving rise to
filopodia formation. The unique contribution of the three actin isoforms, a-, B- and y-actin, in
filopodia stability and dynamics during this process is not well characterized. Here, we
performed high resolution in situ hybridization and qRT-PCR and showed that in primary
mouse motoneurons a-, B- and y-actin isoforms are expressed and their transcripts are
translocated into axons. Using FRAP experiments, we showed that transcripts for a-, - and y-
actin become locally translated in axonal growth cones and translation hot spots of the axonal
branch points. Using live cell imaging, we showed that shRNA depletion of a-actin reduces
dynamics of axonal filopodia which correlates with reduced number of collateral branches
and impairs axon elongation. Depletion of B-actin correlates with reduced dynamics of growth
cone filopoida, disturbs axon elongation and impairs presynaptic differentiation. Also,
depletion of y-actin impairs axonal growth and decreases axonal filopodia dynamics. These
findings implicate that actin isoforms accomplish unique functions during development of
motor axons. Depletions of - and y-actin lead to compensatory upregulation of other two
isoforms. Consistent with this, total actin levels remain unaltered and F-actin polymerization
capacity is preserved. After the knockdown of either a- or y-actin, the levels of f-actin
increase in the G-actin pool indicating that polymerization and stability of B-actin filaments

depend on a- or y-actin. This study provides evidence both for unique and overlapping



function of actin isoforms in motoneuron growth and differentiation. In the soma of
developing motoneurons, actin isoforms act redundantly and thus could compensate for each
other’s loss. In the axon, a-, B- and y-actin accomplish specific functions, i.e. B-actin regulates
axon elongation and plasticity and a- and y-actin regulate axonal branching.

Furthermore, we show that both axonal transport and local translation of a-, - and y-actin
isoforms are impaired in Smn knockout motoneurons, indicating a role for Smn protein in
RNA granule assembly and local translation of these actin isoforms in primary mouse

motoneurons.



2. Zusammenfassung

In stark polaren Zellen wie den Neuronen ist die Etablierung neuronaler Netzwerke ein
entscheidender Faktor bei der Entwicklung des zentralen Nervensystems und spielt fir die
adulte Plastizitat eine wesentliche Rolle. Besonders die Aktindynamik ist wichtig fur das
Neuritenwachstum, die axonale Wegfindung und Verzweigung, sowie die Synaptogenese.
Motoneurone bilden mehrere tausend terminale Verzweigungen aus, um neuromuskulére
Endplatten (NMJ) zu innervieren. Die axonale Verzweigung ist ein fundamentales Ereignis
bei Ausbildung synaptischer Verbindungen zwischen Motoneuron und innerviertem Muskel.
Die Axonverzweigung geschient durch die Polymerisierung von Aktin entlang des
Axonschafts, was zur Entstehung von Filopodien und Lamellopodien flhrt. Allerdings ist die
genaue Funktion der drei Aktin-Isoformen (a-, B- and y-Actin), im Zusammenhang mit der
Regulation der Filopodienstabilitat und deren Dynamik, noch weitestgehend unbekannt.

Somit konnten wir in dieser Arbeit mit Hilfe hoch sensitiver in situ Hybridisierungs- und qRT
PCR Techniken zeigen, dass in primdren Mausmotoneuronen alle drei Aktinisoformen (a-, -
und y) exprimiert, und deren Transkripte entlang des axonalen Kompartiments transportiert
werden. Unsere FRAP Daten weisen darauf hin, dass a-, f- und y-Aktin sowohl im
Wachstumskegel als auch an sogenannten ,,Translation Hot Spots® innerhalb axonaler
Verzweigungspunkte lokal synthetisiert werden. Anhand von ,Live Cell Imaging*
Experimenten konnten wir dann zeigen, dass ein a-Aktin Knockdown die Dynamik axonaler
Filopodien stark reduziert, und als Folge, die Anzahl von axonalen Verzweigungen und die
Axonlange verringert ist. Hingegen geht ein B-Aktin Knockdown mit reduzierter
Filopodiendynamik im Wachstumskegel und betroffener Differenzierung prasynaptischer
Strukturen einher. Veranderungen des axonalen Wachstum und der Filopodiendynamik sind
ebenfalls bei einem y-Aktin Knockdown zu beobachten. Diese Daten weisen darauf hin, dass

die drei Aktinisoformen unterschiedliche Funktionen bei der Entwicklung von Motoraxonen



haben. Daruber hinaus zeigen unsere Daten, dass die Herunterregulation einer Aktinisoform
durch eine erhohte Expression der beiden anderen Isoformen kompensiert wird. Dieser
Kompensationsmechanismus erlaubt es, die gesamte Aktinmenge und somit die F-Aktin-
Polymerisation in der Zelle aufrechtzuerhalten. Sehr interessant dabei ist die Beobachtung,
dass nach einem a- oder y-Actin Knockdown das G/F-Verhéltnis verandert ist, so dass die
Menge an B-Aktin im G-Aktin Pool steigt und im F-Aktin Pool abnimmt. Daher beruhen
Polymerisation und Stabilitdt von B-Aktin auf den a-, und y-Aktinisoformen.

Zusammenfassend l&sst sich sagen, dass alle drei Aktinisoformen ubergreifende Funktionen
wahrend Wachstum und Differenzierung von Motoneuronen haben. Im Zellkdrper von sich
entwickelnden Motoneuronen tbernehmen sie &hnliche Aufgaben und koénnen sich somit
gegenseitig kompensieren. Im Gegensatz dazu sind die Funktionen im axonalen
Kompartiment wesentlich spezifischer. Hier reguliert B-Aktin axonales Wachstum und
Plastizitat, wahrend a- und y-Aktin eine entscheidende Rolle bei der Ausbildung axonaler
Verzweigungen haben. Unsere Arbeit l&sst nun Ruckschliisse tiber mdgliche Funktionen des
SMN Proteins beim Aufbau der sogenannten ,,RNA Granules® und lokaler Proteinbiosynthese

der verschiedenen Aktinisoformen in primaren Mausmotoneuronen zu.



3. Introduction

3.1 Actin isoforms
There are six different actin isoforms in higher vertebrates which are encoded by six different
genes: a-skeletal, a-cardiac, a-smooth, y-smooth muscle actin and cytoplasmic -actin and y-
actin. a-skeletal and a-cardiac isoforms are predominantly expressed in striated muscles, o-
smooth and y-smooth are expressed in smooth muscles and [-actin and y-actin isoforms are
ubiquitously expressed in all cell types. Actin isoforms share about 94% homology in their
coding regions and are highly similar in their amino acid sequences. For example, $-actin and
y-actin differ in only four amino acid residues at their N-terminal end. However, these

isoforms possess completely different 3’UTRs.

3.2 Actin cytoskeleton in neuronal development and plasticity

The cytoskeleton is involved in many cellular processes such as cell growth, division,
migration, cell signaling and intracellular transport. In neurons, the cytoskeleton is composed
of actin filaments, microtubules and neurofilaments. Actin dynamics plays an essential role in
neurite growth, axon guidance, branching, terminal arborization and establishment of
synapses during development and also in maintenance of synapses and plasticity as well as
axon regeneration in the adult (Campbell and Holt, 2001; Luo, 2002; Zhang and Benson,
2001).

The first step in axon development is the formation of the axon initiation segment (AIS)
which is triggered by neuronal polarization. Mechanisms underlying neuronal polarization
involve extracellular cues, intracellular signaling pathways and asymmetric localization of
proteins and organelles in the AIS and in somatodendritic compartments (Bradke and Dotti,
1997; Shelly et al., 2007; Shelly et al., 2011). The role of the actin cytoskeleton in the
assembly of AIS has been well studied. Super-resolution imaging techniques have shown that

actin and BII spectrin form a unique periodic lattice ultrastructure directly underneath the
8



membrane (Xu et al., 2013). This lattice network starts to assemble in the AIS early during
axon development and propagates from the proximal axon to the distal part as neurons further
mature (Zhong et al., 2014). This actin-lattice network facilitates incorporation of Na*-voltage
gated channels into the AIS membrane and thus allows establishment of neuronal
polarization. Moreover, drug-mediated depolymerization of actin cytoskeleton disrupts
asymmetric axonal transport of proteins and causes incorrect localization of dendritic proteins
in the axonal compartment (Song et al., 2009). The next step in axonal development is the
extension of the newly formed axon which occurs immediately after axon specification.
Coordinated reorganization and polymerization of actin and microtubule cytoskeleton enables
axonal growth toward the postsynaptic target. Microtubule stabilization which happens as a
response to extracellular growth cues drives axonal elongation in the axon shaft and
retrograde treadmilling of actin filaments at front part of the growth cone provides a pulling
force for growth cone extension (Letourneau et al., 1987; Suter and Miller, 2011). Thus, axon
elongation and path finding occur mostly simultaneously. Axonal growth cones possess
protrusions (filopodia and lamellipodia) at their tips that are enriched in actin filaments and
are therefore highly dynamic. The center of axonal growth cones contains both actin and
microtubules (Dent et al., 2011). Attractive guidance cues induce F-actin polymerization in
protrusions which allows growth cone turning for a directed axonal extension (Geraldo and
Gordon-Weeks, 2009). In contrast, depolymerization of F-actin as response to repulsive cues
induces growth cone collapse and prevents axon elongation (Fan et al., 1993). The last step of
axon development is formation of axonal collateral branches which allows them to establish
several thousand synapses with the postsynaptic target. Thus, branching and synaptogenesis
appear to be tightly linked. Axonal branching requires F-actin polymerization which gives rise
to filopodia formation (Korobova and Svitkina, 2008) and polymerization of microtubules
which in turn stabilizes these nascent filopodia (Gallo, 2011). Formation and stabilization of

axonal branches require neuronal activity and synapse formation, respectively (Uesaka et al.,
9



2007). Mechanism of activity-dependent branching involves RhoA signaling that modulates
actin dynamics and reorganization (Ohnami et al., 2008). Stabilization of nascent collateral
branches depends on synapse formation and actin remodeling at presynaptic sites allows
simultaneous axonal branching and synapse formation in vivo (Chia et al., 2014). Clustering
of voltage gated Ca*? channels (VGCC) and integration of synaptic vesicles in the presynaptic
membrane is a fundamental step during active zone formation. Active zone is composed of
scaffold proteins including Rab3-interacting molecules (RIMs), RIM-binding proteins (RIM-
BPs), Bassoon and Piccolo/Aczonin, Liprins-a and the UNC-13/Munc-13 proteins and
CAST/ELKS/Bruchpilot proteins (Schoch and Gundelfinger, 2006). These so-called
“cytomatrix” proteins build a meshwork underneath the active zone membrane and contribute
to synaptic vesicles docking, priming, release and turnover as well as recruiting voltage-gated
Ca®* channels to the presynaptic membrane. Disruption of F-actin polymerization impairs
NAB-1 and Bassoon clustering and results in loss of active zones (Chia et al., 2012; Zhang
and Benson, 2001). Therefore, actin cytoskeleton plays a pivotal role in the assembly of

cytomatrix proteins into a meshwork at active zones during synaptogenesis.

3.3 Role of mRNA transport and local translation in neuronal development and
maintenance
In different cell types, asymmetric subcellular localization and local translation of specific
MRNAs allow spatio-temporal regulation of the cellular proteome, particularly in response to
extrinsic cues. In Drosophila oocytes, diverse maternal transcripts including mRNAs of
bicoid, oskar and gurken localize at distinct anterior or posterior regions and contribute to the
establishment of dorsal-ventral and anterior-posterior body axes (St Johnston, 2005). In the
budding yeast, sorting of different mMRNAs to the bud tip determines the mating type of the

daughter cell (Paquin and Chartrand, 2008). In Xenopus, the mRNAs of Vg1 (a transforming

10



growth factor B, TGFB, family member) are sorted to the vegetal pole of oocytes, where they
induce formation of the mesoderm (Weeks and Melton, 1987).

Extracellular cues trigger protein synthesis mostly through PI3K-AKT-mTOR (Campbell and
Holt, 2001). Binding of protein synthesis inducing cues like netrinl and BDNF to cell surface
receptors leads to autophosphorylation of the kinase receptor that in turn phosphorylates and

activates phosphoinositide 3-kinase (PI3K) (Campbell and Holt, 2001). PI3K/AKT

phosphorylates and thereby inactivating the tumor-suppressor tuberous sclerosis complex-1/2
(TSC1/2), which negatively regulates the small Ras-like GTPase RHEB. Activated RHEB
associates with mTOR complex-1 and induces its activity. mTOR signaling leads to activation
of its downstream target: 70 kDa ribosomal S6 kinase (S6K) and inhibition of 4E-binding
protein-1 (4EBP1) and thus promotes translation initiation and elongation (Anjum and Blenis,
2008). Furthermore, ligand-receptor binding induces RSK activity through MAPK signaling
pathway which triggers cap-dependent translation via rpS6 (a protein of the 40S ribosomal
subunit) and phosphorylation of eukaryotic translation initiation factor-4B (elF4B)
(Shahbazian et al., 2006). Moreover, RSK induces mTOR signaling by phosphorylating and
thereby inactivating of TSC2 (Anjum and Blenis, 2008; Hay and Sonenberg, 2004; Piper et

al., 2006).

3.3.1 Synaptic plasticity
In neurons, dendritically targeted mRNAs contribute to diverse cellular processes during
synaptic plasticity, learning and memory. For instance, upon synaptic activity
calcium/calmodulin-dependent protein kinase II a (CaMIIKa) mRNAs become translated
directly at dendritic spines and disturbed dendritic trafficking of this transcript associates with
decreased LTP and impaired synaptic plasticity, learning and memory (Miller et al., 2002).
Similarly, B-actin mRNAs localize to dendrites and become translated upon neurotrophin

binding or glutamate receptor activation. In hippocampal neurons, locally translated B-actin

11



modulates synaptic plasticity by regulating the size and density of the dendritic spines through
cytoskeletal remodeling (Eom et al., 2003). Arc/Arg3.1 is another dendritic mRNA that binds
to actin filaments and thus regulates synaptic plasticity via cytoskeleton reorganization (Plath
et al., 2006). Mice lacking Arc/Arg3.1 exhibit defects in synaptic transmission and long-term

memory (Messaoudi et al., 2007).

3.3.2 Axon guidance

Axonal mRNA transport is involved in axon growth, guidance and branching during the
development and in synapse maintenance and axon regeneration in the adult. During axonal
growth, neurons receive diverse extracellular guidance cues helping them to reach their
postsynaptic targets. Several studies have reported that growth cones which were separated
from cell bodies could respond to guidance cues both in vivo and in vitro indicating that axons
contain independent translational machinery (Harris et al., 1987; Ming et al., 2002).

Xenopus laevis retinal growth cones turn toward attractive cues such as netrinl and brain-
derived neurotrophic factor (BDNF) and away from repulsive cues such as sema3a and slitl
(Campbell and Holt, 2001). These attractive cues trigger mTOR signaling pathway and
thereby inducing asymmetric local synthesis of B-actin mRNA at the growth cone. Thus, actin
polymerization and cytoskeletal reorganization on the side near the attractive cue mediates
attractive growth cone response (Campbell and Holt, 2001). Inhibition of B-actin local
translation abolishes the attractive response of the growth cone toward netrinl (Leung et al.,
2006). On the other hand, repulsive cues induce local translation of actin depolymerizing
proteins, RhoA and cofilin, which in turn disassemble the cytoskeleton and result in growth

cone collapse (Piper et al., 2006; Wu et al., 2005).

3.3.3 Axon elongation
Local translation is also required for axon elongation. Numerous transcripts involved in the

regulation of cytoskeletal dynamics have been reported to be locally translated in the axon
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and axonal growth cone. In spinal motoneurons, f-actin mRNA is sorted to the axonal growth
cone and becomes locally translated as a response to BDNF signaling (Rathod et al., 2012).
Also in sensory and cerebrocortical neurons, B-actin mRNA is trafficked to axons and
becomes synthetized there locally (Bassell et al., 1998; Zheng et al., 2001). Depletion of
axonal B-actin mRNA from motoneurons or sensory neurons decreases axonal outgrowth
(Donnelly et al., 2011; Glinka et al., 2010). NGF and netrinl-stimulated axonal growth
requires axonal synthesis of a cytoskeleton regulator, proteinase-activated receptor 3 (PAR3),
and axonal ablation of this mRNA inhibits NGF-induced axon elongation (Hengst et al.,
2009). B-thymosin binds to actin monomers and prevents their incorporation into F-actin
filaments. Preventing axonal translation of B-thymosin promotes axon elongation in cultured
neurons indicating that local translation of cytoskeletal regulators plays an essential role in

axon elongation (van Kesteren et al., 2006).

3.3.4 Synaptogenesis and branching
Developing axons stop growing once they reach their synaptic targets and start to form
synapse upon receiving target-derived cues. Formation of presynaptic structures and
maintenance of synaptic plasticity require local protein synthesis. In Aplysia’s sensory
neurons, Staufen, EFla and Sensorin mRNAs localize equally to axonal branches that make
contact to either a specific target motoneuron or a non-specific target. Nevertheless, the
axonal translation rate of these mMRNAs is elevated only in those branches which contact the
specific target motoneuron (Kim and Martin, 2015). Axon branching and terminal
arborization allow establishment of synapses to diverse post synaptic targets. Axon branching
initiates with polymerization of actin filaments along the axon shaft at so-called “actin
patches” that serve as nucleators for filopodia or lamellipodia formation (Ketschek and Gallo,
2010; Mingorance-Le Meur and O'Connor, 2009). Subsequent microtubule invasion and

polymerization is then required for maturation of nascent protrusion into branches (Fig.

13



3.3.4.1) (Dent and Kalil, 2001; Gallo, 2011; Kalil and Dent, 2014). Different studies have
shown that intra-axonal protein synthesis is required for axon sprouting in vivo (Buckmaster
and Wen, 2011; McWhorter et al., 2003; Qiu et al., 2009). Moreover, in cultured sensory
neurons, diverse cytoskeletal proteins including p-actin, subunits of Arp2/3 complex,
WAVEL, and the complex stabilizer cortactin are locally translated at branch points as a
response to NGF (Spillane et al., 2012; Spillane et al., 2013). Furthermore, siRNA depletion
of B-actin affects formation of axonal collateral branches in sensory neurons (Donnelly et al.,
2013). Synaptic activity is required for axon branching, as recently shown in C. elegans, and
actin reorganization at presynaptic sites allows simultaneous axonal branching and synapse

formation, thus providing a mechanism for synapse-directed sprouting (Chia et al., 2014).

Actin Filament === Microtubule =
Ena/VASP g Spastin/Katanin

Arp2/3 Tau/MAP1B/

complex Doublecortin —

Cordon-bleu 2 APC 2
Cofilin L Septin 6/7 /X

Growth Cone ‘ Y J
Cell Body

Figure 3.3.4.1 Formation of collateral branches. Actin polymerization in patches gives rise to filopodia or

lamellipodia emerging from the axon shaft and requires actin nucleation (ARP2/3), actin branching (ARP2/3)
and actin elongation (Ena/VASP) factors. Microtubules stabilize newly formed protrusions, modified from:
(Kalil and Dent, 2014).

3.3.5 Axon maintenance and regeneration
Axonal mRNA localization and local translation occur also in mature axons during axon
maintenance and especially nerve regeneration after injury. Severed axons are capable of axon

14



regeneration and blocking protein synthesis inhibits the nerve regeneration capacity in vitro
(Gumy et al., 2010; Verma et al., 2005). In fact, mature axons contain less mMRNA and intra-
axonal protein synthesis than developing axons. However; recent studies have shown that the
levels of axonally localized mRNAs and protein synthesis machinery increase after nerve
lesion (Verma et al., 2005). Formation of an axonal growth cone which is the first step during
axon regeneration requires synthesis of new cytoskeletal proteins and transcription factors
involved in growth signaling cascades. mRNAs of different transcription regulators including
signal transducer and activator of transcription 3 (STAT3) and CEBP-1 (CAAT/enhancer
binding proteinl) become translated in the axons as a response to nerve injury (Ben-Yaakov
etal., 2012; Yan et al., 2009). Similarly, nerve lesion leads to increased axonal trafficking and
translation of multiple cytoskeletal proteins including B-actin, neurofilament light chain, -
tubulin, peripherin, vimentin, y-tropomyosin 3 and cofilin-1, and many non-structural proteins
such as resident ER proteins, anti-oxidant and metabolic proteins and heat shock proteins
(Willis et al., 2005; Zheng et al., 2001). Overexpression of a transgenic GFP construct which
contains 3’UTR of B-actin decreases the mRNA levels of endogenous B-actin in axons and
thus affects nerve regeneration in vivo (Donnelly et al., 2011). On the other hand, exercises
after nerve injury increase the regeneration potential in propriospinal neurons, which
interestingly correlates with increased levels of B-actin, GAP-43 and cpgl5 mRNAs in the
lesioned axons (Sachdeva et al.,, 2016). Axonal translation of other proteins with
transcriptional activity such as cAMP-responsive element (CRE)-binding protein (CREB) is
important for axon maintenance and survival. In sensory neurons, retrograde transport of
axonally synthetized CREB into the nucleus triggers the expression of diverse genes that
promote cell survival (Cox et al., 2008). Also intra-axonal translation of nuclear-transcribed
MRNAs encoding mitochondrial proteins, such as cytochrome oxidase subunit 17, propionyl-
CoA carboxylase, dihydrolipoamide dehydrogenase, and coenzyme Q subunit 7, contributes

to mitochondria function in the axon and thus supports cell survival (Gioio et al., 2001).
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3.4 Regulation of axonal mMRNA transport by cis-elements and transacting factors
Along with RNA binding proteins, sorted mRNAs form a large mRNP complex, a so-called
“RNA granule” (Kiebler and Bassell, 2006). RNA binding proteins (also referred to as
transacting factors) play a role in diverse aspects of RNA biogenesis such as splicing, editing,
transport, stability, and translation. To transport mRNAs, RNA binding proteins often interact
with sequences within untranslated regions (UTRs) of target mRNAs, termed as cis-elements
(Bassell and Kelic, 2004). For instance, a 54-nucleotide element within B-actin 3’UTR,
termed as “Zipcode”, is responsible for trafficking of p-actin mRNA into axons in neurons
(Zhang et al., 2001a). Similarly, 3’UTR drives axonal transport of GAP-43 and neural
membrane protein-35 mMRNASs in sensory neurons, and dendritic transport of CaMKIla
MRNA in hippocampal neurons (Merianda et al., 2013b; Perrone-Bizzozero and Bolognani,
2002; Rook et al., 2000). Interestingly, in hippocampal neurons, 3’'UTR of cpgl5 mRNA is
required for its axonal transport, whereas in sensory neurons, its 5’UTR is responsible for its
axonal localization (Merianda et al., 2013a).

The assembly of RNA granules often initiates in the nucleus and continues in the cytoplasm
following RNPs nuclear export. RNA granules become transported into distal processes via
kinesin, dynein, and myosin motor proteins along the microtubules (Fig. 3.4.1) (Martin and
Ephrussi, 2009). During transport process, RNA binding proteins regulate microtubule
docking, RNA stability, and translational repression (Adeli, 2011; Shiina et al., 2005), and at
the destination they regulate mRNA localization, decay, and translation in response to stimuli
(Takei et al., 2001). Other components of RNA granules are RNA helicases, translational
factors, scaffold proteins, decay enzymes and miRNAs (Ainger et al., 1993; Anderson and
Kedersha, 2006). Zipcode binding protein 1 (ZBP1) is a component of RNA granules that
associates with the zipcode domain within the 3°UTR of B-actin mRNA (Welshhans and
Bassell, 2011). FMRP is another important RNP involved in both dendritic and axonal

transport. FMRP plays a role in translation suppression by recruiting the elF4E-binding
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protein CYFIP1 (Napoli et al., 2008). Loss of function of FMRP causes fragile X syndrome.
In Drosophila, depletion of this protein causes abnormalities in neuromuscular junction
(NMJ) maturation (Zhang et al., 2001b) and pre-synaptic structures (Pan et al., 2008; Tessier
and Broadie, 2008), and disturbs Sema3A-mediated growth cone collapse in mouse
hippocampal neurons (Li et al., 2009). TAR DNA-binding protein 43 (TDP-43) is a member
of the heterogeneous nuclear ribonucleoproteins (hnRNP) involved in transcription
repression, splicing, and translation. Mutations in this protein cause a motoneuron disease
called Amyotrophic lateral sclerosis (ALS) (Mackenzie et al., 2010). In axons, TDP-43 co-
localizes with other RNPs, like FMRP, IMP1, SMN and HuD, and regulates mRNA transport
of target genes involved in axon growth (Fallini et al., 2012a).

Other importnat trans-acting elements present in RNA granules are microRNAs, which
supress translation of target mMRNAs (Schratt et al., 2006). For instance, miR-338 can repress
the translation of a subsequet mMRNAs, such as COX411 (Aschrafi et al., 2008) and ATP5G1
ATP synthase, H+ transporting, mitochondrial FO complex, and the components of

mitochondrial complexes IV and V (Hillefors et al., 2007).
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Figure 3.4.1 RNA granule formation for axonal transport. Sorted mMRNAs form a complex with RNA
binding proteins, a so-called “RNA granules”, and become transported along microtubules, modified from:

(Wang et al., 2007).
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3.4.1 SMN, an essential protein for RNP particle assembly

Survival of Motor Neuron (SMN) is a 38 kD protein that is ubiquitously expressed in all cell
types. SMN is encoded by SMN1 gene located on human chromosome 5q13 (Lefebvre et al.,
1995). Smn protein is found in both nucleus and cytoplasm. In the nucleus, Smn is required
for the assembly of spliceosomal small nuclear ribonucleoprotein particles (SnRNPs), that are
involved in splicing and pre-mRNA maturation (Liu and Dreyfuss, 1996). These SnRNPs are
composed of an U snRNA (U1, U2, U4, U5, U1l or U12) and a heptameric ring of Sm
proteins (Raker et al., 1999). The assembly of Sm proteins into ShARNP complex requires the
so-called SMN complex, that contains Gemins proteins 2-8, SMN, unr interacting protein
(unrip), and ATP (Fig. 3.4.1) (Meister et al., 2001; Ogawa et al., 2009).

In addition to its canonical role in the snRNP biogenesis, Smn facilitates the formation of
cytoplasmic RNP particles implicated in axonal mRNA translocation and local translation.
Smn has also been shown to interact with hnRNP Q/R, which can bind to the 3’UTR of B-
actin mRNA, and it has been questioned whether Smn could also interact with other well-
known RNA binding proteins implicated in f-actin mRNA transport such as: ZBP1, HuD, and
KSRP (Fallini et al., 2012b; Rossoll et al., 2002). Smn is also required for the axonal transport
of candidate plasticity-related gene 15 (cpgl5), p21 (cipl/wafl), and polyA mRNAs, as SMN
deficiency results in mislocalization of these mMRNAs (Akten et al., 2011; Fallini et al., 2011,

Hubers et al., 2011).
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Figure 3.4.1.1 Role of SMN in splicing and mRNP assembly. SMN forms a so-called “SMN complex”
together with Sm proteins, Gemins, and Unrips. This complex is involved in splicing of pre-mRNAs, but also
facilitates the assembly of sorted mRNAs into RNA granules for axonal transport, modified from: (Fallini et al.,
2012bh).

3.4.2 Impaired RNA biogenesis and trafficking in motoneuron diseases
Homozygous deletions or mutations in the human SMN1 gene cause an autosomal recessive
neuromuscular disease, called spinal muscular atrophy (SMA). These mutations result in
selective degeneration of spinal motoneurons and associate with muscle denervation,
weakness, paralysis, and finally death as a result of respiratory dysfunction (Crawford and
Pardo, 1996). Many mouse models have been generated to study the pathogenesis of the
SMA. Since in mouse there is only one Smn copy, knockout of this copy causes embryonic
lethality. However, in human there is a second copy of this gene, SMN2, which produces only
10% functional protein due to a substitution of C by T, causing skipping of the exon 7 during

splicing (Cartegni et al., 2002; Monani et al., 1999). Hence, human SMN2 gene is introduced

into mouse lacking Smn (Smn-/_; hSMN2tg) (Hsieh-Li et al., 2000; Monani et al., 2000).

These animals develop severe muscle atrophy and die, due to motoneuron dysfunction, within
few days after birth. Motoneurons undergo degeneration and exhibit reduced synaptic

transmission at NMJs (Winkler et al., 2005). Furthermore, depletion of Smn in zebrafish and
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cultured motoneurons have been shown to impair axon guidance and elongation (Jablonka et
al., 2004; McWhorter et al., 2003).

In vitro studies with primary cultured motoneurons isolated from a severe SMA mouse model
have shown that Smn-deficient motoneurons grow shorter axons and smaller growth cones
(Rossoll et al., 2003). Interestingly, these observations correlate with reduced pB-actin mRNA
and protein in the distal axon, indicating that SMN is required for the assembly of
ribonucleoptotein particles involved in axonal transport and local translation of [-actin
mRNA. Moreover, mouse motoneurons lacking Smn exhibit impaired clustering of voltage-
gated Ca*? channels in axon terminals, which correlates with reduced spontaneous
excitability. Treatment with CAMP leads to an increase in Smn and B-actin levels, and thus,
attenuates observed morphological and functional deficits in motoneuron presynapses
(Jablonka et al., 2007). Likewise, suppression of PTEN increases the survival of Smn-
deficient motoneurons and improves NMJ innervation and motor functions in SMA mice
(Little et al., 2015).

B-actin mRNAs and proteins are highly abundant in the growth cone of developing
motoneurons where the local translation of this protein contributes to rapid cytoskeletal
rearrangements required for axon pathfinding and presynaptic differentiation (Yao et al.,
2006). Thus, impaired axonal mRNA trafficking and local translation upon Smn-deficiency
might contribute to the pathogenesis of the SMA.

Amyotrophic lateral sclerosis (ALS) is another common motoneuron disease, which is
characterized by progressive degeneration of upper (in the cerebral cortex) and lower
motoneurons (in brain stem and the spinal cord), paralysis, and respiratory failure. 90% of all
ALS cases are sporadically and only 10% are familial (fALS) (Andersen and Al-Chalabi,
2011). Mutations in more than 30 different genes have been identified as the cause of
neuronal death in familial ALS (Renton et al., 2014). These mutations disturb diverse cellular

functions, such as protein degradation, mitochondrial function, energy consumption, but also
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axonal transport (Tapia, 2014). The second most common genetic cause of fALS is mutations
in SOD1 gene. The mechanism by which mutant SOD1 gene causes neuronal death, involves
oxidative stress, mitochondrial dysfunction, protein aggregation, and glutamate excitotoxicity
(Beal, 2000; Robberecht, 2000; Sasaki et al., 2000). Also, mutations in hnRNP family
members, TDP-43 and FUS genes, have been linked to fALS (Honda et al., 2013). Mutated
TDP-43 and FUS form aggregates with SMN (Groen et al., 2013) and are components of
stress granules containing sorted mRNAs in ALS patients (Volkening et al., 2009).
Hexanucleotide repeat expansions in C9orf72 gene account for fALS and FTLD (Renton et
al., 2011). Corresponding transcripts associate with RNA aggregates within nuclear foci
(DeJesus-Hernandez et al., 2011), which undergo RAN translation and form toxic aggregates
(Zhang et al., 2014). Thus, disturbed RNA metabolism could contribute to neurodegeneration

in both SMA and ALS patients.
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3.5 Aim of the present study

Axon arborization and synaptogenesis are two fundamental steps during the development of
neuronal circuitry. In vivo and in vitro studies have shown that the actin cytoskeleton plays a
crucial role during these two processes. The dynamics of actin polymerization and stability
depend on the three different actin isoforms; a-, f- and y-actin. The expression of actin
isoforms is tissue specific and highly regulated, indicating that these different isoforms might
exert specific cellular functions. Interestingly, in neuronal cells, the transcripts and proteins
for these isoforms are differentially distributed in the soma and axon. In sensory neurons, only
mRNAs for B-actin are sorted into axons (Willis et al., 2011) and it has been shown that the
impaired local translation of this isoform disturbs axonal branching in these neurons
(Donnelly et al., 2013). Also in motoneurons, -actin is translated locally in the axonal growth
cone which suggests a role for this isoform in axon elongation and guidance in these cells
(Rathod et al., 2012; Rossoll et al., 2003). Nevertheless, B-actin motoneuron-specific
knockout mice are viable and show no morphological or behavioral defects (Cheever et al.,
2011), suggesting a compensatory response for the lack of B-actin in these neurons. Thus, it
seems that the expression of actin isoforms is differentially regulated in motoneurons.
Unraveling the mechanism of such a compensatory response mediated by a- and y-actin
isoforms would be of major interest.

Furthermore, a key question one would need to answer refers to the local translation of these
different actin isoforms and how this could contribute to actin dynamics and rearrangements
during motor axon growth and maturation.

The aim of the present study was to investigate the mechanism of axonal trafficking and local
translation of a-, B- and y-actin mRNAs, and to address the differential role of these three
isoforms in regulating actin dynamics during axonal elongation, branching, and formation of

presynapses in embryonic mouse motoneurons.
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4. Materials and Methods

4.1 Materials

411 Animals
Laboratory animals used in this study were bred in the animal facility of the Institute of
Clinical Neurobiology, University Hospital of Wirzburg. They were maintained at 20-22°C
and 55-65% humidity with a 12 hours light/dark cycle. Animals were provided with food and
water in excess amounts. CD-1 mice were maintained as an outbred line obtained from
Charles River animal facility and used as wildtype control. SMA type | transgenic mice were
generated using C57BL/6 genetic background as previously described (Schrank et al., 1997).

-

Human SMN2 gene was introduced into the null Smn™ background to rescue the lethality and

this line, Smn*"; SMN2tgtg, was used for studying the role of Smn protein in axonal MRNA

transport and local translation of the three actin isoforms (Monani et al., 2000).
4.1.2 Cell Lines

4.1.2.1 HEK®*T cell line
HEK®®T cells were used to generate lentiviral particles and to check generated expression

constructs.

4.1.2.2 NSC-34 cell line
NSC-43 cell line was used to check generated knockdown constructs before lentiviral

production.

4.1.2.3 Hela cell line

Hela cell line was used to determine virus titer.
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4.1.3 Chemicals, reagents and buffers
30% Acrylamide bis acrylamide
Acetic acid
Agarose
Ammonium persulfate
Ampicillin sodium salt
Anisomycin
Aqua Poly/Mount
ATP
B-27 supplement
Betaine monohydrate
BDNF
Bromophenol blue
Bovine serum albumin
Boric acid
BSA
Chelex
Chloroform
CNTF
Cycloheximide
Diethyl pyrocarbonate (DEPC)
Di-Sodium hydrogen phosphate
DMEM
DMSO

DNA decontamination reagent

Applichem

Merck

Applichem

Sigma

Sigma

Sigma

Polysciences

Sigma
GIBCO-Invitrogen
Sigma

Institute of clinical neurobiology
Merck

Applichem
Applichem

New England Biolabs
BioRad

Applichem

Institute of clinical neurobiology
Sigma

Sigma

Merck
GIBCO-Invitrogen
Sigma

Sigma
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dNTPs

Donkey serum

DTT

Dulbecco’s PBS

EDTA

EGTA

Ethanol

Ethidium bromide
Formaldehyde Ampules, Methanol-free
GeneRuler DNA Ladder
Glutamax

Glucose

Glycerol

Glycine

Glycogen RNA grade
Goat serum

HBSS

HEPES

Phusion™ High-Fidelity DNA polymerase
Horse serum
Isopropanol
Kresylviolett (Acetat)
Laminin

Laminin 221/211

LB broth base

Fermentas
Liniaris
Invitrogen

PAA Laboratories
Merck

Sigma

Sigma

Merck

Thermo Scientific
Thermo Scientific
GIBCO-Invitrogen
Sigma

Sigma

Merck

Fermentas
Liniaris
GIBCO-Invitrogen
Sigma
ThermoFisher
Liniaris

Sigma

Merck

Invitrogen
Millipore

Sigma
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Lipofectamine 2000

L-Lysine mono hydrochloride
Magnesium chloride

Magnesium sulfate
Mercaptoethanol

Methanol

Micro-90® concentrated cleaning solution
Milk powder

Neurobasal medium

Non-essential amino acids

NP-40

OptiMEM medium

Optimum cutting temperature compound
Page ruler pre stained protein ladder
PBS (RNase free)

P/S

PIPES

Poly D-L-Ornithine

Potassium chloride

Protease Inhibitor Cocktail Tablets
Protein A agarose

Proteinase K

Random Primer N6

RNase away reagent

RNasin® Plus RNase Inhibitor

ThermoFisher
Sigma

Sigma

Sigma

Merck

Sigma

Sigma
Applichem
GIBCO
Invitrogen
Roche
Invitrogen
Tissue-Tek Sakura
Fermentas
Affymetrix
Invitrogen
Sigma
GIBCO
Merck

Roche

New England Biolabs
Roche

Roche
Ambion

Promega
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Sarcosyl powder

Saponin

Select Agar

Sodium bicarbonate

Sodium chloride

Sodium di-hydrogen phosphate
Sodium dihydrogen phosphate
Sodium (meta) periodate
Sucrose

10 x Taq buffer

Taq DNA polymerase
TEMED

Terralin

Tris Base

Triton-X 100

Trypsin

Trypsin inhibitor

Tween 20

Water Molecular biology grade

Sigma
Sigma
Invitrogen
Merck
Merck
Carl Roth
Carl Roth
Sigma
Sigma

5 Prime

5 Prime
Merck
Schuelke
Roth
Sigma
Worthington
Sigma
Sigma

Applichem

Solutions for DNA extraction and genotyping

Lysis buffer for quick and dirty DNA extraction

2.5 ml 10% sarcosyl solution
1 ml5 M NaCl
2.5 g Chelex (= 5%)

Add bidistilled water to 50 ml
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Lysis buffer for chloroform DNA extraction

5 M betaine solution

6 x loading buffer

50 x TAE buffer

10 mM Tris-HCI pH 7.5

100 mM EDTA pH 8.0

150 mM NaCl

0.5% SDS

20.28 g betaine monohydrate,
add 30 ml bidistilled water
30% glycerin solution in TAE
0.15% bromophenol blue
0.15% xylene cyanol

Add 1 x TAE to 50 ml

484 g Tris-base

114.2 ml glacid acetic acid
200 ml 0.5 M EDTA pH 8

add bidistilled water to 2 L

Solutions for RNA extraction, qRT-PCR and LMD

DEPC water

Lysis buffer for RNA extraction and direct

cDNA synthesis (100 pl reaction volume)

add 1 ml diethyl pyrocarbonate to 1 L

bidistilled water

10 mM Tris-HCL pH 8

2 mM dNTPs

1 mM random hexamer N6
1 x first strand buffer

10 pl DTT (10 mM)

5 pl NP-40 (0.5%)

20 pg glycogen
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10 U RNasin® Plus RNase Inhibitor

add RNase free water to 100 pl

Cresyl violet solution 2 g Cresyl violet
add 200 ml ethanol
EB-BSA 4.5 ml 10 mM Tris-HCL pH 8

0.5 ml 100 x BSA

Solutions for FRAP
ACSF buffer 127 mM NaCl
3.0 mM KCI
1.25 mM NaH,PO4H20
23.0 mM NaHCO3

25.0 mM glucose (add freshly)

Solutions for motoneuron and cortical neuron cultures

P™ panning dilute anti-p” antibody (MLR2) 1:10000 in 10 mM Tris buffer
pH 9.5
Borate buffer add 0.15 M boric acid to bidistilled water, adjust pH to 8.35 and

sterile autoclave

Depolarization solution 30 mM KCI
0.8% NaCl
2 mM CacCl,

add distilled water and sterile autoclave
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1% trypsine

1% trypsine inhibitor

Laminin

100 x PORN solution

1 M HEPES buffer pH
7.4

dissection medium

2 g trypsine

200 ml HBSS

5ml 1M HEPES pH 7.3
100 mg trypsine inhibitor
9.75 ml HBSS

0.25ml IM HEPESpH 7.3

dilute laminin in HBSS to obtain 2.5 pg/ml final concentration

500 mg PORN

dissolve in 10 ml borate buffer for 0.5 mg/ml final concentration
23.83 g HEPES

add 100 ml distilled water and autoclave

HBSS

1 x Na-pyruvat

0.1% glucose

10 mM HEPES

Solutions for live cell extraction

Cytoskeleton buffer (CB)

10 mM MES pH 6.1
150 mM NaCl
5mM EGTA
5 mM glucose

5 mM MgCl,
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Solutions for immunocytochemistry and in situ hybridization
0.2 M phosphate buffer pH 7.4 35.6 g Na;HPO4%x2H,0

5.42 g NaH2PO4X1H20

Lysine-phosphate buffer 3.66 g L-lysine

100 ml water

add 0.1 M Na;HPO, until pH is 7.4

add 50 ml 0.2 M phosphate buffer

fill up to 200 ml with distilled water
16% PFA pH 7.4 16 g paraformaldehyde

dissolve in 50 ml water

add few drops of NaOH

dissolve at 60°C

add 41 ml of 0.2 M Na;HPO4

add 9 ml of 0.2 M NaH,PO4
4% PLP pH 7.4 (10 ml) 7.5 ml lysine phosphate buffer

2.5 ml 16% PFA

0.135 g glucose

0.021 g sodium (meta) periodate
10 x PBS pH 7.4 (1 L) 80 g NaCl

2.0 g KClI

14.4 g Na,HPOA4

2.4 g KH,PO4

add distilled water to 1 L and autoclave
Saponin solution (10 mg/ml stock) 100 mg saponin

10 ml PBS



Block solution

10 % horse or donkey serum

2% 1x BSA

5% sucrose in PBS

0.2 mg/ml saponin

0.3% Triton-X 100

Primary antibodies used for immunofluorescence

Antibody Host Working dilution Company
monoclonal anti-a-actin mouse 1:500 ThermoFisher, MA5-12542
monoclonal anti-f-actin mouse 1:1000 GeneTex, GTX26276
monoclonal anti-y-actin mouse 1:1000 Santa Cruz, sc-65634

Alexa Fluor® 546 - 1:50 Invitrogen, A22283
phalloidin
polyclonal anti-Tau rabbit 1:1000 Sigma, T6402
monoclonal anti-oa-Tubulin mouse 1:1000 Sigma, T5168
monoclonal anti-Map2 mouse 1:1000 Sigma, M1406
polyclonal anti-pan-actin rabbit 1:200 Cytoskeleton, D18C11
monoclonal anti-Gapdh mouse 1:000 Calbiochem, CB1001
polyclonal anti-vitamin D rabbit 5 pg/mi Thermoscientific, PA5-
binding protein 19802
monoclonal anti- mouse 1:500 AbCham, ab420
Digoxigenin
monoclonal anti-HA rat 1:1000 Roche, 11867423001

Table 4.1.1 List of primary antibodies used for immunofluorescence
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Secondary antibodies used for immunofluorescence

Antibody Host Working Company
dilution
Dylight™ 405 anti-rabbit IgG goat 1:250 JIR, 111334
(H+L)
Alexa Fluor® 488 anti-rabbit IgG goat 1:500 Invitrogen, A11008
(H+L)
Cy3 anti-rabbit 1gG (H+L) donkey 1:500 JIR, 711-165-152
DyLight™ 649 anti-rabbit 1gG goat 1:500 JIR, 711-495-152
(H+L)
Alexa Fluor® 488 anti-mouse 1gG goat 1:500 Invitrogen, A11029
(H+L)
Cy3 anti-mouse IgG (H+L) goat 1:500 JIR, 115-165-146
Cy5 anti-mouse IgG (H+L) goat 1:500 JIR, 115-175-146
Alexa Fluor® 488 anti-mouse IgM goat 1:500 ThermoFisher, A-21042
Alexa Fluor® 488 anti-mouse IgG1 goat 1:500 ThermoFisher, A21121
DyLight™ 550 anti-mouse IgM goat 1:500 ThermoFisher, SA5-
10151
Cy3 anti-rat IgG (H+L) donkey 1:500 JIR, 712-165-150

Table 4.1.2 List of secondary antibodies used for immunofluorescence

Solutions for G-actin to F-actin separation
Actin stabilization buffer 0.1 M PIPES pH 6.9
30% glycerol (vol/vol)
5% DMSO (vol/vol)
1 mM MgSO,
1 mM EGTA
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1% Triton X-100 (vol/vol)

2mM ATP

complete protease inhibitor and phosphatase inhibitor

Buffers for western blot analysis

RIPA buffer

10 x TBS pH 7.4

1xTBSTpH 7.4 (1L)

10 x SDS running buffer

5 x Laemmli buffer

Transfer buffer (100 ml)

1 M Tris-HCI pH 7.6

150 mM NaCl

1% NP-40

0.5% Sodium deoxycholate
1 x protease inhibitor

0.2 M Tris-Base

1.5 M NaCl

100 ml 10 x TBS

0.5% Tween 20

add distilled waterto 1 L
30.3 g Tris-base

144 g glycine

10 g SDS

4% SDS

125 mM Tris-HCI pH 6.8
10% mercaptoethanol
20% glycerol

0.004% bromophenol blue
5 ml 10 x SDS running buffer
20 ml methanol (20%)

75 ml millipore water
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Blocking buffer

Stripping buffer

Stacking gel 4%
Reagents

30% acrylamide bis-acrylamide

1 M Tris-HCI pH 6.8

10% SDS

10% Ammonium persulfate

TEMED

Millipore water

Separating gel

Reagents

30% Acrylamide bis-acrylamide
1.5 M Tris-HCI pH 8.8

10% SDS

10% Ammonium persulfate
TEMED

Millipore water

5 g milk powder

100 ml 1x TBST
1 M Tris-HCL pH 6.7

10% SDS

100 mM mercaptoethanol

8%
2ml
1.87 ml
75 ul
75 ul
5ul

3.47 ml

Volume
850 pl
1.25 ml
50 pl
50 pl
5ul

3.4 ml
Gel %

10% 12%
2.5 ml 3ml
1.87 ml 1.87 ml

75 ul 75 ul

75 ul 75 ul

5ul 5ul
3.47 ml 2.47 ml
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Primary antibodies used for western blot analysis

Antibody Host Working Company
dilution
monoclonal anti-a-actin mouse 1:500 ThermoFisher, MA5-12542
monoclonal anti-B-actin mouse 1:4000 GeneTex, GTX26276
monoclonal anti-y-actin mouse 1:1000 Santa Cruz, sc-65634
monoclonal anti-Smn mouse 1:4000 BD Biosciences, 610646
monoclonal anti-pan mouse 1:3000 Millipore, MAB1501R
actin
monoclonal anti-pan mouse 1:5000 EnCor, MCA-5J11
actin
polyclonal anti-Calnexin goat 1:5000 Acris, AB0037-200
polyclonal anti-Calnexin rabbit 1:5000 Enzolifesciences, ADI-SPA-
860
monoclonal anti-Gapdh mouse 1:5000 Calbiochem, CB1001
monoclonal anti-HA rat 1:5000 Roche, 11867423001

Table 4.1.3 List of primary antibodies used for Western blot

Secondary antibodies used for western blot analysis

Antibody Host Working dilution Company
Peroxidase AffiniPure goat 1:10000 JIR, 115-035-003
anti-mouse 1gG
Peroxidase AffiniPure donkey 1:10000 JIR, 705-545-147
anti-goat 19G
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Peroxidase AffiniPure goat 1:10000 JIR, 112-035-003

anti-rat IgG (H+L)

Peroxidase AffiniPure goat 1:10000 JIR, 111-035-003

anti-rabbit 1gG (H+L)

Table 4.1.4 List of secondary antibodies used for Western blot

Cell culture media

Cell culture Complete medium

For motoneurons NB with 1 x Glutamax
2% horse serum
1 x B27 supplement
5 ng/ml BDNF and CNTF

For cortical neurons NB with 1 x Glutamax
1 x B27 supplement
0.5% P/S

For HEK**" and NSC-34 DMEM with 1x Glutamax
10% FBS

1 x non-essential amino acids

1% P/S
Cloning media
LB-Agar (1 L) 15 g select Agar
20g LB

1 ml ampicillin (10 pg/ml end concentration)

add distilled water and sterile autoclave
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Primers for genotyping

Name

Sequence

Smn-wt/ko-for

5’-CTG GAATTC AAT ATG CTA GAC TGG CCT G-3¢

Smn-wt-rev 5’-AAT CAATCT ATC ACCTGT TTC AAG GGA GTT G-3°
Smn-ko-rev 5’-GAT GTG CTG CAA GGC GAT TAAGTT G-3°
SMN2tg-for 5’-CGG AAG TCG TCACTCTTA AG-3°

SMNZ2tg-rev 5‘-GAA GAA GGG TGC TGA GAG CG-3

Table 4.1.5 List of used primers for genotyping

Primers for qRT-PCR

Name Sequence
a-actin-for 5’-TAG ACA CCATGT GCG ACG AAG A-3¢
a-actin-rev 5’-ACC TAC CAT GAC ACC CTG GTG A-3’
[-actin-for 5’-GAT GAC CCA GAT CATGTT T-3°
[B-actin-rev 5’-CGT GAG GGA GAG CAT AG-3’
y-actin-for 5‘-ATC GCC GCACTC GTC AT-3’
y-actin-rev 5’-GCC GTG TTC GAT AGG GTA -3’
Gapdh-for 5’- AACTCC CACTCTTCCACCTTC-3’
Gapdh-rev 5’-GGT CCAGGG TTTCTT ACT CCT T-3°

Histone H1f0-for

5’-CCC AAG TAT TCA GAC ATG AT-3’

Histone H1f0-rev

5’-CGC TTG ATG GAC AAC T-3°

18s rRNA-for

5-CGC GGT TCTATTTTGTTG GT-3’

18s rRNA-rev

5’-AGT CGG CAT CGT TTATGG TC-3’

a-actin-HA-for

5’-GAT TAC GCT GGG ATC CGA ATT CA-3’

a-actin-HA-rev

5°-CGG AAG CAT AGA GGG ACA GC-3°
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[B-actin-HA-for

5’-CCC ATACGATGT TCC AGATTA CGC-3

B-actin-HA-rev

5’-CAC GGT TGG CCT TAG GGT TCA-3°

y-actin-HA-for

5’-GAT TAC GCT GGG ATC CGA ATT CAA-3’

y-actin-HA-rev

5’-GAC AAT GCC GTG TTC GAT AGG GT-3°

Table 4.1.6 List of used primers for gRT-PCR

Oligos for shRNA cloning

Name Sequence

ShRNA-a-actin 1 5’-CAG GAC GAC AAT CGACAAT-3’

ShRNA-a-actin 2 5’-CAATCG ACAATCGTGCTG T-3’

ShRNA-B-actin 1 5’-GCA CACCTT ACCTTACAC A-3°

ShRNA-B-actin 2 5’-GTGCAC ACCTTACCT TAC A-3°

ShRNA-y-actin 1 5’-GCA CGC TGT AGA TGA GAA A-3°

ShRNA-y-actin 2 5’-GCA CGATGA AGATTAAGAT-3

ShRNA-y-actin 3 5’-CTA GCA CGA TGA AGATTA A-3

Table 4.1.7 List of used oligos for sShRNA cloning

Primers for HA-tag expression cloning

Name Sequence

a-actin-HA-for | 5>-TTT TTT GAATTC AAT GCG ACG AAG ACG AGA CCA CC-3’

a-actin-HA-rev | 5>-TTT TTT GAATTC TTG GAG CAA AAC AGA ATG GCT G-3°

B-actin-HA-for | 5°-TTT TTT GAATTC AAG ATG ACG ATATCG CTG CGC T-3°

B-actin-HA-rev | 5>-TTT TTT GAATTC GTT TGT GTA AGG TAA GGT GTG C-3’

y-actin-HA-for | 5°-TTT TTT GAATTC AAG AAG AAG AAATCG CCGCACTC-3’

y-actin-HA-rev | 5>-TTT TTT GAATTC CAG TTACTG CAG CACTTT TA-3’

Table 4.1.8 List of used primers for HA-tag expression cloning
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Primers for Myr-GFP-3’UTR expression cloning

Name

Sequence

a-actin-3’UTR-for | 5°-TGC TAG CTA AGC GCACTC GCG TCT GCG TT-3’

a-actin-3’UTR-rev | 5’-ATG AAT TCT TGG AGC AAA ACA GAA TG GCT GG-3’

B-actin-3’UTR-for | 5’-TGC TAG CTA AGC GGA CTG TTACTG AGC TGC GTT-3’

B-actin-3’UTR-rev | 5’-ATG AAT TCG TTT GTG TAA GGT AAG GTG TGC-3’

y-actin-3’UTR-for | 5°-TTC TAG ATA AAT GGA CTG AGC AGG TGC CAG-3’

y-actin-3’UTR-rev | 5’-ATG AAT TCT TCAGTT ACT GCAGCACTT TTAT-3’

Table 4.1.9 List of used primers for Myr-GFP-3’UTR expression cloning

Primers for p-actin rescue cloning

Name Sequence
B-actin-for | 5’-GTA GGA TCC GCC ACC ATG GAT GAC GAT ATC GCT GCG CTG-3’
B-actin-rev | 5>-TAC GGATCCACT TTT ATT GGT CTC AAG TCAGTG T-3°

Table 4.1.10 List of used primers for p-actin rescue cloning

List of plasmids

Vector Insert Vector Source
gRT-PCR amplicon of a-actin
pCR®4-TOPQ® gRT-PCR amplicon of B-actin Invitrogen
TA4.0kb gRT-PCR amplicon of y-actin
pCMV R8.91

pMD.G VSVG Lentiviral packaging helper plasmids | (Dull et al., 1998; Zufferey et

PRSV-REV al., 1998)

pPMDLg/pRRE

shRNA targeting 3°UTR of a-actin
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shRNA targeting 3’UTR of B-actin
pSIH1-H1-Puro
shRNA shRNA targeting 3’UTR of y-actin System Biosciences
shRNA targeting 3’UTR of B-actin
and rescue B-actin
HA-tag a-actin (ORF+3’UTR) Institute of Clinical
FU-Valentine HA-tag B-actin (ORF+3"UTR) Neurobiology, provided by
ubiquitin
promoter HA-tag y-actin (ORF+3"UTR) Robert Blum
LCK-Myr-eGFP+3°UTR of a-actin cloned by Reena Rathod
FU-Valentine LCK-Myr-eGFP+3°UTR of B-actin (Rathod et al., 2012)
ubiquitin
promoter LCK-Myr-eGFP+3 UTR of y-actin
pCDH1-MSC- rescue B-actin (ORF+3°UTR) Institute of Clinical
EF1 ubiquitin
promoter Neurobiology

Table 4.1.11 List of used plasmids for cloning

Commercial Kits

Kits

BCA Protein Assay Kit

ECL Western Blotting

Detection kit

LightCycler® FastStart DNA Master SYBR Green |

Luminaris Color HiGreen gPCR Master Mix

NucleoBond® Xtra Mi
Plasmid mini-prep kit
QIAX 11 gel extraction

RNA extraction kit

di/Maxi plasmid purification kit

kit

Superscript 111 First strand synthesis

TOPO® TA cloning kit

Company

Pierce

GE Healthcare
Roche
ThermoFisher
Macherey-Nagel
Macherey-Nagel
Qiagen

Qiagen

Roche

Invitrogen




ViewRNA ISH Cell Assay

Softwares

ApE plasmid editor

Adobe Illustrator CS5

Adobe Photoshop 7.0

Endnote X7

Imagel, Fiji

GraphPad Prism 6.0

Leica LAS-AF lite

Microsoft Office 2010, Excel, Word, Power Point
Nikon ND software

Oligo 6 primer design

OriginLab Viewer

Affymetrix-eBioscience
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4.2 Methods

421 HEK**" and NSC-34 culture
After reaching 90% confluency, cells were passaged 3 times/week to maintain desired
density. Medium was removed and cells were washed shortly 1 x with pre-warmed
trypsin/EDTA to remove cell debris. 2 ml of trypsin/EDTA solution was added and incubated
at RT (for HEK*®T cell line) or at 37°C (for NSC-34 cell line) for 2 min. Trypsinization was
stopped by adding 5 ml fresh pre-warmed full DMEM medium and cells were collected into a
15 ml Falcon tube. After 5 min centrifugation at 400 g, supernatant was aspired and pellet was
resuspended in 5 ml fresh DMEM medium. 10 ul of diluted cells was used to determine cell
number using a hemacytometer (Neubauer chamber). 5 x 10* cells/cm? were seeded in a T-75
cm? flask in 25 ml DMEM medium supplied with 10% FCS, 10% DMSO, 1% MEM non-
essential amino acids (100 x stock), 6 mM L-glutamine and 1% P/S and maintained in a

humidified incubator at 37°C with 5% CO2 supply.

4.2.2 Cortical neuron culture
For cortical neuron culture cortices were dissected from E17 CD1 wild type mouse embryos
and collected in 500 pl HBSS. 0.5% trypsin (Worthington) was added and incubated for 20
min in a water bath at 37°C. Trypsinized cells were washed 3 x with dissection medium and
0.25% DNase (Sigma) was added. Cells were then incubated for 5 min at RT and then washed
2 x with dissection medium. 0.5% trypsin inhibitor (Sigma) was added and triturated using a
Pasteur pipette. Cell suspension was transferred into a new 15 ml Falcon tube and the
remaining cells were triturated once again. Cells were collected by 3 min centrifugation at 400
g. Medium was removed and pellet was resuspended in 5 ml fresh NB medium. One million
cells were plated in microfluidic chambers and 20000 cells on poly-I-lysine coated glass

coverslips. Cortical neurons were maintained in NB medium supplied with 1 x B27, 0.5% P/S
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and 1% Glutamax in a humid CO, incubator. Medium was replaced every 3 days. This

technique was applied by my colleague Michaela Keller.

4.2.3 Enrichment of embryonic mouse motoneurons and virus transduction

The isolation and enrichment of primary mouse motoneurons was performed as previously
described (Wiese et al., 2010) and motoneurons were enriched by panning using a p” '~
antibody (Wiese et al., 1999).

Motoneurons were seeded on glass coverslips for IF experiments. Coverslips were sterilized
by flaming in 70% ethanol and air dried or by 30 min UV sterilization and placed into 4- or
12-well dishes. Wells were coated with PORN solution at a final concentration of 0.5 mg/ml
by overnight incubation at 4°C. On the next day, coverslips were washed 3 x with sterile
HBSS, laminin solution was added at 2.5 ug/ml final concentration and incubated at RT for at
least 1 h. For cell viability assay as well as protein and RNA extraction, cells were plated
directly on PORN/laminin pre-coated plastic surface in 12- or 24-well dishes. For transgenic
mouse lines, 24-well plates were used for panning and for wt CD1 mouse line, a 10 cm dish
was used. PN antibody was diluted in 10 ml Tris buffer and added into panning plates.
After 1 h incubation at RT, panning plates/dishes were washed 2 x with HBSS and 1 x with
NB and covered with 10 ml and 500 ul of NB for 10 cm dishes and 24-well plates,
respectively.

Mice were sacrificed by cervical dislocation and lumbar spinal cords were dissected from E
13.5 mouse embryos. After removing meninges and dorsal root ganglia, each spinal cord was
transferred into a 1.5 ml tube containing 90 pl sterile HBSS and kept on ice. Under a cell
culture laminar flow, 1% trypsine solution was added to spinal cord tissues and incubated in a
water bath (37°C) for 15 min. Trypsinization was stopped by adding 1% trypsine inhibitor to
tubes and triturated by pipetting up and down. Suspensions of single motoneurons were

transferred into panning dishes (pre-coated with p°N™® antibody) and incubated at RT for 45
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min. Panning plates/wells were then washed 3 x with NB medium. After removal of

nonadherent cells, attached p°N'R

-expressing neurons were dissociated from panning plates
by adding 2 ml (for 10 cm dishes) and 500 ul (for 24-well plates) depolarization buffer and
incubated for 10 sec. To neutralize depolarization process, 5 ml (for 10 cm dishes) and 500 pl
(for 24-well plates) complete NB medium was added to panning plates. Cells were collected
in NB medium and transferred into a clean 15 ml Falcon tube. Cell suspension was
centrifuged at 400 g for 4 min. Medium was aspired and pellet was resuspended in 200 pl
medium. Cells were counted using a hemacytometer (Neubauer chamber) and desired number
of cells was transferred into 1.5 ml tubes for virus transduction. Lentiviruses were added
directly to the motoneuron suspension (in a total volume of max 50 pl) and incubated for 10-
15 min at RT. Laminin was aspired and motoneurons were immediately plated onto glass
coverslips or into wells. Cells were maintained in complete NB medium supplied with 5

ng/ml BDNF and CNTF for 5-7 DIVs in a humid CO, incubator at 37°C. Medium was

replaced 24 h after plating and then every other day.

4.2.4 Compartmentalized motoneuron culture
Compartmentalized microfluidic chambers were used as described previously (Saal et al.,
2014). Microfluidic chambers (Xona Microfluidics, SND 150) were washed for 30 min in an
ultrasonic bath using 2% Micro-90® concentrated cleaning solution. Chambers were rinsed
first in water for 10 min and then in 70% ethanol for 30 min and dried overnight under a
laminar flow. Sterile chambers were placed on 10 cm dishes which were pre-coated with
PORN and incubated overnight. Next day, PORN was washed 3 x with HBSS and laminin
was added to both main channels and microchannels. Laminin was removed and isolated
motoneurons were directly plated into one side serving as the somatodendritic compartment.
During 7 days culturing, axons grew through the microgrooves to the other compartment (the

axonal compartment) as a response to a BDNF gradient which was applied at 20 ng/ml only to
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the axonal compartment. CNTF and BDNF were applied to both compartments at 5 ng/ml

concentrations. This technique was applied by my colleague Lena Saal.

4.2.5 Transient plasmid transfection using lipofectamine™ 2000 reagent
HEK*®T or NSC-34 cells were seeded in T-75 flasks. After cells reached 90% confluency,
they were trypsinized, counted and 10° cells were seeded in 6-well plates in full DMEM
medium without P/S and placed in the incubator. In parallel, 6 pl lipofectamine™ 2000 and
DNA plasmid (0.5 pg for expression plasmid and 1.5 pg for shRNA plasmid) were separately
added into two 1.5 ml tubes containing each 200 pl Opti-MEM medium and incubated for 10
min at RT under the laminar flow. Next, contents of both tubes were mixed and incubated for
another 20 min at RT. DNA lipid complex was added to freshly seeded cells and placed in the
incubator for 6 h. Medium was then completely removed and full DMEM medium containing

P/S was added. Cells were harvested 36 h after transfection.

4.2.6 Lentivirus production
Lentiviral particles were packaged in HEK?*T cells with pCMV-VSVG and pCMVARS.91
helper plasmids as described previously (Rehberg et al., 2008). Cells were transfected with
Lipofectamine 2000 (Invitrogen) in OptiMEM medium with 10% fetal calf serum for 12-14 h
and viral supernatants were harvested 72 h after transfection by ultracentrifugation. This

technique was applied by my colleagues Elke Spirk and Hildegard Troll.

4.2.7 Virus titration
To estimate the amounts of infectious viral particles, virus titer was determined. Hela cells
were seeded into a 24-well plate (1000 cells/well) and grown in an incubator for 2 days. For a
serial dilution of virus, 12 x 1.5 ml tubes were prepared. 50 pl full medium (DMEM + 10%
FBS and 1% P/S) was added into the first tube and each 25 pl into the remaining 11 tubes. In
the first tube, 2 ul of the virus pellet was added and resuspended by pipetting up and down. 25

pl of the suspension was transferred into the second tube, mixed and again 25 pl was pipetted
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into the third tube and likewise a 10-fold serial dilution was created giving a dilution of 10
in the last tube. The tube contents were added onto seeded cells and incubated overnight. Next
day, medium was replaced and cells were fixed 48 h after transduction. The number of
infectious particles was determined from the last dilution in which still GFP/HA positive

signal was detected.

4.2.8 DNA isolation
For genotyping, DNA was obtained from tails of adult mice or from heads of embryos. DNA

was extracted using two different methods:

a) Fast method

Y4 of head/tail biopsies were transferred into 2 ml tubes containing 500 ul lysis buffer and 1

mg/ml proteinase K and incubated at 60°C under shaking (750 rpm) for 3 h in a thermomixer.
To inactivate proteinase K, samples were boiled at 99°C for 5 min and centrifuged
immediately at 18000 g for 5 min. Supernatants were transferred into a 1.5 ml tube and DNA
concentration was measured using Nanodrop spectrophotometer. 300 ng DNA was used as a

template for the PCR reaction.
b) Chloroform method

Head/tail biopsies were lysed in 500 pl lysis buffer containing 1 mg/ml proteinase K and
incubated at 60°C, 750 rpm in a thermomixer overnight. 430 pl 5 % SDS and 170 uL 3 M
NaCl were added into tubes and vortexed for 15 sec. Next, 750 pl chloroform was added and
vortexed for 30 sec until a white suspension was formed. Suspensions were centrifuged at
4°C, 400 g for 5 min. Upper phase was transferred into a clean 1.5 ml tube and DNA was
precipitated by adding 700 ul isopropanol. To pellet DNA, samples were centrifuged at 4°C,
18000 g for 5 min and supernatants were removed. Pellets were washed with 70% ethanol and

centrifuged for 2 min at 4°C, 18000 g. Ethanol was removed and the pellet was air dried for
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10 min at RT. DNA was reconstructed and dissolved in 100 pl elution buffer (10 mM Tris-

HCI pH 8) by 15 min incubation at 65°C in a thermomixer under shaking.

PCR and DNA electrophoresis for genotyping

PCR was performed to determine the genotypes of Smn ko mouse line using DNA isolated

from tail or heads. 2% agarose gels were made in 1 x TAE buffer. 8 ul 6 x DNA loading dye

was pipetted onto samples and mixed. 15 pl samples were loaded on an agarose gel and run at

120 mV for 40 min.

PCR reaction for Smn wt (PCR amplicon 879 bp)

Components

DNA

5 prime Taq polymerase

10 x 5-prime Taq polymerase buffer

dNTPs (10 mM)

Betain (5 M)

Smn-wt/ko-for primer (10 mM)

Smn-wt-rev primer (10 mM)

water

50 pl reaction Final concentration

1

0.3

5

1

10

1.5

1.5

29.7

300-600 ng
1.3 units

1 x

200 uM
1M

300 pM

300 uM

PCR reaction for Smn knockout (PCR amplicon 600 bp)

Components

DNA

5 prime Taq polymerase

10 x 5-prime Tag polymerase buffer

dNTPs (10 mM)

Betain (5 M)

Smn-wt/ko-for primer (10 mM)

50 pl reaction Final concentration

1

0.3

5

1

10

1.5

300-600 ng
1.3 units

1 x

0.2 mM
1M

0.3 mM
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Smn-ko-rev primer (10 mM) 1.5 0.3 mM
water 29.7

PCR reaction for SMN2tg (PCR amplicon 200 bp)

Components 50 pl reaction  Final concentration
DNA 1 300-600 ng

5 prime Taq polymerase 0.3 1.3 units

10 x 5-prime Taq polymerase buffer 5 1x
dNTPs (10 mM) 1 0.2 mM
SMNZ2-for primer (10 mM) 1.5 0.3 mM
SMN2-rev primer (10 mM) 1.5 0.3 mM
water 39.7

PCR program for Smn wt and Smn knockout

Step Temperature (°C) Duration Number of cycles
Initial denaturation 94 3 min 1
Denaturation 94 30 sec
Annealing 57 30 sec 30
Extension 72 1.5 min
Final extension 72 5 min 1
Hold 15 00

Table 4.2.1 PCR program for Smn wt and Smn knockout

PCR program for SMN2tg

Step Temperature (°C) Duration Number of cycles
Initial denaturation 94 3 min 1
Denaturation 94 30 sec
Annealing
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56 30 sec 30
Extension

72 30 sec
Final extension 72 5 min 1
Hold 15 00

Table 4.2.2 PCR program for SMN2tg

4.2.9 Axonal RNA preparation and cDNA synthesis

We used a direct cDNA synthesis protocol for motoneuron cultures in order to avoid RNA
loss during RNA preparation steps (Durand et al., 2006). In this method, cells are harvested
directly in a lysis buffer which contains reverse transcriptase components (RT buffer), so that
RNA extraction and reverse transcription can happen at the same time. For
compartmentalized microfluidic chambers, total RNA was first extracted from the axonal
compartment and then from the somatodendritic compartment. RT buffer was prepared using
random primers. Motoneurons were washed 2 x with RNase free PBS and lysed directly in
100 pl RT buffer and transferred into RNase free 0.5 ml PCR tubes. Lysates were denatured
at 70°C for 2 min and immediately incubated on ice for 1 min. The tube contents were
collected by a brief centrifugation and incubated for 4 min at 37°C for random hexamers
binding. 1 pl Superscript 111 Reverse Transcriptase was added and incubated at 38°C for 2 h.
RT reaction was continued for 8 h at 39°C.

For HEK?®®T or NSC-34 cells, total RNA was extracted using RNA extraction kit (Qiagen)
following the manufacturer’s instructions and quantified in Nanodrop spectrophotometer. 50-
200 ng total RNA was applied to cDNA synthesis using random primers and superscript 111
reverse transcriptase kit (Invitrogen). cDNA was diluted 1:10 in EB-BSA buffer and applied

to qRT-PCR.
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4.2.10 cDNA purification
We purified cDNA using the QIAEX Il purification kit (Qiagen). This step is required for
complete removal of the RT buffer components, as these components could inhibit the
subsequent gRT-PCR reaction. cDNA samples were pipetted into 1.5 ml tubes containing 700
pl solubilization buffer and 5 pl DNA-binding matrix (suspension buffer) and incubated at
25°C for 15 min, at 1300 rpm in a thermomixer. Samples were spun down for 2 min and
supernatants were removed. 100 pl ice cold wash buffer was added to pellets, briefly vortexed
and spun down for 1 min. This wash step was repeated and the pellet was dried at 37°C for 13
min. To eluate cDNA, 20 pl EB-BSA was added to pellets and incubated at 50°C for 3 min.
Samples were centrifuged for 1 min and supernatants were transferred into 0.5 ml tubes
containing 2 pl EB-BSA. To increase cDNA vyield, elution step was repeated using same

amounts of EB-BSA buffer. All centrifugation steps were performed at 18000 g at RT.

4.2.11 Laser capture microdissection
For Laser Capture Microdissection (LMD), lumbar spinal cords of E18 embryos or 12 week
old mice were dissected and embedded in optimum cutting temperature compound (Tissue-
Tek). These were then dipped in isopentane and immediately frozen in liquid nitrogen. Using
a Leica cryostat, 15 um cross-sections were prepared from spinal cords and transferred to 0.9
pm POL membranes. Tissue sections were first fixed in ice cold 70% ethanol for 2 min and
then stained in 4°C cresyl violet solution for 1 min. Tissues were rinsed briefly first with 4°C
70% ethanol and then 100% ethanol and air dried for 5 min at RT. Using a Leica DM6000B
laser microdissection system, somata of motoneurons were excised from ventral horn of
cresyl violet stained spinal cords and collected into the lid of RNase free 0.2 ml PCR tubes.
For cell lysis and direct cDNA synthesis, 15 pl RT lysis buffer was pipetted into the lid of
tubes, incubated first at 72°C for 2 min and then for one min on ice. Cell lysates were

collected in the tubes by a brief centrifugation step at 18000 g. Reverse transcriptase and
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subsequent cDNA purification were performed as described in sections 4.2.10 and 4.2.11,

respectively.

4.2.12 Quantitative gRT-PCR
gRT-PCR was used to detect mMRNAs for actin isoforms in somata and axons of mouse
motoneurons. Specific primers were designed for a-, B- and y-actin using Oligo 6.0 software
(MedProbe) (Table 4.6). MgCl, concentration was optimized for different PCR conditions
using 2 and 3 mM end concentrations. Also, primer concentration was optimized using 20, 30
and 40 pmol/ul end concentrations. PCR amplicon of each actin isoform was validated by
DNA gel electrophoresis and corresponding products were verified by sequencing. To avoid
genomic DNA contamination, we used primers which were either intron spanning or covering
an exon-exon junction and further excluded this possibility by analyzing product melting
curves and minus RT control assays. 18srRNA and Gapdh were used as positive control for
quality control of cDNA samples. Control experiments with primers for Histone H1fO were
carried out to exclude contamination of RNA in the axonal compartments. Data were
analyzed by relative or absolute quantification. Relative quantification was performed

according to Pfaffl et al. (Pfaffl, 2001) using following equation:

. ACP target ( control — sample ) ACP ref ( control — sample )
Ratio = ( E target) / ( E ref)

Gapdh was used as reference gene for data normalization of knockdown samples versus

control.
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gRT-PCR reactions:

FastStart SYBR Green | master mix

Components 20 pl reaction
cDNA 2
MgCl, 1.6 (2 mM)
FastStart SYBR Green | 2
master mix

For-primer (20 pmol/ul) 2
Rev-primer (20 pmol/pul) 2
water 10.4

Luminaris Color HiGreen master mix

Components 20 pl reaction
cDNA 2
Luminaris Color HiGreen 10
master mix

For-primer (20 pmol/ul) 2
Rev-primer (20 pmol/ul) 2
water 4

gRT-PCR program using FastStart SYBR Green | master mix

Step Temperature (°C) Duration Number of cycles
Initial 95 10 min 1
denaturation
Denaturation 95 0 sec
Annealing 55-63 5 sec 40-50
Extension 72 8-10 sec
4™ segment 81-85 5 sec
Melting 95 0 sec
65 15 sec 1
95 0 sec
cooling 40 0

Table 4.2.3 gRT-PCR program using FastStart SYBR Green | master mix

gRT-PCR program using Luminaris Color HiGreen master mix

Step Temperature (°C) Duration Number of cycles
Initial 95 10 min 1
denaturation
Denaturation 95 15 sec
Annealing
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55-63 30 sec 35-50
Extension
72 30 sec
4™ segment
81-85 5sec
Melting 95 0 sec
65 15 sec 1
95 0 sec
cooling 40 ©

Table 4.2.4 gRT-PCR program using Luminaris Color HiGreen master mix

Annealing and 4™ segment temperatures

Target gene  Annealing (°C) 4™ segment (°C) Nr. of amplification cycles

a-actin 63 84 40
[B-actin 60 83 40
y-actin 63 85 40
18sr RNA 57 81 35
Gaphd 59 83 40
Histone H1f0 55 84 35

4.2.13 Cloning and creating calibration curves and gRT-PCR absolute quantification
Absolute copy numbers of a-, B-, y-actin and Gapdh were determined using external
calibration curves. Generation of calibration curves and absolute quantification have been
described previously (Durand et al., 2006). Briefly, gRT-PCR amplicons of a-, - and y-actin
were first amplified by PCR using the same primers applied for qRT-PCR (Table 4.6) and
cloned into TOPO®TA vector. These products were then used for generation of calibration
curves.

PCR reaction for amplification of a-actin, g-actin and y-actin gRT-PCR amplicons

Components 50 pl reaction  Final concentration
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cDNA 1 50-200 ng

Phusion™ High-Fidelity DNA polymerase 0.5 1.5 units
10 x High-Fidelity GC buffer 5 1x
dNTPs (10 mM) 1 0.2 mM
for primer (10 mM) 1 0.3 mM
rev primer (10 mM) 1 0.3 mM
water 40.5

PCR program for amplification of a-actin, -actin and y-actin gRT-PCR products

Step Temperature (°C) Duration Number of cycles
Initial denaturation 95 10 min 1
Denaturation 95 30 sec
Annealing 60 30 sec 35
Extension 68 30 sec
Final extension 68 7 min 1
Hold 4 %

Table 4.2.5 PCR program for amplification of a-actin, p-actin and y-actin gRT-PCR products

PCR products were subjected to electrophoresis on 2% agarose gels, corresponding bands
were cut from gels and purified using QIAEX Il PCR purification kit (Qiagen) following the
manufacturer’s instructions. In the final extension step of the PCR reaction, Tag polymerase
adds 3’-A overhangs to the amplified PCR products. The TOPO® TA vector is linearized with
3’-T overhangs for direct ligation of the PCR product and activated with covalently bound
topoisomerase I.

18 ng PCR product, 1 pl salt and 1 pl TOPO® TA vector were added into a 0.5 ml tube and
total volume was adjusted to 6 pl with water. Samples were incubated at RT for 10 min. 2 pl
of the reaction was used to transform TOP10 chemically competent E. coli cells. Cells were

kept on ice for 10 min to thaw, ligation reaction was added and mixed by gently flicking the
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tubes and incubated on ice for 30 min. Tubes were inserted into a 42°C water bath for 30 sec
for the heat-shock and placed immediately on ice for 10 min. 1 ml LB medium was added to
tubes and incubated at 37°C, 750 rpm in a thermomixer for 1 h. Cells were centrifuged at 400
g for 5 min. 90% of supernatant was removed and cells were resuspended in the remaining
medium. 100 pl suspension was plated on ampicillin LB-Agar plates and incubated at 37°C
overnight in a dried incubator. Next day, 10 colonies were picked and inoculated into 10 ml
glass tubes containing 5 ml ampicillin-LB and incubated in a thermomixer at 37°C, 180 rpm
overnight. 2 ml overnight cultures were used for plasmid isolation using plasmid mini-prep kit
(Qiagen). The correct insertion of PCR amplicons in TOPO® TA vector was examined by
restriction enzyme digestion and sequencing as well.

EcoR | restriction digestion:

Reagents (20 ul) Volume
plasmid 300-50 ng
EcoR | (Fermentas) 0.5 ul

10 x Tango buffer (Fermentas) 2 ul

add water

The digestion reaction product was incubated at 37°C for 1 h and restriction product size was
examined by DNA gel electrophoresis (on 1% agarose gels). For plasmid midi-preparation,
positive colonies were inoculated and transferred into 100 ml ampicillin-agar medium and
grown overnight at 37°C under constant shaking (180 rpm). Plasmid midi-preparation was
performed using NucleoBond® Xtra Midi/Maxi plasmid purification kit (Qiagen).

Next, inserted amplicons were cut out of the vector using EcoR | restriction digestion and ran
on a 2% agarose gel. Corresponding bands on the agar gel were cut and purified using gel
purification kit and quantified using Nanodrop. Serial dilutions of 2 to 10° molecules were

made and used as template for the qRT-PCR reaction to generate external calibration curves.
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Y-intercept and slopes were read from calibration curves and absolute copy numbers were

determined using following formula: copy # = 10 €P9"t-Y) / 5]ope,

4.2.14 Cloning shRNA oligonucleotides targeting 3> UTRs of actin isoforms

To study differential functions of a-, - and y-actin isoforms in motoneuron growth and
differentiation in vitro, we designed isoform-specific shRNA lentiviral constructs to
knockdown these isoforms. For each actin isoform, three independent specific sShRNA
oligonucleotides were designed using software available on http://sirna.wi.mit.edu (Table 4.7)
and cloned into the pSIH-H1 shRNA vector (System Bioscience). The pSIH-H1 vector
contains a dual promotor system; CMV promotor drives the expression of GFP which is used
for the identification of transduced cells and the H1 promotor drives the expression of the
shRNA.

Restriction digest of pSIH-H1 vector

Reagents (50 pul) Volume
pSIH-H1 vector 3 Mg
BamHI (Fermentas) 3ul
EcoRI (Fermentas) 2 ul

10 x Tango buffer (Fermentas) 10 ul (2 %)
add water

The digestion reaction product was incubated at 37°C for 1 h. Restriction products were
seperated on a 1% agarose gel and correct bands were cut from the gel and purified using
QIAEX 11 gel purification kit. As negative control, the vector was digested with only one RE
as well as without any RE. DNA was measured using Nanodrop. Sense and antisense ShRNA

oligos were synthetized commercially and annealed as followed:
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Annealing of sShRNA oligonucleotides

Reagents (50 pul) Volume
shRNA oligonucleotide sense 1l
shRNA oligonucleotide antisense 1l

10 x Tango buffer (Fermentas) 5ul (1 x)
add water

The reaction product was heated to 95°C for 5 min and incubated for 1 h at 37°C.
Oligonucleotides were placed on ice and diluted 1:10 in water. Diluted oligonucleotides were

applied directly to ligation or were stored at -20°C for up to one month.

Ligation
Reagents (20 ul) Volume
pSIH-H1 vector 25 ng
Annealed diluted oligonucleotides 1l
T4 ligase (Fermentas) 2 ul
10 x T4 ligase buffer (Fermentas) 2 ul (1 %)
add water

As negative control, a ligation reaction was prepared without annealed oligonucleotides. 10 pl
of ligation reaction was used to transform chemically competent TOP10 E. coli cells and
incubated on ice for 15 min. For the heat-shock transformation, tubes were inserted into 42°C
water bath for 50 sec and placed immediately on ice. After 10 min incubation on ice, 1 ml LB
medium was added to cells and cells were then incubated at 37°C for 1 h under constant
shaking (750 rpm) in a thermomixer. Bacteria were plated on ampicillin-agar plates as
described in section 4.2.14. Grown colonies were inoculated into 5 ml LB medium containing
50 pg/ml ampicillin and incubated at 37°C overnight. Next day, 1 pl of cell suspension was

used as template for colony PCR to screen for positive colonies.
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Plasmid was extracted from the cell suspension of positive colonies using plasmid mini-
preparation kit and DNA was sent to sequencing to examine the correct insertion of ShRNA
oligonucleotides into the pSIH-H1 vector. For plasmid maxi-preparation, positive colonies
were inoculated into 200 ml ampicillin-agar medium and grown at 37°C, 180 rpm overnight.
Plasmid maxi-preparation was performed using NucleoBond® Xtra Midi/Maxi plasmid

purification kit following manufacture‘s instruction.

4.2.15 Cloning LCK-Myr-eGFP-3’UTR report for y-actin

Myristoylated and palmitoylated eGFP (eGFP™") reporter construct for B-actin has been
already used for studying local translation of this isoform in primary motoneurons (Rathod et
al., 2012). We generated eGFP™" reporter constructs for o- and y-actin to study local
translation of these isoforms in axonal branch points or axonal growth cones. 3> UTRs of a-
and y-actin mRNAs were amplified by PCR using cDNA from cultured motoneurons and
inserted into FU-Val eGFP™" expression lentiviral vector (Fig. 6.5.1 A). LCK-Myr-eGFP-
3’UTR reporters for a- and B-actin were cloned by my colleague Reena Rathod (Thesis of
Reena Jagdishbhai Rathod). LCK-Myr-eGFP-3’UTR reporter for y-actin was cloned by me.
First, PCR amplified 3’UTR of y-actin was sub-cloned into a pcDNA vector which contained
the GFP coding sequence and then GFP + 3’UTR of y-actin was excised and inserted into FU-
Valentine vector.

For PCR amplification of y-actin 3’UTR, primers with Xbal and EcoRI restriction sites were
designed (Table 4.9).

PCR reaction:

Components 50 pl reaction  Final concentration
cDNA from spinal cord 1 50-200 ng
Phusion™ High-Fidelity DNA polymerase 0.5 1.5 units

10 x High-Fidelity GC buffer 5 1x
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dNTPs (10 mM)
for primer (10 mM)
rev primer (10 mM)

water

1

40.5

0.2 mM

0.3 mM

0.3 mM

First a gradient PCR was performed to find the best annealing temperature for the PCR

program.

PCR program (product size: 724 bp)

Step Temperature (°C) Duration Number of cycles
Initial denaturation 94 2 min 1
Denaturation 94 30 sec
Annealing 60 45 sec 35
Extension 68 1 min
Final extension 68 7 min 1
Hold 4 %

Table 4.2.6 PCR program for cloning LCK-Myr-eGFP-3’UTR report for y-actin

PCR products were separated on 2% agarose gels. Bands of 724 bp were cut from gels and

purified using QIAEX Il gel purification kit and quantified using Nanodrop. Next, the PCR

product of y-actin 3’UTR with Xbal and EcoRI overhangs was inserted into the pcDNA

vector. For this step, the pcDNA vector was first digested with Xbal and incubated at 37°C

for 1 h.

Digestion of pcDNA vector with Xbal
Reagents
pcDNA vector
Nhel (Fermentas)

10 x Tango buffer (Fermentas)

(50 pl) Volume

2 Ug vector
1l

5ul (1 )
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1 pl EcoRI and 6.25 pl 10 x Tango buffer (for 2 x end concentration) were added into the
restriction reaction mixture and incubated for another 1 h at 37°C. The restriction reaction
was run on a 1% agarose gel, the vector band was cut and purified using gel purification Kit.
In parallel, the insert (PCR product of y-actin 3’UTR) was cut using Xbal and EcoRI and
incubated in 37°C for 2 h. The restriction reaction was purified using PCR purification kit and
quantified using Nanodrop.

Digestion of the insert (y-actin 3°UTR) with Xbal and EcoRI

Reagents (50 ul) Volume
Insert (y-actin 3’°UTR) 150 ng
Xbal (Fermentas) 2 ul
EcoRI (Fermentas) 1pl

10 x Tango buffer (Fermentas) 10 ul (2 %)
add water

Next, the resulting insert (y-actin 3’UTR) and pcDNA vector were ligated and incubated at

37°C for 1 h at RT. A ligation reaction without insert was carried out as negative control.

Ligation
Reagents (20 ul) Volume
pcDNA vector 25ng
Insert (PCR product of y-actin 3’UTR) 19.25 ng
T4 ligase (Fermentas) 2 ul
10 x T4 ligase buffer (Fermentas) 2 ul (1 %)
add water

For transformation, 2.5 pl of ligation reaction was added into TOP10 chemically competent
E.coli and incubated on ice for 30 min. Heat shock was carried out at 42°C for 90 sec and the
bacteria were then again incubated on ice for 2 min. E.coli bacteria were plated on ampicillin-

agar plates. Positive colonies were screened using a control digestion with EcoRI and BamHI.
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Control digestion of positive colonies

Reagents (20 ul) Volume
Positive colonies 200 ng
BamHI (Fermentas) 1l
EcoRI (Fermentas) 0.5 ul

10 x Tango buffer (Fermentas) 4 ul (2 %)
add water

Digestion reaction products were run on a 1% agarose gel and colonies which gave a band of
3 kb (for pcDNA vector) and a band of 1495 bp (for GFP + y-actin 3’UTR) were verified by
sequencing. Plasmids were purified using NucleoBond® Xtra Midi/Maxi plasmid purification
kit as described in section 4.2.15. In the final step, GFP + y-actin 3’UTR was cloned into FU-
based lentiviral vector. For this, FU-Val vector was cut with EcoRIl and BamHI and incubated
at 37°C for 2 h. Restriction reaction products were run on a 1% agarose gel, 1495 bp band of
the insert (GFP + y-actin 3’UTR ) and 10 kb band of the FU-Val vector were cut and purified
using gel purification kit (Qiagen). For ligation, 25 ng FU-Val vector and 125 ng insert (GFP
+ y-actin 3’UTR) were used.

Restriction of FU-Val vector and pcDNA vectors (containing 3’°UTR of y-actin) with

EcoRI and BamHI

Reagents (20 ul) Volume
FU-Valentine/ pcDNA (with 3°UTR of y-actin) 2 ug
BamHI (Fermentas) 2 ul
EcoRI (Fermentas) 1l

10 x Tango buffer (Fermentas) 4 ul (2 %)
add water
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TOP10 chemically competent E.coli cells were transformed with ligation products and
positive colonies were checked by restriction with EcoRI and BamHI and verified by

sequencing.

4.2.16 Cloning HA-tag-expression constructs of a-, B- and fy-actin and rescue
construct for B-actin

The complete ORF + 3’UTR of a-, B- and y-actin were cloned into the FU-Val vector. The
vector contains a HA-tag at the 5S’UTR and the expression of HA-tagged insert is driven by
the ubiquitin promotor. Primers were designed to have EcoRlI restriction overhangs at both 5’
and 3’ sites (Table 4.8). ORF + 3’UTR of a-, B- and y-actin were amplified by PCR. For
amplification of p-actin ORF, cDNA from motoneuron cultures was used as template. For
PCR amplification of both o-actin and y-actin ORFs, plasmids were purchased from
Harvard’s plasmid repository.

PCR program

Step Temperature (°C) Duration Number of cycles
Initial 98 30 sec 1
denaturation
Denaturation 98 10 sec
Annealing 56 for a-actin, 58 for B-actin 30 sec
and 59 for y-actin 25
Extension 72 1 min
Final extension 72 5 min 1
Hold 4 ©

Table 4.2.7 PCR program for cloning HA-tag-expression constructs of a-, B- and y-actin and rescue
construct for p-actin

The product size of a-actin cDNA was 1373 bp, for B-actin 1810 bp and for y-actin 1862 bp.
FU-Val vector as well as PCR products of actin isoforms were cut using EcoRI enzyme in 2 x

tango buffer. Vector was dephosphorylated by directly adding alkaline phosphatase enzyme
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(Fermentas) to the RE reaction and incubated at 37°C for 10 min. Enzyme was inactivated by
heating at 65°C for 15 min. 18.5 ng digestion product of a-actin and 25 ng digestion products
of B-actin, y-actin and FU-Val vector were used for ligation. For screening of the grown
colonies, plasmids were cut by EcoRI and sent for sequencing. To examine whether inserts

are located in the correct 5’ to 3’ direction, restriction controls were performed using

following REs:
Insert Restriction enzyme Products size (bp)
a-actin Xhol and BstXI 10186 and 455
[-actin BstEIl and Xhol 10573 and 555
y-actin Xhol and Nhel 1268 and 9824

For generation of a ShRNA resistant rescue construct for -actin, the target sequence of the
shRNA which is located 3’of the poly A site in the 3’UTR of B-actin mRNA was first deleted
by PCR. This region does not contain any binding sequence of known RNA binding proteins.
The complete ORF and shRNA deleted 3’UTR of mouse B-actin were then inserted by
BamH1 restriction into the pCDH1-MSC-EF1 expression vector containing the ubiquitin
promotor. The ubiquitin-B-actin cassette was then excised and inserted into shActp-1 vector
by blunt end ligation. The B-actin rescue construct was generated by me and my colleague

Patrick Liningschror.

4.2.17 Protein extraction and quantification
For protein extraction from motoneurons, about 300.000 primary motoneurons were plated on
24-well cell culture plates. On DIV5 or 7, cells were washed 2 x with pre-warmed PBS and
directly lysed with 2 x Laemmli buffer. Protein lysates were boiled at 99°C for 5 min and

K237 cells were

centrifuged for 4 min at 4°C. For protein extraction from NSC-34 and HE
washed 2 x with pre-warmed PBS and lysed in 500 pl RIPA buffer. Lysates were transferred

into 1.5 ml tubes and incubated on ice for 30 min. Total protein concentration was quantified
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using a BCA kit and equal amounts of protein were applied to SDS-gel electrophoresis. 2 x
Laemmli buffer was added to samples, boiled at 99°C for 5 min and centrifuged at 4°C.

Samples were stored at -80°C.

4.2.18 G- to F-actin separation
For separation of G- and F-actin pools, actin stabilization buffer was added directly onto 24-
wells with cultured neurons and incubated at 37°C for 10 min. Protein extracts were collected
in 1.5 ml tubes and ultracentrifuged (Beckman TLA 12.2) for 75 min at 37°C and 100.000 g.
Supernatants containing G-actin were recovered and pellets containing F-actin were
resuspended in RIPA buffer. Protein concentration was determined by BCA kit. This

experiment was conducted by my colleague Rajeeve Sivadasan.

4.2.19 Western blotting
20 pg protein extracts were loaded onto 10-12% SDS-PAGE gels and ran at 50 mV for 30
min followed by 2 h at 120 mV. Samples were blotted onto nitrocellulose membranes (GE
Healthcare Lifesciences) at 120 mA for 1.5 h. Membranes were blocked in 5% milk solution
for 1 h and probed with primary antibodies overnight and secondary antibodies for 1 h at RT.
Primary and secondary antibodies were washed 3 x in TBST each time for 15 min and
membranes were developed using ECL systems. For stripping, membranes were washed 2 x
in TBST each time for 15 min to remove ECL buffer. Membranes were incubated with strip
buffer for 30 min at 60°C in a water bath and washed afterwards 4 x in TBST each time for
15 min. Membranes were blocked in 5% milk solution and incubated with primary and

secondary antibodies as described above.

4.2.20 Eluorescence Recovery After Photobleaching (FRAP)
Fluorescence recovery after photobleaching was performed as previously described (Rathod
et al., 2012). Motoneurons were transduced with o-, B- and y-actin lentiviral eGFP™'-

reporters and plated on p-dishes (Ibidi, Martinsried, Germany). Imaging was performed in
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ACSF medium. This was placed for 2 h prior to imaging in a humid incubator in order to
adjust the pH and temperature. On DIV5 or 6, medium was removed and cells were washed 2
x with pre-warmed ACSF medium. 3 ml ACSF medium containing 10 ng/ul BDNF and
CNTF was added to cells and taken to the microscope. FRAP experiments were performed
with an inverted Leica SP5 confocal microscope which was equipped with a 60 x 1.35 NA oil
objective. Cells were placed on a heated stage chamber supplied with 5% CO,. 8-bit images
with 512 x 512 pixel resolution were taken for a total duration of 1 h at 30 sec intervals using
19% laser intensity. 100 um of distal axons was bleached with 80% laser power (Leica 488
nm laser line) at ~3 Hz speed. 8 frames were taken prior to bleaching and 120 frames post
bleaching. Fluorescence recovery was analyzed in defined Regions Of Interests (ROIs) in
axonal branch points and axonal growth cones. Using Leica LAS lite software (Leica), mean
signal intensity of grey values/pixel was measured in ROIs. The average mean intensity of 8
pre-bleach frames was set as FO. The average mean intensity of the first 10 post-bleach frames
was subtracted from all post-bleach values to eliminate the remaining signal after bleaching.
Background was also subtracted from all intensity values. Post-bleach signal intensities were
normalized to FO for calculation of the % recovery. To exclude diffusion of GFP protein from
the proximal axon, motoneurons were incubated with protein synthesis inhibitors; anisomycin

(50 ng/ul for 2 h) or cycloheximide (10 pg/ml overnight).

4.2.21 Live cell imaging and data quantification
For analysis of filopodia dynamics in axons and axonal growth cones, motoneurons were
transduced with shActa-, shActp and shActy lentiviral constructs and plated on p-dishes
(Ibidi). These shRNAs coexpress GFP which allowed us to visualize filopodia dynamics using
an epifluorescence microscope with a 470 nm cool LED lamp. On DIV6, medium was
replaced with NB full medium without phenol red containing 10 ng/ml BDNF and CNTF.

Live cell imaging was performed with an inverted Nikon TE2000 microscope equipped with a
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heated stage chamber (TOKAI HIT CO., LTD), a 60 x 1.4 NA objective and an Orca Flash
4.0 V2 camera (Hamamatsu) in the presence of 5% CO,. GFP was excited with 2-4% light
emission intensity. 12-bit images with 1024 x 1024 pixel resolution were acquired. Imaging
period was 40 min with 20 sec intervals. Dynamics of axonal filopodia were examined for
each single filopodium by analyzing: (i) frequency of filopodia initiation, (ii) filopodia life
time, (iii) rate of filopodia dynamic movement (growth/retractions with a minimum length of
1 pum) and (iiii) total absolute changes in length for individual filopodia. For quantification of
total change in filopodia length, the length of individual filopodia was measured in all 120
frames and absolute length changes between two subsequent frames were summed up. The
velocity of filopodia movement in axonal growth cones was analyzed using ImageJ plugin as
previously described (Sivadasan et al., 2016). All images were first staked into a Z-projection
image, the central point of the growth cone was selected and inserted into the time lapse
movie. A multiple kymograph was created which represented the time (in sec) as x-axis and
the filopodia length (in um) as y-axis. The velocity of filopodia movement was then measured

as filopodia length divided by the time for each pick from the Kymograph.

4.2.22 High resolution in situ hybridization
High resolution in situ hybridization was used for detection of a-, B- and y-actin mMRNAS in
axons of motoneurons. This technique was carried out following the manufacturer’s
instructions from Panomics. Antisense probes detecting mouse a-, B- and y-actin, Gapdh,
18srRNA and Ecoli-DapB transcripts were obtained from Panomics. Only RNase-free
solutions or tubes were used. DIV5-7 motoneurons were washed 2 x with pre-warmed PBS
and fixed with 4% PLP buffer for 10 min at RT. After 3 x PBS wash, cover slips were
transferred into a semi-wet chamber. For permeabilization, a supplied detergent solution was
added onto cells and incubated for 4 min at RT. Cells were washed 3 x with PBS and

proteinase K was added in order to unmask mRNAs from bound proteins. This was diluted at
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1:8000 in PBS and incubated for 4 min. Probes were diluted 1:100 in pre-warmed
hybridization buffer and hybridization was carried out at 40°C overnight in a dry incubator. In
triplex assays, cells were incubated with a mixture of up to three different probes with
different fluorescent tags. Probes were washed 3 x with supplied wash buffer (Panomics) at
RT. Preamplifier oligos were diluted 1:25 in amplifier diluent buffer and incubated for 1 h at
40°C. These were washed 3 x with wash buffer at RT. Amplifier oligos were diluted 1:25 in
diluent amplifier buffer, incubated for 1 h at 40°C and washed 3 x with wash buffer at RT.
Finally, label probes diluted 1:25 in label probe diluent buffer were added and incubated for 1
h at 40°C. After 3 x wash with supplied wash buffer, cells were rinsed 2 x in PBS and

proceeded for immunofluorescence.

4.2.23 Immunofluorescence
For immunofluorescence, 5000 motoneurons were plated on glass cover slips and cultured for
5 or 7 days. After 2 x wash with pre-warmed PBS, cells were fixed with 4% PLP buffer for
15 min at RT. With exception of a-, -, y-actin and DBP immunostaining, permeabilization
was carried out using 0.3% Triton X-100 for 20 min at RT. For immunofluorescence
detection of a-actin, 0.1% Triton X-100 was used for 15 min. For immunofluorescence
detection of B- and y-actin, cells were first exposed to ice cold methanol for 5 min at -20°C
and then incubated with 0.3 % Triton X-100 for 10 min at RT. For DBP, cells were exposed
to ice cold acetone for 5 min at -20°C. Cells were washed 3 x with PBS, blocking solution
was added and incubated for 1 h at RT. Primary antibodies were diluted in blocking solution
and incubated at 4°C overnight. a-actin antibody was incubated at RT for 3 h. Secondary
antibodies were diluted in PBS and incubated for 1 h at RT. Primary and secondary antibodies
were washed 3 x 10 min with PBS containing 0.1% Triton X-100. DAPI was added and
incubated for 1 min at RT. Cover slips were rinsed in water and mounted using Aqua

Poly/Mount (Polysciences, 18606). For F-actin staining, Alexa Fluor® 546 phalloidin
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(Invitrogen, A22283) was used. This was diluted 1:50 in PBS and incubated for 1 h at RT

after secondary antibody application.

4.2.24 Live cell extraction
“Live cell extraction” was performed to remove G-actin from motoneurons. We used either
0.01% saponin or 0.25% Triton X-100. Both reagents were diluted in a cytoskeleton buffer
(CB), as this buffer stabilizes the actin ultrastructure (Auinger and Small, 2008; Lee et al.,
2013). Cells were plated on glass cover slips and cultured for 5 days. Medium was removed
and cells were rinsed in PBS. For saponin extraction, 0.01% saponin in CB buffer was added
onto cells, incubated for 10 sec and washed briefly with PBS. Cells were fixed immediately in
4% PLP. For immunocytochemistry, the permeabilization step was omitted and cells were
incubated directly with blocking solution without saponin. For Triton X-100 extraction,
0.25% Triton X-100 and 0.3% glutaraldehyde in CB were added onto cells and incubated for
1 min. Following 3 x PBS wash, cells were post-fixed for 15 min in 2% glutaraldehyde in CB.
To remove background caused by glutaraldehyde, a solution of 0.2% glycine in CB was
added onto cover slips and incubated for 7 min. Cells were washed with PBS and then
subjected to the blocking step.
Vitamin D-binding protein (DBP) (5 pug/ml, Calbiochem, 345802) was used for labeling of G-

actin (Lee et al., 2013; Van Baelen et al., 1980).

4.2.25 Survival assay of embryonic primary motoneurons
1000 motoneurons transduced with shActa, shActp, shActy and shCtrl were seeded on plastic
surface in a 4-well dish and cultured for 7 days. For viability assay, cells were counted 18 h
after plating and at day 7. Neurotrophic factors; BDNF and CNTF (5 ng/ml) were added into
culture media to provide motoneuron survival. In negative control cultures, BDNF and CNTF

were omitted which resulted in decreased survival by 70%.
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4.2.26 Analysis of neurite growth
For analysis of soma size, axon length, axonal filopodia length, collateral branches as well as
dendrite number and length, motoneurons were transduced with shActa, shActp, shActy and
shCtrl and plated on laminin 111. DIV7 motoneurons were fixed and immunostained against
dendritic (Map2) and axonal markers (Tau, Tubulin and Phalloidin). For analysis of axonal
growth cone size, motoneurons were plated on laminin 221 and cultured for 5 days. For axon
length analysis, the longest neurite was measured and for collateral branches, neurites with a
minimum length of 40 um along the main axon were counted. Axon length as well as axonal
growth cone size analysis with shActp-2, shActy-2 and shActy-3 transduced motoneurons

were performed by my colleague Benjamin Dombert.

4.2.27 Image acquisition and processing
For immunofluorescence and in situ hybridization, 12-bit single or multiple stack images were
acquired with an Olympus Fluoview 1000 confocal system. For axon length and branch
measurements, images were acquired with a Keyence BZ-8000K fluorescence microscope.

All images were processed with ImageJ 1.421 software (Schneider et al., 2012).
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5. Results

5.1 a-, B- and y-actin isoforms are expressed in mouse motoneurons during embryonic
stages and in the adult

Previous studies have shown that - and y-actin isoforms are expressed in all neuronal
subtypes (Rubenstein, 1990), but the expression of a-actin isoform has not been yet
investigated in neurons. We investigated the expression of actin isoforms in motoneurons in
spinal cords of E18 embryos and 12 weeks old adult, using laser capture microdissection
(LMD) and gRT-PCR. For absolute quantification of gRT-PCR data, we created external
calibration curves for a-, B- and y-actin, which allowed us to determine absolute mMRNA levels
of each isoform (Fig. 5.1.1, A-C). We detected mRNAs for all three actin isoforms in
microdissected motoneurons in cDNA samples of both E18 and adult mice. We found that o-
actin is expressed at relatively low levels, and that - and y-actin are expressed at high levels
(Fig. 5.1.2, A-C). Comparison of this embryonic stage with the adult stadium revealed that the
expression of all three actin isoforms is higher in embryonic stages than in adult. To examine
the identity of microdissected motoneurons, we performed qRT-PCR using primers for the
motoneuron specific marker, ChAT. We detected ChAT in cDNA of E18 and adult
microdissected motoneurons, but not in cDNA samples obtained from cultured cerebellar

neurons and heart tissues (Fig. 5.1.2 D).
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Figure 5.1.1 External calibration curves for a-, B- and y-actin. (A-C) For absolute quantification of gRT-PCR

data, standard curves were generated using 2 to 10° start molecules of these transcripts as template for the qRT-

PCR reaction.
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Figure 5.1.2 a-, B- and y-actin transcripts are expressed in motoneurons in vivo. (A) Cresyl violet stains
somata of motoneurons (in white circles) in ventral horn of E18 and adult spinal cord sections. Scale bar: 200
pm. (B and C) RNA was extracted from LMD cut motoneurons and absolute copy number of a-, - and y-actin
and Gapdh transcripts were determined by gRT-PCR. mRNAs of a-, f- and y-actin are detected in both E18 (n =
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3) and adult motoneurons (n = 4) (* p < 0.05, ** p < 0.0016 and *** p < 0.0005). (D) ChAT transcripts are
detectable only in RNA samples from microdissected motoneurons, and not in cultured cerebellar neurons or
heart tissues. Data are shown as mean + SEM.

5.2 mRNAs of a-, - and y-actin isoforms are translocated into axons in motoneurons
mRNAs for a-, - and y-actin are highly similar and share more than 90% homology within
their coding regions (Vandekerckhove and Weber, 1978), but differ completely in their
3’UTRs. B-actin mRNA contains a ZIP code domain in the 3’UTR which binds to ZBP1
protein and is necessary for the axonal transport of this mMRNA (Kislauskis et al., 1993).
However, this ZIP code domain is not preserved in the 3’UTRs of a- and y-actin indicating
that transport and translation of these mMRNAs are differentially regulated. In line with this,
previous studies have shown that mMRNAs for a-, B- and y-actin localize differently within
subcellular compartments in neuronal cells and myoblasts. For instance, transcripts for a-actin
have been shown to localize to a perinuclear compartment in muscle cells, while transcripts of
B-actin localize predominantly to highly dynamic regions, like lamellae at the cell periphery
(Taneja and Singer, 1990). In cultured spinal motoneurons, B-actin mMRNAs become sorted
into axons and locally translated in the axonal growth cones (Rathod et al., 2012; Rossoll et
al., 2003). Also in cortical and sensory neurons, mRNAs for B-actin are transported into
axons, unlike mRNAs for y-actin which remain in the soma (Bassell et al., 1998; Willis et al.,
2007; Zhang et al., 2001a). Thus, it seems that, in sensory and cortical neurons B-actin is the
only actin isoform that is locally translated in the distal axon. The axonal mMRNA transport
and local translation of two other isoforms, a- and y-actin, has not yet been investigated in
motoneurons. We investigated the mRNA transport of these isoforms using two sensitive
methods: (i) compartmentalized cultures and qRT-PCR (ii) and high resolution in situ
hybridization. To obtain mMRNA only from axons, motoneurons were grown in microfluidic
chambers for 7 days (Fig. 5.2.1 A), total RNA was extracted separately from somatodendritic

and axonal compartments and subjected to gRT-PCR. To our surprise, transcripts for all three
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actin isoforms were detected in the axonal compartment (Fig. 5.2.1 B). As positive control we
used 18srRNA and Gapdh mRNA, which were detectable in both somatodendritic and axonal
compartments, and used Histone H1f0 as negative control which was detectable only in the

somatodendritic compartment and not in the axonal compartment (Fig. 5.2.1 B).
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Figure 5.2.1 a-, B- and y-actin transcripts are transported into axons in motoneurons. (A) Motoneurons
were grown in microfluidic chambers. Somatodendritic and axonal RNA fractions were analyzed by qRT-PCR.
(B) gRT-PCR amplification curves for a-actin, B-actin, y-actin, Gapdh mRNAs and 18sRNA. These transcripts
are detected in the axonal compartment, whereas Histone H10 mRNAs were not detected in this compartment.

Absolute quantification showed that, both in somatodendritic and axonal compartments,
mRNA levels of B-actin were higher than mRNA levels of a- and y-actin (Fig. 5.2.2, A and
B). Nevertheless, mRNA levels of a-actin were higher in the axonal versus somatodendritic
compartment, indicating that transcripts for this isoform are highly enriched in the axons of

cultured motoneurons (Fig. 5.2.2 C). These data indicate that in cultured motoneurons, in

addition to B-actin, transcripts for a- and y-actin are sorted into axons.
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Figure 5.2.2 mRNAs for a-actin are enriched in axons of motoneurons. (A and B) Absolute quantification of
gRT-PCR data revealed that B-actin is the most abundant isoform in both somatodendritic (*** p < 0.0004) and
axonal compartments (* p < 0.018 for n = 6). (C) Comparing mRNA levels in axon to somatodendritic
compartment revealed that a-actin transcripts are highly enriched in the axonal compartment (*** p < 0.0003).

Statistical analysis: one way ANOVA with Bonferroni posthoc test. Data are shown as mean + SEM.

Next, we asked whether transcripts for a-, - and y-actin localize to different regions within
the axons. To address this, we performed high resolution in situ hybridization in DIV5
cultured motoneurons. Using specific probes for each isoform, we detected transcripts for a-,
B- and y-actin in the soma, axon and axonal growth cone, which confirms the axonal
translocation of these transcripts (Fig. 5.2.3, A-C). In the soma, we detected only low levels of
a-actin, but relatively high levels of B-actin and y-actin (Fig. 5.2.3 D). Interestingly, we
detected relatively high enrichment of a-actin transcripts in the axon, which confirms the
results obtained from our qRT-PCR assay (Fig. 5.2.3 E). In the axonal growth cone, we
observed relatively high levels of B-actin transcripts compared to a- and y-actin (Fig. 5.2.3 F).
These results indicate that transcripts for a-, - and y-actin are sorted differentially in

motoneurons, with a-actin predominantly in the axon and p-actin in the axonal growth cone.
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Figure 5.2.3 a-, - and y-actin transcripts show different localization in cultured motoneurons. (A) In situ
hybridization shows localization of a-actin (A), pB-actin (B) and y-actin mRNAs (C) in different subcellular
compartments of cultured motoneurons. Tau immunofluorescence marks cell boundaries. (D-F) Quantification of
FISH signals in soma (A), axons (B) and axonal growth cones (C). Transcripts for p- and y-actin are highly
abundant in the soma. Transcripts for a-actin are enriched in axons and transcripts for B-actin are abundant in
both axons and axonal growth cones (*** p < 0.0001 by one way ANOVA with Dunn’s posttest for n = 6). Data

are shown as mean = SEM. Scale bar: 10 pm.

Afterwards we asked whether a-, B- and y-actin mRNAs are present in different or the same
RNP transport granules. To investigate this, we conducted a triplex assay using specific
probes for a-, B- and y-actin, each having a different fluorescent tag. Triplex assay revealed a
unique and specific localization pattern for a-, B- and y-actin, indicating that these mRNAs are

packed into different RNA granules (Fig. 5.2.4 A). Furthermore, this results rules out the
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possibility of cross-hybridization between these isoform-specific probes, since the

corresponding spots to a-, B- and y-actin probes did not show any overlap in triplex assays.
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Figure 5.2.4 a-, B- and y-actin mRNAs are present in different RNA transport granules. (A) Triplex assay

Growth Cone

using probes for a-, B- and y-actin shows different localization pattern of these mRNAs in soma, axons and

growth cones indicating that these mMRNAs are part of different RNP granules. Scale bar: 10 pum.

As positive control, we used probes for Gapdh mRNA and 18srRNA which were both
detectable in axons of cultured motoneurons (Fig. 5.2.5, A and B). As negative control, we (i)
performed “no-probe” assay, in which we omitted the probe and incubated cell only with pre-
and amplifier oligos coupled to different fluorescent dyes, i.e. Alexa488, Cy3 and Cy5, and
(i) used a scramble probe to DapB, which is a bacterial mRNA (Fig. 5.2.5, C and D). The
scrambled probe was not detectable in motoneurons and in “no probe” assay the
corresponding signals were reduced to undetectable levels. To validate the specificity of

probes we knocked down a-, B- and vy-actin using isoform-specific shRNA lentiviral
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constructs. In respective sShRNA transduced motoneurons, the FISH signal for a-, B- and vy-
actin decreased significantly, which verifies the specificity of these probes (Fig. 5.2.6, A-C).

Collectively, these results clearly indicate that the mechanisms of axonal mMRNA transport for
actin isoforms differ in motoneurons compared to sensory and cortical neurons and thus, local

translation of a-, and y-actin could also contribute to motor axon growth and development.
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Figure 5.2.5 Gapdh mRNA and 18srRNA, but not DapB are detected in motoneurons. Probes for Gapdh
mRNAs (A) and 18srRNA (B) detect these transcripts in soma and axons of motoneurons. (C) In “no-probe”
assays no signal is detected in Alexa488, Cy3 and Cy5 channels. (D) Scrambled probes to Ecoli-DapB mRNAs

do not give rise to signal in cultured motoneurons. Scale bar: 10 um.
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Figure 5.2.6 Signals for a-, - and y-actin mRNAs are decreased after ShRNA repression of these isoforms.
(A-C) ShRNA-mediated depletion of a-actin (A), p-actin (B) and y-actin (C) results in marked decrease in

corresponding signal intensities of these probes. Scale bar: 10 um.

5.3 Expression and axonal mRNA localization of a-, p- and y-actin isoforms in
primary mouse cortical neurons.

Previous studies with primary cortical neurons have reported that mRNAs for B-actin become
transported into axons, whereas mRNAs for y-actin are restricted in the cell body (Bassell et
al., 1998; Willis et al., 2007; Zhang et al., 2001a). There is no report on the expression and
mRNA distribution of a-actin in these neurons. To address whether mRNA transport of y-
actin is neuron type specific, we cultured primary mouse cortical neurons for 5-7 days and
performed in situ hybridization assays. Interestingly, in addition to B-actin (Fig. 5.3.2 A), we
detected mRNAs for y-actin (Fig. 5.3.3 A) in the axon, but mRNAs for a-actin were
undetectable in this compartment (Fig. 5.3.1 A).

Furthermore, we cultured cortical neurons in microfluidic chamber for gRT-PCR analysis
(Fig. 5.3.4 A). Absolute quantification showed that in comparison to p-actin, mMRNA levels of
y-actin are relatively low in axons and mRNA levels of a-actin are below detection level (Fig.
5.3.4 B). Thus, both in situ hybridization and gRT-PCR assays confirm that in cortical
neurons the mRNAs for - and y-actin but not a-actin localize into axons, but in contrast to

motoneurons, a- and y-actin transcripts are not enriched in the axon in these neurons.
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specific probes shows mRNA localization of a-actin in soma and axons of primary cortical neurons. a-actin is
expressed at low levels in the soma and is undetectable in axons. (B) Control experiments with a-actin knocked
down cortical neurons show a significant reduction in a-actin signal intensity, confirming the specificity of these

probe sets. Scale bar: 10 um.
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Figure 5.3.2 Localization of p-actin mRNA in mouse primary cortical neurons. (A) In situ hybridization
using specific probes shows that B-actin mRNAs are present in soma as well as in axons of primary cortical
neurons. (B) ShRNA-mediated knockdown of B-actin in cortical neurons results in marked reduction in signal
intensity verifying the specificity of probes. Scale bar: 10 um.
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Figure 5.3.3 Localization of y-actin mRNAS in mouse primary cortical neurons. (A) mRNAs for y-actin are

detected in soma and axons of cortical neurons by in situ hybridization using specific probes. (B) ShRNA-
mediated knockdown of y-actin reduces the signal intensity of y-actin probes in cortical neurons. Scale bar: 10
pm.
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Figure 5.3.4 gRT-PCR detection of a-, - and y-actin transcripts in axons of cultured cortical neurons. (A)
DAPI and Tau immunostaining of cortical neurons grown in microfluidic chambers. No DAPI signal is

detectable in the axonal compartment. Scale bar: 200 um. (B) qRT-PCR analyses of RNA fractions from
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somatodendritic and axonal compartments revealed that mRNAS for B- and y-actin but not a-actin are detected in

the axonal compartment. Data are shown as mean + SEM.

5.4 a-, B- and y-actin proteins are differentially distributed in motoneurons

Though actin isoforms differ at only 4 amino acids at their N-terminal end, the spatial
expression and subcellular distribution of these proteins is highly regulated. B- and y-actin are
expressed in nearly all cell types, while a-actin is expressed mostly in muscle cells. y-actin is
sorted to costameres (structures between sarcolemma and the z-disk) as well as to z-disks in
muscle cells (Papponen et al., 2009; Rybakova et al., 2000), but is uniformly expressed in
other cell types (Otey et al., 1986). B-actin predominantly localizes to regions undergoing
remodeling; e.g. to the leading lamellae in fibroblasts or endothelial cells (Hoock et al., 1991),
and to the axonal growth cone in neurons (Bassell et al., 1998; Micheva et al., 1998).

We investigated the expression and localization of isoactin proteins in developing
motoneurons by Western blot as well as immunocytochemical experiments, using isoform-
specific antibodies. The specificity of the respective antibodies was validated by Western blot
using total lysates obtained from cultured wild type or actin isoform-specific knockdown
motoneurons (Fig. 5.4.1, A-C). In knockdown cultures, protein levels of a-actin were reduced
by 60%, protein levels of B-actin by 95% and protein levels of y-actin by 85% thus,
confirming the specificity of these antibodies (Fig. 5.4.1 D). The antibody to a-actin binds to
both striated muscle a-actin isoforms (skeletal muscle and cardiac muscle a-actins) (Crawford
et al.,, 2002). Since, the used shActa knockdowns only skeletal muscle a-actin, hence the
remaining signal on the Western blot shown in Fig. 5.4.1 A must represent cardiac muscle a-
actin. In addition, we performed immunocytochemical assays with cultured wild type and
shRNA-treated motoneurons using these antibodies, and observed a significant reduction in
corresponding immunofluorescence signals in sShRNA transduced motoneurons (Fig. 5.4.2, A-

C). Furthermore, we transiently transfected HEK?*T cells with HA-a-actin, HA-B-actin or
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HA-Acty expression vectors and probed the lysates with a-actin antibody. The a-actin

antibody reacted only with the HA-tagged a-actin and not with HA-tagged B- or y-actin

proteins (Fig. 5.4.3 A).
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Figure 5.4.1 Validation of actin isoform-specific antibodies by Western blot. (A-C) Lysates of cultured
motoneurons transduced with shActo, shActf, shActy and shCtrl were analyzed by Western blot using specific
antibodies to a-actin (A), p-actin (B) and y-actin (C). Calnexin was used as loading control. (D) a-actin protein
levels are decreased by 60% in lysates of shActa transduced motoneurons (** p < 0.004 for n = 4), p-actin
protein levels are decreased by 95% in lysates of shActp transduced motoneurons (** p < 0.002 for n = 10) and
y-actin protein levels are decreased by 85% in lysates of shActy transduced motoneurons (** p < 0.005 forn=5

by one-tailed Mann-Whitney test). Data are shown as mean + SEM.
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Figure 5.4.2 Validation of actin isoform-specific antibodies by immunocytochemistry experiments.
Immunofluorescence reactivity of a- (A), B- (B) and y-actin (C) antibodies are decreased in a-, B- and y-actin

knockdown motoneurons. Scale bar: 10 pm.
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Figure 5.4.3 Specificity of a-actin antibody is validated by Western blot using a-, - and y-actin expression
plasmids. (A) HA-tagged a-, B- and y-actin plasmids were expressed in HEK?*" cells and lysates were probed
with HA and a-actin specific antibodies. HA antibody detects HA-tagged a-, B- or y-actin, a-actin antibody

detects only HA tagged-a-actin. Calnexin was used as loading control.

Immunocytochemical data showed that a-, B- and y-actin proteins are distributed differentially
in motoneurons. a-actin is not abundant in the soma, but interestingly this isoform
accumulates at defined regions within the axons which correspond to axonal branch points
(Fig. 5.4.4 A). On the contrary, B- and y-actin proteins are abundant in the soma and dendrites
(Fig. 5.4.4, B and C). In the axon, - and y-actin localize to highly dynamic regions, in
particular to the axonal filopodia. In the axonal growth cone, p-actin is highly abundant in
filopodia as well as in the center of the growth cone (Fig. 5.4.4 B), y-actin is present mostly in

the filopodia and a-actin is not enriched in filopodia (Fig. 5.4.4, A and C).
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Figure 5.4.4 Differential localization of isoactin proteins in cultured motoneurons. (A-C) Motoneurons

were stained against Tau and a-actin (A), p-actin (B) and y-actin (C). a-actin proteins localize mostly to axonal
branch points and neurites (A). B- (B) and y-actin proteins (C) localize particularly to axonal filopodia and

axonal growth cone filopodia. Scale bar: 5 um.

The specific spatial localization of a-, f- and y-actin suggests that these isoforms might
contribute differentially to F-actin polymerization in different sub-compartments of motor
axons and thus accomplish unique axonal functions. To address this issue, we used detergents,
Triton X-100 or saponin, to remove soluble G-actin from motoneurons, fixed them and
performed immunocytochemistry using isoform-specific antibodies as well as phalloidin.
After the G-actin washout, we observed a co-localization of a-actin with phalloidin mostly in
the axon and axonal branch points and only a poor co-localization in the cell body and axonal
growth cones (Fig. 5.4.5 A). This finding indicates that a-actin incorporates into filamentous
actin especially in these regions. On the contrary, we observed a high co-localization of B-actin
and phalloidin particularly in the axonal growth cone and growth cone filopodia, indicating
that this isoform incorporates into F-actin in highly dynamic regions (Fig. 5.4.5 B). y-actin
showed a high co-localization with phalloidin in particular in the cell body, but also in
specific regions within the axon (Fig. 5.4.5 C). Interestingly, after “live cell extraction” - and
y-actin disappeared from motile area in dendrites which indicates that these two isoforms are
present in a G-actin pool in the cell periphery. To test whether G-actin was efficiently
removed from motoneurons, we performed immunofluorescence experiments using vitamin D
binding protein which specifically labels the G-actin pools (Lee et al., 2013). After Triton X-
100 treatment, the immunoreactivity of the vitamin D binding protein antibody was markedly
reduced (Fig. 5.4.6 A). Moreover, we examined the removal of Gapdh as another globular

protein, and observed a significant reduction in corresponding signal intensity (Fig. 5.4.6 B).
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Figure 5.4.5 Actin isoforms incorporate into F-actin in different regions within the axon. (A-C) G-actin was

removed from cultured motoneurons, using Triton X-100 or saponin prior to fixation. Cells were immunostained
with phalloidin and against a-actin (A), B-actin (B) and y-actin (C). (A) a-actin co-localizes with phalloidin
particularly in axonal branch points. (B) B-actin c-localizes with phalloidin mostly in axonal growth cone
filopodia. (C) y-actin co-localizes with phalloidin in the cell body as well as specific regions within axons. Scale

bar: 5 um.
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Figure 5.4.6 G-actin and other globular proteins are washed out after Triton X-100 treatment. (A and B)

Motoneurons were extracted with Triton-100 and stained with phalloidin and DBP or Gapdh antibodies. Triton

X-100 treatment decreases signals corresponding to DBP (A) and Gapdh (B). Scale bar: 10 pm.

5.5 a-, B- and y-actin transcripts are differentially translated in axonal growth cones
and in translational hot spots within axonal branch points.
Axonal localization of a-, B- and y-actin mRNAS in motoneurons indicates that intra-axonal
protein synthesis of these isoforms could play a role in axon growth and differentiation. In
sensory neurons, axonally synthesized B-actin contributes to axon branching and nerve

regeneration (Micheva et al., 1998; Spillane et al., 2012; Spillane et al., 2013; Zheng et al.,
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2001). In Xenopus retinal neurons, local translation of B-actin in axonal growth cones is
required for axon path finding, as inhibiting its local synthesis abolishes the growth cone
turning toward extra cellular guidance cues (Leung et al., 2006). In motoneurons, B-actin
becomes locally translated in the axonal growth cone as a response to different laminin
isoforms and BDNF as well (Rathod et al., 2012). However, local translation of a- and y-actin
in motoneurons has not been studied yet. mRNA transport and local translation are highly
regulated in neuronal cells. Target mRNAs form a complex with RNA binding proteins
(RBPs) which recognize specific elements mostly within 5’UTR and/or 3’UTRs of these
target mMRNAs (Buxbaum et al., 2015). In this context, it has been shown that the ZIP code
domain within the 3’UTR of the B-actin mRNA is sufficient for its axonal transport and local
translation (Kislauskis et al., 1993). Hence, in order to study local translation of actin
isoforms, we generated a eGFP™" lentiviral reporter construct for each actin isoform which
contained the corresponding 3’UTRs of a-, B- and y-actin and performed fluorescence
recovery after photobleaching (FRAP) experiments (Fig. 5.5.1 A). Motoneurons were
transduced with these lentiviral constructs and cultured for 5 days. 100 pum of the distal axons
was bleached and fluorescence recovery was monitored for 1 h post bleach at 30 sec intervals

(Fig. 5.4.1 B).
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Figure 5.5.1Studying local translation of a-, - and y-actin using eGFP™" reporters. (A) Scheme of the
lentiviral eGFP™" reporter construct with respective a-, B- and y-actin 3°UTRs. (B) Transduced motoneurons
express eGFP throughout axons at DIV5. Distal axons are bleached and recovery is monitored in defined ROIs.

Quantification of FRAP data showed a 60% recovery for 3’UTR-reporters of a-, B- and vy-
actin in axonal growth cones (Fig. 5.5.2, A-D). Thus, transcripts of these different actin
isoforms become locally translated with almost the same rate in axonal growth cones.
Moreover, these data confirm that the 3°UTRs of a-, - and y-actin mRNAs are sufficient to
drive their axonal transport in motoneurons. In control experiments, we treated motoneurons
with translational blockers: cycloheximide (overnight) and anisomycin (1 h prior to FRAP
assay), to rule out the potential diffusion of eGFP™" protein from the proximal axon, and/or
its refolding after bleaching. After treatments with either cycloheximide or anisomycin we
noticed a significant reduction in florescence recovery of eGFP™" (Fig. 5.5.2, B-D). This
shows that the recovery observed for a-, B- and y-actin reporters are due to their local
translation in axonal growth cones, and not to the diffusion of eGFP™" from the proximal

axon.
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Figure 5.5.2 Reporters of a-, B- and y-actin are locally translated in axonal growth cones of motoneurons.
(A) Representative time lapse images of axonal growth cones of motoneurons transduced with a-, B and y-actin
eGFP™" reporters before and after photo bleaching. (B-D) Graphs show 60% fluorescence recovery for a-actin
(B), B-actin (C) and y-actin (D) eGFP™" reporters. Anisomycin and cycloheximide treatments decrease the
observed recovery for a-actin, - and y-actin eGFP™" reporters (*** p < 0.001). Statistical analysis: Two way

ANOVA with Bonferroni posthoc test. Data are shown as mean + SEM. Scale bar: 10 pm.

Our immunofluorescence experiments showed that a-actin protein predominantly localizes to
axonal branch points (Fig. 5.4.4 A). Thus, we asked how the specific distribution of this
protein in axonal branches correlates with its local translation in this particular axonal region.
Quantification of fluorescence recovery in axonal branch points revealed that reporters for all

three actin isoforms become translated in translational hot spots within the axonal branch
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points (Fig. 5.5.3 A). Intriguingly, compared to - and y-actin reporters, the recovery rate for
the a-actin reporter was remarkably higher in axonal branch points during the first 20 min
post bleach (Fig. 5.5.3, B and C) which suggests an important role for locally synthetized a-

actin in axon branching and arborization.
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Figure 5.5.3 a-actin reporter shows a faster recovery rate in axonal branch points compared to p- and -
actin reporters. (A) Representative time lapse images of axonal branch points of motoneurons transduced with
a-, B and y-actin eGFP™" reporters before and after photo bleaching. (B and C) Quantification of FRAP
indicated that a-actin eGFP™" reporter becomes translated faster than p-actin (* p < 0.05 and ** p < 0.01) and y-
actin (* p < 0.05) eGFP™" reporters in axonal branch points during the first 20 min post bleach. Statistical

analysis: Two way ANOVA with Bonferroni posthoc test. Data are shown as mean £ SEM. Scale bar: 10 pm.

5.6 Actin isoforms accomplish specific functions in motor axon growth: a-actin is
required for axonal collateral branch formation and B-actin is required for axonal
elongation and growth cone differentiation.

The specific and unique distribution of a-, B- and y-actin protein and mRNAs in axons of
motoneurons refers to their specific cellular functions. Relatively high enrichment of a-actin
protein in axonal branch points on the one hand and its high local translation rate in these
regions on the other hand suggests that this isoform might play a role in formation of axonal
collateral branches. To examine this hypothesis we generated several different lentiviral
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shRNA constructs which specifically targeted a-, - or y-actin isoforms and depleted these
individual mRNAs in primary motoneurons. Application of these knockdown shRNA
lentiviruses significantly reduced both mRNA and protein levels of the respective isoforms.
The efficiency of ShRNA-1 against a-actin was tested both by gRT-PCR and Western blot
analyses, which showed a 60% reduction in a-actin protein levels (Fig. 5.3.1 D) and a 90%
reduction in its mMRNA levels (Fig. 5.6.1 A). Similarly, ShRNA-2 against a-actin caused 60%
reduction in a-actin mRNA levels (Fig. 5.6.1 A). ShRNA-1 against B-actin resulted in 95%
reduction in protein levels (Fig. 5.4.1 D) and 75% reduction in mRNA levels of this isoform
(Fig. 5.6.1 B). ShRNA-2 against -actin caused 90% reduction in its mMRNA levels (Fig. 5.6.1
B). ShRNA-1 against y-actin reduced protein levels of this isoform by 85% (Fig. 5.6.1 D) and
MRNA levels by 80% (Fig. 5.6.1 C). mRNA levels of y-actin were reduced by 85% after

application of ShRNA-2 and by 70% after application of ShRNA-3 (Fig. 5.6.1 C).
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Figure 5.6.1 mRNA levels of a-, - and y-actin isoforms are significantly reduced after respective sShRNA
mediated knockdown of these isoforms. (A) gRT-PCR analysis of cultured motoneurons showed that a-actin
MRNA levels are reduced by 85% and 60% after shActa-land shActa-2 lentiviral transduction, respectively (* p
< 0.01 and ** p < 0.0037, n = 5 for shActa-1 and n = 4 for shActa-2). (B) Transduction of motoneurons with
shActp-1 leads to 75% reduction in B-actin mMRNA levels and with shActp-2 to 90% reduction (** p < 0.008 and

*** p < 0.0006, n = 6 for shActf-1 and n = 3 for shActp-2). (C) mRNA levels of y-actin are reduced by 80%,
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85% and 70% after application of shActy-1, shActy-2 and shActy-3, respectively (* p < 0.014 and ** p < 0.0013,
n =5 for shActy-1, n = 4 for shActy-2 and n = 3 for shActy-3). Statistical analysis: one-tailed Mann-Whitney

test. Data are shown as mean = SEM.

We first examined whether knockdown of a-, - or y-actin could affect cell viability. For this
purpose, we performed survival assays with cultured motoneurons after shRNA-mediated
depletion of each isoform. As shown in Fig. 5.6.2, A-C, knockdown of a-, B- and y-actin
alone did not affect cell viability. Then, we analyzed the length and number of dendrites in
isoform-specific knockdown motoneurons and found that also these parameters were not
affected (Fig. 5.6.3, A-C). However, we found a 20% reduction in cell body size after

knockdown of a-actin, while knockdown of B- or y-actin had no influence on soma growth

(Fig. 5.6.3 D).
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Figure 5.6.2 Depletion of a-, - or y-actin does not affect survival of motoneurons. (A-C) Viability of
motoneurons is not reduced after knockdown of a-actin (A for n = 6), B-actin (B for n = 5) or y-actin (C for n =

5). Data are shown as mean + SEM.
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Figure 5.6.3 Depletion of a-, B- or y-actin isoforms does not affect dendrite growth. ShRNA-mediated
knockdown of a-, B- or y-actin has no influence on dendrite length (B) and number (C) (sample size: B: shActa:
n =190, shActp: n = 116, shActy: n = 149, shCtrl: n = 136, C: shActa: n = 58, shActp: n = 38, shActy: n = 46,
shCtrl: n = 49 for n = 5). (D) a-actin depletion significantly reduces soma size (*** p < 0.0001 for n = 5, sample

size: shActa: n = 76, shActp: n = 82, shActy: n = 83, shCtrl: n= 69). Scale bar: 10 pum.

Analysis of axonal collateral branches showed that upon a-actin knockdown, the number of
axons without collateral branches increases and the number of axons with 3 or more branches
decreases (Fig. 5.6.4, A and B). This result indicates that a-actin is required for axon
arborization in motoneurons. Interestingly, knockdown of B-actin associated with increased
number of axonal collateral branches (Fig. 5.6.4 C). In contrast to a- and B-actin, the depletion
of y-actin did not affect collateral branch formation (Fig. 5.6.4 D).

Analysis of axon growth revealed that a-, - or y-actin depleted motoneurons grow shorter
axons in culture after DIV7. We observed that depletion of B-actin had a more prominent

effect on axon elongation, as knockdown of this isoform reduced axon length by 41%,
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whereas depletion of a- and y-actin reduced it by 29% and 19%, respectively (Fig. 5.6.5, A-

C).
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Figure 5.6.4 Depletion of a-actin isoform impairs axonal branching in motoneurons. (A) Motoneurons were
transduced with shActa, shActp, shActy or shCtrl lentivirus constructs. Axons and mature branches are labeled
with phalloidin, Tau and Tubulin. GFP is used to identify transduced cells. (B) After depletion of a-actin, the
number of axons without collateral branches increases, and the number of axons with > 3 branches decreases (**
p < 0.01 for n = 5). (B) Axonal branching is enhanced in B-actin knockdown motoneurons (* p < 0.031 and ** p
< 0.01 for n = 6). (D) Knockdown of y-actin does not influence axonal branching (n = 4). Data are shown as

mean + SEM. Scale bar: 50 um.
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Figure 5.6.5 Depletion of a-, B- or y-actin impairs axon elongation in cultured motoneurons. (A-C) Cultured
motoneurons transduced with shRNA against a-actin (A), B-actin (B) or y-actin (C) exhibit shorter axons
compared to untransduced or shCtrl transduced motoneurons. (A: *** p <0.0001 for n = 5, sample size: shActa:
n = 452, shCtrl: n = 380, untransduced: n = 328, B: *** p < 0.0001 for n = 5, sample size: shActp: n = 279,
shCtrl: n = 227, untransduced: n = 219, C: *** p < 0.0001 for n = 4, sample size: shActy: n = 252, shCtrl: n =

228, untransduced: n = 180). Statistical analysis: one way ANOVA with Dunn’s posttest.

In order to study possible effects of a-, B- and y-actin knockdown on axonal growth cone
maturation, we plated motoneurons on a synapse specific laminin (laminin 221) as a substrate.
This matrix protein has been shown to induce formation of presynaptic structures in axonal
growth cones of cultured motoneurons (Jablonka et al., 2007; Porter et al., 1995). To visualize
axonal growth cone filopodia, we stained DIV5 motoneurons with phalloidin and Tau (Fig.
5.6.6 A). Analysis of axonal growth cones on this laminin isoform revealed that knockdown
of B-actin results in 50% reduction in growth cone size which further associates with a
significant reduction in number of growth cone filopodia (Fig. 5.6.6, B and C). Interestingly,
these effects were unique for B-actin since depletions of the other two isoforms did not impair
axonal growth cone morphology (Fig. 5.6.6, B and C). Collectively, these data confirm a
specific function for a-actin in axonal arborization and for B-actin in pathfinding and

differentiation of growth cones into functional synapses.
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Figure 5.6.6 g-actin knockdown motoneurons show defective growth cones maturation. (A) Motoneurons
were plated on laminin 221. Growth cone were labeled by Tau and phalloidin. Scale bar: 10 um. (B and C)
Depletion of B-actin significantly reduces growth cone area (B) and number of growth cone filopodia (C).
Depletions of a- or y-actin isoforms do not impair growth cone morphology (*** p < 0.0001 for n = 6, sample
size: shActa: n = 96, shActp: n = 54, shActy: n = 67, shCtrl: n = 70). Statistical analysis: one way ANOVA with

Dunn’s posttest.

Though shRNA-mediated knockdown of each actin isoform created distinct and specific
phenotypes, these observed defects in axon growth and differentiation might also be due to a

possible off-target effect of these ShRNAs. To exclude this possibility, we designed multiple
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different shRNAs against a-, B- and y-actin and assessed axon morphology in motoneurons
transduced with these shRNAs (Fig. 5.6.2, A-C). Depletion of a-actin by shActa-2 caused
defects in axon growth (Fig. 5.6.7 A) and decreased the number of collateral branches
confirming the results obtained with shActa-1 (Fig. 5.6.7 B). Transduction of motoneurons
with shActp-2 significantly reduced axon length (Fig. 5.6.8 A) and growth cone size (Fig.
5.6.8 B). Motoneurons transduced with either shActy-2 or shActy-3 exhibited deficits in axon
elongation (Fig. 5.6.8 C). These additional control experiments clearly indicate that the
observed phenotypes are the result of actin isoform-depletion and not due to off-target effects
and thus confirm the target specificity of the applied shRNAs. Moreover, we generated a
rescue construct for p-actin by introducing a shRNA-resistant version of B-actin into the
shActp-1 construct (Fig. 5.6.9 A). As shown in Fig. 5.6.9 B, the B-actin rescue construct was
overexpressed in cultured motoneurons. Western blot quantification showed that B-actin
protein levels were restored to 75% after expression of this ShRNA resistant construct (Fig.
5.6.10, A and B). Re-expression of this p-actin isoform rescued deficits in axon growth and
maturation caused by B-actin knockdown. No significant differences were observed in axon
length of cultured motoneurons transduced with this -actin rescue construct and the control
group (Fig. 5.6.11, A and B). Similarly, axonal growth cone size (Fig. 5.6.12, A and B) and
number of growth cone filopodia (Fig. 5.6.12, A and C) were not different between B-actin

rescue construct transduced and control motoneurons.
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Figure 5.6.7 ShActa-2 lentiviral transduction impairs axonal growth and collateral branch formation in
cultured motoneurons. (A and B) Motoneurons were transduced with shActa-2 and cultured for 7 days. (A)
Analysis of axon length showed that shActa-2 transduced motoneurons grow shorter axons (*** p < 0.0001 for n
= 3 independent experiments, sample size: shActa-2: 252, shCtrl: 242, by two-tailed Mann-Whitney test). (B) In
shActa-2 transduced motoneurons, the number of axons without collateral branches is increased and the number
of axons with > 3 branches is decreased (* p < 0.05 and ** p < 0.01for n = 3, by two way ANOVA with
Bonferroni posthoc test). In B data are shown as mean + SEM.
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Figure 5.6.8 ShActp-2, shActy-2 and shActy -3 cause similar defects in axon elongation and axonal growth
cone differentiation as shActp-1 and shActy-1. (A) ShActp-2 transduction leads to 21% reduction in axon
length (*** p < 0.0001 for n =3, sample size: shActp-2: 220, shCtrl: 126). (B) Depletion of f-actin by ShActp-2
reduces growth cone size by 40% (*** p < 0.0001 for n = 3 independent experiments, sample size: shActp-2:
108, shCtrl: 96, by two-tailed Mann-Whitney test). (C) Axon length of motoneurons are reduced by 12% upon
shActy-2 and by15% upon shActy-3 transduction (* p < 0.012 and ** p < 0.004 for n = 3, sample size: shActy-2:
150, shActy-3: 184 and shCtrl: 144, by one way ANOV A with Dunn’s posttest).
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Figure 5.6.9 B-actin rescue construct is expressed in cultured motoneurons. (A) Scheme of the B-actin-
rescue construct. In a lentiviral vector, an ubiquitin promotor drives the expression of a shRNA resistant -actin
cDNA and the H1 promotor drives the expression of shActf. CMV promotor drives the expression of GFP
which is used for identification of transduced motoneurons. (B) Immunostaining of motoneurons transduced
with shCtrl, shActp and B-actin rescue shows restored levels of B-actin protein in motoneurons expressing the

shRNA resistant -actin rescue construct. Scale bar: 10 pm.
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Figure 5.6.10 p-actin protein levels are restored after expression of the p-actin rescue construct. (A)
Western blot from lysates of cultured motoneurons transduced with shActp, shCtrl and the B-actin rescue

construct. (B) Quantification of density of immunoreactive bands in the blot in A shows a 60% increase in B-
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actin protein levels in lysate of B-actin rescue transduced motoneurons (* p < 0.016 for n = 3 by one-tailed

Mann-Whitney test). Data are shown as mean + SEM.
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Figure 5.6.11 Axon length defects are rescued after re-expression of the B-actin rescue construct in
cultured motoneurons. (A) Motoneurons were transduced with shCtrl, shActf or B-actin rescue constructs and
cultured for 7 days. Axons are labeled against Tau. Scale bar: 50 um. (B) Re-expression of the B-actin rescue
construct rescues axon length and observed defects in axonal growth (** p < 0.002 and *** p < 0.0002 for n = 3,
sample size: shActp: 240, rescue: 266 and shCtrl: 217 by one way ANOV A with Dunn’s posttest).
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Figure 5.6.12 Defects in axonal growth cone maturation are rescued after re-expression of the g-actin
rescue construct in cultured motoneurons. (A) Motoneurons expressing shActp, shCtrl or $-actin were stained
with B-actin and Tau antibodies. Scale bar: 10 um. (B and C) Re-expression of B-actin with the rescue construct
increases axonal growth cone size (B: ** p < 0.005) and the number of axonal growth cone filopodia (C: *** p <
0.0003). For n = 3 independent experiments, sample size: shActf: 43, rescue: 56 and shCtrl: 48. Statistical
analysis: one way ANOVA with Dunn’s posttest.
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5.7 Actin dynamics is differentially regulated by a-, p- and y-actin isoforms in axonal
filopodia and axonal growth cone filopodia

Axon growth and differentiation occurs in three main steps: (i) axon specification, (ii) axon
elongation and path finding, and (iii) collateral branch formation and presynaptic
differentiation. All these steps rely on the dynamics of coordinated actin and microtubule
polymerization. Collateral branch formation starts with actin polymerization in so-called
“actin patches” along the main axon shaft, which gives rise to formation of nascent filopodia
(Spillane et al., 2011). These filopodia are enriched in actin filaments and therefore are highly
dynamic. In vitro, these filopodia undergo many cycles of growth and retraction until they
become stabilized by microtubule invasion (Gallo, 2011). Our data have shown that a-actin
MRNA and protein localize to axonal branch points and knockdown of this isoform disturbs
formation of collateral branches. Hence, we asked whether this isoform exerts this function
via regulating actin dynamics at axonal filopodia. To examine such possibility, we performed
live cell imaging with motoneurons transduced with a-, - and y-actin knockdown lentiviruses
and analyzed the dynamics of axonal filopodia (Fig. 5.7.1 A). Quantification of filopodia
dynamics in the axon shaft indicated that depletion of a-actin or y-actin correlates with a 60%
decrease in filopodia initiation rate, but depletion of B-actin decreases filopodia initiation rate
only by 25% in this region (Fig. 5.7.2, A and B). Interestingly, knockdown of a-actin
decreased filopodia life time, whereas knockdown of B-actin increased filopodia life time
(Fig. 5.7.2 C). Similarly, knockdown of both a- and y-actin reduced the rate of filopodia
dynamic movements by 50% (Fig. 5.7.2 D). The rate of filopodia dynamic movement was not
altered after specific knockdown of p-actin (Fig. 5.7.2 D).

Measuring the total change in filopodia length revealed that knockdown of a- or y-actin
reduces the total filopodia length change by 57%; 10 um total length change was measured
for a-actin depleted filopodia and 11 pum was measured for y-actin depleted filopodia (Fig.

5.7.2 E). Control filopodia underwent a total length change of 23 pum and B-actin knockdown
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filopodia underwent a total length change of 17 um during the total 40 min imaging period
(Fig. 5.7.2 E). We counted also the number of axonal filopodia in phalloidin-labeled
motoneurons and observed a decrease of axonal filopodia in a-actin depleted neurons (Fig.
5.7.2 F). These data indicate that a- and y-actin isoforms control actin dynamics during axonal
branching, and not p-actin.

Abundant expression of B-actin protein and mRNA in the axonal growth cone and decreased
growth cone filopodia upon specific knockdown of this isoform prompted us to assess the
possible function of B-actin in regulating growth cone filopodia dynamics. We examined this
by analyzing dynamics of axonal growth cone filopodia (Fig. 5.7.3 A). Time lapse imaging of
axonal growth cones revealed that the velocity of filopodia movements is reduced by 50%
after B-actin knockdown, but is not affected upon knockdown of a- or y-actin (Fig. 5.7.3, B-
D). Therefore, B-actin specifically modulates actin dynamics in axonal growth cones, a

function which is important particularly for the axon pathfinding and growth cone

differentiation.
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Figure 5.7.1 Axonal filopodia exhibit de novo formation and growth/retraction dynamics in culture. (A)
Time lapse images of axonal filopodia dynamics in axons of control and actin isoform-specific depleted

motoneurons. Arrows indicate de novo formation of new filopodia along the main axon shaft.
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Figure 5.7.2 Knockdown of a- or y-actin isoforms affects dynamics of axonal filopodia. (A) Maximum
projection of 120 time lapse sequences represents filopodia de novo formation and growth dynamics over time.
(B) shRNA-mediated depletion of a- or y-actin, but not f-actin decreases the rate of filopodia initiation by 60%.
(C) Graph shows the life time of axonal filopodia. In a-actin depleted motoneurons, axonal filopodia exhibit
shorter life time compared to control (* p < 0.010) and B-actin depleted motoneurons (*** p < 0.0008). Data are
shown are mean + SEM. (D) Depletion of a- or y-actin decreases the average rate of filopodia dynamic
movements. (E) Knockdown of a- or y-actin significantly reduces total changes in filopodia length extension (D
and E: *** p <0.0001, shActo: n =4, shActf: n =5, shActy: n = 3, shCtrl: n = 6 for 50 filopodia per group). (F)
ShActa, shActp, shActy and shCtrl transduced motoneurons were fixed and stained with phalloidin. Analysis of
axonal filopodia revealed a reduction in the number of axonal filopodia (per um axon length) in shActa

transduced motoneurons (* p < 0.043). Statistical analysis: one way ANOV A with Dunn’s posttest.
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Figure 5.7.3 Dynamics of axonal growth cone filopodia is impaired in g-actin knockdown motoneurons.
(A) Time lapse images of axonal growth cone filopodia movements in motoneurons after knockdown of a-, -
and y-actin. (B-E) Images show maximum projection of 120 frames representing total changes in filopodia
length. Multiple kymographs were created for quantification of filopodia movement velocity. X-axis represent
filopodia length in pm and Y-axis represents time in sec. (F) Depletion of B-actin significantly decreases the
velocity of growth cone filopodia movements, whereas depletion of a- or y-actin does not affect this parameter
(*** p < 0.0001 for n = 3, sample size: shActa: n = 17, shActp: n = 16, shActy: n = 13, shCtrl: n = 15 by one

way ANOVA with Dunn’s posttest).
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5.8 Depletion of one actin isoform induces a compensatory response which leads to
upregulation of other actin isoforms
Motoneuron conditional knockout mice for B-actin are viable and show normal NMJ
morphology and function (Cheever et al., 2011). Knockout of this isoform in the central
nervous system causes only restricted morphological and behavioral deficits (Cheever et al.,
2012). In B-actin depleted mouse fibroblasts, elevated protein levels of a- and y-actin have
been reported (Bunnell et al., 2011; Tondeleir et al., 2012). This compensatory upregulation
of these two isoforms can rescue the migratory defects caused by [-actin ablation, indicating
that these isoforms could act redundantly and compensate for each other’s lost. We
investigated this compensatory response in cultured motoneurons after specific sShRNA-
mediated ablation of a-, B- or y-actin. We examined first whether these isoforms have
redundant functions regarding F-actin polymerization in soma and axons. We stained shActa,
shActp and shActy treated motoneurons with phalloidin and quantified F-actin levels in soma
and axons of these neurons. Quantification of the phalloidin signal intensity showed that the
F-actin levels were not altered in the soma of a-, B- or y-actin depleted motoneurons, thus
indicating that these isoforms act redundantly for F-actin polymerization in this compartment
(Fig. 5.8.1, A and B). Nevertheless, we observed a significant reduction in F-actin levels in
the axon after specific depletion of a- or B-actin indicating a specific function for these two

isoforms in F-actin polymerization dynamics in this compartment (Fig. 5.8.1, A and C).
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Figure 5.8.1 a- and B-actin isoforms are essential for F-actin polymerization in axons. (A) Motoneurons
were transduced with shActa, shActf, shActy and shCtrl. On DIV7, cells were fixed and immunostained using
Tau antibody and phalloidin. (B and C) Phalloidin signal intensity was measured in soma and axons of ShRNA
treated motoneurons and normalized to phalloidin intensity of control group. (B) Phalloidin intensity is not
reduced in the soma of a-, B- or y-actin depleted motoneurons (p < 0.208 for n = 3, sample size: shActa: n =55,
shActf: n =47, shActy: n = 53, shCtrl: n = 44). (C) Phalloidin intensity is markedly reduced in axons of a-, and
B-actin knockdown motoneurons (** p < 0.0018 for shActa and *** p < 0.0001 for shActp for n = 3, sample
size: shActa: n = 48, shActp: n = 46, shActy: n = 53, shCtrl: n = 54). Statistical analysis: one way ANOVA with

Dunn’s posttest. Scale bar: 10 pum.

Next, we examined the total actin levels in lysates of a-, B- or y-actin depleted motoneurons
by Western blot analysis. Intriguingly, the total actin levels did not alter and remained
constant after depletion of these individual isoforms (Fig. 5.8.2, A and B). Depletion of [-

actin in fibroblast causes a shift in G- to F-actin ratio and decreases the availability of G-actin
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(Bunnell et al., 2011). We examined the G/F ratio in lysates of a-, B and y-actin knockdown
motoneurons. G- and F-actin pools were separated by an ultracentrifugation step and probed
with a pan-actin antibody (Fig. 5.8.3 A). Quantification of blots revealed that the G/F ratio
does not alter after respective knockdown of a-, B- or y-actin, which is another piece of
evidence for a redundant function of these isoforms in motoneurons (Fig. 5.8.3 B). Next, we
probed the G- and F-actin pools with a B-actin specific antibody and observed a shift in 3-
actin from the G-actin to F-actin pool upon knockdown of a- or y-actin, as the levels of -
actin increased in the G-actin pool and decreased in the F-actin pool (Fig. 5.8.3, C and D).
These data indicate that a- and y-actin control the polymerization rate or stabilization of

filaments containing p-actin.
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Figure 5.8.2 Pan-actin levels remain constant in a-, f- or y-actin knockdown motoneurons. (A) Protein
lysates of cultured motoneurons transduced with shActa, shActp, shActy and shCtrl were analyzed by Western
blot using a pan-actin antibody. (B) Quantification of band intensities in the blot shown in A indicates that total
actin levels remain unaltered after depletion of a-, B-, or y-actin (by two-tailed Mann-Whitney test for n = 4).

Data are shown are mean + SEM.
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Figure 5.8.3 G/F actin ratio is preserved after knockdown of individual actin isoforms. (A and C)
Motoneurons were transduced with shActa, shActf, shActy and shCtrl. Lysates were ultra-centrifuged and
supernatant (G-actin) and pellet fractions (F-actin) were labeled with pan-actin (A) or B-actin antibodies (C). (B)
Quantification of band intensities in the blot shown in A revealed that the G/F-actin ratio is preserved in actin
isoform-specific knockdown motoneurons. (C) G- and F-actin pools were probed with B-actin antibody. (D)
Quantification of band intensities in the blot shown in C revealed a shift for g-actin protein from G- to F-actin
pool after depletion of a-actin and y-actin (* p < 0.016 by one-tailed Mann-Whitney test for n = 5). Data are

shown are mean = SEM.

Maintenance of the total actin levels and preserved G/F-actin ratio suggest a compensatory
response for actin isoforms. To examine this compensatory response, we analyzed mRNA as
well as protein levels of each actin isoform after knockdown of other two isoforms. gRT-PCR
showed that depletion of a-actin, does not alter total MRNA expression levels of B- or y-actin
(Fig. 5.8.4 A). Analysis of mRNA levels of B-actin in somatodendritic and axonal
compartments of a-actin depleted motoneurons revealed that the mRNAs for p-actin decrease

in the somatodendritic compartment and increase in the axonal compartment (Fig. 5.8.4 B).
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Depletion of a-actin also associated with increased mRNA levels of y-actin in the axonal
compartment (Fig. 5.8.4 B). Thus, reduced F-actin polymerization capacity in the axon upon
a-actin depletion refers to a specific function in axons. This could explain the axon specific

compensatory response by - and y-actin.
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Figure 5.8.4 Compensatory upregulation of B- and y-actin mRNAs in axons of a-actin depleted
motoneurons. gRT-PCR analysis of total RNA (A) as well as somatodendritic/axonal compartments (B)
extracted from o-, B- and y-actin knockdown and control cultured motoneurons. (A) ShActa transduction
decreases total mRNA levels of a-actin by 90%, but does not alter expression of B- and y-actin (** p < 0.0037
for n = 5). (B) As a compensatory response to a-actin depletion, mRNA levels of B-actin decrease in the
somatodendritic compartment (* p < 0.047), but mRNA levels of both B- and y-actin increase in the axonal
compartment (* p < 0.011 for n = 5). Statistical analysis: one-tailed Mann-Whitney test. Data are shown as mean

+ SEM.

Analysis of MRNA levels of a- and y-actin in B-actin knockdown motoneurons revealed a 5.5-
fold increase in total MRNA levels for a-actin and a 2.6-fold increase in total MRNA levels of
y-actin (Fig. 5.8.5 A). Similarly, mRNA levels of a- and y-actin were elevated in axonal and
somatodendritic compartments of B-actin knockdown motoneurons (Fig. 5.8.5 B). In y-actin
knockdown motoneurons, a-actin total mMRNA levels were increased by 1.6-fold and B-actin
total MRNA levels were increased by 2.6-fold (Fig. 5.8.6 A). In the axonal compartment of y-

actin knockdown motoneurons, mRNA levels of a-actin were increased by 2.5-fold, but
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MRNA levels of B-actin were not altered (Fig. 5.8.6 B). These results indicate a compensatory
upregulation of a- and y-actin in response to [-actin depletion and a compensatory

upregulation of a- and B-actin actin in response to y-actin depletion.
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Figure 5.8.5 a- and y-actin mRNA levels increase in soma and axons of motoneurons as a compensatory
response to B-actin knockdown. gRT-PCR analysis of total RNA (A) and somatodendritic/axonal RNA
fractions (B) of actin isoform-specific knockdown motoneurons. (A) ShActp transduction decreases p-actin
MRNA levels by 70% (*** p < 0.0005), but leads to a 5.5-fold upregulation of a-actin (*** p < 0.0005) and 2.6-
fold upregulation of y-actin total mMRNA levels (* p < 0.018 for n = 7). (B) Transcript levels of a- and y-actin
increase in both somatodendritic (* p < 0.028) and axonal compartments after knockdown of B-actin (* p < 0.014

for n = 4). Statistical analysis: one-tailed Mann-Whitney test. Data are shown as mean + SEM.
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Figure 5.8.6 a- and B-actin mRNAs increase in soma and axons of y-actin knockdown motoneurons. gRT-
PCR analysis of total RNA (A) and somatodendritic/axonal RNA fractions (B) of cultured motoneurons after a-,
B- or y-actin depletion. (A) ShActy application leads to 80% decrease in y-actin mRNA levels (** p < 0.001), but
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a 1.6-fold increase in a-actin and a 2.6-fold increase in B-actin mRNA levels (** p < 0.0054 for n = 5). (B) a-
actin is upregulated in both somatodendritic (* p < 0.046) and axonal compartments (** p < 0.002 for n = 5) of
y-actin depleted motoneurons. Statistical analysis: one-tailed Mann-Whitney test. Data are shown as mean *

SEM.

At last, we assessed protein levels of a-, B- and y-actin in lysates of cultured motoneurons
after knockdown of these individual isoforms using isoform-specific antibodies (Fig. 5.8.7, A-
C). Quantification of band intensities in blots showed a 2.5-fold increase in a-actin protein
levels in lysates of B-actin knockdown motoneurons (Fig. 5.8.7 D). We also observed a
significant increase in B-actin protein levels in lysates of y-actin knockdown motoneurons
(Fig. 5.8.7 E) as well as an increase in y-actin protein levels in lysates obtained from B-actin
depleted motoneurons (Fig. 5.8.7 F). Thus, these data confirm a compensatory upregulation of
both mRNA and proteins of a-, B- and y-actin in response to depletion of the other two

isoforms in motoneurons.
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Figure 5.8.7 Compensatory upregulation of a- and y-actin proteins as a response to B-actin depletion.
Motoneurons were transduced with shActa, shActf or shActy. Lysates were probed with actin isoform-specific
antibodies for Western blot analysis. (A-C) Representative blots labeled with a-actin (A), B-actin (B) and y-actin

(C) specific antibodies. (D) Quantification of blots labeled with a-actin antibody revealed a 2.5-fold upregulation
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in a-actin in lysates of B-actin knockdown motoneurons (** p < 0.004 for n = 4). (E) Quantification of blots
labeled with B-actin antibody showed a 1.5-fold upregulation of B-actin in protein lysates of y-actin depleted
motoneurons (*** p < 0.0003 for n = 8). (F) Quantification of blots labeled with y-actin antibody showed al.7-
fold upregulation of y-actin protein in lysates of B-actin knockdown motoneurons (** p < 0.002 for n = 6).

Statistical analysis: one-tailed Mann-Whitney test. Data are shown as mean + SEM.

5.9 Smn is involved in the regulation of axonal MRNA trafficking and translation of
actin isoforms in motoneurons
Several previous studies have reported that, in motoneurons isolated from a severe SMA
mouse model, B-actin mMRNA and protein levels decrease in the distal axon and axonal growth
cones which correlates with reduced axonal growth and spontaneous Ca*? influx in these
neurons (Jablonka et al., 2007; Rossoll et al., 2003). Furthermore, it has been reported that
local translation of B-actin is disturbed in Smn-deficient motoneurons (Rathod et al., 2012)
indicating that Smn plays a major role in mRNA trafficking and local translation of this
isoform. Nevertheless, the potential role of Smn in axonal translocation and local translation
of a- and y-actin mMRNAS has not been investigated yet. To address this question, we analyzed
MRNA levels of these three actin isoforms in the somatodendritic and axonal compartment of
Smn knockdown motoneurons (Fig. 5.9.1 A). gRT-PCR analysis showed that, upon Smn
knockdown mRNA levels of a-, B- and y-actin decrease in the axonal compartment (Fig. 5.9.1
C), but do not alter in the somatodendritic compartment (Fig. 5.9.1 B). Thus, Smn is required
for the axonal trafficking of o-, B- and y-actin mMRNAs. Next, we asked whether Smn is
involved in regulation of the local translation of these isoforms. We performed FRAP with
motoneurons from embryonic SMA mice and found that the fluorescence recovery for a- and
B-actin reporters is decreased in axonal growth cones of Smn-deficient motoneurons,
indicating a role for Smn in local translation of these two isoforms (Fig. 5.9.2, A and B). We

also observed a delayed recovery for y-actin reporter but first at 48 min post bleach (Fig. 5.9.2
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C). These findings suggest that impaired axonal growth observed in SMA motoneurons could

be due to the depletion of a- and B-actin mMRNASs from axons.
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Figure 5.9.1 Smn is required for axonal translocation of a-, - and y-actin transcripts in motoneurons. (A)
Smn was knocked down by lentiviral sShRNA transduction. Western blot analysis showed a major reduction in
Smn protein levels in lysates of Smn knockdown motoneurons (representative for n = 3 independent
experiments). (B and C) gRT-PCR analysis of RNA fractions from somatodendritic (B) and axonal compartment
(C) of Smn depleted motoneurons. MRNA levels of a-, B- and y-actin are not altered in the somatodendritic
compartment (B), but are significantly decreased in the axonal compartment of Smn knockdown motoneurons (*
p <0.021 for a-actin, * p < 0.013 for B- and y-actin for n = 4). Statistical analysis: one-tailed Mann-Whitney test.

Data are shown as mean = SEM.
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Figure 5.9.2 Smn is required for local translation of a-, - and y-actin reporters in axonal growth cones of
motoneurons. (A-C) Left: representative pre- and post-bleach time lapse sequences of axonal growth cones of
SMA and wild type motoneurons expressing a- (A), B- (B) and y-actin reporters (C). (A) Right: Quantification of
fluorescence recovery revealed a reduction in recovery of the a-actin reporter in Smn™; SMN2tgtg motoneurons
already at 30 min post bleach (** p < 0.01 and *** p < 0.001). (B) Right: The graph shows a significant
reduction in fluorescence recovery of the B-actin reporter in Smn™; SMN2tgtg motoneurons at 42 min post bleach
(** p < 0.01 and *** p < 0.001). (C) Right: Fluorescence recovery of the y-actin reporter is slightly reduced in
Smn”; SMN2tgtg motoneurons at 48 min post bleach (* p < 0.05 and ** p < 0.01). Statistical analysis: two way

ANOVA with Bonferroni posthoc test. Shown are mean + SEM. Scale bar: 10 pm.
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6. Discussion

6.1 Protein and mRNAs for a-, B- and y-actin isoforms are differentially distributed
in axons of cultured motoneurons

In this study, we investigated the axonal mMRNA translocation and local translation of the three
actin isoforms; a-, B- and y-actin in primary cultured motoneurons. High resolution in situ
hybridization and gRT-PCR with compartmentalized cultures have revealed that the mRNAs
for all three actin isoforms are sorted into axons. FRAP assays using isoform-specific eGFP™"
reporters showed that transcripts for a-, - and y-actin become translated in specific regions
within the axonal growth cones and axonal branch points. This indicates that intra-axonal
synthesis of these isoforms plays an important role in axon growth and differentiation in
developing motoneurons. These data also show that 3’UTRs of these isoforms harbor
elements which are sufficient for RNA binding proteins to regulate their axonal translocation
and local translation. mMRNAs for a-, B- and y-actin differ completely in their 3’UTR regions,
but show about 90% homology in their coding regions. Due to these different 3’UTRs,
subcellular transport and translation of these isoactin mMRNAs are differentially regulated.
Interestingly, we observed specific and different localization of a-, - and y-actin mMRNAS
within the axon of motoneurons. B-actin transcripts are highly abundant in the axonal growth
cone. Conversely, mRNAs for a-actin are found at relatively low levels in the axonal growth
cone, but they appear highly enriched in the axon and mRNAs for y-actin are distributed
uniformly in axons and axonal growth cones. Consistent with this, the rate of local translation
of a-, B- and y-actin mRNAs differs in the axonal growth cone and axonal branch points. a-
actin transcripts have a higher translational rate in axonal branch points compared to - and vy-
actin mRNAs.

MRNA transport and localization of actin isoforms seem to be tissue specific and highly
regulated. Studies in differentiating myoblasts have shown that a- and B-actin transcripts
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become sorted into different cellular regions. B-actin mMRNAs are sorted to the leading edge,
while a-actin mMRNAs are found predominantly in a perinuclear compartment (Kislauskis et
al., 1993; Taneja and Singer, 1990). Previous studies with cultured cortical neurons have
shown that B- and y-actin transcripts differently localize in the soma and axons; p-actin
MRNAs become translocated into axons and axonal growth cones, while y-actin mRNAs are
restricted to the soma (Bassell et al., 1998). However, using high sensitive methods, we were
able to detect mRNAs for y-actin in axons of cultured cortical neurons. In cultured sensory
neurons, overexpression of a GFP construct containing the 3’UTR of B- or y-actin results in
axonal localization of GFP mRNA with (-actin 3’UTR, but not with y-actin 3’UTR indicating
that intra-axonal translation of only -actin is involved in axon regeneration and plasticity in
these neurons (Donnelly et al., 2011; Willis et al., 2007; Willis et al., 2011). However, in
hippocampal neurons, in contrast to sensory neurons, y-actin mRNAs become sorted into
dendritic synapses, and mRNAs for both a-actin and y-actin localize to neuropil layers of the
hippocampus CA1 area (Cajigas et al., 2012; Schreiber et al., 2015). Thus, axonal mMRNA
localization of a- and y-actin isoforms seems to be unique and special for spinal motoneurons.
Likewise, proteins for a-, B- and y-actin are highly similar and differ only at few amino acid
residues within the N-terminus. Our immunocytochemistry data showed that despite these
small sequence differences these proteins are sorted into different compartments within the
motor axon. a-actin protein localizes predominately to axons and axonal branch points. -
actin protein is abundant in axonal growth cones and growth cone filopodia, and y-actin
protein is present both in the axonal filopodia and axonal growth cone filopodia. These
differences in mRNA and protein distributions are indicative of specific cellular functions of
these isoforms. Of note, a-actin transcript and protein are present only at low levels in the
soma, but highly enriched in the axon suggesting a specific axonal function for this isoform in

motoneurons.
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This differential distribution of isoactin proteins has also been reported in other cell types. In
fibroblast and endothelial cells, B-actin protein is found at the leading edge and in lamellae
(Hoock et al., 1991). in cultured cerebrocortical neurons, p-actin protein localizes mainly at
the growth cone and other highly motile structures, while y-actin protein is distributed

uniformly throughout the cell (Micheva et al., 1998).

6.2 a-, B- and y-actin exert specific and overlapping functions in motoneurons
There are accumulative evidences about specific cellular functions of a-, B- and y-actin
isoforms. This hypothesis is based on four different observations:
1) Specific distribution of protein as well as mMRNAs for these different isoforms refers to
their unique cellular functions as discussed above.
2) Discriminative binding of actin regulatory proteins to some specific isoforms could also
explain why different actin isoforms accomplish unique cellular functions. Actin binding
proteins regulate the polymerization dynamics and stability of actin filaments. Several actin
binding proteins have been reported to bind preferentially to a specific actin isoform.
Cofilin/ADF is an actin severing protein which depolymerizes actin filaments. The
cooperative binding of cofilin to B/y-actin filaments is higher than to a-actin filaments (De La
Cruz, 2005). Profilin is another actin regulating protein which binds to monomeric actin and
promotes actin polymerization at the barbed end of filaments. Also profilin shows higher
binding affinity to PB/y-actin monomers than to a-actin (Larsson and Lindberg, 1988).
Similarly, Ezerin binds selectively to B-actin isoform and only poorly to a-actin (Yao et al.,
1996).
3) Specific functions of actin isoforms might be due to differences in their chemical and
physical properties which in turn influence their polymerization and depolymerization
kinetics. For instance, phalloidin binding affinity is higher for B-actin than for a-actin (Nyman

et al., 2002) and also viscoelasticity properties of these two isoforms differ completely. Based
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on studies carried out by Bergeron et al, a-, p- and y-actin isoforms show different
polymerization kinetics (Bergeron et al., 2010). In the presence of Ca?*, the nucleotide
exchange rate of y-actin monomers is slower than in -actin monomers and their nucleation
phase is prolonged. Moreover, the polymerization rate of y-actin containing filaments is very
slow. Likewise, a-actin monomers exhibit slow polymerization rate and generate highly stable
filament. Conversely, the polymerization rate of B-actin containing filaments is very fast, but
these filaments have a high turnover rate and thus, depolymerize rapidly. This indicates that
B-actin makes highly dynamic filaments, whereas a- and y-actin make more stable filaments.

Profilin and cofilin are two actin binding proteins that regulate polymerization dynamics and
stability of F-actin filaments. Due to lower binding affinity of these two regulatory proteins to
a-actin monomer/filaments compared to B-actin, filaments composed of a-actin show lower
turnover rate and are hence more stable (De La Cruz, 2005; Larsson and Lindberg, 1988).
Since, these three actin isoforms can copolymerize readily, the incorporation of a-actin or y-
actin into B-actin filaments stabilizes them and decreased the high turnover rate of such
filaments (Bergeron et al., 2010). Our data provide supporting evidence for such different
polymerization properties of these actin isoforms and thus, confirm previously reported
observations; (i) First; we observed that after depletion of a- or y-actin, the levels of B-actin
protein increase in the G-actin pool and decrease in the F-actin pool. This altered G/F-actin
ratio of B-actin upon a- or y-actin depletions indicates that the polymerization rate and/or
stability of filaments composed of (-actin depend on a- and y-actin. In line with this, we
showed that B-actin knockdown motoneurons grow shorter axon than a- or y-actin knockdown
motoneurons. This can be explained by the fact that a- and y-actin slow down the turnover
rate of B-actin filaments and hence stabilize the actin cytoskeleton. Therefore, increased
protein levels of a- and y-actin upon B-actin knockdown could disturb the balance between the
dynamics and stability of the actin cytoskeleton in the motor axon and consequently decrease

the axonal growth cone movement and in turn axonal elongation.
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Disturbing the balance of actin cytoskeleton in hippocampal neurons has been reported to
influence synaptic transmission and learning and memory. Upon depletion of E3 ubiquitin
ligase TRIM3 in hippocampal neurons, the protein levels of y-actin elevate in the dendrites.
This in turn causes increased spine density and long-term potentiation, thereby enhancing
short-term contextual fear memory acquisition (Schreiber et al., 2015). y-actin mRNA co-
localizes with TRIM3 protein in hippocampal dendrites, where TRIM3 regulates the synaptic
protein levels of y-actin via ubiquitin degradation. The increased spine size and consequently
increased short-term memory observed in TRIM3 null mice can be explained by elevated
levels of y-actin in hippocampal synapses which in turn increases F-actin stability and thus
alters the spine morphology.

(i) Different studies have reported that the protrusion activity differs in the axonal growth
cone and axon shaft. Compared to axonal growth cone filopodia which are highly dynamic,
the filopodia along the axon shaft exhibit relatively low dynamics indicating that the F-actin
polymerization rate differs in these two regions (Letourneau, 2009). Differences in actin
polymerization rate in axonal growth cone filopodia and axonal filopodia have also been
observed in sensory neurons. In these cells, treatment with NGF results in increased numbers
of growth cone filopodia already after 5 min. In contrast, the number of axonal filopodia
increases only after 30 min NGF treatment (Spillane et al., 2012). These differences can be
mediated by actin isoforms which differently influence the polymerization dynamic of actin
filaments in filopodia in these two compartments. Our data obtained from live cell imaging
confirm this hypothesis. We observed that similar as in sensory neurons, the dynamics of
axonal filopodia differ from axonal growth cone filopodia in motoneurons. In the axonal
growth cone of motoneurons, filopodia dynamic movement is very high, but in the axon shaft
we observed less dynamic movements of filopodia. Interestingly, we found that knockdown
of a-, B- or y-actin differentially affects filopodia dynamics in the axonal growth cone and

axonal filopodia. Knockdown of a- or y-actin completely diminished the dynamics of axonal
121



filopodia extension/retraction, while knockdown of B-actin only affected the dynamics of
axonal growth cone filopodia. a-actin protein is highly abundant in the axonal branch points
and the rate of its local translation is relatively high in this region. This could explain the
mechanism by which a-actin modulates axonal filopodia dynamics; i.e. in actin patches,
locally synthetized a-actin triggers actin nucleation leading to filament polymerization and
thereby emerging of nascent filopodia from the axon shaft. Similarly, knockdown of y-actin
affects dynamics of axonal filopodia. Interestingly, we found a specific localization of this
protein in the axonal filopodia suggesting that y-actin regulates the stability and turnover rate
of newly polymerized filaments inside the filopodia. Finally, knockdown of B-actin abolishes
dynamic movements of axonal growth cones. Since B-actin protein is highly abundant in the
axonal growth cone filopodia, it seems that this isoform contributes to polymerization of a
highly dynamic actin cytoskeleton in the axonal growth cone.

Consistent with this differential regulation of F-actin dynamics/stability by a-, B- and y-actin,
knockdown of these individual isoforms differently influences the axon growth and
development in primary motoneurons. Knockdown of a-actin diminishes formation of axonal
filopodia and collateral branches, knockdown of B-actin impairs axonal growth and disturbs
differentiation of axonal growth cones and knockdown of y-actin also affects axon elongation.
Thus, these three actin isoforms carry out different functions in axon growth and
differentiation by spatial regulation of F-actin dynamic/stability in motoneurons. These
findings are in line with previous studies that have reported a role for locally synthetized f-
actin in growth cone turning in response to guidance cues in Xenopus retinal neurons (Leung
et al., 2006). Also, in mature neurons, B-actin is required for synaptic plasticity and
maintenance and its intra-axonal synthesis contributes to axon regeneration upon nerve injury
(Micheva et al., 1998; Zheng et al., 2001).

Nevertheless, in primary sensory neurons, p-actin mRNA becomes translated at site of axonal

branches together with other cytoskeletal proteins; i.e. subunits of Arp2/3 complex, WAVEL,
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and the complex stabilizer cortactin (Spillane et al., 2012; Spillane et al., 2013) and
furthermore siRNA-mediated knockdown of this isoform reduces the number of axonal
collateral branches (Donnelly et al., 2013). These findings demonstrate a role for this isoform
in axon arborization in sensory neurons. Thus, B-actin accomplishes specific functions in
different neuronal cell types. In addition, a specific function of dendritically synthetized vy-
actin has been proposed in hippocampal neurons in the context of synaptic plasticity, learning
and memory (Schreiber et al., 2015). In these cells y-actin regulates F-actin dynamics in the
spines, thereby controlling synapse density and synaptic plasticity. There is no report about
the potential function of a-actin in neuronal cells and this is the first study reporting a role for
this isoform in axon growth and differentiation in neurons.

However, studies with adult rats after spinal cord lesion have provided primary indications for
a potential role of a-actin in axon arborization and sprouting. Treatment of lesioned spinal
cord with antibodies against myelin-associated growth inhibitory protein Nogo-A enhances
the sprouting rate in the corticospinal tract (Bareyre et al., 2002; Blochlinger et al., 2001,
Chen et al., 2000; Schwab, 2004; Z'Graggen et al., 1998). This sprouting seems to be a
compensatory mechanism for axon regeneration because it correlates with upregulation of
essential growth factors such as BDNF, GAP-43 and myosin, but interestingly also leads to an
enormous increase in a-actin mRNA levels (Bareyre et al., 2002). Since, local protein
synthesis is crucial for axon sprouting in vivo and in vitro (Buckmaster and Wen, 2011;
McWhorter et al., 2003; Qiu et al., 2009), increased mRNA expression and enhanced local
translation of a-actin might promote polymerization of highly stable actin filaments which in
turn stabilize transiently formed sprouts and thus contribute to axon regeneration. These
effects could add to the effects of Nogo-A on the local regulation of cofilin and Rho-GTPases
for regulation of the actin cytoskeleton during branching in intact neuronal tissues (Montani et

al., 2009; Zhou et al., 2003).
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4) a-, B- and y-actin knockout mouse models exhibit distinct phenotypes which are only
partially rescued by the overexpression of the other two isoforms confirming non-redundant
functions of these isoforms.

B-actin null knockout mice are not viable and die at E7 embryonal stages. In fibroblasts
isolated from these mice, the G/F-actin ratio is altered and these cells display perturbations in
growth, cell cycle and migration (Bunnell et al., 2011; Dugina et al., 2009). CNS conditional
B-actin knockout mice are viable and show only restricted morphological and behavioral
defects. These mice are hyperactive and exhibit impaired maternal behavior, poor cognitive
performance and altered cerebellum and hippocampus morphology (Cheever et al., 2012).
Motoneuron conditional B-actin knockout mice are also viable and exhibit intact NMJ
morphology and synaptic as well as motor functions (Cheever et al., 2011).

Ablation of skeletal a-actin in the mouse also causes lethality at early postnatal stages. These
a-actin knockout mice show defects in growth and heart function and display pronounced
muscle weakness (Crawford et al.,, 2002; Schildmeyer et al., 2000). In humans, point
mutations in skeletal a-actin gene are the cause of congenital nemaline myopathy which is
characterized by muscle weakness and hypotonia (Nowak et al., 1999; Ohlsson et al., 2004;
Wallgren-Pettersson et al., 2004). In contrast to a- and f-actin null mice, y-actin null mice are
viable but display reduced adult survival. These knockout mice do not show any
morphological perturbations, but exhibit progressive hearing loss, growth delay during
embryonic and postnatal periods, muscle necrosis and myopathy (Belyantseva et al., 2009;
Sonnemann et al., 2006). Moreover, cell survival is reduced in fibroblasts isolated from these
knockout mice and cell growth and migration are disturbed (Bunnell and Ervasti, 2010;
Dugina et al., 2009). Hippocampus-specific knockout of y-actin leads to enhanced short-term
contextual fear memory consolidation suggesting a role for this isoform in synaptic plasticity
and learning and memory (Schreiber et al., 2015). These unique phenotypes caused by

depletion of a particular actin isoform provide strong evidence for specific cellular functions
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and indicate that some of these isoforms cannot functionally substitute other isoforms. Our
data also demonstrate that depletion of a-, B- or y-actin causes distinct phenotypes in cultured

motoneurons which cannot be fully compensated by other two isoforms in vitro.

6.3 Compensatory response triggered by a-, - or y-actin ablation

Interestingly, in all these knockout mouse models a compensatory upregulation of the
remaining actin isoforms has been reported suggesting that these isoforms could also have
redundant functions. In B-actin depleted fibroblasts the observed migration defects can be
rescued by inhibiting the ROCK signaling pathway which leads to a compensatory
upregulation of a- and y-actin isoforms (Tondeleir et al., 2012). In B-actin null knockout mice
both a-actin and y-actin isoforms become upregulated (Bunnell et al., 2011; Cheever et al.,
2012; Tondeleir et al., 2012). Also, in CNS-specific B-actin knockout mice, a compensatory
upregulation of a- and y-actin has been demonstrated in the brain (Cheever et al., 2012).
Similarly, in fibroblasts isolated from y-actin null mice, increased expression of both a- and f3-
actin have been reported. In hippocampus-specific y-actin knockout mice increased
expression of p-actin has been shown (Belyantseva et al., 2009; Bunnell and Ervasti, 2010;
Dugina et al., 2009; Schreiber et al., 2015).

This compensatory response has also been reported for the depletion of different a-actin
isoforms. Knockout mouse models of cardiac a-actin show increased levels of skeletal muscle
a-actin (Kumar et al., 2004). In knockout mouse models of skeletal muscle a-actin, the
protein levels of both vascular and cardiac a-actin isoforms increase (Crawford et al., 2002).
In knockout mouse models of smooth muscle a-actin the expression of skeletal muscle a-actin
increases as a compensatory response (Schildmeyer et al., 2000). Of note, the overexpression
of cardiac a-actin rescues the lethality in skeletal muscle a-actin null mice and improves the
heart defects and muscle performance (Nowak et al., 2009). However, in cardiac a-actin null

mice, the overexpression of smooth muscle y-actin only partially rescues the defective heart
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phenotype (Kumar et al., 1997). Likewise, transgenic mice overexpressing y-actin in skeletal
muscle a-actin null mice die during early postnatal stages indicating that y-actin cannot rescue
the lethality caused by ablation of skeletal muscle a-actin (Jaeger et al., 2009). However, it
was not clear whether ablation of one actin isoform could also induce such compensatory
response in spinal motoneurons. We investigated this in cultured spinal motoneurons by
applying isoform-specific ShRNAs to suppress respective mRNAs for a-, B- or y-actin.
Intriguingly, we found that both protein and mRNA levels of a-actin and y-actin remarkably
increase after knockdown of B-actin from cultured motoneurons. Similarly, we observed a
compensatory upregulation in protein and mRNA levels of B-actin after depletion of y-actin,
but only an upregulation in mRNA but not protein levels of a-actin in these motoneurons. In
contrast, depletion of a-actin did not lead to an increment in total protein or mRNA levels of
B- or y-actin. However, surprisingly, we observed an axon specific compensatory response, as
MRNA levels for both - and y-actin significantly increased in the axonal compartment of a-
actin depleted motoneurons. Thus, these data put emphasis for an axon specific function of
locally synthesized a-actin.

Investigation of the total actin levels and G/F-actin ratio revealed that the total actin levels
remain maintained in motoneurons upon specific knockdown of a-, - or y-actin. Depletion of
these individual isoforms also did not alter G/F-actin ratio. Consistent with this, the total F-
actin levels in the soma remained unaltered indicating that actin isoforms could act
redundantly in the soma and preserve the F-actin polymerization capacity in this
compartment. Nevertheless, F-actin levels were remarkably decreased in the axon after
knockdown of either a-actin or y-actin indicating a specific function for these two isoforms in
F-actin polymerization in this compartment. Thus, these data could explain why motoneuron
specific B-actin knockout mice described previously are viable and do not show any
abnormalities (Cheever et al., 2011). A complex compensatory response provided by o- and y-

actin accounts for preserved synaptic transmission and motor functions in vivo.
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6.4 Mechanisms of the compensatory response
It remains open how neurons sense axonal cytoskeletal alterations to signal to the nucleus in
order to upregulate expression of other genes in a compensatory manner. Such functions have
been shown in the context of regulation of the microtubule cytoskeleton which can be
modulated both by local actions of STAT3 (Selvaraj et al., 2012) but also by local synthesis
of STAT3 after nerve lesion, which leads to a retrograde response in the nucleus for
upregulation of transcripts necessary for nerve regeneration (Ben-Yaakov et al., 2012; Rishal
and Fainzilber, 2014). It is also possible that such effects are mediated by a nuclear function
of actin in regulation of transcription (Olson and Nordheim, 2010; Visa and Percipalle, 2010;
Zheng et al., 2009). In the nucleus, B-actin is part of a transcriptional pre-initiation complex
which contains RNA polymerase Il and is involved in transcriptional regulation of genes
implicated in cell growth, differentiation and signal transduction (Xu et al. 2010; Hofmann et
al. 2004). Moreover, co-immunoprecipitation assays have provided evidence for a direct
interaction of actin with RNA polymerases | and 11l (Fomproix and Percipalle 2004; Hofmann
et al. 2004; Hu et al. 2004) and chromatin remodeling and histone acetyltransferase (HAT)
complexes (Obrdlik et al. 2008; Farrants 2008; Blessing et al. 2004). In a complex with
ribonucleoproteins, actin associates to nascent transcripts and facilitates transcription
elongation through recruiting transcriptional coactivators (Kukalev et al. 2005; Percipalle et
al. 2003; Sjolinder et al. 2005; Obrdlik et al. 2008). Yet, it remains speculative how depletion
of a single actin isoform elicits a signaling pathway giving cells feedback how to about
reprogram the expression of other actin genes. The transcriptional cofactors myocardin and
MAL act downstream of the transcription factor serum response factor (SRF) that is involved
in transcription regulation of actin isoforms and actin regulators (Wang et al. 2001; Miano et
al. 2007; Wang et al. 2003). Several lines of evidence have demonstrated that monomeric a-,
B- and y-actin directly bind to MAL or myocardin and hence suppress their transcriptional

activity (Olson and Nordheim 2010; Posern and Treisman 2006; Miralles et al. 2003;
127



Kuwahara et al. 2005). Reduced total actin levels releases G-actin from SRF cofactors and
favor their nuclear translocation. Myocardin and MAL in turn activate SRF which results in
transcription of its target genes including different isoforms of a-actin (Posern and Treisman

2006; Takano et al. 1998; Wei et al. 1998).

6.5 Mislocalization of a-, - and y-actin mMRNAs in neurodegenerative diseases
SMA and ALS are two forms of degenerative motoneuron diseases that are both associated
with disturbed RNA metabolism and processing. Though SMN is ubiquitously expressed in
all cell types, only spinal motoneurons undergo cell death in SMA patients. Two hypotheses
are proposed to explain the mechanism of motoneuron cell death in SMA:
(i) Since SMN plays a role in snRNP assembly involved in pre-mRNA splicing, reduced
levels of this protein might disrupt the splicing of important genes involved in motoneuron
function and survival (Burghes and Beattie, 2009).
(i) Alternatively, SMN is required for the assembly of mRNP complexes and thus plays a
role in axonal transport, stability and local translation of certain transcripts (Fallini et al.,
2012b). Smn interaction with hnRNP R/Q is required for B-actin mRNA transport in motor
axons (Rossoll et al., 2003). Smn interaction with HuD is implicated in mRNA transport of
cpgl5 into axons (Akten et al., 2011), and its interaction with FMRP is essential for dendritic
transport of target mMRNAs implicated in synaptic function and maintenance (Piazzon et al.,
2008).
Studies in mouse models of the severe form of SMA have provided evidence for a second
hypothesis. In cultured motoneurons from type I SMA mice, aberrant axon elongation and
defective clustering of voltage-gated Ca®* channels in the growth cone are observed (Ning et
al., 2010; Rossoll et al., 2003). Also, in zebrafish and Xenopus knockdown of Smn impairs
axonal branching and path finding (McWhorter et al., 2003; Winkler et al., 2005). In vivo

studies with Smn knockout mice have shown that, NMJs are morphologically altered,
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neurotransmitter release is disturbed and severe neuromuscular denervation is observed
(Jablonka et al., 2007; Kariya et al., 2008; Kong et al., 2009; Ling et al., 2012). Therefore,
SMN ablation might affect NMJ maturation more than motoneuron survival.

In contrast to type I SMA mice, mouse models of mild SMA (type IIl SMA) show an
enhanced axonal branching (Cifuentes-Diaz et al., 2002; Murray et al., 2008; Simon et al.,
2010). Interestingly, this enhanced sprouting has also been reported in mild SMA patients, but
not in severe SMA patients (Crawford and Pardo, 1996; Simon et al.,, 2010). This
compensatory sprouting allows the remaining intact motor axons to reinnervate the
denervated muscles, thereby providing a mechanism to improve the synaptic transmission and
rescue the muscle weakness in type Ill SMA mice and in SMA patients. Thus, inducing
axonal sprouting would be an important therapeutic strategy for retrieval of the synaptic
innervation and motor function in severe SMA patients (Bosch-Marce et al., 2011).
Interestingly, our data show that the localization of a-, - and y-actin mMRNAs is disturbed in
axons of Smn knockdown motoneurons. Moreover, local translation of these mRNASs is
delayed in motoneurons isolated from type I SMA mice. We have provided evidence about
specific function of a-actin in axonal branching and specific function of p-actin in axon
elongation and axonal growth cone differentiation. Therefore, lack of sprouting and impaired
synaptic transmission observed in SMA mouse models and patients might correlate with
mislocalization of a- and B-actin MRNAs in the axon and thus could explain motoneuron
vulnerability in SMA patients.

Altered mRNA translocation and local translation have been also reported in iPS cell-derived
motoneurons from ALS patients and in primary cortical neurons after introducing ALS TDP-
43 mutations. The axonal transport of TDP-43 granules containing Nefl mRNAs is disturbed
in these cells (Alami et al., 2014).

New studies have shown that y-actin becomes upregulated in peripheral blood lymphocytes of

sporadic ALS patients (Baciu et al., 2012). y-actin filaments are more stable than B-actin
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filaments and have a lower turnover rate (Bergeron et al., 2010). Therefore, upregulation of vy-
actin in motoneurons of ALS patients might contribute to a more stable actin cytoskeleton in
the axon which in turn could attenuate the axon degeneration and support the axon
maintenance.

Taken together, our data provide evidence for specific functions of different actin isoforms in
motoneuron growth and differentiation. We demonstrate that a-actin regulates formation of
axonal collateral branches in developing motoneurons. -actin contributes to maturation of the
axonal growth cone as well as axon elongation, and y-actin modulates axonal growth.

The mechanism of such specific cellular functions could be explained by different
polymerization kinetics of these isoforms. The differential distribution of the transcripts and
proteins for a-, f- and y-actin isoforms in particular regions within motor axons contributes to
spatial regulation of the actin filament dynamic and stability in these regions. Incorporation of
a- and y-actin into F-actin stabilizes these filaments in the axonal filopodia, thereby
promoting collateral branching. Incorporation of p-actin into F-actin on the contrary
contributes to a highly dynamic cytoskeleton in the axon and axonal growth cones thereby
promoting axon elongation and guidance. Our data also suggest that mechanism of SMA
pathogenesis might involve disturbed axonal translocation and local translation of a-, - and
y-actin isoforms in motoneurons and thus provide new targets for potential therapeutic

strategies for treatment of SMA patients.
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