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Summary 

 

Sebastian Rademacher 

Cytoskeletal dysregulation in the motoneuron disease Spinal Muscular Atrophy (SMA) 

 

Spinal Muscular Atrophy (SMA) is a monogenic, neurodegenerative disease leading to loss of 

motoneurons concomitant with progressive muscle weakness and atrophy in children in its 

severest form. Loss of the SMA-determining gene product Survival of motoneuron (SMN) 

results in pathological changes in motoneurons including pre-mRNA splicing defects, 

cytoskeletal dysregulation and finally death of these cells. Aberrant regulation of the actin 

cytoskeleton in SMA is mediated by hyperactive RhoA-associated coiled-coil kinase 

(ROCK), which in turn regulates actin-binding proteins involved in F-actin assembly and 

disassembly. Nonetheless, mechanisms leading to ROCK hyperactivation are poorly 

understood.  

It was the aim of this study to identify differentially expressed biomolecules acting 

upstream of ROCK and to analyse their roles in SMA pathogenesis. In the first part of this 

dissertation, transcriptome analyses have been performed in a cellular SMA model. It has 

been found that guidance receptors/guidance cues of several classes are de-regulated. 

Furthermore, small GTPases involved in cytoskeletal regulation are aberrantly transcribed.  

The guidance receptor plexinD1 identified by transcriptome profiling has been chosen 

for further experiments as it uses ROCK as effector kinase. The second part of this study 

describes that plexinD1 is cleaved by metalloproteases. Cleavage thereby changes the cellular 

response upon stimulation by plexinD1’s specific ligand semaphorin3E under SMA 

conditions which can be fully reversed by inhibition of metalloproteases. Additionally, the 

intracellular cleavage product of plexinD1 binds to actin rods, actin-containing structures 

being formed upon oxidative stress and known from Alzheimer’s disease. Together, these 

data provide a rationale use of metalloprotease inhibitors in SMA to reduce plexinD1 

cleavage, restore semaphorin/plexin-mediated signalling and reduce the number of actin rods.  

In the third part, the role of another plexinD1 effector molecule, phosphatase and 

tensin homologue (PTEN), has been analysed. It has been found that PTEN is an interactor of 

SMN. Moreover, PTEN dephosphorylates SMN and regulates its stability and the number of 

nuclear bodies, which are necessary for the maturation of small nuclear ribonucleoprotein 

particles (snRNPs) forming the spliceosome.  

 



 

 

In conclusion, the results of this dissertation open novel possibilities to attenuate phenotypes 

observed in SMA. First, the use of metalloprotease inhibitors is a potential strategy to prevent 

plexinD1-mediated pathfinding defects during axonogenesis. Second, modulation of SMN 

phosphorylation reveals a putative approach to increase SMN stability and function.    

 

  



 

 

Zusammenfassung 

 

Sebastian Rademacher 

Dysregulation des Zytoskeletts in der neurodegenerativen Erkrankung Spinale 

Muskelatrophie (SMA) 

 

Die Spinale Muskelatrophie (SMA) ist eine monogenetische, neurodegenerative Erkrankung, 

welche in ihrer schwersten Form bei Neugeborenen zum Absterben von Motoneuronen, 

progressiver Muskelschwäche und -atrophie führt. Der Verlust des SMA-verursachenden 

Genprodukts Survival of motoneuron (SMN) resultiert in pathologischen Veränderungen in 

Motoneuronen. Diese beinhalten Defekte im Spleißen von mRNA, Dysregulation des 

Aktinzytoskeletts und letztlich das Absterben dieser Zellen. Die veränderte Regulation des 

Zytoskeletts in SMA wird durch hyperaktive RhoA-associated coiled-coil kinase (ROCK) 

verursacht, welche wiederum Aktin-bindende Proteine reguliert, die im Auf- und Abbau von 

F-Aktin eine Rolle spielen. Die Gründe, die zur Hyperaktivierung von ROCK führen, sind 

jedoch weitgehend unbekannt.  

Es war das Ziel dieser Dissertation, differenziell exprimierte Biomoleküle zu 

identifizieren, die oberhalb von ROCK liegen. Ferner sollte ihre Rolle in der SMA 

Pathogenese untersucht werden. Im ersten Teil dieser Studie wurden Transkriptomanalysen in 

einem zellulären SMA Modell durchgeführt. Hier wurden Rezeptoren und Liganden 

verschiedener Klassen identifiziert, die die Richtung während des axonalen Wachstums 

bestimmen. Darüber hinaus wurden Transkripte von kleinen GTPasen, die in der 

Zytoskelettregulation involviert sind, dysreguliert gefunden.  

Der richtungsweisende Rezeptor PlexinD1, der in der Transkriptomanalyse 

identifiziert worden war, wurde in weiterführenden Experimenten betrachtet, da er u.a. ROCK 

als Effektorkinase nutzt. Der zweite Teil dieser Studie beschreibt, dass PlexinD1 durch 

Metalloproteasen geschnitten wird. Dieses Schneiden in SMA ändert die 

Rezeptoreigenschaften nach Stimulation mit Semaphorin3E, einem spezifischen Liganden für 

PlexinD1. Inhibition von Metalloproteasen stellt die veränderte Signaltransduktion wieder 

her. Darüber hinaus bindet das intrazelluläre PlexinD1 Fragment an actin rods. Diese sind 

Aktin-enthaltende Strukturen, die sich bei oxidativem Stress ausbilden, und bisher aus der 

Alzheimerschen Krankheit bekannt sind. Zusammenfassend liefern diese Daten eine mögliche 

Rationale für den Einsatz von Metalloproteaseinhibitoren in SMA, um das Schneiden von 



 

 

PlexinD1 zu verhindern, die Signaltransduktion von PlexinD1 wiederherzustellen und die 

Anzahl an actin rods zu reduzieren.  

Im dritten Teil der Studie wurde ein weiteres Effektormolekül von PlexinD1 

untersucht, phosphatase and tensin homologue (PTEN). Es wurde gezeigt, dass PTEN mit 

SMN interagiert und dieses dephosphoryliert. Diese Dephosphorylierung reguliert die 

Stabilität von SMN und die Anzahl an Kernkörperchen, die für die Maturierung von kleinen 

nukleären Ribonukleoprotein Partikeln (snRNPs), Bestandteile des Spleißosoms, notwendig 

sind.  

Zusammenfassend eröffnen die Erkenntnisse dieser Dissertation neue Möglichkeiten, 

Phänotypen der SMA zu vermindern. Erstens, der Einsatz von Metalloproteaseinhibitoren ist 

eine potenzielle Strategie, um PlexinD1-assoziierte Wegfindungsdefekte während der 

Axonogenese zu verhindern. Zweitens, die Modulation der SMN Phosphorylierung 

ermöglicht es, die Stabilität und Funktion von SMN zu erhöhen.   
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1. General introduction 

 

1.1 Spinal Muscular Atrophy 

 

Spinal Muscular Atrophy (SMA) is a progressive neurodegenerative disease affecting infants 

and adults and is characterised by loss of α-motoneurons in the ventral horn of the spinal cord 

resulting in proximal muscle denervation, muscle weakness and atrophy and patients mostly 

die due to respiratory distress (D'Amico et al. 2011). Moreover, though less characterised, 

patients also suffer from non-neuronal defects, e.g. gastrointestinal problems, cardiac 

malformation, arrhythmia and vascularisation defects concomitant with peripheral necrosis 

(Rudnik-Schöneborn et al. 2004; Rudnik-Schöneborn et al. 2008; Bach 2007; Rudnik-

Schöneborn et al. 2010; Somers et al. 2016; Gombash et al. 2015). The disease is divided into 

four subtypes depending on disease severity, onset of symptoms and achievement of motor 

milestones: SMA type 0 is prenatally lethal. SMA type I (Werdnig-Hoffmann disease) infants 

suffer from severe muscle weakness, are unable to sit, normally need ventilation at later 

stages and die within the first 18 months of life. SMA type II is an intermediate form and 

patients normally sit unaided but may not be able to walk. The lifespan is predicted to young 

adulthood. SMA type III (Kugelberg-Welander disease) patients suffer from milder 

symptoms, are able to walk with help and can reach a normal lifespan (Pearn 1980; Monani 

2005). SMA type I is the most frequent cause for early death in childhood with an incidence 

of 1:6,000 – 1:10,000 in live births and a carrier frequency of 1:35 (Prior et al. 2010).  

 

1.2 Genetic background of Spinal Muscular Atrophy 

 

SMA is a monogenic disease caused by homozygous deletion or gene inversion of the 

ubiquitously expressed Survival of motoneuron-1 (SMN1) gene (Lefebvre et al. 1995). 

Moreover, some patients are heterozygous for SMN1 but harbour single point mutations also 

leading to SMA, e.g. S230L (Nölle et al. 2011). A second SMN2 ‘back-up’ gene within the 

same locus as SMN1, which is unique to humans and encoded in different copy numbers, 

exhibits a C to T transition in exon 7. In SMN1, the C forms an exonic splicing enhancer 

element (ESE) promoting exon 7 inclusion, whereas the T in SMN2 forms an exonic splicing 

silencer element (ESS) resulting in exon 7 skipping in an hnRNP A-mediated mechanism 

(Cartegni et al. 2006; Cartegni and Krainer 2002; Kashima and Manley 2003). Thus, SMN2 

results in ~90% truncated protein (SMNΔ7) and only ~10% full-length SMN (SMN-FL) 
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(Fig. 1) (Monani et al. 1999; Lorson et al. 1999). Since SMNΔ7 is missing residues 

responsible for self-oligomerisation, it is quickly degraded and cannot fully compensate for 

the loss of SMN-FL (Lefebvre et al. 1997; Vitte et al. 2007; Burnett et al. 2009). Nonetheless, 

the copy number of SMN2 strongly correlates with disease severity. Type I patients typically 

harbour one to two copies, type II patients frequently have up to four copies (Feldkotter et al. 

2002) and individuals missing SMN1 but harbouring five SMN2 copies are asymptomatic 

(Prior et al. 2004).  

 

Figure 1: Genetic situation in SMA. Due to deletion of SMN1, no full-length SMN protein is formed. Due to a 

C to T transition in exon 7 of SMN2, an exonic splicing silencer element (ESS) is formed in the pre-mRNA of 

SMN2 increasing hnRNP A-mediated splicing of exon 7. As a consequence, truncated protein is formed which is 

unstable and functionally inactive. ESE: exonic splicing enhancer element  

 

Though genetically annotated as SMA type II (homozygous deletion of SMN1 and 3-4 SMN2 

copies), some individuals develop milder SMA type III or are even asymptomatic. It has been 

assumed that they show higher expression of genetic modifiers. Sibling studies identified the 

actin bundling protein plastin3 being such a genetic modifier especially in females (Oprea et 

al. 2008). Though plastin3 upregulation in asymptomatic patient lymphoblasts and peripheral 

blood samples is controversial (Oprea et al. 2008; Bernal et al. 2011), a protective effect has 

been shown in iPSC-derived motoneurons from SMA type III patients (Heesen et al. 2016) 

and in intermediate SMA mice (Hosseinibarkooie et al. 2016), but not severe SMA mice 

(McGovern et al. 2015). This indicates that plastin3 is a protective modifier for mild SMA 

types and acts in a cell type-specific manner.  
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1.3 SMN-dependent pathophysiology in Spinal Muscular Atrophy 

 

SMN has different physiological functions. Its best described function is the role in assembly 

and nuclear-cytoplasmic shuttling of small nuclear ribonucleoprotein particles (snRNPs) 

forming components of the spliceosome (Meister, Eggert, and Fischer 2002). Initially, a 

ribonucleoprotein complex consisting of SMN and gemin proteins around a small nucleolar 

(sn)RNA is assembled in the cytoplasm. Gemins thereby mediate the proper assembly of the 

Sm protein core mediating pre-mRNA splicing. This SMN-snRNP complex shuttles into the 

nucleus where it is maturated in Cajal bodies (CBs) prior to spliceosome formation (Fig. 2a) 

(Morris 2008). Low SMN levels reduce the number of a subset of snRNPs and consequently 

the number of CBs (Wan et al. 2005; Gabanella et al. 2007). In this model, aberrant pre-

mRNA splicing then results in motoneuron degeneration, which can be reversed by either 

SMN re-introduction or injection of purified snRNPs as shown in a zebrafish SMA model 

(Winkler et al. 2005; Gabanella et al. 2007; Zhang et al. 2008). 

Moreover, SMN is not only involved in mRNA splicing but also in mRNA transport 

along the axon and local translation in the growth cone, which has been best described for β-

actin mRNA (Fig. 2b) (Rossoll et al. 2002; Rossoll et al. 2003; Rathod et al. 2012). Along 

with decreased β-actin mRNA transport and translation in growth cones (Rossoll et al. 2002; 

Rossoll et al. 2003), SMN is involved in actin cytoskeletal regulation by interacting with the 

actin-binding protein profilin2a (Giesemann et al. 1999; Nölle et al. 2011). Profilin2a 

accelerates the exchange of ADP-G-actin to ATP-G-actin, which is incorporated into growing 

F-actin filaments (Fig. 2c). Indeed, increased F-actin amounts in line with axonal outgrowth 

defects and impaired neuromuscular junction (NMJ) maturation and maintenance have been 

observed and are discussed to be associated with muscle denervation (Bowerman, Shafey, and 

Kothary 2007; Kariya et al. 2008; McGovern et al. 2008; Kong et al. 2009; Bowerman et al. 

2010; Goulet, Kothary, and Parks 2013; Giesemann et al. 1999; Nölle et al. 2011; Hensel et 

al. 2014; van Bergeijk et al. 2007).  
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Fig. 2: Physiological roles of SMN. (a) SMN is required for the formation of the SMN-complex consisting of a 

small nucleolar (sn)RNA, Gemins and a ring of Sm proteins. This pre-mature small nucleolar ribonucleoprotein 

particle (snRNP) is transported into the nucleus, where it is maturated in Cajal bodies (CBs) prior to spliceosome 

formation. Low SMN levels result in decreased snRNP and CB numbers concomitant with aberrant pre-mRNA 

splicing. (b) SMN is important for mRNA transport along the axon (e.g. β-actin mRNA). SMN depletion results 

in reduced mRNA transport and local translation in growth cones. (c) SMN complexes the actin-binding protein 

profilin2a which is important for F-actin assembly in the growth cone during axonogenesis and pathfinding. 

SMN deficiency results in increased profilin2a activity and an increase of F-actin in growth cones.  

 

1.4 Treatment strategies in Spinal Muscular Atrophy 

 

Currently, SMA cannot be cured. Nevertheless, several SMN-dependent approaches for 

systemic or central nervous system-targeted restoration of SMN levels as well as SMN-

independent disease-modifying strategies have been developed. To date, two main SMN-

dependent designs are tested in clinical studies. The first application uses self-complementary 

adeno-associated virus serotype 9 (scAAV9)-mediated gene transfer to re-introduce the SMN1 

gene (Foust et al. 2010; Valori et al. 2010; Dominguez et al. 2011). Besides gene delivery, 

increase of SMN from the SMN2 gene by prevention of exon 7 skipping is also promising. 

Administration of either small molecules or antisense oligonucleotides (ASOs) binding to the 
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ESS of SMN2 for splicing correction showed increased SMN levels and improved motor 

function (Naryshkin et al. 2014; Hua et al. 2011; Chiriboga et al. 2016; Haché et al. 2016). At 

present, clinical phase II and III studies for the intrathecally injected ASO named Nusinersen 

(formerly ISIS-SMNRx; Ionis Pharmaceuticals/Biogen Inc.) are ongoing (Chiriboga et al. 

2016; Haché et al. 2016; Finkel et al. 2016) and the compound may be approved for treatment 

in the near future.  

Taking into account that SMN is especially important for proper development during 

the first few weeks in life, there is only a short time window, in which the drug should be 

administered to achieve maximum treatment efficacy (Kariya et al. 2014). As there is no new-

born screening to date, SMA is usually diagnosed after onset of symptoms, i.e. after the 

critical time window. Then, SMN replacement or increase does not fully ameliorate the 

disease. Thus, development of SMN-independent strategies for combinatorial use together 

with SMN restoration is necessary and some of those strategies are already implemented in 

clinical studies (Kaczmarek et al. 2015). A promising candidate for a SMN-independent drug 

will be discussed in section 1.6.  

 

1.5 Regulation of the actin cytoskeleton during growth 

 

As the nervous system develops, neurons proliferate and migrate, differentiate and form 

processes as well as synaptic contacts. These morphological and functional means are 

modelled by the cytoskeleton forming the framework of the cell, which consists of three main 

constituents (i.e. microtubules, neurofilaments and actin filaments). In growth cones, these 

cytoskeletal members are found in distinct compartments (i.e. C domain, T zone and P 

domain; Fig. 2c) and reveal distinct features (Dent and Gertler 2003). During neuritogenesis, 

actin filaments play a major role in motility. Actin filaments comprise two ends with different 

kinetic properties: assembly of ATP-bound globular (G-) actin at the barbed end followed by 

hydrolysis of the nucleotide leads to fibre growth, whereas depolymerisation of ADP-bound 

filamentous (F-) actin at the opposite pointed end shortens the F-actin filament. The 

dissociated actin monomers can then be recycled and again be incorporated at the barbed end 

(treadmill effect) (Wanger et al. 1985). Filopodia at the leading edge sense the environment 

for the path to grow along via cell surface receptors recognising attractive or repulsive cues 

(Zheng, Wan, and Poo 1996). In case of attraction, growth cone motility follows three steps 

(Goldberg and Burmeister 1986). (i) Protrusion: filopodial growth in the direction of the 

attractant is favoured when actin treadmilling is faster than retrograde F-actin flow (Schmidt 
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et al. 2002). Actin polymerisation at the barbed end then produces forces pushing the 

membrane forward (Cojoc et al. 2007) and the contractile actin fibre network in lamellipodia 

pulls the neurite into direction of growth by generating traction force (Heidemann, 

Lamoureux, and Buxbaum 1990). (ii) Engorgement: Exploratory microtubules invade into the 

growth cone and stabilise the direction of movement. (iii) Consolidation: The F-actin network 

at the growth cone shaft depolymerises leading to membrane shrinking and the formation of 

cylindrical axon shaft (Goldberg and Burmeister 1986).  

Several guidance receptors reveal binding sites for small GTPases (e.g. plexins) or 

indirectly regulate them by recruiting GTPase-activating proteins (GAPs) or GTP-exchange 

factors (GEFs) (e.g. ephrin receptors) and thereby mediate their signal to the cytoskeleton 

(Wang et al. 2012; Wahl et al. 2000). The small GTPase RhoA with its effector kinase Rho-

associated coiled-coil kinase (ROCK) is the master regulator of the actin cytoskeleton 

(Fig. 3a) (Da Silva et al. 2003). In detail, ROCK binds and activates the actin-binding protein 

profilin2a by phosphorylation (Da Silva et al. 2003; Witke et al. 1998). Profilin2a, the 

neuronal isoform of profilin, increases the nucleotide exchange of ADP- to ATP-G-actin, 

which is assembled at the barbed end of the actin filament (Selden et al. 1999; Wolven et al. 

2000). Additionally, there is evidence that profilin2a interacts with SMN (Giesemann et al. 

1999; Nölle et al. 2011) thereby regulating profilin2a-ROCK complex formation (Nölle et al. 

2011). Another ROCK target is LIMK-1, which in turn inactivates cofilin (Arber et al. 1998). 

Cofilin has high affinity for ADP-G- and F-actin therefore accelerating F-actin severing at the 

pointed end (Carlier et al. 1997). Under physiological conditions, profilin2a and cofilin thus 

contribute to rapid turnover of actin filaments at the leading edge of the cell and promote 

growth consistent with the treadmill hypothesis. ROCK is additionally a negative regulator for 

myosin light chain phosphatase (MLCP) and an activator for myosin light chain kinase 

(MLCK) forming more active myosinII (Schmidt et al. 2002; Loudon et al. 2006). Non-

muscle myosin II bundles F-actin fibres introducing contractility resulting in retrograde F-

actin flow in filopodia and generation of traction force in lamellipodia to pull the growth cone 

forward (Lin et al. 1996; Heidemann, Lamoureux, and Buxbaum 1990; Medeiros, Burnette, 

and Forscher 2006).  

ROCK activity is restricted to the C zone and T domain of the growth cone (Zhang et 

al. 2003). Thus, ROCK activation leads to increased contractility in the T domain followed by 

retraction of exploratory microtubules, F-actin severing and P domain shrinkage (Zhang et al. 

2003). Taken together, RhoA/ROCK activation leads to growth cones collapse and decreased 
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neuritogenesis showing that this pathway is a negative regulator of the actin cytoskeleton (Da 

Silva et al. 2003).  

 

1.6 The role of ROCK in Spinal Muscular Atrophy 

 

Cytoskeletal defects in SMA have been studied in the last years. On the molecular level, 

cytoskeletal dysregulation has been linked to the master regulator ROCK as well as increased 

profilin2a expression (Bowerman et al. 2009; Bowerman, Shafey, and Kothary 2007; 

Bowerman et al. 2010; Nölle et al. 2011). Interestingly, as disease progresses RhoA/ROCK 

activity increases (Bowerman et al. 2010). Mechanistically, SMN binds profilin2a and 

normally prevents excessive profilin2a-ROCK interaction thus keeping ROCK activity on 

other targets at normal level, but SMN depletion makes profilin2a more available for ROCK 

resulting in profilin2a hyperphosphorylation as well as LIMK/cofilin and MLCP 

hypophosphorylation (Fig. 3b) (Witke et al. 1998; Da Silva et al. 2003; Bowerman, Shafey, 

and Kothary 2007; Nölle et al. 2011). Thus, activity imbalance of actin-modulating proteins in 

SMA leads to cytoskeletal defects.  

Cytoskeletal dysregulation can be reversed by SMN re-introduction or ROCK 

inhibition (van Bergeijk et al. 2007; Nölle et al. 2011; Bowerman et al. 2010; Coque, Raoul, 

and Bowerman 2014). There are two ROCK inhibitors, Fasudil (originally used for treatment 

of vasospasm after subarachnoid haemorrhage (Sasaki, Suzuki, and Hidaka 2002)) and 

Y27632, which have both been studied regarding pathology in SMA. It is known that ROCK 

inactivation increases neuritogenesis, neurite sprouting and NMJ size (Da Silva et al. 2003; 

Ang et al. 2006). Indeed, mice of an intermediate mouse model treated with Fasudil showed 

increased NMJ and muscle fibre size as well as prolonged lifespan (Bowerman et al. 2010; 

Bowerman et al. 2012a). Additionally, Y27632 rescued neurite outgrowth defects in vitro 

(Nölle et al. 2011). 
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Figure 3: The ROCK pathway and its dysregulation in SMA. (a) Upon extracellular stimuli, the small 

GTPase RhoA is activated by GEFs. RhoA then activates its effector kinase ROCK. ROCK in turn regulates the 

activity of its downstream proteins profilin2a, LIMK/cofilin and MLCP to promote growth cone collapse. 

Activation is indicated by black arrows, inhibition by red arrows. (b) SMN deletion leads to increased RhoA 

activity due to yet unknown mechanisms. Thus, ROCK is hyperactive in SMA. Furthermore, reduced SMN-

profilin2a interaction increases the interaction between ROCK and profilin2a resulting in hyperphosphorylation 

of profilin2a, but hypophosphorylation of LIMK/cofilin and MLCP. Actin dynamics are disturbed leading to 

outgrowth and pathfinding defects. The thicker the arrow, the higher the activation. GEF: GTP exchange factor; 

GAP: GTPase activating protein; ROCK: RhoA-associated coiled-coil kinase; LIMK: Lim kinase; MLCP: 

myosin light chain phosphatase. Phosphorylation data from Nölle et al. 2011.  

 

1.7 Objectives 

 

ROCK inhibition has been shown to be beneficial in a set of neurological disorders (Hensel, 

Rademacher, and Claus 2015). In this context, the hypothesis that ROCK-mediated actin 

regulation is disturbed and leads to NMJ pathology in SMA is convincing as (i) RhoA activity 

(RhoA-GTP) increases with disease progression, (ii) ROCK downstream targets are 

aberrantly activated due to missing profilin2a-SMN interaction and (iii) ROCK inhibition 

rescues the NMJ phenotype and axonal outgrowth defects in vitro and in vivo (Bowerman et 

al. 2010; Bowerman et al. 2012a; Nölle et al. 2011; Bowerman, Shafey, and Kothary 2007).  

Nonetheless, it remains elusive which mechanisms lead to ROCK activation. The 

profilin2a-SMN-ROCK interaction model can be used to explain the altered phosphorylation 

pattern of ROCK downstream targets (Nölle et al. 2011; Bowerman, Shafey, and Kothary 

2007). Nonetheless, profilin2a-ROCK interaction occurs independently of the kinase activity 

and, reciprocally, profilin2a does not influence ROCK’s kinase activity (Da Silva et al. 2003). 

Moreover, this model does not give an explanation for elevated RhoA-GTP levels (Bowerman 
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et al. 2010). It was thus the aim of this thesis to address this question. Using microarray 

technology, dysregulated genes involved in actin cytoskeletal dynamics upstream of 

RhoA/ROCK should be determined (Manuscript I). Having those identified, functional 

experiments should be implemented to confirm their respective influence and to explain 

putative pathomechanisms in SMA (Manuscripts II+III).  
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2.1 Abstract 

 

Spinal muscular atrophy (SMA) is a devastating disease mostly affecting new-borns and is 

characterised by progressive motoneuron loss in the spinal cord concomitant with muscle 

denervation and atrophy. Loss of the SMA-determining Survival of motoneuron-1 (SMN1) 

gene product has been linked to cytoskeletal dysregulation involving the RhoA small 

GTPase effector kinase ROCK. Nonetheless, the understanding of upstream mechanisms 

hyperactivating this kinase is poor. Here, we aimed at finding de-regulated upstream targets 

of RhoA/ROCK using transcriptome analysis in a motoneuron-like (NSC34) cell line. Our 

data revealed that several guidance receptors are involved in the cytoskeletal defects. 

Moreover, we found that metalloproteases may also have an impact on cytoskeletal 

modulation during axonal growth and neuromuscular junction maintenance.  

 

2.2 Introduction 

 

Spinal muscular atrophy (SMA) is a progressive neurodegenerative disease (NDD) which 

mainly affects children (Calder, Androphy, and Hodgetts 2016). SMA is characterised by 

proximal muscle weakness and atrophy due to degeneration of α-motoneurons in the spinal 

cord (D'Amico et al. 2011). In its most severe form, patients die within the first three years 

of life. Conversely, patients suffering from milder forms reach a normal lifespan, but are 

restricted in motor functions (D'Amico et al. 2011). SMA is caused by deletion or mutation 

in the Survival of motoneuron-1 (SMN1) gene and therefore displays a monogenic NDD 

(Lefebvre et al. 1995).  

 Despite its role in the assembly of the splicing machinery, SMN is also involved in 

the regulation of the actin cytoskeleton as SMA motoneurons show impaired F-actin 

dynamics associated with neurite outgrowth defects (Nölle et al. 2011; Bowerman et al. 

2009). This has been linked to the observed neuromuscular junction (NMJ) pathology 

resulting in muscle denervation and atrophy (Goulet, Kothary, and Parks 2013). We and 

others have described molecular mechanisms of this dysregulation and showed that SMN 

depletion leads to increased activity of the actin master regulator RhoA-associated coiled-

coil kinase (ROCK) (Bowerman, Shafey, and Kothary 2007; Nölle et al. 2011; Hensel et al. 

2014; van Bergeijk et al. 2007). Accordingly, pharmacological ROCK inhibition rescues 

some aspects regarding cytoskeletal dysregulation in SMA models (Coque, Raoul, and 
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Bowerman 2014). Nonetheless, upstream mechanisms leading to RhoA/ROCK 

hyperactivation are poorly understood.  

 To get further insight into cytoskeletal dysregulation in a hypothesis-free approach, 

we performed transcriptome analyses in a motoneuron-like NSC34 cell culture model of 

SMA using an RNAi approach. Data analysis revealed that de-regulated genes acting 

upstream of RhoA/ROCK are functionally clustered in molecular mechanisms necessary for 

axonal guidance, synaptic adhesion and maintenance and that RhoA displays a central node 

in these processes. Moreover, we found de-regulated metalloproteases being linked to 

cytoskeletal dysregulation via RhoA. We therefore propose that metalloproteases may 

display a putative treatment strategy for NMJ pathology in SMA.  

 

2.3 Results 

 

Microarray and GO annotation 

To get insight into de-regulated genes acting upstream of ROCK, we performed 

transcriptome analyses in our well established NSC34 cell culture SMA model (Hensel et al. 

2012) using microarray technology. For SMN knockdown, three different scrambled control 

and three different siRNAs against murine Smn1 were used in three independent biological 

replicates to exclude off-target effects. Knockdown efficiency was monitored after three 

days of differentiation by Western blot analysis. An efficiency of 90% was reached in SMA 

cells compared to control cells thereby modelling the disease on a cellular level (Figure 

1a,b). This knockdown efficiency was considered as sufficient and microarray analysis with 

total RNA was performed.  

Dimensionality of extracted microarray data was reduced and processed by three-

dimensional principal component analysis (PCA) to discriminate datasets of control and 

knockdown conditions and to identify significantly de-regulated genes excluding values 

below background (Fig. 1c). PCA revealed that regulated mRNAs from control and 

knockdown cells, respectively, clustered separately from each other and well within their 

respective groups. This is an indicator for the high reproducibility of all three experiments 

and the microarray. Having the data processed by PCA, a set of 332 significantly de-

regulated genes was extracted of which 121 were up-regulated and 211 down-regulated 1.3 

fold, respectively. The discriminated targets were annotated for Gene Ontology (GO) and 

Gene Set Enrichment (GSEA) irrespectively of direction of regulation (Fig. 2, Table 1). 

Sorting the genes into functionally-related groups enables to predict potentially dysregulated 
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pathways or cellular processes. Under the predicted most dysregulated pathways, AXON 

GUIDANCE and MAPK SIGNALLING pathway were found. Moreover, GO annotation revealed 

that the GO terms CYTOSKELETON and CELL PROJECTION were affected (Fig. 2c). The role of 

these genes is discussed in the following sections.   

 

 

Figure 1: Experimental setup for transcriptomics. Motoneuron-like NSC34 cells were transfected with 

siRNA against SMN (siSMN) or control siRNA (siCtrl) and differentiated for three days. (a) Representative 

Western blot evaluated for SMN expression and (b) quantification by densitometry compared to GAPDH 

(mean±SEM, n=5, one-tailed paired t-test, *p<0.05). (c) Three-dimensional principal component analysis with 

microarray raw data (n=3, t-test, p<0.05, σ=0.136).  
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Figure 2: Gene ontology (GO) annotation with extracted transcriptome data. Extracted microarray data 

from principal component analysis were annotated for the GOs (a) Biological process, (b) Molecular function 

and (c) Cellular compartment.  
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Table 1: TOP10 pathways determined by GSEA. Minimum number of genes per group 4, p-value from 

hypergeometric test.   

Pathway # genes 
Adjusted  

p-value 

Calcium signalling pathway 6 4.14E-05 

Metabolic pathways 14 8.15E-05 

Bile secretion 4 1.00E-04 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) 4 4.00E-04 

Melanogenesis 4 4.00E-04 

MAPK signalling pathway 6 4.00E-04 

Axon guidance 4 1.20E-03 

Cytokine-cytokine receptor interaction 5 1.80E-03 

Focal adhesion 4 5.50E-03 

Pathways in cancer 5 5.90E-03 

 

Axonal guidance 

Axonal pathfinding during neuronal development or after injury is regulated by guidance 

cues and their respective receptors. Transcriptome analysis revealed that mRNAs of the 

repulsive guidance receptors plexinB1 and plexinD1 (PlxnB1, PlxnD1) and ephrinA8 

(Epha8) were down-regulated. Additionally, mRNAs of the plexin ligand semaphorin5b 

(Sema5b) as well as the roundabout ligand slit3 (Slit3) were decreased compared to control 

cells.  

 

Cytoskeletal regulators 

Cytoskeletal rearrangement is mediated by small GTPases. These GTPases are activated by 

GTPase activating proteins (GAPs) and inactivated by GTP exchange factors (GEFs). The 

guidance receptors mentioned above show such GAP domains, but other GAPs and GEFs 

were found de-regulated in our dataset including transcripts of the Rho-GAP Arhgap15, the 

Ras-GEF Rasgrp2 and the Rap-GEF Rapgef3.  

 

Metalloproteases  

Protease-mediated modification of the extracellular matrix (ECM) is necessary for proper 

adhesion and synaptic function and the role of (matrix-) metalloproteases (MMPs or MPs 

respectively) have been associated with other NDDs (Mukherjee and Swarnakar 2015). In 

this set of proteases, Mmp8 and Mmp17 were up-regulated whereas mRNAs of the A 
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disintegrin and metalloproteinase domain (ADAM) family members Adam8, Adam23, 

Adamts1 were down-regulated in our array.  

 

Interaction network 

A String Database analysis (Szklarczyk et al. 2015) with the mentioned targets was 

performed to predict putative interactions between the pathways (Fig. 3). Interestingly, this 

analysis displays RhoA in the centre of the interaction network which is thereby linked to 

the guidance receptors/cues and small GTPases but also to MMPs indicating a potentially 

dysregulated cross-talk between the described molecules.  

 

 

Figure 3: Interaction network of de-regulated genes annotated in the discussion. De-regulated genes 

discussed in this study were functionally related to each other using String Database. Though not de-regulated, 

RhoA, Rras, Pten and Mapk1 were added into the interaction analysis.  

 

 



 

19 

 

2.4 Discussion 

 

SMA is characterised by progressive muscle atrophy (D'Amico et al. 2011). It has been 

hypothesised that disturbances of actin cytoskeletal regulation drive the motoneuron to 

denervation due to impaired NMJ maintenance and function (Goulet, Kothary, and Parks 

2013). In this context, we and others have previously described mechanisms of cytoskeletal 

dysregulation in SMA models involving the master regulator RhoA-associated coiled-coil 

kinase (ROCK) being hyperactivated (Bowerman, Shafey, and Kothary 2007; Bowerman et 

al. 2009; van Bergeijk et al. 2007; Nölle et al. 2011; Hensel et al. 2014).  

 To get further insight into ROCK dysregulation, we used a motoneuron-like NSC34 

cell culture model of SMA and performed microarray analysis in control and SMN-depleted 

cells to identify de-regulated genes involved in cytoskeletal modulation. Transcriptome 

analyses revealed that cytoskeleton-related genes involved during axonal guidance, synapse 

formation, maintenance and function are aberrantly expressed.  

Neurite steering prior to NMJ formation is regulated by guidance cues, which are 

either secreted into the extracellular environment or expressed at the cell surface of 

surrounding cells. Guidance receptors at the growth cone then integrate the signal deciding 

about attraction or repulsion. In this study, guidance receptors as well as guidance cues were 

found to be de-regulated including members of the plexin and ephrin families. Ephrins are 

ligands for ephrin receptors promoting bidirectional signalling during guidance and adhesion 

(Egea and Klein 2007). Comparably, semaphorin-bound plexins induce axonal attraction or 

repulsion depending on co-receptors (Chauvet et al. 2007; Bellon et al. 2010). Additionally, 

plexinD1 induces integrin internalisation in an Arf6-dependent manner in endothelial cells 

(Sakurai et al. 2010). Whether this mechanism plays a role in NMJ adhesion is of interest for 

future studies.  

The receptors found here integrate several signalling pathways, which are involved 

in cytoskeletal rearrangement at the axon tip: the R-Ras/MAPK, PTEN/Akt and 

RhoA/ROCK pathways (Fig. 4). EphrinA8 induces neurite outgrowth in a MAPK-dependent 

manner (Gu et al. 2005), but normally ephrinA receptors negatively regulate MAPK 

signalling (Miao et al. 2001). Comparably, plexins activate RhoA via leukaemia-associated 

RhoGEF (LARG) and inactivate R-Ras via their conserved R-RasGAP domain (Kruger, 

Aurandt, and Guan 2005). In SMA, ROCK and MAPK signalling is increased (Bowerman, 

Shafey, and Kothary 2007; Biondi et al. 2010) and we have previously shown that the cross-

talk between the MAP kinase ERK and ROCK becomes unidirectional in SMA (Hensel et 
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al. 2014). Additionally, the ROCK to PTEN cross-talk is detrimental as shown for SOD
G39A

 

ALS mice (Takata et al. 2013). Consistently, pharmacological inhibition or knockdown of 

either ROCK (Coque, Raoul, and Bowerman 2014), the ERK upstream kinase Mek 

(Branchu et al. 2013) or PTEN (Little et al. 2015; Ning et al. 2010) ameliorate SMA 

phenotypes. Nonetheless, detailed mechanistic insight into signalling is limited as the 

outcomes after ligand binding seem to strongly depend on further GAPs and GEFs, of which 

some are de-regulated in our data. Taken together, these data suggest that impaired F-actin 

dynamics during axonal growth observed in SMA might be induced by multiple upstream 

mechanisms, in which plexins and ephrins may play a significant role. Moreover, effector 

small GTPases may be directly influenced by GAPs and GEFs leading to dysbalanced cross-

talk between the signalling pathways.     

Signalling by plexins and ephrins becomes further complicated as they reveal 

extracellular juxtamembrane cleavage sites for MPs, of which some are de-regulated under 

SMA conditions. This ectodomain shedding increases the receptor’s affinity to its ligand and 

signalling properties as shown for plexinB1 (Artigiani et al. 2003). Additionally, we have 

previously shown that intracellular plexinD1 cleavage completely switches its response to 

semaphorin3E from attraction to repulsion (Rademacher et al, submitted). Further input to 

the hypothesis of semaphorin-mediated signalling contributing to NMJ instability is given 

by the finding that terminal Schwann cells at denervated NMJs express semaphorin3A, 

which could prevent compensatory nerve sprouting and re-innervation by other nerve fibres 

(De Winter et al. 2006). Whether MMP inhibition restores plexinD1-mediated 

ROCK/ERK/PTEN imbalance in vivo, will be part of future studies.  

Despite the role in receptor shedding/cleavage, MPs modulate the ECM and 

therefore impact on synaptic adhesion. In this context, muscle biopsies from SMA patients 

showed increased MMP9 (and MMP7 at later stages) immunostaining reflecting the 

denervation process (Schoser and Blottner 1999), whereas the natural tissue inhibitor of 

metalloproteinases-1 (TIMP1) was unaltered in plasma and dystrophic muscles from SMA 

patients (Sun et al. 2010). This is quite unique to SMA, because both increased MMP as 

well as elevated TIMP1 levels are found in the cerebrospinal fluid in patients suffering from 

other NDDs (Lorenzl et al. 2003). Since SMA motoneurons seem not to be able to protect 

themselves against elevated MMP activities, the use of MMP inhibitors could display a 

valuable treatment strategy to maintain receptor function during axonal growth as well as 

ECM integrity and adhesion. This is further underlined by the finding that cross-breeding 
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MMP9-deficient mice with SOD
G93A

 ALS mice delayed muscle denervation and prolonged 

survival (Kaplan et al. 2014).  

In conclusion, the data of this study suggest that RhoA displays a central node in the 

interaction network described here. We found novel targets that could raise mechanistic 

insight into dysregulated ROCK/ERK/PTEN pathways and their role in cytoskeletal 

regulation, in which MMP inhibition could be a valuable treatment strategy for SMA. 

 

 

Figure 4: Schematic overview of de-regulated signalling network in SMA. Depicted are de-regulated genes 

in their corresponding gene ontology group and their biological function in cytoskeletal rearrangement. 

Guidance receptors regulate the activity of the small GTPases RhoA and R-Ras. Latter ones may be 

additionally altered by GAPs and GEFs. RhoA and R-Ras regulate their downstream kinases ROCK, ERK and 

PTEN, which directly impact on cytoskeletal outcome, e.g. F-actin dynamics or internalisation of adhesion 

molecules. Moreover, metalloprotease-mediated cleavage of receptors or adhesion molecules may influence 

receptor function and synaptic maintenance.  

 

2.5 Materials and methods 

 

Experimental design 

Motoneuron-like NSC34 cells (murine neuroblastoma x spinal cord hybrid cell line 

(Cashman et al. 1992)) were incubated at 37 °C in a humidified atmosphere with 5% CO2. 

Cells were maintained in DMEM (Gibco) supplemented with 5% FCS, L-glutamine, 
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100 U mL
-1

 penicillin and 0.1 mg streptomycin. 300,000 cells per six-well were seeded and 

floatingly transfected by lipofection using Lipofectamine2000 (Invitrogen) according to 

manufacturer’s instructions. 24 h after seeding, medium was changed to low-serum 

conditions (1% (v/v) FCS) and cells were allowed to differentiate for further 72 h after a 

second transfection. To exclude off-target effects, three different control (siCtrl) and 

siliencing (siSMN) RNAs against murine Smn1 were used, respectively (Hensel et al. 2012). 

Cells were also co-transfected with pEGFP to estimate transfection efficiency. 

 

Western blot 

Western blot was performed as described elsewhere (Claus et al. 2003). Primary antibodies 

were mouse α-SMN (BD Bioscience 610647, LOT 4157975, 1:4000) and mouse α-GAPDH 

(Millipore MAB374, LOT 2571583, 1:4000). An HRP-conjugated secondary antibody was 

used together with the Immobilon Chemiluminescence reagent (Millipore). Densitometric 

analysis was conducted with the LabImage 1D software (Kapelan, Leipzig, Germany). All 

ratios between SMN and GAPDH were calculated from intensities from the same blot after 

stripping the membrane.  

 

RNA isolation  

RNA was isolated using the RNA plus kit (Qiagen) combined with DNAse on-column 

digestion following the manufacturer’s instructions. RNA integrity was determined with the 

Agilent Bioanalyzer2100 and a cut-off RIN>9.0 was set to submit high-quality RNA. 

 

Microarray and raw data 

Synthesis of Cy3-labeled complementary RNA was performed with the Quick Amp 

Labeling kit, one color (Agilent) according to the manufacturer’s recommendations. cRNA 

fragmentation, hybridisation and washing steps were also carried out as recommended by 

the One-Color Microarray-Based Gene Expression Analysis Protocol V5.7 (Agilent). 

026655AsQuadruplicatesOn4x180k slides were scanned on the Agilent Microarray Scanner 

G2565CA (pixel resolution 5 µm, bit depth 20). Data extraction was performed with the 

Feature Extraction Software V10.7.3.1 by using the recommended default extraction 

protocol file: GE1_107_Sep09.xml. The Agilent v44k microarray was chosen. 
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Data processing 

Microarray raw data were analysed with the Qlucore Omics Explorer 3.0 (Lund University, 

Sweden). Principal component analysis was carried out using a t-test with a p-value of 

p≤0.05 and signal to noise ratio of σ=0.136. Gene ontology (GO) annotation and geneset 

enrichment analysis (GSEA) were further analysed with the online tool WebGestalt with 

p<0.05 or TOP10 and Mus musculus genome as reference (Wang et al. 2013). The 

programme assumes that data are hypergeometrically distributed which was considered to be 

the appropriate test according to the small number of experiments. For multiple testing, the 

linear step-up (BH) method after Benjamini & Hochberg was used (Benjamini and 

Hochberg 1995). A cut-off level for minimal hits in a category was set to 1 for GO 

annotation and 4 for pathway analysis. For the interaction network, String Database v10 was 

used with low evidence level (Szklarczyk et al. 2015).   

 

Statistics 

Statistics were carried out with the GraphPad Prism 6.0 software (La Jolla, CA, USA). 

Numbers of biological replicates and tests performed are stated in the figure legends.  

Differences were considered as significant when p<0.05.  
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3.1 Abstract 

 

Cytoskeletal rearrangement during axon growth is mediated by guidance receptors and their 

ligands which act either as repellent, attractant or both. Regulation of the actin cytoskeleton 

is disturbed in Spinal Muscular Atrophy (SMA), a devastating neurodegenerative disease 

affecting new-borns, but receptor-ligand interactions leading to the dysregulation causing 

SMA are poorly understood. In this study, we analysed the role of the guidance receptor 

plexinD1 in SMA pathogenesis. We showed that plexinD1 is cleaved by metalloproteases in 

SMA and that this cleavage switches its function from an attractant to repellent. Moreover, 

we found that the plexinD1 cleavage product binds to actin rods, pathological structures 

which had so far been described for age-related neurodegenerative diseases. Our data 

suggest a novel disease mechanism for SMA involving formation of actin rods as a 

molecular sink for a cleaved plexinD1 fragment leading to dysregulation of receptor 

signalling. 

 

3.2 Introduction 

 

Spinal muscular atrophy (SMA) is a progressive neurodegenerative disease which affects 

new-borns in its most severe and frequent form. As there is no treatment available yet, it is 

the most common genetic cause of death during childhood with an incidence of 1 : 6,000 -

 10,000 (Pearn 1980; Kaczmarek et al. 2015). Patients suffer from proximal muscle 

weakness and atrophy due to degeneration of α-motoneurons in the spinal cord (D'Amico et 

al. 2011). SMA is caused by functional loss of the ubiquitously expressed survival of 

motoneuron 1 (SMN) protein due to deletion, gene conversion or mutation in the SMN1 

gene (Lefebvre et al. 1995).   

There is growing body of evidence of perturbations in actin cytoskeletal regulation in 

SMA. It has been hypothesised that these mechanisms result in altered stability of 

neuromuscular junctions (NMJs), muscle denervation and atrophy (Goulet, Kothary, and 

Parks 2013). We and others previously described mechanisms of impaired F-actin dynamics, 

in growth cones comprising SMN and its functional interaction with RhoA-associated 

coiled-coil kinase (ROCK) (Bowerman, Shafey, and Kothary 2007; Bowerman et al. 2009; 

van Bergeijk et al. 2007; Nölle et al. 2011; Hensel et al. 2014; Oprea et al. 2008). In line 

with this, disturbed neurite outgrowth has been observed (Nölle et al. 2011; Rossoll et al. 
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2003; van Bergeijk et al. 2007). Nonetheless, upstream mechanisms altering actin 

cytoskeletal regulation are still elusive.  

PlexinD1 is a membrane-spanning cell surface guidance receptor for secreted class 3 

semaphorins (Semas) and is highly expressed in the central nervous system, endothelial cells 

and cells of the immune system (Oh and Gu 2013). The receptor comprises an intracellular 

segmented GTPase-activating (-GAP) domain interconnected by a Rho-GTPase-binding 

domain (RBD) (Wang et al. 2012). Therefore, the receptor can modulate actin cytoskeletal 

dynamics in the growth cone via small GTPases. Normally, it acts as a repulsive receptor 

after ligand binding, but depending on co-receptor composition, it can also mediate 

attraction (Bellon et al. 2010; Chauvet et al. 2007). Thus, its function in axonal guidance and 

growth cone stability made plexinD1 an interesting target to be analysed with respect to 

SMA.  

In this study, we show that plexinD1 is intracellularly cleaved by metalloproteases 

(MPs) in cellular and mouse models for SMA. Cleavage thereby switches the receptor’s 

response to its ligand Sema3E from attraction to repulsion which can be fully reversed by 

MP inhibition. Moreover, the cleaved plexinD1 fragment binds to elongated structures 

within different cellular compartments, which we were also able to reduce by MP inhibition. 

Additionally, we have been able to identify the elongated structures as actin rods. These are 

pathological actin-containing structures known from other neurodegenerative diseases, 

which are here first described for SMA. In this study, we elucidated a functional link 

between plexinD1 cleavage and rod formation pointing towards putative novel treatment 

strategies in SMA.  

 

3.3 Results 

 

PlexinD1 is mislocalised in motoneuron-like SMA cells 

As a first step to elucidate the role of plexinD1 in SMA, we analysed plexinD1 expression in 

a motoneuron-like NSC34 cell culture model for SMA which has been established 

previously (Hensel et al. 2012, Hensel et al. 2014). NSC34 cells were transfected with 

siRNA against murine Smn (siSmn) or scrambled control siRNA (siCtrl) and then 

differentiated for three days. Subsequently, proteins were isolated and analysed for plexinD1 

expression. PlexinD1 protein level was unchanged (Fig. 1a, b) indicating that it was stable 

upon SMN knock-down. However, we found a remarkably altered localisation of the 

receptor. In control cells, plexinD1 was distributed within the cytoplasm, while SMA cells 
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additionally harboured elongated structures in the nucleus and, to a lesser extent, in the 

cytoplasm (Fig. 1c and Supplementary Fig. 1a). To rule out the possibility of unspecific 

staining, different permeabilisation methods were tested, but elongated plexinD1-structures 

were visible under all conditions (Supplementary Fig. 1b). As an additional control, the 

elongated structures were also detected with a different plexinD1 antibody (Supplementary 

Fig. 1c). To test whether other plexins form these structures, plexinD1-positive structures 

were analysed for plexinB1 co-staining as a representative of another sub-family of plexins. 

PlexinB1 did not co-localise with plexinD1 (Supplementary Fig. 1c) indicating a specific 

localisation pattern of plexinD1 in SMA but not in control cells.  

 

 

Figure 1: PlexinD1 mislocalises in SMN-knockdown cells. Motoneuron-like NSC34 cells were transfected 

with control (scrSMN) or siRNA against SMN (siSMN) and differentiated for three days. (a) Representative 

Western blot (uncropped blots Supplementary Fig. 6a,b) probed for plexinD1 and (b) densitometric 

quantification. α-tubulin served as internal control (mean±SEM, n=6, paired two-tailed t-test, ns: not 

significant). (c) Representative epifluorescence images of immunocytochemically stained NSC34 cells 

showing plexinD1 (antibody ab28762) in scrambled control and SMN knockdown cells with DAPI as nuclear 

counterstaining. PlexinD1-positive elongated structures are indicated by asterisks. Scale bar 20 µm. 

 

PlexinD1 binds to elongated structures in spinal cord from SMA mice  

To confirm the in vitro results we employed two different SMA mouse models. We analysed 

plexinD1-positive structures in a severe SMA model (FVB.Cg-Tg(SMN2)2Hung 

Smn1tm1Hung
/J ((Hsieh-Li et al. 2000), denominated as Taiwanese SMA mice).  First, we 

determined plexinD1 protein expression in spinal cord from non-symptomatic (P1), early 
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symptomatic (P5) and symptomatic (P8) mice and their control littermates. The receptor was 

expressed at any of the developmental stages evaluated. No differences of plexinD1 protein 

levels between control and SMA animals were observed similar to the SMA model in 

NSC34 cells (Fig. 2a,b). Next, we stained lumbar spinal cord sections from P0, P5 and P8 

SMA mice for plexinD1. In these sections, motoneurons were identified by their 

morphology and by immunostaining of neurofilament H by the SMI32 antibody. PlexinD1 

mainly localised to SMI32-positive motoneurons (Fig. 2c). Interestingly, further analysis 

revealed that motoneurons but not GFAP-positive astrocytes showed plexinD1-positive 

elongated intracellular structures at P5 and P8 but not at P0 (Fig. 2d and Supplementary Fig. 

2a,b).  

 

Figure 2: PlexinD1-positive extended structures are found in motoneurons of SMA mice. (a,b) 

Determination of plexinD1 level in spinal cord at non-symptomatic (P1), early-symptomatic (P5) and 

symptomatic (P8) stages by Western blot (uncropped blots Supplementary Fig. 6c,d) followed by densitometric 

quantification (mean±SEM, n=4 for P1, n=5 for P5, n=6 for P8, not repeated measures two-way ANOVA with 

Sidak post-test, ns). (c) Staining of lumbar spinal cord from control or SMA mice at P0, P5 and P8 for 

plexinD1 and SMI32. Scale bar 50 µm. (d) Rods are found in SMI32-positive motoneurons of P5 and P8 SMA 

mice, but not at the asymptomatic P0 stage (asterisks and insets). Scale bar 10 µm.  
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As the Taiwanese SMA mouse model reflects severe SMA, we wondered whether the 

elongated structures were also present in symptomatic mice from an intermediate SMA 

mouse model. Therefore, Taiwanese mice were back-crossed on a C57BL/6N background 

and additionally treated with antisense oligonucleotides (ASOs) increasing SMN protein 

level from the human SMN2 transgene (Hosseinibarkooie et al. 2016). Spinal cord sections 

from P21 control and intermediate SMA mice were stained for plexinD1 as above. 

Similarly, the elongated, plexinD1-positive structures were also present in SMI32-positive 

motoneurons in this SMA mouse model (Supplementary Fig. 3). 

 

The elongated complexes are actin rods decorated with plexinD1  

Next, we characterised the elongated plexinD1-positive structures. Cytoplasmic rod-like 

structures have been reported for other neurodegenerative diseases (Minamide, Maiti et al. 

2010). Moreover, intranuclear rod-like structures are  typical in a subgroup of congenital 

myopathies (Vandebrouck et al. 2010). Both types of rods contain large amounts of actin 

and are therefore denoted as actin rods. Transient rods are neuroprotective by preventing 

actin-mediated ATP decline during stress (Bernstein et al. 2006). Under permanent stress, 

however, these rods become persistent and lead to neurodegeneration (Minamide et al. 2000, 

Bernstein et al. 2006, Cichon et al. 2012, Bamburg and Bernstein 2016).  

Actin rods are defined by distinct properties: (i) Actin rods, which have been induced 

due to ATP depletion, comprise cofilin-saturated F-actin (Minamide et al. 2010). (ii) Due to 

actin saturation by the actin-binding protein cofilin, phalloidin cannot compete for the F-

actin binding site rendering rods phalloidin-negative (Nishida et al. 1987). (iii) Rod 

formation is likely mediated by reactive oxygen species. These radicals lead to the formation 

of intermolecular disulphide bonds between cofilin monomers, which then incorporate into 

actin rods. Thus, rods are susceptible to reductive agents, e.g. β-mercaptoethanol (β-ME) 

(Nishida et al. 1987, Bernstein, Shaw et al. 2012). Importantly, the elongated complexes 

observed in our study showed all of these properties in the cellular SMA model: SMN 

knockdown cells were stained for plexinD1, cofilin and actin. Confocal microscopy revealed 

that plexinD1-positive structures highly co-localised with both cytoskeletal proteins as 

quantitatively determined by intensity correlation analysis with calculation of PDM (product 

of the differences of the mean values (Förthmann et al. 2013) (Fig. 3a). Moreover, the 

structures were negative for staining with fluorophore-tagged phalloidin (Fig. 3b). To test 

the influence of the reducing agent β-ME on the stability of the elongated structures, we 

treated cells for 30 minutes prior to fixation and counted the number of plexinD1-positive 
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structures. Consistent with the qualitative observations (Fig. 1c), we quantitatively 

confirmed significant upregulation of the structures in SMA compared to control cells (Fig. 

3c), which were decreased by incubation with the reducing agent. However, also control 

cells displayed a small number of these structures. The results show that the number of actin 

rods in SMA cells is increased and that plexinD1 is present in these rods. Moreover, our data 

suggest that oxidative stress may trigger rod formation in SMA.  

 

 

Figure 3: Elongated structures are PlexinD1-positive actin rods and are increased in SMA. (a) Confocal 

images of SMN-depleted cells stained for plexinD1 (antibody ab28762), cofilin and actin. Co-localisation was 

analysed within the insets representing their corresponding PDM (product of the differences of the mean) 

values. Positive values indicate co-localisation. Scale bar 10 µm. (b) SMN knockdown cells were stained for 

PlexinD1 (antibody ab28762) and F-actin using Alexa546-tagged phalloidin as well as DAPI for nuclear 

counterstaining. Scale bar 50 µm. (c) Control and knockdown cells were treated with water or β-ME 30 min 

prior to fixation. The percentage of cells with plexinD1-positive rods was counted (mean±SEM, n=3, not 

repeated measures two-way ANOVA with Sidak post-test, ****p<0.0001, *p<0.05; paired two-tailed t-test, 

#
p<0.05).  

 

PlexinD1 is proteolytically cleaved in SMA and binds to actin rods  

To further investigate plexinD1 binding, we enriched actin rods from knockdown cells using 

density gradient centrifugation (Minamide et al. 2010) (Fig. 4a). The fractions were 

subsequently analysed by Western blot. Typically, cofilin and actin intensities decreased 

within the first fractions, but re-appeared in the fraction at the 10%/15% phase border in 

which actin rods should be enriched (Minamide et al. 2010) (Fig. 4b). In addition, electron 

microscopy confirmed the presence of actin rods within that fraction. Negatively stained 

nearly 50 nm thick and about 1 µm long banded filaments stacked together in parallel and 
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antiparallel direction to branched fibrils. Despite that, also up to 400 nm long helically 

arranged thinner filaments were concentrated in the same fraction (Fig. 4c). Thus, we further 

analysed the phase border-containing fraction for plexinD1 by Western blot (Fig. 4d). We 

detected the full-length plexinD1 represented by the 250 kDa band in the total cell lysate. 

Unexpectedly, we found decreased levels of full-length receptor and enrichment of a 70 kDa 

fragment in the rod-containing fraction. As the antibody used detects an epitope at 

plexinD1’s C-terminus, it is likely that this fragment corresponds to its cytoplasmic domain. 

To test this, we performed immunofluorescence analyses in SMN knockdown cells using an 

antibody detecting the extracellular N-terminal ectodomain (sc-46246) in comparison with 

an antibody detecting the C-terminal endodomain (ab96313) (Supplementary Fig. 2c). Both 

antibodies displayed membrane localisation confirming the presence of the full-length 

receptor at the cell surface. However, only the cytoplasmic domain-binding antibody was 

able to stain plexinD1-positive actin rods confirming indirectly the identity of the 70 kDa 

fragment detected in the rod fraction (Fig. 4e).  

Ectodomain shedding and intracellular cleavage of cell surface receptors is a 

common mechanism to regulate signal transduction and has been well-described for plexins 

and other guidance receptors, e.g. ephrins and neogenin (Lin et al. 2008, van Erp et al. 

2015). Within the plexin family, plexinB1 is cleaved by MPs at the R1302RRR consensus 

sequence (Artigiani et al. 2003). This sequence is conserved in the intracellular domain of 

plexinD1 (R1299AER) in mouse and human (Genbank accession numbers NP_080652.2 and 

NP_055918.2). The predicted molecular weight of the cleavage product is 72 kDa which has 

the same size as the plexinD1 cleavage product found in the actin rod fraction (Fig. 4d). This 

prompted us to evaluate plexinD1 cleavage and tested the effect of the broad range MP 

inhibitor Batimastat (BB-94). BB-94 was added to the motoneuron-like NSC34 cells during 

differentiation and the number of plexinD1-positive actin rods was determined. As expected, 

this treatment led to a reduction of plexinD1-positive actin rods in SMA cells, but had no 

effect in control cells (Fig. 4g). Taken together, these data show that plexinD1 is processed 

by MPs in SMA which can be inhibited by BB-94. Additionally, this cytoplasmic fragment 

binds to actin rods under SMA conditions.  
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Figure 4: PlexinD1 becomes cleaved by metalloproteases and sequestered to actin rods. (a) Schematic 

overview of actin rod enrichment: SMN knockdown cells were treated with nocodazole to disrupt interfering 

microtubules and lysed mechanically. After a pre-clarifying step, the supernatant containing rods was 

centrifuged on a two-phase OptiPrep gradient. Rods collected at the phase border. (b) Fractions from the 

gradient were analysed for the presence of actin and cofilin (uncropped blots Supplementary Fig. 6e,f). Both 

signals decreased within the 10% phase but re-appeared at the phase border (fraction 7) where rods should 

collect. (c) Electron micrographs of indicated fractions revealed the presence of actin rods in fraction 7. Scale 

bar 100 nm. (d) Fraction 7 was further processed and the remaining pellets was analysed for PlexinD1. 

Unexpectedly, a 70 kDa fragment of plexinD1 was detected within that fraction. (e) PlexinD1 staining using 

antibodies detecting either plexinD1’s C-term (antibody ab96313) or N-term (antibody sc-46246). Overlap of 

the stainings showed that the antibody detecting the C-term but not the N-term stains plexinD1-positive actin 

rods.  (f) PlexinD1 reveals a putative cleavage consensus sequence (RXXR) close to the transmembrane 

domain. Cleavage would produce a 72 kDa fragment. (g) Control (scrSMN) and knockdown (siSMN) cells 

were treated with the metalloprotease inhibitor Batimastat (BB-94) during differentiation. Cells were fixed and 

the percentage of cells with plexinD1-positive rods was determined (mean±SEM, n=3, not repeated measures 

two-way ANOVA with Sidak post-test, ****p<0.0001; paired two-tailed t-test, 
#
p<0.05). 
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PlexinD1 cleavage switches its gating properties in SMA  

SMN knockdown led to increased plexinD1 cleavage by MPs. Thus, we wondered whether 

this modification alters the function of the guidance receptor in SMA cells. Growth cones 

sense the extracellular environment and are either attracted or repelled by guidance cues. 

Thus, growth cone collapse is a valuable readout for the evaluation of the function of 

repulsive guidance receptors. Cells were therefore incubated with the plexinD1-specific 

ligand Sema3E at 1 nM or BSA as a control for 30 minutes after which growth cone collapse 

was assessed by measuring phalloidin-Alexa546 positive growth cone areas (Fig. 5a,b). 

Interestingly, growth cones from SMN depleted cells strongly collapsed. Conversely, growth 

cones from control cells had growth cone areas comparable to those observed for BSA 

treated cells indicating that plexinD1 is silent in this cell culture system or that it normally 

mediates attraction which cannot be measured in a growth cone collapse assay.  

 

 

Figure 5: Sema3E induces growth cone collapse in SMA but not control cells. (a,b) SMN knockdown 

(siSMN) and control (scrSMN) cells were differentiated for three days and incubated with 1 nM BSA as 

control or Sema3E for 30 min. Cells were stained with Alexa546-tagged phalloidin. Growth cone collapse was 

assessed by measuring growth cone size (mean±SEM, n=4, Two-way ANOVA with Sidak post-test, *p<0.05). 

(c,d) Cells were differentiated in the presence or absence of the metalloprotease inhibitor Batimastat (BB-94). 

Sema3E treatment and growth cone collapse analysis was carried out as above (mean±SEM, n=3, not repeated 

measures two-way ANOVA with Sidak post-test, **p<0.01). Scale bar 20 µm. 

 

As BB-94 treatment partially rescued plexinD1 cleavage (Fig. 4g), we wondered whether 

this compound is able to rescue growth cone collapse. Cells were differentiated in the 

presence or absence of BB-94 and growth cone area was assessed as above after Sema3E 

incubation (Fig. 5c,d). Notably, treatment with BB-94 slightly reduced the number of cells 
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with plexinD1-positive rods (Fig. 4g), but completely rescued the collapsing effect. These 

results show that processing of plexinD1 by MPs leads to altered Sema3E response in SMN 

depleted cells and that MP inhibition is sufficient to rescue the defects. 

 

PlexinD1-decorated rods in iPSC-derived motoneurons of SMA patients 

To link our observations to the situation in SMA patients, we analysed whether plexinD1-

positive actin rods were also detectable in induced pluripotent stem cell (iPSC)-derived 

motoneurons from SMA patients and controls (Supplementary Table 1). First, iPSC-derived 

control motoneurons were cultivated for two weeks and stained for Tuj1 and plexinD1 

(Supplementary Fig. 4) showing broad, punctuate but not rod-shaped plexinD1 distribution. 

As expected, plexinD1 was highly enriched in growth cones. Afterwards, SMA 

motoneurons were stained for plexinD1 revealing elongated structures in the soma as well as 

in neurites (Fig. 6a,b and Supplementary Fig. 5a). Positive cofilin and negative phalloidin 

co-stainings confirmed that these structures were indeed plexinD1-positive rods (Fig. 6a,b 

and Supplementary Fig. 5b). Most interestingly, SMA motoneurons with plexinD1-positive 

actin rods were significantly increased compared to control motoneurons (Fig. 6c). Together, 

the results indicate that plexinD1 cleavage and rod formation is not restricted to severe and 

intermediate SMA mouse models, but may also have a significant pathogenic role in SMA 

patients.   

 

Figure 6: PlexinD1-positive rods in iPSC-derived motoneurons from SMA patients. (a,b) iPSC-derived 

motoneurons from SMA patients were cultivated for two weeks, stained for plexinD1 (ab28762) as well as 

cofilin and analysed by confocal microscopy. Scale bar 20 µm. (c) The percentage of cells with plexinD1-

positive rods was counted for control and SMA iPSC-motoneurons (mean±SEM, n=3, paired two-tailed t-test, 

#
p<0.05).  
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3.4 Discussion 

 

Growth cone dysfunction and axonal outgrowth defects in the motoneuron disease SMA 

have been hypothesised to result in impaired NMJ stability leading to muscle denervation 

and atrophy (Goulet, Kothary, and Parks 2013). It has been shown that ROCK, the master 

regulator of the actin cytoskeleton (Da Silva et al. 2003), is involved in these defects, but 

upstream mechanisms are poorly understood (van Bergeijk et al. 2007; Bowerman, Shafey, 

and Kothary 2007; Bowerman et al. 2009; Nölle et al. 2011; Hensel et al. 2014; Hensel et al. 

2012; Oprea et al. 2008). Plexins are a large family of guidance receptors regulating the 

actin cytoskeleton in growth cones during guidance, synaptic specificity and maintenance 

(Pasterkamp 2012). Moreover, they are involved in the development of the cardiovascular 

system (Oh and Gu 2013).  

In this study, we evaluated plexinD1 in SMA models and found novel properties of 

this receptor. PlexinD1 is intracellularly cleaved by MPs generating a C-terminal fragment. 

This protease-mediated cleavage resulted in two different outcomes: First, cleavage alters 

plexinD1’s signalling response to Sema3E. Second, the cytoplasmic fragment binds to actin 

rods in SMN-depleted NSC34 cells, in motoneurons of symptomatic mice of a severe as 

well as an intermediate mouse model and in motoneurons of SMA patient-derived iPS cells. 

Thus, hyperactivation of MPs in SMA has a dual effect on plexinD1 (Fig. 7).  

 

Figure 7: PlexinD1 signalling and rod binding in control and SMA cells. In control cells, plexinD1 

promotes Sema3E binding to co-receptors (e.g. NRP1 and/or VEGFR2) which keep plexinD1 in a silent state. 

Thus, growth cones do not collapse due to Sema3E. In SMA, however, PlexinD1 is cleaved at its putative 

cleavage site R1299AER. This has two effects: first, the intracellular endodomain localises to actin rods; second, 

cleavage leads to the activation of its co-receptors resulting in growth cone collapse.  
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Members of the plexinB family reveal an extracellular consensus sequence at which they 

undergo MP-mediated ectodomain shedding (Artigiani et al. 2003). Such an extracellular 

consensus sequence is not present in plexinD1, but a putative cleavage site has been found 

intracellularly close to the transmembrane domain (Fig. 7). Nonetheless, to our knowledge, 

plexinD1 cleavage has not been described yet. Here, we show that plexinD1’s specific 

ligand Sema3E induces growth cone collapse in SMN-depleted NSC34 cells, but not in 

control cells. The receptor can assemble into a ternary complex consisting of plexinD1 and 

its co-receptors neuropilin-1 (NRP1) and vascular endothelial growth factor receptor-2 

(VEGFR2) (Bellon et al. 2010; Chauvet et al. 2007). Deletion of plexinD1’s cytoplasmic 

domain has no influence on morphological outcome indicating that VEGFR2 comprises the 

signal transducing element and that plexinD1 promotes Sema3E binding to NRP1 in this tri-

complex (Bellon et al. 2010). Moreover, it is known for plexinB1 that ectodomain shedding 

increases Sema4D binding and signal propagation (Artigiani et al. 2003). This is in line with 

our results since plexinD1 cleavage did not prevent signalling. Instead, Sema3E-mediated 

repulsion was increased after plexinD1 cleavage.  

What could be the pathological outcome related to altered plexinD1 signalling? The 

specific plexinD1-Sema3E interaction is important for fine-tuned development of several 

monosynaptic reflex  arcs (Pecho-Vrieseling et al. 2009; Fukuhara et al. 2013; Pasterkamp 

2012). Alterations in plexinD1-Sema3E signalling in either proprioceptive sensory neurons 

or motoneurons lead to defects in monosynaptic connectivity and therefore to malformation 

of sensory-motor circuits. Interestingly, malfunctioning motor circuits have been described 

in SMA (Mentis et al. 2011; Gogliotti et al. 2012). It is likely that proprioceptive axons 

reach their target motoneurons until P0 but that specificity and maturation are disturbed 

during development (Mentis et al. 2011). Moreover, reduced proprioceptive synapses on 

motoneurons in SMA mice were described which could be due to failure of sensory axon 

projection (specificity) or branching (maturation) (Mentis et al. 2011). Importantly, we 

found in this study that plexinD1 cleavage is a postnatal event corresponding to the kinetics 

of circuit dysfunction in SMA. The plexinD1-Sema3E interaction could provide the 

underlying molecular mechanism for this early deafferentiation characterising SMA. 

PlexinD1 furthermore displays a relevant molecule during vascularisation. PlexinD1 

knockout mice are born with congenital heart disease and defects in aortic arch arteries 

(Gitler, Lu, and Epstein 2004). A recent study showed that the number of blood vessels is 

decreased in skeletal muscle and spinal cord of two severe SMA mouse models as well as 

type I SMA patients resulting in hypoxia and oxidative stress (Somers et al. 2016). 
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Interestingly, plexinD1 knockout mice show shorter tails compared to their control 

littermates (Zhang et al. 2009). Shorter tails as well as tail necrosis followed by ear necrosis 

at later stages are phenotypic hallmarks of several mild and severe SMA mouse models 

(Hsieh-Li et al. 2000; Gavrilina et al. 2008; Bogdanik et al. 2015; Hosseinibarkooie et al. 

2016). In line with this, peripheral necroses are also seen in some SMA type I patients 

(Rudnik-Schoneborn et al. 2010). Thus, plexinD1 may display another link to SMA 

pathology by its influence on vascular development.  

The second consequence of MP-mediated plexinD1 cleavage was that the 

cytoplasmic fragment binds to actin rods. We here report the presence of actin rods in 

different SMA models evaluated in different laboratories and SMA mouse models 

emphasising the reproducibility of this finding. Actin rods are pathological structures found 

in post mortem tissue from Alzheimer’s disease patients (Minamide et al. 2000). Under 

stress, the formation of actin rods is initially neuroprotective: Transient oxidative stress 

leads to cofilin activation (i.e. hypo-phosphorylation) as well as ATP decline and rods 

remove free dephosphorylated cofilin as well as ADP-bound actin from the cell (Bernstein et 

al. 2006). Despite other mechanisms, this sequestration is thought to prevent stress-related 

cofilin shuttling into mitochondria and cytochrome release (Minamide et al. 2000). 

However, constant oxidative stress and production of reactive oxygen species culminate in 

the formation of permanent rods by cross-linking the incorporated cofilin via disulphide 

bonds (Bernstein et al. 2012). These permanent rods block axonal transport and other 

physiological processes resulting in axonal dye-back mechanisms as shown in Alzheimer’s 

disease (Bernstein et al. 2006; Minamide et al. 2000; Bamburg and Bernstein 2016; Cichon 

et al. 2012). What could be the cause of plexinD1 cytoplasmic fragment binding to actin 

rods? Interestingly, it has been shown that overexpression of plexinD1’s cytoplasmic 

domain alone is sufficient to induce cell death likely by translocation into the mitochondrial 

membrane (Luchino et al. 2013). Since transient sequestration of hypophosphorylated cofilin 

into rods is a protective mechanism to prevent mitochondrial shuttling, we hypothesise that 

rods function as a sink for the cytoplasmic plexinD1 fragment to prevent mitochondrial 

translocation. The observation that we did not find plexinD1-negative actin rods further 

underlines this notion.   

As mentioned above, we decreased plexinD1-positive rod numbers and corrected 

altered signal transduction by the use of MP inhibitors suggesting that there is a functional 

link between rod formation and plexinD1 cleavage. As there is emerging evidence of a role 

of MPs in neurodegeneration (Mukherjee and Swarnakar 2015), our data suggest that MPs 
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display a novel and valuable putative therapeutic strategy with respect to altered axonal 

guidance, malformation of sensory circuits and decreased vascularisation in muscle and 

spinal cord in SMA.   

 

3.5 Materials and methods 

 

Cell culture, transfection and treatment 

Motoneuron-like NSC34 cells (murine neuroblastoma x spinal cord hybrid cell line 

(Cashman et al. 1992)) were incubated at 37 °C in a humidified atmosphere with 5% CO2. 

Cells were maintained in DMEM (Gibco GlutaMAX) supplemented with 5% FCS, 

100 U mL
-1

 penicillin and 0.1 mg streptomycin. 24 hours after seeding, medium was 

changed to low serum conditions (1% FCS). Cells were then transfected with scrambled 

control siRNA (siCtrl) or siRNA against murine Smn- (siSMN) using Lipofectamine2000 

according to the manufacturer’s instructions and allowed to differentiate for three days after 

which knockdown efficiency was about 90% (Hensel et al. 2012). Batimastat (BB-94; 

Selleckchem) in DMSO was added at 2 µM for the whole time of differentiation and 

medium was replaced each day. Recombinant Sema3E (R&D Systems, 3238-S3-025) in 

PBS was added at 1 nM for 30 min prior to fixation.    

 

Generation of iPSCs and motoneuron differentiation 

iPSC induction and motoneuron differentiation were performed as described previously 

(Dimos et al. 2008, Harschnitz et al. 2016) with slight modifications. In brief, human 

fibroblasts obtained from 2 SMA type I patients and 2 healthy matched controls were 

transduced with a lentiviral vector expressing Oct-4, Klf5, SOX-2, and c-Myc to generate 

iPSCs (Warlich et al. 2011). A summary of patient and control information can be found in 

Supplementary Table 1. Control fibroblasts were kindly provided by Dr. Vivi M. Heine (VU 

University, Amsterdam, The Netherlands). iPSCs were cultured on a confluent layer of 

irradiated mouse embryonic fibroblasts (MEFs) in human embryonic stem cell (huES) 

medium, containing DMEM-F12 (Life Technologies), knockout serum replacement (Life 

Technologies), penicillin/streptomycin (Life Technologies), L-glutamine (Life 

Technologies), nonessential amino acids (Life Technologies), β-mercaptoethanol (Merck 

Millipore, Billerica, MA), and 20 ng mL
-1

 recombinant human fibroblast growth factor-basic 

(Life Technologies). Colonies of iPSCs were manually picked for further expansion and 

characterisation. Feeder-free culture of iPSCs was carried out on Geltrex (Life 
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Technologies) and maintained in mTeSR1 medium (STEMCELL Technologies, Vancouver, 

BC, Canada). Feeder-free cultured iPSCs were passaged enzymatically using Accutase 

(Innovative Cell Technologies, San Diego, CA.). All cell lines were routinely (every 2 

weeks) tested for mycoplasma infections. Characterisation of iPSC lines was performed by 

immunocytochemistry for pluripotency markers (Stem Light Pluripotency Antibody Kit, 

BIOKÉ), pluripotency gene expression analysis (qRT-PCR), karyotyping, and spontaneous 

differentiation assays (Verheijen and Pasterkamp, unpublished). 

Motoneurons were differentiated as described previously (Amoroso et al. 2013) with 

some modifications. iPSCs were first detached and seeded into microwells (Rivron et al. 

2012a, Rivron et al. 2012b) in huES medium supplemented with 10 μM ROCK inhibitor Y-

27632 (Axon Medchem, Groningen, the Netherlands) to reduce cell death. After 48 h, 

medium was changed to neural induction medium (NIM) containing DMEM-F12 (Life 

Technologies), penicillin/streptomycin (Life Technologies), L-glutamine (Life 

Technologies), nonessential amino acids (Life Technologies), N2 supplement (Life 

Technologies), and 20% D-glucose (Sigma). For neuralisation of the resulting embryoid 

bodies (EBs), dual SMAD signalling was inhibited between days 1 and 5 using 10 μM 

SB431542 (Axon Medchem) and 0.2 μM LDN193189 (Miltenyi Biotec, Bergisch Gladbach, 

Germany). For the first 4 days, 10 μM Y-27632 (Axon Medchem) was added to inhibit cell 

death. EBs were flushed out of the microwells using NIM containing 10 μM SB431542 

(Axon Medchem), 0.2 μM LDN193189 (Miltenyi Biotec), 1 μM retinoic acid (Sigma), and 

10 ng mL
-1

 brain-derived neurotrophic factor (BDNF, R&D Systems, Minneapolis, MN) and 

transferred to a non-adherent petri dish (Greiner Bio-One, Monroe, NC). EBs were kept in 

suspension, and medium was changed every other day using NIM containing 1 μM retinoic 

acid (Sigma), 1 μM smoothened agonist (Merck Millipore), and 10 ng mL
-1

 BDNF (R&D 

Systems). Starting on day 16, medium was changed every other day using Neurobasal 

differentiation medium containing Neurobasal (Life Technologies), penicillin/streptomycin 

(Life Technologies), L-glutamine (Life Technologies), nonessential amino acids (Life 

Technologies), N2 supplement (Life Technologies), B27 minus vitamin A (Life 

Technologies), and 20% D-glucose (Sigma) supplemented by 1 μM retinoic acid (Sigma), 

1 μM smoothened agonist (Merck Millipore), 10 ng mL
-1

 BDNF (R&D Systems),  

10 ng mL
-1

 glial cell line-derived neurotrophic factor (GDNF, R&D Systems), and 

10 ng mL
-1

 ciliary neurotrophic factor (CNTF, R&D Systems). From days 21 to 31, EBs 

were dissociated using papain (Worthington Biochemical Corporation, Lakewood, NJ) and 

DNAse (Worthington Biochemical Corporation). Cells were resuspended in human 
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motoneuron medium containing Neurobasal (Life Technologies), penicillin/streptomycin 

(Life Technologies), L-glutamine (Life Technologies), nonessential amino acids (Life 

Technologies), N2 supplement (Life Technologies), and B27 minus vitamin A (Life 

Technologies) supplemented by 10 ng mL
-1

 BDNF (R&D Systems), 10ng/ml GDNF (R&D 

Systems), and 10 ng mL
-1

 CNTF (R&D Systems) and plated on poly-D-lysine (PDL)-

laminin–coated coverslips at the required density. Coverslips with MNs were co-cultured 

with primary mouse glia for max. 2 weeks. AraC treatment was used to eliminate progenitor 

cells from the culture. Motoneuron identity was confirmed by immunocytochemistry for 

motoneuron markers, including Hb9, Isl-1, and ChAT. 

 

Animals 

The mouse mutant strain FVB.Cg-Tg(SMN2)2Hung SMN1
tm1Hung

/J (Hsieh-Li et al. 2000) 

was purchased from the Jackson Laboratory (stock number 005058). To obtain 50% SMA-

mice (Smn
-/-

; SMN2
tg/0

) and 50% control littermates (Smn
+/-

;SMN2
tg/0

) mice were bred and 

genotyped as described previously(Riessland, Ackermann et al. 2010, Nölle, Zeug et al. 

2011). After decapitation, spinal cord was dissected and immediately frozen in liquid 

nitrogen or prepared for cryosection. All experimental protocols followed German animal 

welfare law and were approved by Lower Saxony State Office for Consumer Protection and 

Food Safety (LAVES, reference number 15/1774). 

The Taiwanese severe SMA model was crossed back on C57BL/6N background and 

treated with low dose SMN-ASOs by subcutaneous injection of 30 µg at P2 and P3 to 

produce an intermediated SMA phenotype as described in detail (Hosseinibarkooie et al. 

2016). Animal care and all surgical procedures were performed according to the institutional 

animal care committee guidelines and the German animal welfare laws and approved under 

the reference numbers 84-02.04.2014.A006 and 84-02.04.2015.A378 of the LANUV state 

agency of North Rhine-Westphalia. 

 

Western blot anlaysis 

Cells were washed with PBS, scraped into RIPA buffer containing protease and phosphatase 

inhibitors (Roche) and allowed to chill on ice for 20 min (Claus et al. 2003). Tissue samples 

were homogenised in RIPA buffer containing protease and phosphatase inhibitors (Roche) 

and also allowed to chill on ice for 20 min. Afterwards, lysates were sonicated and clarified 

by centrifugation (15,000 rpm, 20 min, 4 °C). Protein concentration was determined with the 

BCA Assay (Thermo Scientific). To detect PlexinD1 with an apparent size of 250 kDa, 
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equal amounts of protein were dissolved in Lämmli buffer and separated by 6% SDS-PAGE. 

Protein was subsequently blotted onto a nitrocellulose membrane for 3 h at 30 V in the cold. 

Proteins smaller than 150 kDa were dissolved in Lämmli buffer and separated by 12.5% 

SDS-PAGE and blotted for 1 h at 120 V. Primary antibodies were: rabbit α-actin (BD 

Bioscience 612656, LOT 26375, 1:4000), rabbit α-cofilin (Cell Signaling #5175S, LOT 2, 

1:1000), rabbit α-plexinD1 (Abcam ab96313, LOT GR145861-8, 1:1000), mouse α-SMN 

(BD Bioscience 610647, LOT 4157975, 1:4000) and mouse α-α-tubulin (Santa Cruz sc-

32293, LOT D0814, 1:4000). HRP-conjugated secondary antibodies (GE Healthcare, 

1:4000) were used for visualisation by chemiluminescence imaging using the Immobilon 

reagent (Millipore) or the SuperSignal
®

 West Femto Substrate (Thermo Scientific). 

Densitometric analysis was performed with the LabImage 1D software (Kapelan, Leipzig, 

Germany). Relative band intensities were calculated from bands of the same blot. Other 

targets were analysed on the same blot after stripping of the membrane (62 mM Tris-HCl 

pH 6.8, 2% SDS and 0.7% βME) for 30 min at 50° C). Cropped blots are indicated in the 

figure legends. Uncropped blots are shown in Supplementary Figure 6.  

 

Isolation of actin rods 

Rods were isolated from SMN-depleted NSC34 cells with a modified protocol as described 

elsewhere (Minamide et al. 2010). In brief, differentiated knockdown cells from a 10 cm 

dish were incubated with 10 µM nocodazole to destroy interfering microtubules 10 min prior 

to lysis. All lysis and centrifugation steps were carried out at 4 °C. Cells were washed with 

PBS, scraped into 350 µL of lysis buffer (20 mM PIPES pH 6.8, 140 mM NaCl and 1 mM 

EGTA) and disrupted by passaging through a 27 gauge needle. The lysate was pre-cleared 

by centrifugation at 350 x g for 10 min. Rods in the supernatant were then enriched by 

centrifugation on a discontinuous OptiPrep gradient (10 and 15% (v/v)) for 10 min at 

6,600 x g. 500 µL fractions were collected and analysed for cofilin and actin by Western 

blot. The actin rod-containing fraction was then diluted 1:2 with lysis buffer and centrifuged 

for 15 min at 15,000 rpm. The pellet was either dissolved in Lämmli buffer, sonicated and 

analysed for plexinD1 (rabbit α-plexinD1, Abcam ab96313, LOT GR145861-8, 1:1000) by 

Western blot or directly used for electron microscopy.  

 

Immunocytochemistry 

Cells were washed with PBS and fixed with 4% PFA for 10 min. Afterwards cells were 

permeabilised with ice-cold methanol for 10 min and extensively washed with PBS. 



 

46 

 

Alternatively, cells were permeabilised with PBS containing 1% Triton X-100 and 4% horse 

serum for 20 min at room temperature or for 10 min with ice-cold methanol, which is best to 

maintain rods
20

, followed by 20 min Triton X-100 treatment. Primary antibodies in PBS 

containing 1% horse serum were added for 1 h at room temperature or overnight at 4 °C. 

Primary antibodies were: mouse α-actin (BD Bioscience 612656, LOT26375, 1:500), goat α-

ChAT (Millipore), rabbit α-cofilin (Cell Signaling #5175S, LOT 2, 1:500), mouse α-Hb9 

(Developmental Studies Hybridoma Bank, DSHB), mouse α-Isl-1 (DSHB), goat α-plexinB1 

(Santa Cruz sc-28372, LOT E1314, 1:200), goat α-plexinD1 (Abcam ab28762, LOT 

GR41626-16, 1:200), rabbit α-plexinD1 (Abcam ab96313, LOT GR145861-8, 1:200), goat 

α-plexinD1 (Santa Cruz sc-46246, LOT I1307, 1:200), rabbit α-Tuj1 (Sigma) as well as 

Alexa546-coupled phalloidin (Thermo Scientific A22283, LOT 1351889, 1:200). Alexa-

coupled secondary antibodies (Invitrogen, 1:500) in PBS containing 1% horse serum were 

added for 1 h at room temperature. DAPI in PBS was added for 5 min at room temperature. 

Cells were mounted in Prolong Gold (Life Technologies).  

 

Immunohistochemistry 

Cryo-sections of lumbar spinal cord for staining with goat α-plexinD1 (Abcam ab28762, 

LOT GR41626-16, 1:200) were treated with 10 mM citrate buffer pH 6 at 95 °C for 10 min 

prior to staining. The rabbit α-plexinD1 (Abcam ab96313, LOT GR145861-8, 1:200) 

antibody was used without this antigen retrieval. In brief, tissue sections were blocked for 

1 h with 3% (w/v) BSA and 0.3% (v/v) Triton X-100 in PBS and incubated overnight at 

4 °C with primary antibodies: mouse α-SMI32 (Sternberger Monoclonal Inc. 801701, LOT 

D14JF02098, 1:1000), mouse α-GFAP (Sigma G 3893, LOT 083M4785, 1:600). Secondary 

antibodies in PBS containing 1% (w/v) BSA and 0.3% (v/v) Triton X-100 were the same as 

used for immunocytochemistry and added for 1h at room temperature. DAPI in PBS 

(1:1000) was added for 5 min and slices were mounted in Prolong Gold (Life Technologies). 

 

Microscopy and evaluation of images 

Epifluorescence images were taken using an Olympus BX60 upright fluorescence 

microscope equipped with an Olympus XM10 colour view camera and Olympus Cell Sense 

software. Exposure time was equal for each channel in the respective experiment. 

Background reduction (rolling ball radius: 50 pixels) and brightness adjustment were 

performed over the whole image using ImageJ software. Parameters were kept equal for all 

images to enable comparison within replicates. To analyse the percentage of NSC34 cells 
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showing rods, rod-positive cells were counted relative to total cells from ten randomly taken 

images of each coverslip. Data from technical replicates were averaged and used for 

statistics for all analyses. Where possible, evaluation of samples was carried out blinded. 

Confocal images were taken using a Leica TCS SP2 equipped with an oil immersion 

objective HCX PL APO BL (63x, numeric aperture 1.4) with Leica acquisition software, a 

Zeiss LSM 880 equipped with an Zeiss oil immersion objective Plan-Apochromat (63x, 

numeric aperture 1.4) or a  Zeiss META 510 confocal microscope with ZEN software 

(Zeiss) to create Z stacks.  

Co-localisation was analysed within the indicated ROIs using the Intensity Correlation 

Analysis plugin for ImageJ with default parameters after global background reduction 

(rolling ball method, radius 50 pixels) to determine product of the differences of the mean 

(PDM) values.  

For electron microscopy, hanging drops of centrifuged fractions were incubated on a 

carbon-coated formvar copper grid (Science Services, München, Germany), washed once 

with Millipore water and negatively stained with 2% (w/v) uranyl acetate in water. Digital 

images were documented on a Tecnai G 2 (Fei, Eindhoven, The Netherlands) with an 

accelerating voltage of 200 kV.  

 

Statistics 

Statistical analyses were carried out using the GraphPad Prism 6 software (La Jolla, CA, 

USA). Numbers of biological replicates and tests performed are stated in the figure legends. 

Animals were randomly picked from different litters. Results were considered as significant 

if p < 0.05. For morphological evaluation (quantification of rods and growth cone collapse), 

at least ten randomly picked images from each coverslip were analysed and results were 

averaged. For each condition, the experiment was carried out blinded in at least three 

independent biological replicates.  
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3.7 Supplement 

 

 

Supplementary Figure 1: Characterisation of elongated structures in SMN-depleted NSC34 cells. (a) Z-

stack of SMN-depleted NSC34 cell showing position of plexinD1-positive structures (antibody ab28762). 

Scale bar 10 µm. (b) Influence of permeabilisation methods on rod stability. Scale bar 50 µm. (c) PlexinB1 

(antibody sc-28372) and plexinD1 (antibody ab96313) co-staining. Scale bar 50 µm. 
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Supplementary Figure 2: PlexinD1 localisation in lumbar spinal cord of SMA mice. (a) PlexinD1 

localisation in SMI32-positive motoneurons using ab96313. Structures of interest are indicated by insets and 

arrows. Scale bar 10 µm. (b) PlexinD1-positive structures cannot be found in GFAP-positive astrocytes using 

two antibodies against plexinD1. Presence of elongated structures is indicated by insets or arrows. Scale bar 

10 µm. (c) Schematic representation of plexinD1’s epitopes detected by different antibodies used in this study.  

 

 

Supplementary Figure 3: PlexinD1 localisation in lumbar spinal cord of intermediate SMA mice. 

PlexinD1 localisation in SMI32-positive motoneurons of control and SMA mice at P21 using ab28762. 

Structures of interest are indicated in the inset or by arrows. Scale bar 20 µm.  
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Supplementary Figure 4: PlexinD1 distribution in control iPSC-derived motoneurons. PlexinD1 

distribution (a) in somata and (b) growth cones of Tuj1-positive iPSC-derived control motoneurons. Scale bar 

20 µm.  

 

 

 

 

 

Supplementary Figure 5: Rods in iPSC-derived SMA motoneurons. (a) Cofilin staining in iPSC-derived 

SMA motoneurons in the soma and in neurites. Rods are indicated by arrows. Scale bar 20 µm. (b) Phalloidin 

staining of plexinD1-positive rods. Scale bar 10 µm.   
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Supplementary Figure 6: Cropped Western blots. Shown are the uncropped Western blots from the 

indicated main figures. Boxes display the cropped parts. (a,b) Western blots presented in Fig. 1b. (b,c) 

Western blots presented in Fig. 2a. (e,f) Western blots presented in Fig. 4b.  

 

 

 

Supplementary Table 1: iPSC-derived motoneurons: data of SMA patients and control individuals 

 

 

1
SMA type I was defined by the presence of 2 copies of SMN2 

 

 

  

Donor Condition Gender Age at biopsy 

Control-I Healthy
 

M 20 days 

Control-II Healthy
 

M 74 days 

SMA-I SMA type I
1 

F 109 days 

SMA-II SMA type I M 4 months 
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4.1 Abstract 

 

Phosphorylation is a main mechanism to regulate protein localisation, function activity and 

stability. The Spinal Muscular Atrophy (SMA) determining gene product Survival of 

Motoneuron (SMN) reveals several phosphorylation sites, but functional understanding is 

limited. Moreover, only very few phosphatases and kinases acting on SMN are known. 

Since low levels of SMN lead to SMA, it is the aim to identify regulatory phosphorylation 

sites to increase function and stability of the remaining SMN protein. We here tested 

whether Phosphatase and Tensin homologue (PTEN) is a phosphatase for SMN. We found 

that PTEN dephosphorylates SMN and that PTEN knockdown or inhibition leads to SMN 

protein degradation and reduces the number of SMN-positive nuclear bodies. Furthermore, 

we show that SMN-S290 acts as a regulatory phosphorylation site modulating PTEN 

binding and SMN dephosphorylation. Together, these data give novel possibility to 

intervene SMN degradation and increase its function as therapeutic strategy for SMA.  

 

4.2 Introduction 

 

Spinal muscular atrophy (SMA) is the most common genetic cause of death during 

childhood and is characterised by a preferential loss of α-motoneurons in the anterior horn or 

the spinal cord. As a consequence, muscle denervation at motor endplates is increased 

leading to progressive muscle denervation, weakness and atrophy (D'Amico et al. 2011). 

SMA is associated with a deletion, gene inversion or mutation of the Survival of 

motoneuron 1 (SMN1) gene (Lefebvre et al. 1995). The SMN2 gene, which has emerged by 

gene duplication and can exist in several copies, harbours a single-point exchange in exon 7 

resulting in exon 7 skipping and production of a truncated, quickly degraded SMN protein 

termed SMNΔ7 (Monani et al. 1999; Lorson et al. 1999; Vitte et al. 2007; Burnett et al. 

2009). Only 10% functional full-length SMN (SMN-FL) is formed by the SMN2 gene. The 

SMN-FL amount from the SMN2 gene cannot completely compensate for the loss of SMN1 

(Lefebvre et al. 1997), but the number of SMN2 copies correlates with disease severity 

(Feldkotter et al. 2002). To date, SMN-dependent therapeutic strategies are developed, e.g. 

re-introduction of SMN1 into the genome by viral transduction (d'Ydewalle and Sumner 

2015) or prevention of exon 7 skipping by administration of antisense oligonucleotides 

(ASOs) thereby increasing the SMN-FL level encoded by the SMN2 gene. Another 

possibility is to modify SMN itself and to elevate its stability and function. Little is 
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described for SMN’s post-translational modification especially about phosphorylation. So 

far, it is known that phosphorylation sites within the N-terminus are responsible for SMN-

complex and nuclear body (NB) formation, self-oligomerisation and SMN stability 

(Husedzinovic et al. 2014). Nonetheless, there are no studies showing functionality of C-

terminal putative phosphorylation sites since SMN’s poly-proline stretch renders the C-

terminus inaccessible for proteases typically used in mass spectrometry analysis. It was thus 

the aim of this study to identify novel phosphatases which are responsible for SMN 

dephosphorylation. Since we showed altered plexinD1 function and signalling in SMA 

(Rademacher et al, submitted), which uses Phosphatase and tensin homologue (PTEN) as 

one major downstream mediator, we wondered whether PTEN is a phosphatase for SMN. 

Our results presented here confirm this hypothesis. We furthermore found that PTEN 

knockdown or inhibition negatively impacts on SMN stability and number of NBs, which 

are decreased in SMA. Additionally, we identified SMN-S290 as a regulatory 

phosphorylation site determining PTEN binding.  

 

4.3 Results 

 

PTEN is a novel interaction partner for SMN 

We first analysed whether PTEN and SMN are endogenous interactors by co-

immunoprecipitation with non-transfected and differentiated motoneuron-like NSC34 cells 

(Fig. 1a). After precipitation of endogenous phospho-PTEN (p-PTEN), the predominant 

form of PTEN, a strong signal of endogenous SMN could be detected. Casein kinase-2α 

(CK2α), a known interaction partner of PTEN, was used as a positive control. An 

immunoglobulin control, beads alone as well as incubation of the membrane with an 

antibody for α-tubulin served as negative controls. Each of them showed no signals 

indicating that the interaction between p-PTEN and SMN was specific. Moreover, we could 

demonstrate co-localisation by immunocytochemistry (Fig. 1b). Endogenous SMN and 

PTEN interacted within the cytosol and in growth cones but not in the nucleus (e.g. in gems 

or Cajal bodies (CBs)). A quantitative evaluation of the co-localisation by calculation of 

product of the differences of the mean (PDM)-values (Förthmann et al. 2013) revealed 

positive values confirming the qualitative co-localisation patterns. The results demonstrate 

interaction of PTEN and SMN in one common complex which localised to growth cones 

and the cytosol. 
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We further wondered which domain of SMN is involved in PTEN binding. NSC34 cells 

were transfected with SMN deletion constructs fused to GFP (full-length (FL) aminoacids 

(aa) aa1-294, C-terminal deletion aa1-239 and N-terminal deletion aa235-294, Fig. 1c). 18 h 

post transfection, p-PTEN was immuno-precipitated and analysed for SMN using an 

antibody for GFP (Fig. 1d). SMN-FL (aa1-294) and N-terminal depleted SMN (aa235-294) 

were immuno-precipitated whereas SMN lacking its C-terminus (aa1-239) was not detected 

after. This result indicates an interaction of PTEN with the C-terminus of SMN comprising 

residues 235-294. 

Loss of SMN1 is the main cause of SMA. Nonetheless, there are few patients having 

at least one allele of SMN1 but carrying missense mutations within this gene. We tested two 

known patient mutations within the C-terminus (SMN-Y272C and SMN-T274I) in immuno-

precipitation assays with regard to aberrant PTEN binding (Fig. 1e). The SMN-Y272C and 

SMN-T274I mutations, which are located in the highly conserved YG-box of SMN 

(corresponding to our aa235-294 construct) and inhibit SMN self-oligomerisation (Seng et 

al. 2015; Pellizzoni, Charroux, and Dreyfuss 1999), did not alter the interaction with PTEN. 

SMN-S290 is a putative phosphorylation site as predicted by a NetPhos 3.1 analysis (Blom 

et al. 2004). Substitution of the residue to alanine (SMN-S290A) as a non-phosphoryable 

amino acid or aspartic acid (SMN-S290D) as phospho-mimic influenced PTEN binding. 

SMN-S290A strongly bound to PTEN, whereas SMN-S290D was marginally precipitated 

(Fig. 1e). The results indicate that SMN’s C-terminus harbours a binding site for PTEN and 

that phosphorylation of SMN at this site may influence its interaction with PTEN. 

 

PTEN dephosphorylates SMN in vitro 

We showed that PTEN binds to the C-terminus of SMN and that specific patient mutations 

do not influence binding, whereas the phosphorylation state at S290 regulates the interaction 

with PTEN. We thus wanted to evaluate whether PTEN not only binds to but also 

dephosphorylates SMN. To test this, NSC34 cells were treated with the PTEN inhibitor 

bpV(HOpic), a bisperoxovanadium (bpV) compound (Schmid et al. 2004), or vehicle for 

2 h. Subsequently, SMN protein was analysed by 2D Western blot (1
st
 dimension: isoelectric 

point as determined by isoelectric focussing; 2
nd

 dimension: apparent molecular weight 

separation by SDS polyacrylamide gel electrophoresis) (Fig. 1f). As control, additional 

lysates treated with shrimp alkaline phosphatase (SAP) were included. Given that PTEN 

inhibition leads to decreased SMN dephosphorylation, one would expect increased acidic 

spots since phospho-groups are negatively charged. 2D Western blot revealed that a core 
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spot (#7) most prominent after DMSO or bpV(HOpic) treatment, which thus served as 

reference spot (Fig. 1e). Spots were densitometrically analysed for quantification compared 

to the reference spot (Fig. 1g). As expected, less acidic spots adjacent to the core spot 

became weaker in intensity, whereas acidic spots increased in intensity upon PTEN 

inhibition. This shift to the acidic site clearly indicated that PTEN is a phosphatase for SMN.  

 

Figure 1: PTEN endogenously binds the C-term of SMN and dephosphorylates SMN. (a) Co-

immunoprecipitation from lysates of differentiated NSC34 cells. CK2α served as positive control, beads alone, 

IgG and tubulin as negative controls. (b) Confocal microscopy reveals that SMN and PTEN endogenously 

interact in the cytoplasm and growth cone, but not in the nuclear compartment. (c) Schematic overview of 

SMN constructs used in immuno-precipitation assays. Cells were transfected and prepared for the assay 18 h 

post transfection. (d) Immuno-precipitation assay with SMN deletion constructs and (e) SMN point mutations. 

(f) NSC34 cells were differentiated for three days and treated with DMSO or bpV(HOpic) for 2 h prior to lysis. 

Lysates were analysed by 2D Western blot and probed for SMN. Shrimp alkaline phosphatase (SAP)-treated 

cells served as positive control. (g) Densitometric quantification of spots. Spot #7 (indicated by arrow) served 

as reference spot (mean±SEM, n=3, Mann-Whitney test, *p<0.05). 
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PTEN knockdown negatively influences SMN stability and reduces the number of 

nuclear bodies  

Next, we wondered about molecular and cellular consequences mediated by altered SMN 

phosphorylation. To test the hypothesis that PTEN depletion destabilises SMN, we analysed 

the endogenous SMN protein level after 6 h of PTEN inhibition with bpV(HOpic). 

Intriguingly, SMN protein but not mRNA level was markedly, but not significantly, 

decreased (~60%) compared to control (Fig. 2a-c). Since this result did not reach statistical 

significance, we used an RNAi approach to knock down PTEN (Fig. 2d). Treatment with 

siRNA against murine Pten (siPten) led to 85% PTEN knockdown compared to control 

(siCtrl) (Fig. 2e). Concomitantly with PTEN knockdown, SMN protein level significantly 

decreased 50% as seen in the inhibition experiment (Fig. 2f), whereas mRNA level was 

unaffected (Fig. 2g). Together, these data suggest that PTEN regulates SMN stability.  

 Phosphorylation at SMN’s N-terminus is important for proper assembly of the SMN 

complex and small nucleolar nucleoprotein particles (snRNPs) forming the splicing 

machinery (Husedzinovic et al. 2014; Husedzinovic et al. 2015; Seng et al. 2015; Grimmler 

et al. 2005). Thus, low SMN levels lead to decreased numbers of snRNPs and diminished 

numbers of SMN-positive nuclear bodies (NBs), a phenotypic hallmark of SMA (Gabanella 

et al. 2007). Since we showed that the SMN level is reduced and that SMN phosphorylation 

is altered after PTEN knockdown or inhibition, we wondered whether PTEN knockdown 

also influences the formation of NBs. As a read-out, we counted the number of SMN-

positive NBs (thereby not differentiating between gems or CBs). As expected, we observed 

that PTEN knockdown had a negative impact on the number of NBs (Fig. 2h). The 

percentage of PTEN-depleted cells without NBs strongly increased compared to control 

cells. Additionally, the percentage of cells with 1-4 NBs was consistently smaller compared 

to control cells (Fig. 2i).  
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Figure 2: PTEN knockdown and inhibition decrease SMN levels. (a-c) NSC34 cells were differentiated and 

treated with DMSO or the PTEN inhibitor bpV(HOpic) for 6 h prior to lysis. (a) Western blot analysis to 

determine SMN protein levels and (b) densitometric quantification of SMN compared to housekeeping protein 

(mean±SEM, n=5, two-tailed Wilcoxon test, p=0.125). (c) Relative Smn expression analysed by qRT-PCR 

(mean±SEM, n=3, two-tailed Wilcoxon test, ns). (d-i) NSC34 cells were transfected with siRNA for PTEN 

(siPTEN) or control (siCtrl) and differentiated. (d) Western blot analysis to determine PTEN and SMN levels. 

(e) Densitometric quantification of PTEN and (f) SMN compared to housekeeping (mean±SEM, n=5, two-

tailed Wilcoxon test, *p<0.05). (g) Relative Smn expression analysed by qRT-PCR (mean±SEM, n=3, two-

tailed Wilcoxon test, ns). (h) Staining of SMN and PTEN to evaluate the number of SMN-positive nuclear 

bodies (NBs). (i) Quantification of NBs (mean±SEM, n=3, multiple t-test, *p<0.05). 

 

Phosphorylation of SMN-S290 mimics PTEN inhibition or knockdown 

We have shown that the serine residue S290 of SMN prevented binding of PTEN. Here, we 

expressed the phospho-mimic SMN-S290D, the non-phosphoryable mutant SMN-S290A 

and SMN-FL, respectively, in NSC34 cells and analysed expression as well as localisation. 

Western blot analysis revealed that SMN-FL and SMN-S290A were expressed at similar 

levels whereas SMN-S290D showed significantly decreased expression levels (Fig. 3a,b). 

Moreover, endogenous SMN levels were unaffected. These expression patterns were also 

observed by fluorescence imaging in NSC34 cells (Fig. 3c). Although the measurements 

reflect steady-states, it can be concluded that SMN-S290D is unstable since all constructs 
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were expressed under the same promoter so that differential expression of the constructs 

might not have influenced the outcome.  

Therefore, we next analysed whether expression of the S290 mutants also impact on 

the formation of NBs. We expressed the three constructs and quantified NBs as above. 

SMN-FL and SMN-S290A expressing cells showed comparable numbers of NBs, but 

S290D expression strongly reduced the number of NBs (Fig. 3d). Intriguingly, SMN-S290D 

expression resulted in the same frequency distribution of NBs as upon PTEN inhibition or 

knockdown (Fig. 2j,k).  

Thus, our data suggest that SMN-S290 is a regulatory phosphorylation site for SMN 

that mediates PTEN binding, which in turn dephosphorylates the SMN protein at any other 

residue(s) leading to protein degradation and diminished formation of SMN-positive NBs. 

 

Figure 3: S290D mimics PTEN knockdown. (a) NSC34 cells were transfected with constructs coding for GFP-

tagged SMN-FL, SMN-S290D and SMN-S290A and analysed for expression via Western blot. (b) 

Densitometric quantification (mean±SEM, n=4, one-way ANOVA with Sidak post-test, ns). (c) Representative 

fluorescence images of NSC cells expressing SMN-FL, SMN-S290D or SMN-S290A. Scale bar 20 µm. (d) 

Quantification of nuclear bodies (mean±SEM, n=3, one-way ANOVA with Sidak post-test, **p<0.01).  
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4.4 Discussion 

 

In this study, we analysed the interaction of PTEN and SMN and found a novel endogenous 

interaction between both proteins. Additionally, we identified PTEN as a phosphatase for 

SMN using different genetic and pharmacological models in NSC34 cells. Intriguingly, 

PTEN knockdown or inhibition decreased SMN protein levels and NB numbers most 

probably due to phosphorylation changes.  

An equilibrium of SMN phosphorylation and dephosphorylation regulates SMN 

function and stability in a compartment-specific manner (Wu et al. 2011; Petri et al. 2007; 

Grimmler et al. 2005; Renvoise et al. 2012; Husedzinovic et al. 2014; Husedzinovic et al. 

2015). As such, phosphorylation by PKA accelerates SMN-complex accumulation, binding 

to Gemin2 and Gemin8 and stability (Burnett et al. 2009; Wu et al. 2011), whereas 

dephosphorylation by the nuclear phosphatase PPM1G/PP2Cγ leads to accumulation of the 

SMN complex in CBs (Petri et al. 2007). Similarly, we identified PTEN as a novel 

phosphatase for SMN in this study. PTEN depletion or pharmacological inhibition led to 

SMN hyper-phosphorylation concomitant with decreased NB numbers and SMN protein 

degradation but unaltered localisation. Additionally, we identified SMN-S290 as a 

regulatory residue determining PTEN binding. S290 was proposed to be a phosphorylation 

site for PKA (Burnett et al. 2009), but this could not be confirmed in other studies (Wu et al. 

2011). Our data propose that phosphorylation of SMN-S290 by any kinase prevents PTEN 

binding and PTEN-mediated dephosphorylation of SMN at any site leading to decreased 

SMN-complex formation and degradation (Fig. 4). Thus, our results further strengthen the 

previous findings that SMN oligomerisation and SMN-complex formation due to             

(de-)phosphorylation at distinct residues prevent SMN from being degraded by the 

proteasome (Burnett et al. 2009). 

 

Figure 4: Graphical summary. PTEN-mediated SMN dephosphorylation makes SMN more stable probably 

due to increased SMN-complex formation. Phosphorylation at SMN-S290 by any kinase or PTEN 

inhibition/knockdown prevents PTEN-mediated phosphorylation making SMN unstable resulting in 

degradation.  
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The data presented here propose that PTEN knockdown and inhibition have a negative 

impact on SMN stability. Conversely, AAV-mediated PTEN knockdown results in increased 

survival and β-actin restoration in motoneurons from SMNΔ7 mice (Ning et al. 2010). In the 

same mice, ameliorated NMJ pathology, motor performance and modestly prolonged 

lifespan has been observed (Little et al. 2015). Comparably, positive effects have been 

shown in motoneurons of SOD-G93A amyotrophic lateral sclerosis (ALS) mice (Kirby et al. 

2011), PTEN-deficient dopaminergic neurons of parkinsonian mice (Zhang et al. 2012; 

Diaz-Ruiz et al. 2009; Domanskyi et al. 2011) and in regeneration after spinal cord injury 

(Du et al. 2015; Zhou et al. 2015). These outcomes are mechanistically linked to the 

increased antiapoptotic role of the PI3K/Akt/mTOR pathway. In contrast, our results 

demonstrate that PTEN knockdown mimics SMA phenotypes in vitro. Moreover, we could 

not detect increased Akt phosphorylation (data not shown) neither upon PTEN knockdown 

nor inhibition, which is expected since PTEN antagonises the PI3K/Akt pathway. 

Nonetheless, we used an RNAi approach and differentiated cells compared to other studies 

showing increased viability of PTEN-depleted NSC34 cells (Kirby et al. 2011).  

In SMA mice, the antiapoptotic role of Akt may be the primary effect upon PTEN 

knockdown, but SMN levels have so far only been evaluated in skeletal muscle of SMNΔ7 

mice and were unaffected (Little et al. 2015). At later stages, the rescued mice had shorter 

tails and developed peripheral necrosis (Little et al. 2015), phenotypic hallmarks of several 

severe and intermediate SMA mouse models and of some SMA type I patients (Hsieh-Li et 

al. 2000; Hosseinibarkooie et al. 2016; Gavrilina et al. 2008; Bogdanik et al. 2015; Rudnik-

Schöneborn et al. 2010). Moreover, lifespan was only modestly increased (Little et al. 2015). 

This indicates that the antiapoptotic Akt features initially lead to better performance but that 

this effect cannot prevent SMA phenotypes at later stages. Still, it is unclear how PTEN 

knockdown in vivo influences SMN phosphorylation in neuronal tissue. Based on the results 

described in other studies (Ning et al. 2010; Little et al. 2015), it is possible that PTEN 

knockdown partially rescues cytoskeletal defects ameliorating NMJ pathology and muscle 

denervation as well as motor performance, but not splicing or cardiovascular defects 

resulting in necrosis.  

SMAΔ7 mice only express small amounts of SMN-FL, whereas the most prominent 

form is SMNΔ7. Since this truncated protein does not harbour the S290 residue, it is likely 

that SMNΔ7 is not affected by PTEN knockdown and quickly degraded. The lack of PTEN 

activity on SMN is a putative molecular mechanism for this instability. Thus, PTEN 

knockdown would not further deteriorate SMA phenotypes in a Smn
-/-

; Smn2 background. 
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Comparably, the other disease mouse models described above have a homozygous Smn1 

background. Even a reduction of SMN down to 50% (as the case seen in SMA carriers) does 

not lead to SMA (Lefebvre et al. 1997; Mailman et al. 2002). Additionally, symptomatic 

animals from ALS or parkinsonian mouse models are comparably old and have mature 

NMJs, which have been shown to be only sparsely affected by SMN depletion (Kariya et al. 

2014). Moreover, PTEN knockdown in the studies above was ~60% which may not have a 

significantly detrimental impact on SMN-FL stability as seen here upon 85% knockdown. It 

would thus be of importance to test the effects of PTEN knockdown in intermediate SMA 

mouse models which depend on SMN-FL amounts.  

Together, we here show that the beneficial effects observed in SMA models (Ning et 

al. 2010; Little et al. 2015) are SMN-dependent and that PTEN is a phosphatase for SMN 

regulating snRNP assembly and stability. Identification of residues which are 

dephosphorylated by PTEN and stabilise SMN will give further insight into protein function 

and post-translational modification and will be part of future studies. Identifying the 

responsible kinase(s) would thus display another putative target other than PTEN to increase 

SMN stability and function. 

 

4.5 Materials and methods 

 

Cell culture and transfection 

Motoneuron-like NSC34 cells (murine neuroblastoma x spinal cord hybrid cell line 

(Cashman et al. 1992)) were incubated at 37 °C in a humidified atmosphere with 5% CO2. 

Cells were maintained in DMEM (Gibco GlutaMAX) supplemented with 5% FCS, 

100 U mL
-1

 penicillin and 0.1 mg streptomycin. 18 h after seeding, medium was changed to 

low serum conditions (1% FCS). Cells were then transfected with plasmids or siRNAs using 

Lipofectamine2000 according to the manufacturer’s instructions and allowed to differentiate 

for three days. Antisense oligonucleotides were added in differentiation medium at 0.5 µM 

and cells were allowed to differentiate for three days. The PTEN inhibitor bpV(HOpic) 

(Enzo ALX-270-206-M005) was dissolved in DMSO added at 1 µM for indicated times in 

starvation medium (no FCS).  
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Plasmids and siRNAs 

The following siRNAs (Eurofins Genomics) against murine PTEN together with a 

scrambled control siRNA were used: siCtrl (GCGCAAAUAAACCGAAAGACA) and 

siPten (CCAGAGGCUAGCAGUUCAA).  

Constructs coding for human full length (aa1-294), deleted (aa1-239, aa235-294) or mutant 

(SMN-Y272C, SMN-T274I, SMN-S290A, SMN-S290D) SMN cloned into pEGFP-N2 were 

described previously (van Bergeijk et al. 2007; Nölle et al. 2011).  

 

Immunoprecipitation 

Cells were washed with PBS and lysed in IP buffer (25 mM Tris-HCl pH 7.5, 137 mM 

NaCl, 1% (v/v) IGEPAL, 10% (v/v) glycerol) for 30 min on ice. The lysate was passed 5 

times through a 21 gauge needle and clarified by centrifugation at 4° C at 15,000 rpm for 

20 min. About 200 µg of protein were incubated with 1 µg of rabbit α-p-

PTEN(S380/T382/T383) (Santa Cruz sc-101789, LOT D0113)  or recombinant IgG 

overnight at 4° C under gentle rotation. 15 µL of Dynabeads protein A (Invitrogen) was 

added for 1 h at 4° C rotating and beads were washed once with IP buffer and twice with 

PBS. Samples were boiled in Lämmli buffer for 5 min and used directly for Western blot 

analysis. 

 

Isoelectric focussing 

Isoelectric focussing (IEF) was carried out with the ZOOM kit (Invitrogen) following the 

manufacturer’s instructions. In brief, cells were lysed in ZOOM Solubilizer 1 buffer 

containing protease inhibitors (Roche), chilled on ice for 10 min and sonicated at 50% 

power for 5 rounds under cooling. The lysates were clarified by centrifugation at 4 °C at 

15,000 rpm for 20 min. Strips (pH 4-7) were rehydrated at RT overnight in a total volume of 

155 µL containing 14.4 µL of sample, 138 µL ZOOM Solubilizer 1, 1.6 µL 1 M DTT, 1 µL 

Carrier Ampholytes and some bromophenol blue. IEF was carried out discontinuously: 200 

V for 20 min, 450 V for 15 min, 750 V for 15 min and 2000 V for 105 min. The strips were 

incubated in 2x Lämmli buffer (125 mM Tris-HCl pH 6.8, 140 mM SDS, 20 mM DTT, 20% 

glycerol (v/v) and 0.03 g bromophenol blue) and directly used for SDS-PAGE. Shrimp 

alkaline phosphatase (SAP) control lysates were treated with 1 U SAP for 30 min at 37 °C 

prior to IEF. 
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Western blot analysis 

Cells were washed with PBS, scraped into RIPA buffer containing protease and phosphatase 

inhibitors (Roche) and allowed to chill on ice for 20 min (Claus et al. 2003). Afterwards, 

lysates were sonicated and clarified by centrifugation (15,000 rpm, 20 min, 4 °C). Protein 

concentration was determined with the BCA Assay (Thermo Scientific). Equal amounts of 

protein were dissolved in Lämmli buffer and separated by 12.5% SDS-PAGE. Protein was 

subsequently blotted onto a nitrocellulose membrane for 1 h at 120 V in the cold. Primary 

antibodies were: rabbit α-PTEN (Cell Signaling #9552S, LOT 0003, 1:1000), mouse α-SMN 

(BD Bioscience 610647, LOT 4157975, 1:4000) and mouse α-α-tubulin (Santa Cruz sc-

32293, LOT D0814, 1:4000), rabbit α-CK2α (Santa Cruz sc-365762, LOT B0212, 1:1000), 

mouse α-GAPDH (Millipore MAB374, LOT 2571583, 1:4000) and mouse α-GFP (Roche 

11814460001, LOT 14442000, 1:4000). HRP-conjugated secondary antibodies (GE 

Healthcare, 1:4000) were used for visualisation by chemiluminescence imaging using the 

Immobilon reagent (Millipore) or the SuperSignal
®

 West Femto Substrate (Thermo 

Scientific). Densitometric analysis was performed with the LabImage 1D software (Kapelan, 

Leipzig, Germany). Relative band intensities were calculated from bands of the same blot. 

Other targets were analysed on the same blot after stripping of the membrane (62 mM Tris-

HCl pH 6.8, 2% SDS and 0.7% β-ME) for 30 min at 50° C). Cropped blots are indicated in 

the figure legends. Uncropped blots are shown in the supplementary material.  

 

Quantitative reverse-transcription PCR 

1 µg of RNA was mixed with 0.5 µL of Random Hexameres (Invitrogen) in a total volume 

of 12 µL and incubated at 70° C followed by rapid cooling. Afterwards, reverse transcription 

was carried out in a total volume of 40 µL containing 5x FS buffer (Invitrogen), 200 U M-

MLV-transcriptase (Invitrogen), 40 U RNase-inhibitor (Agilent), 0.02 µmol dNTPs 

(Invitrogen) and 0.4 µmol DTT (Invitrogen) at 42° C for 90 min. The enzyme was 

inactivated by heating for 15 min at 70° C. For qRT-PCR 5 µL of diluted cDNA (1:100), 

7 µL of Power SYBRgreen reaction mix (Applied Biosystems) and 2 µL of primers 

(1.75 µM each) were mixed in a 96-well MicroAmp reaction plate (Applied Biosystems). 

qRT-PCR was performed using the StepOnePlus-thermocycler (Applied Biosystems) with 

the following programme: 10 min 95° C for initiation, 40 amplification cycles (15 s 95° C 

and 60 s 60° C) and recording of melting curves. Primer specifity was verified by melt curve 

analysis and agarose gel electrophoresis. Primers used for qRT-PCR (Eurofins MWG 

Operon) against murine Smn were Smn-Fwd (CCCTGGTCGACAAGAACAGAC) and 
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Smn-Rev (ACGCTCTGCTGCTGACTTAGG) (Accession number NM_011420.2). As 

known to be stably expressed from earlier experiments, Hprt1 was used as reference gene 

(Schiff et al. 2009). CT values were determined with the StepOne-software V2.1 using a 

cycle threshold of 0.2. CT values of technical duplicates had to be smaller equal 0.4 cycles 

and quantification was performed using the 2
-ΔΔCT

 method (Schmittgen and Livak 2008).  

 

Immunocytochemistry 

Cells were washed with PBS and fixed with 4% PFA for 10 min. Afterwards cells were 

permeabilised with 1% (v/v) Triton X-100 and 4% (v/v) NGS in PBS for 20 min at RT. 

Primary antibodies in PBS containing 1% (v/v) NGS were added for 1 h at room 

temperature or overnight at 4 °C. Primary antibodies were: rabbit α-PTEN (Cell Signaling 

#9552S, LOT 0003, 1:500) and mouse α-SMN (BD Bioscience 610647, LOT 4157975, 

1:1000). Alexa-coupled secondary antibodies (Invitrogen, 1:500) in PBS containing 1% 

horse serum were added for 1 h at RT. DAPI in PBS was added for 5 min at room 

temperature. Cells were mounted in Prolong Gold (Life Technologies).  

 

Microscopy and evaluation of images 

Confocal images were taken using a Leica TCS SP2 equipped with an oil immersion 

objective HCX PL APO BL (63x, numeric aperture 1.4) with Leica acquisition software. 

Background reduction, brightness and contrast adjustment were performed over the whole 

image and kept equal for all images. Co-localisation was analysed within the indicated ROIs 

using the Intensity Correlation Analysis plugin for ImageJ with default parameters after 

global background reduction (rolling ball method, radius 50 pixels) to determine product of 

the differences of the mean (PDM) values.  

Epifluorescence images were taken with an Olympus BX60 upright fluorescence 

microscope with an Olympus XM10 colour view camera and Olympus Cell Sense software.  

 

Counting of nuclear bodies 

Ten randomly picked images per coverslip were taken and percentages of cells with 

indicated numbers of nuclear bodies were determined. Values from technical replicates were 

averaged and set as one biological replicate.  
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Statistics 

Statistical analyses were carried out using the GraphPad Prism 6 software (La Jolla, CA, 

USA). Numbers of biological replicates and tests performed are stated in the figure legends. 

Results were considered as significant if p < 0.05.  
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5 General discussion 

 

It has taken two decades from the identification of the SMA-determining gene SMN1 in 

1995 (Lefebvre et al. 1995) to the development of auspicious treatment strategies including 

gene therapy, administration of small molecules or ASOs preventing exon 7 skipping to 

increase SMN levels. Most promising to date is the first New Drug Application for the ASO 

named Nusinersen (Chiriboga et al. 2016; Haché et al. 2016; Finkel et al. 2016) by the U.S. 

Food and Drug Administration (FDA) (Biogen press-release October 28
th

 2016). Within this 

time, a lot of knowledge has been gained in explaining the pathologic mechanisms 

underlying SMA, but the understanding of the devastating disease is still not complete and 

SMA can yet not be cured. Besides its role in snRNP assembly and pre-mRNA splicing, 

SMN is an important regulator of the actin cytoskeleton. In particular, SMN depletion 

results in hyperactivation of the RhoA/ROCK pathway (Bowerman, Shafey, and Kothary 

2007; Nölle et al. 2011), a major player in actin dynamics (Da Silva et al. 2003). 

Consequently, cytoskeletal defects are observed in SMA involving guidance and outgrowth 

defects, but mechanistic insight upstream of RhoA/ROCK is still poor. Therefore, this study 

has aimed at studying molecular mechanisms leading to cytoskeletal defects observed in 

SMA by transcriptome profiling (manuscript I). For that approach, SMN was depleted in 

NSC34 cells since this cell line has been well established in previous studies (Nölle et al. 

2011; Hensel et al. 2012; Hensel et al. 2014) and is well suited for neurite extension and 

transcriptome analyses compared to primary cultures (e.g. primary motoneurons, which only 

account for few cells in the whole culture). Between the TOP10 hits of GSEA, CALCIUM 

SIGNALLING PATHWAY and METABOLIC PATHWAYS were the most prominent deregulated 

pathways. Indeed, it has been described that calcium channel clustering, calcium 

homeostasis and excitability are disturbed in axon terminals in SMA (Jablonka et al. 2007; 

Ruiz et al. 2010; Torres-Benito et al. 2012). Additionally, metabolic disturbances have been 

described for SMA, e.g. glucose or fatty acid metabolism (Bowerman et al. 2012b; Crawford 

et al. 1999). Regarding the main hypothesis to find de-regulated transcripts involved in 

axonal guidance and NMJ maturation, the GOs CYTOSKELETON and CELL PROJECTION were 

selected. It has been found that transcripts of axonal guidance receptors/cues involving 

members of the plexin, ephrin and slit families are down-regulated upon SMN knockdown. 

Additionally, small GTPases acting downstream of the receptors are aberrantly transcribed. 

This indicates that interplay of a broad range of aberrantly expressed molecules may be 

involved in RhoA/ROCK hyperactivation. Since proteins but not mRNAs are the executing 
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biomolecules here, protein level and phosphorylation status as one marker for its activity had 

to be analysed in further experiments. This has been performed for plexinD1 in manuscript 

II.  

PlexinD1 is a cell surface receptor for soluble class 3 semaphorins (Semas) and 

widely expressed in the central nervous system, epithelial cells of the cardiovascular system 

and some immune cells with roles in axonal pathfinding, control of monosynaptic specificity 

of reflex arcs and vascularisation (Oh and Gu 2013). Since these processes are all associated 

with symptoms observed in SMA and plexins use, amongst others, ROCK as signalling 

molecule (Kruger, Aurandt, and Guan 2005), this receptor has been chosen as valuable 

target for following constructive functional experiments. Manuscript II describes that 

plexinD1 is cleaved by MPs in SMN-depleted NSC34 cells. This fragmentation changes the 

Sema3E-induced effect on growth cones from attraction to repulsion in SMA cells (Fig. 4a). 

Furthermore, the intracellular cleavage product localises to actin rods (Fig. 4b). Importantly, 

all three findings are at least partially rescued by treatment with the broad-range MP 

inhibitor Batimastat (BB-94). These results suggest that plexinD1 signalling represents an 

important node not only explaining cytoskeletal dysregulation (Rossoll et al. 2003; 

Bowerman, Shafey, and Kothary 2007; Nölle et al. 2011; van Bergeijk et al. 2007) but also 

impaired monosynaptic reflex arcs (Mentis et al. 2011; Imlach et al. 2012; Gogliotti et al. 

2012) or cardiovascular defects (Somers et al. 2016). It is thus the aim of future 

investigations to find the link between SMN and plexinD1 cleavage. Furthermore, it is part 

of ongoing studies to evaluate whether rescue of plexinD1 cleavage and altered signal 

transduction by MP inhibition could ameliorate neurite outgrowth defects (in vitro and in 

vivo), NMJ maintenance and muscle denervation, elevate monosynaptic specificity in the 

motosensory system and also improve cardiac malformation as well as ear and tail necrosis 

in SMA mice. A promoting role of semaphorin-mediated signalling for NMJ retraction has 

furthermore been shown in SOD
G93C 

ALS mouse models. It has been described that terminal 

Schwann cells surrounding NMJs show increased Sema3A expression, a repulsive ligand for 

neuropilin-1 (NRP1) and class A plexins, and that retrograde Sema3A-plexinA signal 

transduction at these synapses is discussed as a possible mechanism of muscle denervation 

prior to motoneuron death (De Winter et al. 2006). Furthermore, administration of NRP1 

blocking antibodies slightly increased lifespan and muscle innervation in the same mice 

(Venkova et al. 2014). Thus, correction of semaphorin-mediated signalling further supports 

the rationale for a use of MP inhibitors in SMA. Since no clinically approved MP inhibitor is 

available at the moment (Cathcart, Pulkoski-Gross, and Cao 2015), the identification of the 
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responsible MP(s) is a critical step for that approach allowing the use of more specific 

inhibitors or genetic knockdown/knockout models. A first hint gives the transcriptome data 

(manuscript I) revealing that transcripts of some MPs are aberrantly transcribed. This data 

narrows the number of putative MPs to an overseeable set of targets to start with.  

 The most intriguing result has been the coincident identification of the elongated 

structures as actin rods in different SMA models at early symptomatic and symptomatic 

stages. Actin rods are stress-induced actin-containing structures saturated with cofilin 

thereby differing from F-actin (Minamide et al. 2010; Nishida et al. 1987). Initially 

neuroprotective, actin rods become irreversible when the stress persists (Bernstein et al. 

2006). Actin rods have so far only been described in Alzheimer’s disease (Minamide et al. 

2000), but are also discussed to be a general pathological feature of neurodegeneration (e.g. 

Parkinson’s disease, Huntingtons’s disease or ALS) and are linked to increased oxidative 

stress and putatively disturbed cytoskeletal regulation (Bamburg and Bernstein 2016). For 

instance, actin rods link SMA to ALS and congenic myopathies. Profilin is hypothesised to 

be involved in actin rod dissociation (Munsie and Truant 2012). Since profilin2a has been 

shown to be dysregulated in SMA (Bowerman, Shafey, and Kothary 2007; Bowerman et al. 

2009; Nölle et al. 2011) and loss-of-function mutations in profilin1 are genetic determinants 

for some ALS cases (Wu et al. 2012), a functional link can be drawn between both diseases. 

Evaluation of the existence of actin rods in ALS would push ahead our understanding about 

the involvement of the cytoskeleton in neurodegeneration. Additionally, nemaline bodies 

(rods) in nuclei of muscle cells have been described and characterised in some congenic 

myopathies (Domazetovska et al. 2007; Vandebrouck et al. 2010) also linking SMA to this 

disease. Recent studies have shown that intranuclear actin rods alter chromatin structures 

and prevent binding of RNA polymerase II (Serebryannyy et al. 2016a; Serebryannyy et al. 

2016b). It is thus likely that intranuclear actin rods also alter transcription in SMA and that 

this effect contributes to SMA pathogenesis.  

Actin rod formation is favoured when the neuron’s environment (extra- and/or 

intracellular) is oxidative and when cofilin is hyperactive (Bamburg and Bernstein 2016). 

Both factors are fulfilled in SMA promoting the assembly of actin rods in this disease. 

Speculating that MP-mediated plexinD1 cleavage is responsible for (i) increased oxidative 

stress due to reduced vascularisation (Somers et al. 2016), (ii) elevated cofilin activity (Nölle 

et al. 2011) and that (iii) inhibition of plexinD1 cleavage results in diminished actin rod 

numbers, MP inhibition may not only display a novel strategy to prevent plexinD1-mediated 

outcomes but also reduce actin rod formation.  
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Plexin signalling has extensively been studied showing that the phosphatase PTEN is 

a major downstream effector. Analysis of growth cone collapse upon semaphorin treatment 

in cultured hippocampal neurons (Oinuma et al. 2010) or dorsal root ganglia (Chadborn et 

al. 2006) has revealed that the small GTPase R-Ras is regulated through plexin’s GAP 

domain, which is conserved and differently regulated among plexin subfamilies (Uesugi et 

al. 2009). Once the ligand has bound, R-Ras and its downstream effector casein kinase-2α 

(CK2α) are inactivated, so that PTEN is not further phosphorylated and therefore activated 

(Oinuma et al. 2010). PTEN activation via the plexin/R-Ras/CK2α cascade in turn results in 

elevated hydrolysis of phosphatidylinositol(3,4,5)-triphosphate (PIP3) to 

phosphatidylinositol(4,5)-bisphosphate (PIP2) further promoting growth cone collapse via 

the phosphatidylinositol(3)-kinase/Akt/glycogen synthase kinase-3β (PI3K/Akt/GSK3β) axis 

(Arevalo and Rodríguez-Tébar 2006; Chadborn et al. 2006). Hence, PTEN is a negative 

regulator of growth cone integrity (Fig. 4a).  

 

Figure 4: Comprehensive overview of the results in this study. (a) PlexinD1 cleavage by metalloproteases 

changes its signalling properties upon Sema3E activation in SMA. Plexins use leukaemia-associated RhoGEF 

(LARG) as activating molecule for the RhoA/ROCK pathway to regulate actin dynamics in the growth cone. 

Furthermore, plexins activate PTEN via R-Ras and casein kinase-2α (CK2α) inactivation. PTEN is then an 

antagonist of the PI3K/Akt/GSK3β pathway leading to growth cone collapse. Activation is indicated by black 

arrows, inhibition by red arrows. (b) The intracellular plexinD1 cleavage product binds to intranuclear and 
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cytoplasmic actin rods in SMA whose formation may be triggered by reactive oxygen species (ROS).            

(c) PTEN dephosphorylates and stabilises SMN. PTEN binds to the C-terminus of SMN and dephosphorylates 

the protein at another residue. Upon PTEN depletion, SMN is not dephosphorylated and degraded.  

 

It was thus the aim of this study to investigate the relationship between PTEN and SMN. 

Manuscript III describes a regulatory interaction between SMN and PTEN, in which the 

latter one dephosphorylates SMN and thereby negatively regulates SMN’s stability and 

nuclear body numbers (Fig. 4c). This finding opens new strategies to regulate SMN’s 

stability and function pharmacologically by changing phosphorylation. So far, little is 

known about SMN’s functional regulation by post-translational modification. Furthermore, 

only some phosphatases and kinases acting on SMN have been described. Using large scale 

siRNA libraries against human phosphatases, PTEN has not been identified in this approach 

to alter the formation of SMN-positive nuclear bodies (Husedzinovic et al. 2015), probably 

since data were below the threshold set in this study. Here, PTEN is documented as a 

phosphatase for SMN as determined by co-immunoprecipitation and isoelectric focussing 

upon PTEN inhibition and knockdown. Furthermore, the determination of the respective 

phospho-sites using mass spectrometry is ongoing. Having those identified, the role of these 

residues in stability, snRNP assembly and axonal localisation will be analysed. Interestingly, 

phosphorylation at SMN’s residue S290 prevents PTEN binding and the phosphomimic 

SMN-S290D shows the same stability kinetics as endogenous SMN upon PTEN inhibition 

or knockdown indicating that SMN dephosphorylation at any residue is important for 

stability. SMNΔ7, the main SMN isoform in SMA patients, lacks the last 16 C-terminal 

residues and this truncated form of SMN is unstable, but the mechanism of degradation is 

still not completely understood (Lefebvre et al. 1997; Vitte et al. 2007; Burnett et al. 2009). 

Taking into consideration that SMNΔ7 also lacks the critical residue S290, it can be 

assumed that PTEN does not bind and dephosphorylate SMNΔ7 thus promoting 

degradation. In other words, the stability of SMN requires a proper dephosphorylation by 

PTEN. Testing this hypothesis is body of ongoing experiments.  

Elevated SMN degradation upon PTEN knockdown gives additional mechanistic 

insight into the function of PTEN as combinatorial pharmacological target for SMA. It has 

been shown that systemic increase of SMN is more effective than central nervous system-

restricted elevation (Hua et al. 2011). Additionally, treatment should occur as early as 

possible (i.e. pre- or early symptomatic) to ameliorate symptoms since age at first dose is a 

determinant of treatment success depending on how far disease has already progressed 

(Kariya et al. 2014). Besides simply increasing SMN levels, the natural history of each 



 

78 

 

patient (SMN2 copy number, genetic modifiers, age at symptomatic onset, progression of 

loss of muscle function) may play a huge role in treatment efficacy (Swoboda et al. 2005). 

Indeed, outliers have been described in clinical trials analysing the natural progression of 

SMA type II and III patients (Mercuri et al. 2016). Thus, SMN-independent therapeutics for 

combinatorial treatment strategies are needed, e.g. to stabilise NMJs and prevent muscle 

denervation, to treat cardiac problems and peripheral necrosis or to target mitochondrial 

defects. Such combinatorial therapies are acceptable when (i) there is a rationale use, (ii) an 

additive/synergistic effect is expected and (iii) the benefit is greater than the risk due to side 

effects/adverse events (Humphrey et al. 2011). In the context of SMA, PTEN knockdown 

ameliorated phenotypes including the restoration of axonal β-actin in cultured motoneurons 

as well as mice of a severe SMA mouse model (Ning et al. 2010; Little et al. 2015). It is 

discussed that increased PIP3 levels upon PTEN knockdown favour the activation of the 

antiapoptotic PI3K/Akt/mTOR pathway and prevent further progression of the disease 

(Little et al. 2015). Notably, mTOR activity has been found to be less active in SMA due to 

altered miRNA expression that regulates mTOR (Kye et al. 2014). Nonetheless, when 

treatment A is upregulation of SMN by the use of ASOs, small molecules or by gene therapy 

and treatment B is PTEN knockdown, which in turn destabilises SMN, the rationale use is 

not further justified. Moreover, it is not completely known whether benefits are greater than 

risks due to PTEN depletion. Though negative effects of PTEN depletion in the adult central 

nervous system have not been described (Gutilla and Steward 2016), PTEN mutations result 

in abnormalities in the developing brain and increase the predisposition to develop mental 

retardation, macrocephaly, ataxia and seizures (McBride et al. 2010; Backman et al. 2001). 

Additionally, subtle changes in PTEN increase the susceptibility of tumourigenesis 

(Alimonti et al. 2010). Therefore, PTEN modulation may be safe to treat Parkinson’s disease 

or spinal cord injury (Zhang et al. 2012; Diaz-Ruiz et al. 2009; Domanskyi et al. 2011; Du et 

al. 2015; Zhou et al. 2015), but may have deleterious side effects greater than benefaction in 

young SMA patients. Hence, it is necessary to carefully test the results presented by others 

and the data described here in an intermediate SMA mouse model and to evaluate whether 

treatment B negatively interacts with treatment A in vivo. Since the use of an ASO 

preventing exon 7 skipping is already part of generating an intermediate SMA mouse model 

(Hosseinibarkooie et al. 2016), which has also been used in manuscript II here, this mouse 

model seems most suitable for the investigations.  

As concluding remark, the data presented here provide potential for novel SMN-

dependent strategies (modification of SMN function and stability via phosphorylation) and 
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SMN-independent strategies (use of MP inhibitors correct altered plexinD1 signalling in the 

central nervous as well as cardiovascular systems) to treat SMA.  
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