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Summary 

Lisa Marie Walter 

Dynamics and regulation of the actin cytoskeleton in the motoneuron disease Spinal 

Muscular Atrophy (SMA) 

 

Spinal Muscular Atrophy (SMA) is a neurodegenerative disease characterized by the 

progressive loss of lower motoneurons in the spinal cord and brainstem. Patients suffer from 

proximal muscle weakness and later atrophy leading to death in childhood in the most severe 

cases. Besides motoneurons as the primary pathological targets, other peripheral tissues such 

as skeletal muscle are affected as well. SMA is a monogenic disease caused by the homozygous 

deletion or mutation of the SMN1 gene. However, it still remains elusive why motoneurons are 

particularly susceptible to the loss of the ubiquitously expressed Survival of motoneuron (SMN) 

protein. Several findings support the hypothesis that the actin cytoskeleton plays a crucial role 

in the disease. SMN directly interacts with the actin-binding protein profilin2 and its loss results 

in profilin2 hyperphosphorylation. However, it has not been investigated yet which kinases may 

be involved and how phosphorylation of profilin2 affects its functions. Another link to the 

involvement of the actin cytoskeleton in SMA has been found by the discovery of actin rods in 

several cellular and mouse SMA models. Transient formation of these structures is beneficial 

for the cell under stress conditions. However, their persistence was reported to contribute to 

disease pathogenesis in Alzheimer and Huntington disease patients. Little is known about 

signaling pathways leading to actin rod formation in SMA and their role in motoneuron 

degeneration.  

 

The aim of this study was to characterize profilin2 hyperphosphorylation and actin rod 

formation in SMA to advance our understanding about the contribution of actin cytoskeleton 

dysregulation in motoneuron pathogenesis. Moreover, we wanted to analyze muscle-intrinsic 

pathways and their potential as therapeutic targets to alleviate muscle pathogenesis. 

 

In our first study, we analyzed the composition of actin rods in SMN-depleted cells by LC-MS-

based proteomics. We found an enrichment of proteins involved in several pathways essential 

for cellular function. Additionally, profilin2 binds to actin rods. Further analysis revealed a 

contribution of profilin2 and its upstream kinase RhoA-associated coiled-coil kinase (ROCK) 

in actin rod formation in SMA.  
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In the second part of this dissertation, we assessed the impact of single-site phosphorylation of 

profilin2 on its binding properties to its interaction partners actin, proteins with poly-L-proline 

(PLP)-stretches and phospholipids such as phosphatidylinositol (4,5)-bisphosphate (PIP2). 

Profilin2 phosphorylation on specific amino acid residues acts in a switch-like mechanism 

differentially regulating its affinity to each interaction partner.  

 

In the third study, we investigated the binding properties of profilin2 under control and SMN 

knock-down conditions. It has been found that profilin2 has an enhanced affinity for PLP when 

SMN is depleted. As profilin2 interacts specifically with synaptic PLP-proteins, this finding 

indicates an involvement in impaired neurotransmitter homeostasis in SMA. Moreover, we 

identified several kinases and a phosphatase which target profilin2 directly or indirectly.  

 

In the fourth part, we found a muscle-intrinsic defect in the glucocorticoid (GC)-Krüppel-like 

factor 15 (KLF15)-branched chain amino acid (BCAA) axis in SMA mice. Addressing this 

pathway by perinatal administration of the GC prednisolone or genetic intervention by 

overexpressing KLF15 attenuates the disease phenotype. Moreover, dietary intervention by 

supplementing BCAAs in symptomatic SMA mice prolongs survival and enhances weight gain.  

 

In conclusion, the results of this dissertation show novel potential avenues for treatment 

strategies in combination with a SMN-enhancing drug which may help to attenuate the disease 

phenotype. Targeting profilin2 hyperphosphorylation may be a promising candidate to improve 

motoneuron pathogenesis. Muscle-intrinsic perturbations may be addressed pharmacologically 

with GCs or by dietary intervention with BCAAs.  
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Zusammenfassung 

Lisa Marie Walter 

Dynamiken und Regulation des Aktin-Zytoskeletts in der Motoneuronerkrankung 

Spinale Muskelatrophie (SMA) 

 

Die Spinale Muskelatrophie (SMA) ist eine neurodegenerative Erkrankung, die vorwiegend im 

Kindesalter auftritt und im schwersten Verlauf zum frühzeitigen Tod führt. Die Krankheit ist 

durch die progressive Degeneration der unteren Motoneurone im Rückenmark und Hirnstamm 

gekennzeichnet, welches eine proximale Muskelschwäche und Muskelatrophie verursacht. 

Obwohl Motoneurone primär betroffen sind, weisen auch periphere Organe, wie der 

Skelettmuskel, intrinsische Defekte auf. SMA ist eine monogenetische Erkrankung, die durch 

die homozygote Deletion oder Mutation des SMN1 Gens hervorgerufen wird. Dennoch ist 

bisher nicht bekannt, weshalb der Mangel des ubiquitär exprimierten Survival of motoneuron 

(SMN) Proteins speziell zur Degeneration der Motoneurone führt. Mehrere Studien deuten 

darauf hin, dass das Aktin Zytoskelett eine wichtige Rolle bei der Erkrankung spielt. Das SMN 

Protein interagiert mit dem Aktin-bindenden Protein Profilin2, welches unter SMA-

Bedingungen hyperphosphoryliert vorliegt. Allerdings ist bisher unklar, welche Kinasen an 

diesem Prozess beteiligt sind und welchen Einfluss die Phosphorylierung von Profilin2 auf 

dessen Funktionen ausübt. Ein weiterer Hinweis, der für die Beteiligung des Aktin Zytoskeletts 

bei der SMA spricht, ist die Entdeckung von actin rods in mehreren Zell- und Mausmodellen 

der SMA. Die Bildung dieser Strukturen dient der Zelle, um unter Stressbedingungen zu 

überleben. Allerdings zeigte sich, dass als Aggregate persistierende actin rods, die nicht 

abgebaut werden, zur Pathologenese von neurodegenerativen Erkrankungen wie Alzheimer 

oder Huntington beitragen. Bislang ist wenig bekannt, über Signalwege, die beim Aufbau der 

actin rods in SMA involviert sind, oder welche Rolle diese Strukturen bei der 

Motoneurondegeneration spielen.  

 

Das Ziel dieser Studie war die Charakterisierung der Hyperphosphorylierung von Profilin2 und 

der actin rods. Dies sollte dazu beitragen, unser Verständnis, ihrer Funktionen bei der SMA 

Pathogenese, zu verbessern. Zusätzlich war das Ziel, muskel-intrinsische Defekte zu 

identifizieren und therapeutisch zu adressieren.  

 

In dem ersten Teil der Studie wurde die Zusammensetzung der actin rods mittels LC-MS-

basierter Proteomik analysiert. Hier wurden zahlreiche Proteine identifiziert, die an Prozessen 
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beteiligt sind, die essentiell für die Funktion der Zelle sind. Zusätzlich fanden wir Profilin2 an 

actin rods gebunden. Weitere Untersuchungen ergaben, dass sowohl Profilin2 als auch dessen 

Kinase RhoA-associated coiled-coil kinase (ROCK) an der Bildung der actin rods beteiligt sind.  

 

Im zweiten Part untersuchten wir den Effekt der Phosphorylierung einzelner Aminosäurereste 

von Profilin2 auf dessen Bindung an die Interaktionspartner Aktin, Proteinen mit Poly-L-

Prolinen (PLP)-Bereichen und Phospholipiden wie Phosphatidylinositol (4,5)-bisphosphat 

(PIP2). Phosphorylierung von Profilin2 an spezifischen Resten wirkt als regulatorischer 

Schalter, um bestimmte Interaktionen differenziell zu modulieren.  

 

In der dritten Teilstudie analysierten wir weitergehend die Bindungseigenschaften von Profilin2 

unter Kontroll- und SMA-Bedingungen. Unter Verlust des SMN Proteins bindet Profilin2 

stärker an PLP. Da Profilin2 spezifisch mit synaptischen PLP-Proteinen interagiert, deutet 

dieses Ergebnis darauf hin, dass die veränderten Bindungseigenschaften zur gestörten 

Neurotransmitterhomöostase in der SMA beitragen. Des Weiteren identifizierten wir mehrere 

Kinasen und eine Phosphatase, die direkt oder indirekt an der Phosphorylierung von Profilin2 

beteiligt sind.  

 

Im vierten Teil zeigten wir eine muskel-intrinsische Dysregulation der Glukokortikoid-

Krüppel-like factor 15 (KLF15)-verzweigtkettige Aminosäure Signalachse in SMA Mäusen. 

Die Behandlung von perinatalen SMA Mäusen mit dem Glukokortikoid Prednisolon oder die 

genetische Intervention durch Überexpression von KLF15 verbessert den Krankheitsphänotyp. 

Zudem stellten wir über die Zugabe von verzweigtkettigen Aminosäuren ins Futter der SMA 

Tiere einen positiven Effekt auf ihr Überleben und ihre Gewichtszunahme fest. 

 

Zusammenfassend zeigen die Ergebnisse dieser Dissertation potentielle therapeutische Wege 

auf, um spezifische Defekte in der SMA zu adressieren. Zum einen könnten Medikamente, die 

auf die Normalisierung der Profilin2 Phosphorylierung abzielen, zur Linderung des 

Motoneuron Phänotyps beitragen. Muskel-intrinsische Defekte wiederum könnten über 

pharmakologische oder diätische Behandlungen mit Glukokortikoiden bzw. verzweigtkettigen 

Aminosäuren behandelt werden.  
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1 General introduction 

 

1.1 The neurodegenerative disease Spinal Muscular Atrophy (SMA) 

Spinal Muscular Atrophy (SMA) is a progressive neuromuscular disease primarily affecting 

children. It is characterized by a degeneration of α-motoneurons in the ventral horn of the spinal 

cord and brain stem leading to muscle weakness and later muscle atrophy of mainly proximal 

muscles. In a severe form, patients die due to respiratory failure (D'Amico et al., 2011). SMA 

was considered a pure motoneuron disease for a long time, however an increasing number of 

recent studies have demonstrated structural and functional deficiencies in a plethora of 

peripheral organs, e.g. skeletal muscle, heart, liver and the lymphatic, bone and reproductive 

systems, rendering it a multi-organ disease (Martinez-Hernandez et al., 2009; Bevan et al., 

2010; Poruk et al., 2012; Nash et al., 2016; Ottesen et al., 2016; Szunyogova et al., 2016; 

Thomson et al., 2017). In line with that, SMA patients suffer from metabolic perturbations such 

as an altered glucose or fatty acid metabolism (Dahl & Peters, 1975; Crawford et al., 1999; 

Bowerman et al., 2012b). Among the afflicted peripheral tissues, the skeletal muscle plays a 

special role as this organ is directly affected by motoneuron denervation and additionally shows 

intrinsic defects delaying proper muscle development independent from its innervation (Boyer 

et al., 2014).  

 

SMA is classified as a rare disease with a prevalence of 1-2 per 100,000 persons and an 

incidence of about 1 in 12,000 live births (Verhaart et al., 2017) . Patients are divided into five 

different SMA subtypes depending on severity and age of disease onset (Munsat & Davies, 

1992; MacLeod et al., 1999; D'Amico et al., 2011). The most severe form, SMA type 0, has a 

prenatal onset with severe weakness at birth and a very short survival time (MacLeod et al., 

1999). About 50% of the affected infants are diagnosed with SMA type I, also called Werdnig-

Hoffmann disease, which has an onset of about 6 months (D'Amico et al., 2011). SMA type I 

patients are never able to sit unaided and die within the first two years of their life, if no 

intervention is provided. The intermediate SMA type II patients develop first symptoms of the 

disease within 7 to 18 months and they are able to sit without support, but never able to walk 

independently. The lifespan of type II patients is very diverse, often ranging into adulthood. 

Patients suffering from the mild SMA type III (Kugelberg-Welander disease) have a normal 

lifespan, but are very heterogenous in their clinical manifestation. Normally, they achieve all 

major milestones including walking independently before disease onset after more than 18 

months. Some patients lose the ability to walk during disease progression, while others show 
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only minor muscle weakness. The adult SMA type IV patients develop first symptoms in their 

2nd or 3rd decade of life and show typically a mild disease course (D'Amico et al., 2011).  

 

 

1.2 Genetic background of SMA 

SMA is the most common autosomal recessive disorder leading to death at children’s age 

(Wirth, 2000). It is caused by a lack of the Survival of motoneuron (SMN) protein which is 

encoded by the two homologous genes SMN1 and SMN2 on chromosome 5 (Brzustowicz et al., 

1990; Melki et al., 1990; Lefebvre et al., 1995; Coovert et al., 1997; Lefebvre et al., 1997). 

Both genes are more than 99% identical in their primary sequence and differ in only five 

nucleotides (Lefebvre et al., 1995; Monani et al., 1999). All five point mutations in SMN2 are 

translationally silent (Monani et al., 1999). However, a C- to T-transition in exon7 prevents the 

inclusion of this exon in the majority (̴ 90%) of transcripts (Lorson et al., 1999; Monani et al., 

1999). SMN protein lacking exon 7 (SMNΔ7) shows diminished oligomerization and reduced 

complex formation rendering it a highly unstable protein which is degraded rapidly (Lorson et 

al., 1998; Burnett et al., 2009; Cho & Dreyfuss, 2010). Thus, under healthy conditions, most 

full-length SMN protein (SMN-FL) is produced from SMN1 and only a low amount from SMN2 

(Lefebvre et al., 1995). Accordingly, only a loss of the SMN1 gene correlates with SMA 

development (Lefebvre et al., 1995). The vast majority of SMA patients harbor deletions of this 

gene, while only about 5% of the cases reveal single point mutations on one allele (Lefebvre et 

al., 1995; Burghes & Beattie, 2009). The remaining full-length SMN2 transcripts translated to 

functional SMN protein cannot compensate for the loss of SMN1 (Figure 1) (Lefebvre et al., 

1995).  
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Figure 1: Genetics of SMA.  [Adapted from (Burghes & Beattie, 2009)]. Humans harbor two SMN genes 

consisting of nine exons on chromosome 5 (Lefebvre et al., 1995; Burglen et al., 1996). The centromeric SMN2 

was generated by inverted duplication of SMN1 and differs in five nucleotides (Lefebvre et al., 1995). A C-to T-

transition in exon7 of SMN2 enhances alternative splicing of this exon and the production of about 90% truncated, 

unstable protein (Lorson et al., 1999; Monani et al., 1999). Under healthy conditions, the low level production of 

full-length SMN originating from SMN2 is compensated by normal protein production by the SMN1 gene. 

However, humans with a deletion or mutation of SMN1 on both alleles develop SMA symptoms due to a lack of 

the SMN protein (Lefebvre et al., 1995; Coovert et al., 1997; Lefebvre et al., 1997). 

 

The complete lack of SMN protein is embryonically lethal (Schrank et al., 1997). Thus, SMA 

patients possess at least one copy of SMN2, which typically causes a severe disease progression 

(Feldkotter et al., 2002). Gene conversion of SMN1 to SMN2 results in up to four SMN2 copies, 

normally observed in milder SMA types (Campbell et al., 1997). Only a low percentage of 

patients harbor more copies due to copy-number variation (Prior et al., 2004). This inverse 

correlation between SMN2 copy number and disease severity is modified by intragenic 

mutations, duplications or deletions of SMN2 changing the amount of full-length transcripts 

(Campbell et al., 1997; Monani et al., 2000; Feldkotter et al., 2002). Moreover, although SMN2 

is the main genetic modifier, two proteins, plastin3 and neurocalcin delta, were additionally 

identified to prevent disease onset in individuals who should normally develop a mild SMA 

based on their genetic background (Oprea et al., 2008; Riessland et al., 2017). 
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1.3 Treatment of SMA 

The identification of SMN1 as the disease-determining gene in SMA lay the foundation for the 

development of numerous treatment strategies, most of them targeting SMN protein levels. To 

date, two of these drugs have been approved by the US Food and Drug Administration (FDA). 

Nusinersen, which is marketed as Spinraza by the company Biogen, was the first drug approved 

in December 2016 by the FDA and in April 2017 by the European Medicines Agency (EMA) 

for all SMA types (Aartsma-Rus, 2017; Hoy, 2017). It is an antisense-oligonucleotide (ASO) 

promoting SMN2 exon 7 inclusion by specifically binding to the intronic splicing silencer N1 

(ISS-N1) downstream to exon 7 and thus preventing binding of negative splicing factors (Singh 

et al., 2006; Singh et al., 2017). Although results from a phase III clinical trial in SMA type I 

patients demonstrated convincing effects of Nusinersen with 51% in the treated group achieving 

motor milestones compared to none in the control group, the data also highlights the problem 

of non-responders (Finkel et al., 2017). Moreover, as the ASO is not able to pass the blood 

brain barrier (BBB) (Geary et al., 2001; Hua et al., 2008), it has to be administered by multiple 

intrathecal injections to reach motoneurons in the spinal cord (Finkel et al., 2016). This 

procedure is not only stressful for the patients often causing side effects such as headache or 

backache, but also challenging for the medical staff who often face a progressive scoliosis as a 

common complication in SMA patients (Ebinger et al., 2004; Fujak et al., 2005; Howell et al., 

2019). In addition, SMN has been shown to play an important role in numerous peripheral 

tissues besides its functions in motoneurons in the spinal cord (Nash et al., 2016). Thus, 

restoration of protein levels limited to the central nervous system (CNS) may not be enough for 

a total rescue of the disease phenotype (Hua et al., 2011; Talbot & Tizzano, 2017). This problem 

is addressed by the gene therapy onasemnogene abeparvovec-xioi (AVXS-101) marketed as 

Zolgensma by the Novartis company AveXis which has been newly FDA-approved for SMA 

children under the year of two (Hoy, 2019). AVXS-101 uses the SMN1 gene packaged in an 

AAV9 capsid which crosses the BBB and thus enables intravenous administration (Schuster et 

al., 2014; Al-Zaidy et al., 2019a). A study analyzing intrathecal administration of the drug in 

older patients due to dose restrictions is still ongoing (Hoy, 2019). Nonetheless, a possible 

immune response and limited knowledge about the efficacy of a single dose of AVXS-101 over 

a longer period are still factors that have to be considered (Mendell et al., 2017; Al-Zaidy et al., 

2019a; Al-Zaidy et al., 2019b). There are two other drugs, RG7916 (Hoffmann-La Roche) and 

LM1070 (Novartis), in ongoing clinical trials which are small molecule SMN2 splicing 

modifiers acting systemically by oral application (Parente & Corti, 2018; Shorrock et al., 2018; 

Willis, 2019). However, it has become clear that it is important to begin these SMN-dependent 
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treatments as early as possible to achieve the greatest therapeutic effects (Swoboda et al., 2005; 

Kariya et al., 2014; Talbot & Tizzano, 2017; Ohmura et al., 2018; Howell et al., 2019). 

Accordingly, the demand for a newborn screening has increased since the approval of 

Nusinersen. To date, it has already been established in several US states, while pilot studies 

have been conducted in different countries such as Germany (Bavaria) and Belgium (Glascock 

et al., 2018; Boemer et al., 2019; Czibere et al., 2019). Moreover, as the therapeutic window to 

treat SMA is really narrow and restoring the SMN protein level does not seem to be sufficient 

to promote a complete rescue of the disease phenotype, researchers have focused on additional 

treatment approaches combining SMN-targeting and SMN-independent strategies (Hua et al., 

2011; Porensky et al., 2012; Robbins et al., 2014; Zhou et al., 2015; Finkel et al., 2017; Howell 

et al., 2019). Two compounds focusing on the enhancement of muscle performance are 

currently in clinical trials (Shorrock et al., 2018). SRK-015 marketed by Scholar Rock is an 

inhibitor for myostatin, a protein negatively regulating muscle mass (McPherron et al., 1997; 

Long et al., 2019). Another compound is CK-107 (Cytoskeleton) which activates the muscle 

protein troponin, slows its Ca2+-release and thus enhances the muscle response following a 

neuronal input (Russell et al., 2012; Andrews et al., 2018; Shorrock et al., 2018). However, 

these compounds target symptomatic changes only but fail to address intrinsic muscular defects, 

which may be promising therapeutic targets, particularly as the skeletal muscle is known to be 

an important regulator of systemic energy homeostasis (Baskin et al., 2015).  

 

 

1.4 Pathophysiology of SMA 

The urgent need for combinatorial treatment strategies for SMA highlights the importance of 

basic research on functions of the SMN protein and signaling pathways perturbed in disease 

pathogenesis. The SMN protein is ubiquitously expressed in a tissue- and age-dependent pattern 

(Groen et al., 2018). It localizes to the cytoplasm and in the subnuclear compartments gems and 

Cajal bodies (CBs) (Liu & Dreyfuss, 1996; Carvalho et al., 1999; Navascues et al., 2004). In 

neurons, SMN was found to colocalize with nuclear bodies especially during neuritogenesis 

(Navascues et al., 2004). Moreover, age-dependent expression is not only seen in whole tissues 

but there is also a developmental shift on the subcellular level from a nuclear to a cytoplasmic 

and axonal distribution (Giavazzi et al., 2006). In addition, SMN accumulates in dendrites, 

growth cones and at neuromuscular junctions (NMJs) (Bechade et al., 1999; Pagliardini et al., 

2000; Fan & Simard, 2002). In accordance with its diverse localization, SMN is involved in a 

plethora of processes, many of which are essential for the maintenance of cellular, especially 
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neuronal, homeostasis (Figure 2) (Chaytow et al., 2018). The first finding was its role in 

splicing of pre-mRNA transcripts by acting as chaperone for the assembly, transport and 

maturation of a subset of small nuclear ribonucleoproteins (snRNPs) (Lerner et al., 1980; Will 

& Luhrmann, 2001; Chaytow et al., 2018). The biogenesis of these snRNPs begins with the 

transcription of small nuclear ribonucleic acids (snRNAs) in the nucleus which are transported 

into the cytoplasm where SMN in complex with other proteins such as gemins promote the 

assembly of a ring of seven Sm proteins around the snRNAs (Neuman de Vegvar & Dahlberg, 

1990; Fischer et al., 1997; Meister et al., 2001; Chaytow et al., 2018). Moreover, SMN assists 

in the nuclear import of the further modified snRNAs by directly interacting with the nuclear 

import receptor importin-β (Narayanan et al., 2002; Chaytow et al., 2018). In the nucleus, SMN 

binds to coilin, a protein localized in CBs, facilitating the release of snRNAs into these 

structures where their last maturation steps take place (Hebert et al., 2001; Tucker et al., 2001). 

Consequently, a loss of the SMN protein as seen under SMA conditions results in a changed 

stoichiometry of snRNPs and cell type-specific splicing defects (Gabanella et al., 2007; Zhang 

et al., 2008). Besides its role in splicing, SMN has recently been shown to be involved in DNA 

repair (Zhao et al., 2016; Kannan et al., 2018). SMN directly interacts with a dimethylated 

arginine residue of the RNA polymerase II, thereby recruiting a protein called senataxin which 

is important for the resolution of RNA-DNA loops (R-loops) (Zhao et al., 2016). Under SMA 

conditions, senataxin expression is reduced causing an accumulation of R-loops and double 

strand breaks which induces genomic instability (Kannan et al., 2018). In the cytoplasm, SMN 

acts as chaperone for binding of RNA-binding proteins (RBPs) such as hnRNP or HuD to their 

mRNA targets (Rossoll et al., 2002; Akten et al., 2011; Hubers et al., 2011). Additionally, 

SMN-RBP complexes regulate axonal mRNA transport (Rossoll et al., 2003; Fallini et al., 

2012). Thus, a lack of the SMN protein results in a reduction of axonal mRNA levels, e.g. as 

seen for β-actin mRNA, which is a target of hnRNP (Rossoll et al., 2003; Fallini et al., 2011; 

Fallini et al., 2012). In line with that, SMN-depletion impairs local translation in the axon and 

growth cone but not in the soma (Fallini et al., 2012; Fallini et al., 2016). This is not only caused 

by an altered axonal mRNA localization, but SMN has also been demonstrated to interact with 

ribosomes and microRNAs whose expression is changed when the protein is missing (Wang & 

Proud, 2006; Kye et al., 2014; Bernabò et al., 2017; Chaytow et al., 2018; Lauria et al., 2019).  

Based on the findings that SMN loss causes axonal outgrowth defects and a reduction in β-actin 

mRNA in the axon and growth cone of motoneurons, further studies were conducted on the role 

of SMN in cytoskeletal regulation (Rossoll et al., 2003; Chaytow et al., 2018). SMN has been 

shown to directly interact with the actin-binding protein profilin, especially the neuronal 
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isoform profilin2, which is essential for actin dynamics (Giesemann et al., 1999; Sharma et al., 

2005). Profilin2 is a downstream effector of the Rho-associated coiled-coil kinase (ROCK), a 

pathway which is known to be activated in SMA leading to impaired neurite outgrowth (Jalink 

et al., 1994; Witke et al., 1998; Da Silva et al., 2003; Bowerman et al., 2007; Nölle et al., 2011). 

An inhibition of this pathway does not only rescue the outgrowth defects but is also beneficial 

for the maturation of NMJs, which are one of the earliest targets in SMA pathogenesis (Murray 

et al., 2008; Bowerman et al., 2010; Bowerman et al., 2012a). While NMJs form normally in 

the beginning, their postnatal maturation is impaired with a low density of synaptic vesicles in 

the pre-synapse and simplified post-synaptic terminals (Kariya et al., 2008; Kong et al., 2009; 

Martinez-Hernandez et al., 2009). These structural changes are accompanied by functional 

alterations such as a decrease of synaptic transmission, probably provoked by perturbed 

recycling of synaptic vesicles (Chaytow et al., 2018). Accordingly, NMJ pathogenesis is 

ameliorated by overexpression of the SMN interacting protein plastin3 or knock down of 

neurocalcin delta, both are regulators of endocytosis (Oprea et al., 2008; Riessland et al., 2017). 

Although the direct link to the SMN protein cannot always be identified, there are other cellular 

processes such as the ubiquitin pathway, autophagy or mitochondrial homeostasis showing 

dysfunctions in SMA (Acsadi et al., 2009; Custer & Androphy, 2014; Wishart et al., 2014; 

Chaytow et al., 2018). Interestingly, all these processes are important for the maintenance of 

general cellular functions, therefore it still remains elusive why motoneurons are especially 

susceptible for the loss of the SMN protein (Chaytow et al., 2018).  
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Figure 2: Functions of the SMN protein.  [Modified from (Hensel et al., 2019), adapted from (Burghes & Beattie, 

2009; Chaytow et al., 2018)]. SMN has diverse functions in several cellular compartments (Chaytow et al., 2018). 

In the nucleus, it is involved in splicing by regulating snRNP assembly, transport and maturation (Fischer et al., 

1997; Hebert et al., 2001; Narayanan et al., 2002). Moreover, it has recently been associated with the resolution 

of R-loops by recruiting the protein senataxin (Zhao et al., 2016). In the cytoplasm, SMN plays a role in targeting 

RBPs to their mRNA targets as well as in mRNA translocation along the axon and translation (Rossoll et al., 2002; 

Rossoll et al., 2003; Fallini et al., 2012; Fallini et al., 2016). SMN’s functions at the NMJ are mainly linked to the 

actin cytoskeleton (Chaytow et al., 2018). It directly interacts with the actin-binding protein profilin2 and regulates 

endocytosis via complex formation with the actin-bundling protein plastin3 (Giesemann et al., 1999; Sharma et 

al., 2005; Oprea et al., 2008; Shinomiya, 2012).  

 

 

1.5 The actin cytoskeleton in neurons 

Neuronal functions rely strongly on the polarized organization of the cell which is dependent 

on the cytoskeletal network. Actin as the core component of microfilaments is localized in every 

compartment of neurons and especially enriched in growth cones and dendritic spines (Tas & 

Kapitein, 2018). Moreover, its presence in the axon serves as mechanical support and diffusion 

barrier for membrane proteins (Leterrier et al., 2017; Tas & Kapitein, 2018). The actin 

cytoskeleton is involved in almost every aspect of neuronal morphogenesis and function 
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(Cheever & Ervasti, 2013). The growth cone is at the leading edge of the axon promoting axonal 

growth and guidance (Lowery & Van Vactor, 2009). It shows a characteristic structure of 

microtubules at the center (C-domain) transiting via a T-zone consisting of actin arcs into a 

densely packed branched network of actin filaments called lamellipodia at the outer membrane 

(P-domain). In between, actin bundles protrude into the periphery in structures called filopodia 

(Lowery & Van Vactor, 2009; Lewis et al., 2013). While treatment of neurons with the 

filamentous (F-) actin destabilizing agent cytochalasin had no impact on axonal growth, the 

cells showed an impaired pathfinding capacity supporting actin’s role in guidance (Bentley & 

Toroian-Raymond, 1986; Luo, 2002). Moreover, actin polymerization leading to axonal 

protrusion is the initiating step in axonal branching, an important neuronal mechanism to 

innervate multiple targets (Gallo & Letourneau, 1998; Gallo, 2011). Similarly, actin dynamics 

are crucial for terminal arborization and subsequent synapse formation and maintenance (Zhang 

& Benson, 2001; Nelson et al., 2013). In the mature pre-synapse, actin is involved in exocytosis, 

endocytosis and the transfer of synaptic vesicles between different pools (Dillon & Goda, 2005; 

Cingolani & Goda, 2008; Hensel & Claus, 2018). Besides its localization in the pre-synapse, 

actin is enriched in post-synaptic dendritic spines where it promotes mechanical support and 

modulates synaptic plasticity (Okamoto et al., 2004; Konietzny et al., 2017).  

F-actin polymerization and depolymerization is a dynamic process starting with the assembly 

of at least three globular actin (G-actin) subunits bound to ATP, a process called nucleation. 

Once a nucleus is formed, elongation takes place rapidly until steady state is reached where 

association and dissociation are balanced. Actin filaments are polarized structures with a 

pointed (-) and a barbed (+) end (Pollard & Borisy, 2003). In cells, filament growth is favored 

at the barbed end, which is oriented towards the outer membrane (Small et al., 1978; Pollard & 

Borisy, 2003). During assembly, ATP is slowly hydrolyzed to ADP. As the rate constants for 

ADP- and ATP-actin differ at the respective ends of the actin filament, polymerization takes 

place at the barbed end and depolymerization at the pointed end leading to treadmilling of actin 

monomers (Pollard, 1986; Pollard & Borisy, 2003; Narita, 2011). In contrast to the simplified 

situation in vitro, assembly and disassembly of actin filaments is a tightly regulated process 

within cells. A plethora of actin-binding proteins control most aspects of actin dynamics 

including nucleation, elongation, capping and severing (Pollard, 2016). These actin-binding 

proteins are often effector molecules of the Rho-family GTPases Cdc42, Rac1 and RhoA, key 

regulators of the actin cytoskeleton, which form the link between surface receptors and 

cytoskeletal dynamics (Hall, 1998; Lowery & Van Vactor, 2009). Amongst others, Rho 

GTPases are important for neuronal morphogenesis such as neurite outgrowth, guidance and 
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synapse formation and have been implicated in neuronal survival and death (Luo et al., 1997; 

Luo, 2000; Stankiewicz & Linseman, 2014). 

 

 

1.6 Dysregulation of the actin cytoskeleton in SMA 

Motoneurons take a special position among nerve cells because of their extraordinary size and 

length which may also make them more vulnerable to dysregulations in the actin cytoskeleton 

(Henneman & Mendell, 2011; Hensel & Claus, 2018). Indeed, this hypothesis is supported by 

multiple findings linking SMA pathogenesis to perturbed actin dynamics (Chaytow et al., 2018; 

Hensel & Claus, 2018). Studies using primary motoneuron cultures demonstrated less β-actin 

protein in growth cones of SMA mice accompanied by a reduced growth cone area (Rossoll et 

al., 2003). Accordingly, knockdown of the SMN protein in zebrafish showed a detrimental 

effect on neurite outgrowth and guidance (McWhorter et al., 2003). Similar results were 

obtained in several SMA cell culture models revealing axonal growth defects (van Bergeijk et 

al., 2007; Zhang et al., 2017; Pletto et al., 2018). Deficiencies in axonal sprouting and the 

maturation and function of NMJs further stress the role of actin cytoskeletal dysregulation in 

SMA (Cifuentes-Diaz et al., 2002; Kariya et al., 2008). NMJs in SMA mice show alterations 

in neurotransmission characterized by less synaptic vesicles ready to be released and a 

simplified morphology of post-synaptic terminals (Kong et al., 2009). Moreover, SMN 

depletion was shown to affect endocytic trafficking (Dimitriadi et al., 2016). Importantly, NMJ 

pathogenesis occurs prior to motoneuron loss supporting an axonal dying back mechanism 

(Cifuentes-Diaz et al., 2002; Murray et al., 2008; Hensel & Claus, 2018). These impairments 

in all stages of motoneuron morphogenesis and function can be attributed to perturbed actin 

dynamics, accordingly actin polymerization and depolymerization. Indeed, experiments 

measuring the levels of filamentous and globular actin showed alterations in the F/G-actin ratio 

depending on the investigated cell type and compartment (Hensel & Claus, 2018). While F-

actin levels were reduced in the NMJ of SMA mice, enhanced levels were detected in growth 

cones of SMA primary motoneurons (Nölle et al., 2011; Ackermann et al., 2013). Although 

SMN had a stabilizing effect on F-actin in an in vitro experiment, a direct link between SMN 

and actin has not been reported so far, suggesting that altered actin dynamics in SMA is 

mediated by actin-binding proteins (Hensel & Claus, 2018). In line with that, SMN interacts 

directly with the actin-binding protein profilin, thereby exerting a stronger affinity towards the 

neuronal isoform profilin2 (Giesemann et al., 1999; Sharma et al., 2005). As profilin2 is 

considered to be expressed in neurons, this may be an explanation for the specific motoneuron 
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susceptibility in SMA (Hensel & Claus, 2018). Profilin2 is under the control of the Rho family 

GTPase RhoA and its downstream effector ROCK, an important pathway for inhibiting neurite 

outgrowth and sprouting (Da Silva et al., 2003; Gallo, 2006). RhoA-ROCK activation leads to 

profilin2 phosphorylation and the stabilization of F-actin (Da Silva et al., 2003). A lack of the 

SMN protein, as seen under SMA conditions, releases profilin2 causing an enhanced interaction 

with the upstream kinase ROCK and profilin2 hyperphosphorylation (Bowerman et al., 2007; 

Nölle et al., 2011). An inhibition of the activated RhoA/ROCK pathway in SMA mice has a 

beneficial effect on survival and NMJ pathogenesis, emphasizing the importance of this 

signaling axis in SMA (Bowerman et al., 2010; Bowerman et al., 2012a). Concurrently to the 

enhanced interaction with profilin2, ROCK binding to other downstream targets such as the 

LIM-kinase (LIMK), which phosphorylates and thereby inactivates the actin-severing protein 

cofilin, is reduced (Maekawa et al., 1999; Nölle et al., 2011). Remarkably, hypophosphorylated 

cofilin is associated with the formation of structures called actin rods which have been described 

in several neurodegenerative diseases (Minamide et al., 2000; Munsie et al., 2011). Recently, 

our group discovered the presence of these actin rods also in several cellular and mouse models 

of SMA (Rademacher et al., 2017).  

 

 

1.7 Functions of the neuronal profilin2 

Actin dynamics in the cell are mainly regulated by actin-binding proteins which are under the 

control of other upstream effector molecules (Lowery & Van Vactor, 2009; Pollard, 2016). The 

SMN-interacting protein profilin2 is hyperphosphorylated under SMA conditions, presumably 

altering its binding properties (Nölle et al., 2011). Humans possess four profilin genes translated 

into five proteins. In contrast to the ubiquitously expressed profilin1, all other isoforms are 

localized in specific tissues (Krishnan & Moens, 2009). Profilin 3 and 4 are found in testis and 

the kidney (Braun et al., 2002). The profilin2 mRNA is alternatively spliced and translated into 

two isoforms, the neuronal profilin2a and profilin2b which differs in the last 32 amino acids 

(AAs) at the C-term and is mainly localized in the kidney (Di Nardo et al., 2000). In our study, 

we only investigated the neuronal profilin2a, hereinafter abbreviated as profilin2.   

Although sequence similarity between the different profilins is low (Figure 3A), they fold into 

similar tertiary structures consisting of seven beta sheets and four alpha helices (Figure 3B) 

(Krishnan & Moens, 2009). Nonetheless, their functions are non-redundant as observed in 

profilin2-knockout mice showing synaptic defects which are not compensated by the presence 

of profilin1 (Pilo Boyl et al., 2007).  
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Originally discovered as an actin-binding protein, profilin interacts additionally with 

phospholipids such as phosphatidylinositol (4,5)-bisphosphate (PIP2) and proteins harboring 

poly-L-proline (PLP) stretches (Figure 3B) (Carlsson et al., 1976; Carlsson et al., 1977; Lassing 

& Lindberg, 1985; Tanaka & Shibata, 1985; Metzler et al., 1994). Profilin’s functions in the 

regulation of actin dynamics in the cell are highly dependent on all three interactions (Krishnan 

& Moens, 2009). Besides profilin’s high affinity for G-actin promoting monomer sequestering, 

it accelerates the exchange of ADP against ATP, thus replenishing the pool of available ATP-

actin (Figure 3B) (Carlsson et al., 1977; Goldschmidt-Clermont et al., 1992). Binding of 

profilin to the barbed end of an actin monomer sterically prevents the polymerization at the 

pointed end (Pollard & Cooper, 1984; Pring et al., 1992). Profilin inhibits actin nucleation in 

vitro, while elongation at the barbed end is less affected. Its affinity for F-actin is about 10 times 

lower than for the monomer resulting in the rapid dissociation of profilin from the filament 

(Pollard & Cooper, 1984; Courtemanche, 2018). At high concentrations, profilin promotes actin 

disassembly from the barbed end and competes with capping proteins (Pernier et al., 2016). In 

cells, profilin inhibits spontaneous actin nucleation, however promotes organized 

polymerization by interacting with PLP-proteins such as formins, thereby increasing the 

elongation rate of unbranched filaments (Figure 3B) (Kovar et al., 2003; Romero et al., 2004; 

Kovar et al., 2006; Suarez et al., 2015). Simultaneous binding of profilin to actin and PLP-

proteins is possible due to the distinct binding domains (Perelroizen et al., 1994; Krishnan & 

Moens, 2009). The actin-profilin binding interface comprises 21 amino acids consisting of 

ionic, polar and hydrophobic residues, while the PLP-binding domain is formed by a 

hydrophobic pocket between the amino and carboxy terminal alpha helices (Björkegren et al., 

1993; Haarer et al., 1993; Schutt et al., 1993). In contrast, profilin interaction with 

phospholipids such as PIP2 is mediated by two domains comprising basic amino acid residues, 

both overlapping with either the actin- or the PLP-binding region (Lassing & Lindberg, 1985; 

Lambrechts et al., 1997; Lambrechts et al., 2002). Thus, profilin binding to PIP2 competes with 

its binding to actin and PLP-proteins, thereby regulating local profilin levels (Bezanilla et al., 

2015). External signals which activate the phospholipase C (PLC) release profilin from the 

membrane by cleaving PIP2 (Figure 3B) (Goldschmidt-Clermont et al., 1991).  
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Figure 3: Functions of profilins. (A) Human profilin1 and 2 show 61% sequence similarity (NCBI reference 

sequences: NP_005013.1 (human profilin1), NP_444252.1 (human profilin2)). Differing amino acid residues were 

highlighted with an asterisk. The red letter in the primary sequence of profilin2 indicates the only differing amino 

acid residue to the sequence of mouse profilin2 (NCBI reference sequence: NP_062283.1). (B) Human profilin1 

(RCSB PDB: 2PAV) (Ferron et al., 2007) and mouse profilin2 (RCSB PDB: 2V8C) (Kursula et al., 2008), both 

in complex with the proline-rich region of VASP (green), show high structural similarity (molecular-graphics 

program: CCP4mg). Profilins have binding domains for actin (blue), proteins with poly-L-proline (PLP) stretches 

and phospholipids such as phosphatidylinositol (4,5)-bisphosphate (PIP2) (lilac) (Carlsson et al., 1976; Carlsson 

et al., 1977; Lassing & Lindberg, 1985; Tanaka & Shibata, 1985; Metzler et al., 1994). Profilins promote actin 

polymerization by binding to G-actin and exchanging ADP against ATP (Carlsson et al., 1977; Goldschmidt-

Clermont et al., 1992). Moreover, profilins bind to diverse PLP-proteins of which some induce F-actin assembly 

(Witke et al., 1998). Binding to PIP2 competes with profilin binding to PLP-proteins and actin (Lassing & 

Lindberg, 1985; Lambrechts et al., 1997; Lambrechts et al., 2002). Phospholipase C (PLC) can be activated by 

external signals leading to cleavage of PIP2 and the release of profilin (Goldschmidt-Clermont et al., 1991). 

 

The profilin isoforms differ in their binding properties, e.g. the more basic profilin1 has a higher 

affinity for PIP2, while profilin2 binds more strongly to PLP (Lambrechts et al., 1997; 

Jonckheere et al., 1999). However, the distinct functions of both isoforms are probably 

mediated by their association with different protein complexes, as seen for the enhanced 
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interaction of profilin2 with the SMN protein (Witke et al., 1998; Giesemann et al., 1999; 

Sharma et al., 2005). Profilin2 is a regulator of neurotransmitter homeostasis by binding to 

synaptic proteins such as dynamin1 or piccolo (Witke et al., 1998; Wang et al., 1999). 

Interaction of profilin2 with dynamin1 interferes with the endocytic machinery resulting in less 

vesicle recycling (Gareus et al., 2006). In contrast, the upstream effector of profilin2 piccolo is 

a protein involved in the regulation of exocytosis, whose loss causes reduced activity-dependent 

F-actin assembly leading to enhanced release of synaptic vesicles (Waites et al., 2011).   

Interaction of profilin with actin, PLP-proteins or PIP2 is further modulated by posttranslational 

modifications such as phosphorylation (Hensel & Claus, 2018). Phosphorylation of profilin1 at 

T89 or Y128 by the protein kinase A (PKA) or VEGF receptor-kinase-2, respectively, enhances 

its affinity for actin (Fan et al., 2012; Gau et al., 2016). Moreover, ROCK1 phosphorylates 

profilin1 at S137 reducing its PLP-binding and to a lesser extent actin-binding (Shao et al., 

2008). In contrast, ROCK2 and PKA are the only kinases identified to phosphorylate profilin2, 

however the specific phospho-sites and the impact on protein function is not known (Da Silva 

et al., 2003; Schweinhuber et al., 2015). 

 

 

1.8 Actin rods in SMA 

The formation of actin rods represents another means to regulate actin dynamics in the cell 

(Bernstein et al., 2006). Under conditions of stress, cofilin is activated by dephosphorylation 

and binds to F-actin in an equimolar ratio inducing the bundling of actin filaments into nuclear 

and cytoplasmic actin rods (Nishida et al., 1987; Ohta et al., 1989; Pfannstiel et al., 2001; 

Minamide et al., 2010). These structures are further stabilized by the formation of disulfide 

bridges between cofilin monomers making them susceptible for reducing agents (Bernstein et 

al., 2012). Actin and cofilin are the only proteins found in every stage of actin rod formation 

and were shown to be the only proteins necessary for the assembly under in vitro conditions 

(Minamide et al., 2000). However, three factors have to co-occur in cells to induce actin rod 

formation (Bamburg & Bernstein, 2016). Besides an oxidative environment promoting the 

generation of reactive oxygen species (ROS) which are essential for cofilin multimerization, 

enhanced levels of activated, dephosphorylated cofilin and ADP-actin are required for actin rod 

assembly (Minamide et al., 2000; Bernstein et al., 2012; Bamburg & Bernstein, 2016). 

Transient sequestering of actin and cofilin in these actin rods has a beneficial effect by slowing 

down filament turnover which is one of the main processes, especially in neurons, consuming 

ATP (Bernstein & Bamburg, 2003; Bernstein et al., 2006). Moreover, cofilin binding to actin 
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rods prevents its translocation to mitochondria initiating apoptosis as reported for oxidized and 

dephosphorylated cofilin (Klamt et al., 2009; Bernstein et al., 2012).  

First described in different cell cultures treated with stressors such as heat shock, DMSO or 

high salt buffers, research focus has shifted to actin rod formation in neurons based on their 

association with neurological diseases. Indeed, neurons form actin rods following exposure to 

neurodegenerative stimuli such as high levels of glutamate, peroxide or cytokines (Minamide 

et al., 2000; Walsh et al., 2014). Under normal conditions, actin rods dissociate when the 

stressor is removed, however they were reported to become stable and persist in several 

neurodegenerative diseases (Munsie & Truant, 2012). While actin rod formation was only 

implicated in Parkinson disease based on reduced cofilin phosphorylation, cytoplasmic actin 

rods were found in the brain of Alzheimer disease patients and nuclear bundles in patients 

suffering from Huntington (Minamide et al., 2000; Lim et al., 2007; Munsie et al., 2011; 

Munsie & Truant, 2012). In addition to perturbed actin dynamics resulting from permanent 

sequestering of actin and cofilin, cytoplasmic actin rods localized in the axon inhibit 

intracellular trafficking causing synaptic loss, thereby contributing to neurodegeneration 

(Cichon et al., 2012). Stable nuclear actin rods were shown to disrupt proper localization of 

chromatin and the RNA polymerase II and consequently impair gene transcription 

(Serebryannyy et al., 2016a; Serebryannyy et al., 2016b).  

Recently, our group demonstrated the presence of nuclear and to a lesser extent cytoplasmic 

actin rods in several cellular and mouse models of SMA (Rademacher et al., 2017). Indeed, 

mitochondrial homeostasis is disrupted under SMA conditions causing a decline in ATP 

production and enhanced ROS generation, whereby two of three prerequisites of actin rod 

formation are met (Acsadi et al., 2009; Miller et al., 2016; Xu et al., 2016). Moreover, 

hypophosphorylated cofilin was described in the context of the dysregulated RhoA/ROCK 

pathway (Nölle et al., 2011). The stable actin bundles induced by SMN depletion present the 

typical actin rod characteristics such as the composition of cofilin and actin, the negative 

staining with phalloidin, a F-actin stabilizing protein competing with cofilin for actin binding, 

and the sensitivity towards reducing agents (Nishida et al., 1987; Minamide et al., 2010; 

Bernstein et al., 2012). Remarkably, actin rods forming under SMA conditions are decorated 

with the carboxy terminus of the surface receptor plexinD1 (Rademacher et al., 2017). As this 

protein is associated with the induction of apoptosis by mitochondrial translocation (Luchino 

et al., 2013), it was hypothesized that actin rods serve as sink to sequester the protein and 

prevent cell death (Rademacher et al., 2017). 
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1.9 Objectives 

The SMN protein is an ubiquitously expressed protein with diverse functions (Chaytow et al., 

2018). Up to date, it still remains elusive why motoneurons are more susceptible than other 

tissues for the loss of SMN. The in-depth study of dysregulated signaling cascades in SMA may 

open up new pathways for treatment strategies combining SMN-dependent and -independent 

drugs. A promising candidate is the actin cytoskeleton as it plays an important role in almost 

every stage of neuronal morphogenesis and function (Cheever & Ervasti, 2013). Accordingly, 

a dysregulation of this finely tuned network may particularly affect motoneurons which take a 

special position between neurons based on their extraordinary size. Several findings support 

this hypothesis such as the formation of actin rods as well as the hyperphosphorylation of 

profilin2 in several SMA models (Nölle et al., 2011; Rademacher et al., 2017). However, our 

knowledge is limited about the actual impact on actin dynamics to assess the functional 

consequences for motoneurons. Until now, it is not known which sites of profilin2 are 

phosphorylated under SMA conditions and which kinases apart from ROCK may be involved. 

Moreover, the effect of profilin2 phosphorylation on its binding properties has not been 

investigated so far.  

Although motoneurons are the main pathological target in SMA, peripheral tissues such as the 

skeletal muscle display intrinsic defects that must not be ignored in the research on 

combinatorial treatment strategies (Boyer et al., 2014). Thereby, the skeletal muscle represents 

an interesting target, as drugs aiming to correct intrinsic muscular defects may not only 

ameliorate muscle weakness and atrophy but may have beneficial systemic effects (Baskin et 

al., 2015).  

Thus, the aim of this thesis was to deepen our knowledge about the contribution of a 

dysregulation of the actin cytoskeleton in motoneuron pathogenesis in SMA and the 

identification of perturbed signaling pathways involved in muscle pathogenesis in SMA. 

 

In our first study (Manuscript I), we wanted to identify pathways which may contribute to actin 

rod formation by performing mass spectrometry (MS) from enriched actin rods.   

The second and third study investigated the impact of profilin2 phosphorylation on its binding 

properties and deal with the identification of signaling pathways involved in profilin2 

hyperphosphorylation in SMA. In a first approach, we used recombinant profilin2 single 

phospho-mimetics to assess differences in their binding to actin, PLP and PIP2 (Manuscript II). 

In the third study, we wanted to transfer part of these assays in a SMA cell culture model, which 

we also used to identify putative kinases (Manuscript III).  
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In the fourth study (Manuscript IV), we analyzed signaling pathways in skeletal muscle of SMA 

mouse models which should be targeted in vivo and assessed their potential to ameliorate 

muscle pathogenesis. 
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2.1 Abstract 

Nuclear and cytoplasmic actin-cofilin rods are formed transiently under stress conditions to 

reduce actin filament turnover and ATP hydrolysis. The persistence of these structures has been 

implicated to contribute to disease pathogenesis in several neurological disorders. Recently, the 

presence of actin rods was discovered in Spinal Muscular Atrophy (SMA), a neurodegenerative 

disease affecting predominantly motoneurons leading to muscle weakness and atrophy. This 

finding underlined the importance of dysregulated actin dynamics in motoneuron loss in SMA. 

In this study, we characterized actin rods formed in a SMA cell culture model analyzing their 

composition by LC-MS-based proteomics. Besides actin and cofilin, we identified proteins 

involved in processes such as ubiquitination, translation or protein folding to be bound to actin 

rods. This suggests their sequestration to actin rods, thus impairing important cellular functions. 

Moreover, we showed the involvement of the cytoskeletal protein profilin2 and its upstream 

effectors RhoA/ROCK in actin rod assembly in SMA. These findings implicate that the 

formation of actin rods exerts detrimental effects on motoneuron homeostasis by affecting actin 

dynamics and disturbing essential cellular pathways. 

 

Keywords: Actin rods, Spinal Muscular Atrophy, Profilin, SMN protein 

 

 

2.2 Introduction 

The formation of nuclear and cytoplasmic actin rods is a means to regulate actin dynamics under 

cellular stress and promote cell survival (Bernstein et al., 2006). Stressors such as ATP 

depletion or alteration of the membrane potential induce dephosphorylation of cofilin, which 

becomes activated and binds to actin in a 1:1 ratio (Bershadsky et al., 1980; Nishida et al., 

1987; Ohta et al., 1989). The saturation of filamentous (F)-actin with cofilin stabilizes the 

filaments and induces their bundling (Pfannstiel et al., 2001; Dedova et al., 2004). These 

structures are further linked by the generation of intermolecular disulfide bridges between 

cofilin monomers (Bernstein et al., 2012).  

Three factors have been described to be essential for actin rod assembly: elevated levels of 

active (dephosphorylated) cofilin, enhanced levels of ADP-actin and a highly oxidative 

environment (Minamide et al., 2000; Bernstein et al., 2012). Indeed, actin and cofilin are the 

only proteins found to be present in all stages of actin rod formation (Minamide et al., 2010). 

Transient actin rod formation is beneficial as it enables storage of actin, thereby slowing actin 

filament turnover and ATP hydrolysis (Bernstein et al., 2006). However, a pathological 
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stabilization and persistence of actin rods has been identified in several neurodegenerative 

diseases such as Alzheimer and Huntington’s disease (Minamide et al., 2000; Munsie et al., 

2011). Actin rods contribute to neurodegeneration by sequestering actin and cofilin, thereby 

perturbing actin dynamics and by putatively blocking intracellular trafficking causing synaptic 

loss (Cichon et al., 2012). Recently, the presence of nuclear and cytoplasmic actin rods has 

been described in cellular and mouse models of Spinal Muscular Atrophy (SMA) (Rademacher 

et al., 2017), a neuromuscular disease in children caused by a lack of the Survival of 

Motoneuron (SMN) protein (Lefebvre et al., 1995; D'Amico et al., 2011). Indeed, all three 

criteria for actin rod formation are fulfilled in SMA. Disruption of mitochondrial homeostasis 

impairs ATP production and enhances the generation of reactive oxygen species (ROS) (Acsadi 

et al., 2009; Miller et al., 2016; Xu et al., 2016). Moreover, hypophosphorylated cofilin is 

associated with a dysregulation of the RhoA/RhoA-associated coiled-coil kinase (ROCK) 

pathway (Nölle et al., 2011). The structures found in SMN-depleted cells exhibit distinct 

properties of actin rods: (I) rods comprise both actin and cofilin, (II) saturation of actin with 

cofilin prevents staining of rods with the F-actin binding protein phalloidin and (III) actin rods 

are sensitive to reducing agents (Nishida et al., 1987; Minamide et al., 2010; Bernstein et al., 

2012; Rademacher et al., 2017). Interestingly, actin rods induced by a lack of SMN are 

decorated with a C-terminal proteolytic fragment of the semaphorin surface receptor plexinD1 

(PLXND1) (Rademacher et al., 2017). This protein induces cell death by activating the 

mitochondrial apoptosis pathway (Luchino et al., 2013). Thus, it was hypothesized that actin 

rods function as a sink to sequester PLXND1 and prevent mitochondrial translocation 

(Rademacher et al., 2017).  

In this study, we analyzed the protein composition of purified actin rods under SMA conditions 

by LC-MS-based proteomics to identify signaling pathways associated with actin rod 

formation. Besides a variety of proteins involved in ATP-consuming processes important for 

cellular homeostasis, we identified the cytoskeletal protein profilin2 to be bound to actin rods. 

Further analysis revealed its involvement in actin rod assembly in SMA which is partially 

mediated by its phosphorylation on serine residue 137. In line with that, we showed an 

involvement of its upstream kinase ROCK in actin rod formation independent from cofilin 

hypophosphorylation. The results of our study underline the contribution of dysregulated actin 

dynamics as a pathogenic pathway in SMA. 
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2.3 Material and methods 

Cell culture, siRNAs, plasmids and inhibitors 

Motoneuron-like NSC34 cells, a murine hybrid cell line of neuroblastoma and spinal cord cells 

(Cashman et al., 1992), were maintained at 37°C and 5% CO2. Cells were cultivated in DMEM 

with high glucose, GlutaMAX and pyruvate (31966, Thermo Fisher Scientific, Waltham, 

Masssachusetts, USA) which was supplemented with 5% FCS, 100 U/mL penicillin and 0.1 mg 

streptomycin. About 24 hours after seeding, cells were transfected using Lipofectamine2000 

(11668019, Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 24-well and 6-well 

plates or Metafectene Pro (T040, Biontex, Munich, Germany) for 10 cm dishes according to 

the manufacturer’s instructions. Shortly, 0.5 µg DNA and/or 30 pmol siRNA diluted in 50 µL 

OptiMEM (31985062, Thermo Fisher Scientific, Waltham, Massachusetts, USA) were mixed 

with 3 µL Lipofectamine2000 (2 µL for pAAV constructs) in 50 µL OptiMEM, incubated for 

about 20 minutes at RT and added drop-wise on the cells seeded in 24-well plates. The 

concentrations were upscaled according to the used plate formats, e.g. 70 pmol siRNA with 7 

µL Lipofectamine2000 for 6-wells and 420 pmol siRNA with 42 µL Metafectene Pro for 10 

cm dishes. Simultaneously, medium was changed to low serum conditions (1% FCS) in which 

cells were differentiated for three days. Plasmids used for transfection: scrambled siRNA: 

AUACGAACGGAACGAACAACA, siPfn1: CACCATGACTGCCAAGACGCT, siPfn2: GAGCA 

TCACGCCAGTAGAAAT, siSmn: CAGAAGUAAAGCACACAGCA and shRNA against Pfn2 

(GTCCACGCAGGCACAATTAACTCGAGTTAATTGTGCCTGCGTGGACATTTTT 

(Forward)). ROCK inhibition was performed using 50µM Y-27632 (S1049, Selleck Chemicals, 

Houston, Texas, USA). The inhibitor was added six hours after transfection and changed every 

24 hours until lysis or fixation. 

 

SDS-PAGE and Western blot analysis 

If not noted differently, cells were washed with PBS, scraped into RIPA buffer supplemented 

with protease inhibitor (cOmplete Protease Inhibitor Cocktail, 4693132001, Roche, Basel, 

Switzerland) and phosphatase inhibitor (PhosSTOP, 4906845001, Roche, Basel, Switzerland) 

and homogenized by passing six times through a 22G needle. After 30 minutes incubation on 

ice, cell debris was separated by centrifugation for 20 minutes at 16,000 x g and 4°C. Protein 

concentration in the supernatant was determined using the Pierce BCA Protein Assay Kit 

(23225, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Equal amounts of protein 

were separated by SDS-PAGE and either stained with Coomassie G250 for LC-MS analysis or 

blotted for one hour at 120 V on a nitrocellulose membrane (Amersham Hybond ECL 



Manuscript I   

24 

Nitrocellulose Membrane, GE Healthcare, Chicago, Illinois, USA). For detection, the following 

antibodies were used: rabbit α-profilin1 (P7624, 1:1000, Sigma-Aldrich, St. Louis, Missouri, 

USA), rabbit α-profilin2 (P0101, 1:1000, Sigma-Aldrich, St. Louis, Missouri, USA), rabbit α-

cofilin (5175, 1:1000, Cell Signaling Technology, Danvers, Massachusetts, USA), rabbit α-p-

cofilin (sc-21867, 1:1000, Santa Cruz Biotechnology, Dallas, Texas, USA) as primary 

antibodies and HRP-conjugated α-rabbit secondary antibody (A-11034, 1:4000, Molecular 

Probes, Invitrogen, Carlsbad, California, USA). α-profilin1 and α-profilin2 antibodies detect 

the carboxy terminal region (amino acids 128-140) of the protein respectively. This region 

shows a sequence similarity of 62.5% between both isoforms (NCBI sequences: profilin1: 

NP_005013.1, profilin2: NP_444252.1). Bands were visualized using Immobilon Western 

Chemiluminescent HRP Substrate (WBKLS0500, Millipore, Burlington, Massachusetts, USA). 

Densitometric analysis was done by using the software LabImage1D (Kapelan, Leipzig, 

Germany). 

 

Actin rod isolation for LC-MS analysis 

Actin rods were isolated based on protocols described elsewhere (Minamide et al., 2010; 

Rademacher et al., 2017). Briefly, 1 x 106 cells were seeded in 10 cm dishes, transfected the 

next day with siRNA against Smn and differentiated for three days. Before harvesting the cells, 

they were incubated with 10 µM nocodazole for 10 min at 37°C to prevent microtubule 

interference. Cells were washed with PBS, scraped into 300 µL lysis buffer (20mM PIPES pH 

6.8, 140 mM NaCl, 1 mM EGTA) and disrupted by passing the cells 40 times through a 27G 

needle. Cell debris was pelleted by centrifugation for 10 minutes at 350 x g and 4°C. Actin rods 

in the supernatant were separated from monomeric actin by centrifugation on a discontinuous 

OptiPrep gradient (10%/15% or 10%/40% (v/v), 4 mL each) for 20 min at 4300 rpm and 4°C. 

500 µL fractions were collected and further analyzed on Western blot. Proteins in the actin rod 

containing fraction were precipitated by adding 4 volumes of ice-cold acetone and incubated 

for one hour at -20°C. After centrifugation, the pellet was dissolved in Lämmli buffer and 

incubated for five minutes at 95°C. Proteins were alkylated by adding 1 µL acrylamide (40%) 

and incubation for 30 minutes at RT prior to loading on an SDS gel.  

 

LC-MS-based proteome analyses 

Proteins separated by SDS-PAGE were stained with Coomassie Brilliant Blue and each lane 

was cut into three pieces which were further minced to 1 mm³ gel pieces. Further sample 

processing was done as described (Jochim et al., 2011). Briefly, gel pieces were destained two 
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times with 200 µL 50% ACN, 50 mM ammonium bicarbonate (ABC) at 37°C for 30 min and 

then dehydrated with 100% ACN. Solvent was removed in a vacuum centrifuge and 100 µL 10 

ng/µL sequencing grade Trypsin (V5111, Promega, Madison, Wisconsin, USA) in 10% ACN, 

40 mM ABC were added. Gels were rehydrated in trypsin solution for 1 hour on ice and then 

covered with 10% ACN, 40 mM ABC. Digestion was performed overnight at 37°C and was 

stopped by adding 100 µL of 50% ACN, 0,1% TFA. After incubation at 37°C for 1 hour the 

solution was transferred into a fresh sample vial. This step was repeated twice and extracts were 

combined and dried in a vacuum centrifuge. Dried peptide extracts were redissolved in 30 µL 

2% ACN, 0.1% TFA with shaking at 800 rpm for 20 min. After centrifugation at 20,000 x g 

aliquots of 12.5 µL each were stored at -20°C. Peptide samples were separated with a nano-

flow ultra-high pressure liquid chromatography system (RSLC, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) equipped with a trapping column (3 µm C18 particle, 2 cm 

length, 75 µm ID, Acclaim PepMap, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

and a 50 cm long separation column (2 µm C18 particle, 75 µm ID, Acclaim PepMap, Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). Peptide mixtures were injected, enriched and 

desalted on the trapping column at a flow rate of 6 µL/min with 0.1% TFA for 5 min. The 

trapping column was switched online with the separating column and peptides were eluted with 

a multi-step binary gradient of buffer A (0.1% formic acid) and buffer B (80% ACN, 0.1% 

formic acid). The RSLC system was coupled online via a Nano Spray Flex Ion Soure II (ES071, 

Thermo Fisher Scientific, Waltham, Massachusetts, USA) to an LTQ-Orbitrap Velos mass 

spectrometer that was operated in data-dependent acquisition mode. Overview scans were 

acquired at a resolution of 60k in the orbitrap analyzer and the top 10 most intensive ions were 

selected for CID fragmentation. Fragment ion mass spectra were recorded in the LTQ at normal 

scan. Active exclusion was activated to 70 s. Raw MS data were processed using MaxQuant 

(Cox & Mann, 2008) and human entries of Uniprot data bases. Proteins were stated identified 

by a false discovery rate of 0.01 on protein and peptide level. 

 

Gene Ontology (GO) enrichment 

GO enrichment was assessed with the Protein Analysis Through Evolutionary Relationship 

(PANTHER) overrepresentation test (version 14.1) (Thomas et al., 2003; Mi et al., 2013; Mi et 

al., 2018). MS analysis identified 2522 proteins in total. We set the cutoff at an intensity of 

>100 leaving 517 proteins for the GO enrichment according to their molecular functions. Whole 

mouse genome was used as reference and statistics was performed with the Fisher exact t-test.  
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Immuncytochemistry 

Cells were washed with PBS and fixed with 4% (w/v) PFA at RT for 10 min. After extensive 

washing, cells were permeabilized and blocked with PBS containing 5% horse serum and 0.3% 

Triton X-100 for at least 10 min at RT. Primary antibodies in 1% horse serum and 0.3% Triton 

X-100 in PBS were added for 1 hour at RT or overnight at 4°C. Having washed multiple times 

with PBS, Alexa-coupled secondary antibodies (1:500, Invitrogen, Carlsbad, California, USA) 

in PBS with 1% horse serum were added for 1 hour at RT. Counterstaining of the nucleus was 

performed with DAPI in PBS for 2min at RT, before mounting the cover slips in Prolong Gold 

(Life Technologies, Carlsbad, California, USA). Primary antibodies were: goat α-plexinD1 

(ab28762, 1:200, Abcam, Cambridge, UK), rabbit α-profilin1 (P7624, 1:1000, Sigma-Aldrich, 

St. Louis, Missouri, USA) and rabbit α-profilin2 (P0101, 1:1000, Sigma-Aldrich, St. Louis, 

Missouri, USA), 

 

Microscopy and evaluation of images 

The percentage of cells with actin rods was determined by staining with goat α-plexinD1 

antibody (ab28762, 1:200, Abcam, Cambridge, UK). Epifluorescence images were taken with 

the Olympus BX60 upright fluorescence microscope equipped with an Olympus XM10 color 

view camera and Olympus Cell Sense software. Exposure time was kept equal for each channel 

within an experiment and images were taken randomly. Cell counting was performed manually 

with blinded samples using ImageJ software.  

Confocal images were taken with a Leica DM IRB microscope equipped with a TCS SP2 AOBS 

scan head, an oil immersion objective HCX PL APO BL (63x, numeric aperture 1.4) and a 

Leica acquisition software. Co-localization in the indicated ROIs were analyzed using the 

Intensity Correlation Analysis plugin for ImageJ to determine the product of the differences of 

the mean (PDM) values.  

 

In silico analysis 

Putative phospho-sites of human profilin2a (NCBI reference sequence: NP_444252.1) were 

determined by using the NetPhos 3.1 program (Blom et al., 1999; Blom et al., 2004). 9 putative 

phospho-sites were chosen for further analysis.  

 

Molecular Cloning 

Human profilin2a cDNA in pCIneo was used to generate profilin2 phospho-mimetics and 

phospho-mutants. Overlapping primers were designed to exchange single serine, tyrosine and 
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threonine residues for aspartic acid or alanine, respectively, by PCR. These cDNAs were cloned 

into pIRES2-EGFP by PCR using primers with an added restriction site for BamHI and 

subsequent restriction digestion with EcoRI and BamHI. Next, PFN2-IRES-EGFP was 

molecularly cloned into the bicistronic vector pAAV_H1 _Syn-EGFP by PCR using primers 

with added restriction sites for AgeI and BsrGI. Restriction digestion with these two enzymes 

removed the original EGFP from the plasmid. shRNA against Pfn2 was cloned behind the H1 

promoter by designing the shRNA with restriction sites for BglII and HindIII with the GPP Web 

Portal of the Broad Institute.  

 

Small GTPase assays 

Cells were treated with scr siRNA or siSmn and the activity of small G-proteins (Rac1, RhoA 

and Cdc42) was measured by utilizing G-LISA Activation Assays (BK135, Cytoskeleton, 

Denver, Colorado, USA). The assays were performed according to the manufacturer’s 

instructions. Shortly, cell lysate was added to wells linked with the binding domain of an 

effector molecule of the small GTPases. The active protein was bound to the well bottom and 

was subsequently detected via specific small G-protein antibodies. An HRP-linked secondary 

antibody allowed colorimetric determination of the degree of activation.  

 

Statistics 

The GraphPad PRISM software (GraphPad Software, San Diego, California, USA) was used 

for all statistical analyses. 

 

 

2.4 Results 

Neuronal profilin2 is a component of actin rods in SMA 

Nuclear and cytoplasmic actin rod formation in SMA has recently been described by our group 

(Rademacher et al., 2017). These rods show the same characteristics as actin rods observed in 

other neurodegenerative diseases (Nishida et al., 1987; Bernstein et al., 2012; Rademacher et 

al., 2017). However, little is known about the composition of the actin rods in SMA. Until now, 

only the main components actin and cofilin as well as the carboxy terminal fragment of the 

surface receptor PLXND1 have been identified as factors differentially interacting with actin 

rods under SMA conditions (Rademacher et al., 2017). Thus, we performed LC-MS analysis 

of enriched actin rods to detect proteins interacting with actin rods that are probably involved 

in their formation (Figure 1). We used motoneuron-like NSC34 cells and transfected them with 
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siRNA against murine Smn to induce actin rod assembly (Cashman et al., 1992; Rademacher 

et al., 2017). After three days of differentiation, cells were harvested and actin rods were 

enriched on a 10%/40%-OptiPrep gradient (Figure 1A). Actin rods were collected at the 

interphase, concentrated and separated by SDS-PAGE (Figure 1B). Proteins were in-gel 

digested with trypsin and analyzed by LC-MS. In total, 2522 different proteins were identified 

(Supplementary table 1), of which actin and cofilin were among the most abundant ones. 517 

of the identified proteins were further analyzed by gene ontology (GO) classification. For 

enrichment, the PANTHER overrepresentation test was used with the mouse genome as 

reference (Figure 1C) (Thomas et al., 2003; Mi et al., 2013; Mi et al., 2018). Many of the 

proteins identified in the actin rod enriched fraction are involved in ATP-consuming processes 

such as translation, ubiquitination, phosphorylation and refolding of denatured proteins (Haas 

& Rose, 1982; Jewett et al., 2009; Mayer, 2010; Ardito et al., 2017) (Figure 1C). This finding 

suggested a more global role of actin rod formation in SMN-lacking cells.  

Interestingly, LC-MS analysis revealed the association of actin rods with profilin (PFN), 

another actin-binding protein which regulates actin polymerization and was shown to directly 

interact with the SMN protein (Supplementary table 1) (Cao et al., 1992; Giesemann et al., 

1999; Sharma et al., 2005; Nölle et al., 2011). Although profilin1, the ubiquitously expressed 

isoform, is more abundant in NSC34 cells, we identified the neuronal profilin2 in the actin rod 

enriched fraction (Supplementary table 2). We validated this finding by Western blot in which 

only profilin2 but not profilin1 showed a signal in the actin rod fraction (Figure 1D). However, 

confocal microscopy of SMN knock-down cells stained with profilin1 or 2 antibodies and 

PLXND1 antibody as control for actin rod formation revealed co-localization of both profilin 

isoforms with actin rods (Figure 1E) (Rademacher et al., 2017). Nonetheless, based on the lack 

of signal in the LC-MS analysis as well as on Western blots (Supplementary table 1, Figure 

1D), we propose that the amount of profilin2 bound to actin rods exceeds that of profilin1 by 

far.  

 

 



Manuscript I 

29 

Figure 1: Profilin2 is a component of actin rods formed in SMA.  Actin rods were enriched according to earlier 

studies (Minamide et al., 2010; Rademacher et al., 2017). Cells were treated with siSmn and the lysate was 

separated on a 10%/15%-Optiprep gradient. (A) Fractions from the gradient were analyzed by Western blot. Actin 

rods (red box at fraction 10) were distinguished from cytoplasmic proteins (Fractions 1-5) by staining for cofilin 

at the phase border. (B) 12.5% Coomassie-stained SDS-PAGE of the concentrated fraction 10 of (A). Labeled 
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bands were analyzed by MS. (C) Enrichment of proteins classified by their molecular function using the 

PANTHER overrepresentation test (gene ontology database) and the mouse genome as reference. (D) Western 

blot of fractions after separation of SMN-depleted cell lysate on a 10%/40%-Optiprep gradient. Rods were detected 

at the phase border using an antibody against actin. In addition, fractions were probed for profilin1 (PFN1) and 

profilin2 (PFN2). (E) Confocal images of siSmn-treated cells co-stained for PLXND1 and PFN1 or 2. Co-

localization was analyzed measuring the product of the differences of the mean (PDM) value as seen in the inset. 

DAPI was used as nuclear counterstaining. Scale bar: 20µm. 

 

Profilin2 is involved in actin rod formation 

Two possible, non-exclusive models could explain the presence of profilin1 and 2 on actin rods. 

Either, both proteins are sequestered by actin rods as seen for actin and cofilin or profilin1 

and/or 2 contribute to actin rod formation in SMA. We addressed this question by generating 

siRNA against murine Pfn1 and Pfn2 and assessed their impact on actin rod assembly (Figure 

2). Both siRNAs led to a protein reduction of about 50% (Figure 2A, 2B). Quantification of 

cells with actin rods was performed by staining for PLXND1 (Figure 2C, 2D). Remarkably, we 

could detect a significant reduction of actin rod formation by lowering the levels of profilin2 

only (Figure 2D). This supports the hypothesis that the amount of profilin1 on actin rods is just 

marginal and does not regulate rod assembly. Accordingly, we focused on profilin2 in 

subsequent experiments. In a co-knock-down experiment, we tested the effect of profilin2 

reduction in a SMA background (Figure 2E). Lowering the amount of SMN induced actin rod 

formation which was decreased by simultaneously reducing the profilin2 levels. These findings 

indicate a modulatory function of profilin2 in actin rod assembly in SMA rather than a simple 

sequestering effect.  
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Figure 2: Profilin2 but not profilin1 is involved in actin rod formation. (A) Representative Western blots of 

cells treated with siPfn1 or siPfn2. Ponceau was used as loading control. (B) Quantification of PFN1 and PFN2 

signal normalized to total protein (mean±SEM, n=3, unpaired two-tailed t-test, **p<0.01). (C) 

Immunofluorescence detection of actin rods by PLXND1 antibody in cells treated with scr siRNA, siPfn1 or 

siPfn2. Cells with actin rods are labeled with an asterisk. DAPI was used as nuclear counterstaining. Scale bar: 20 

µm. (D) Quantification of actin rods in cells treated with scr siRNA, siPfn1 or siPfn2 (mean±SEM, n=5, one-way 

ANOVA, Dunnett’s multiple comparison test, *p<0.05). (E) Quantification of cells with rods after co-transfection 

with scr, siSmn and siPfn2 in combinations as indicated (mean±SEM, n=4, one-way ANOVA, Tukey’s multiple 

comparisons test, *p< 0.05, **p<0.01). 
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Phosphorylation of profilin2 additionally modulates actin rod formation in SMA 

Profilin2 is hyperphosphorylated under SMA conditions which is at least partially mediated by 

a dysregulation of the ROCK kinase (Nölle et al., 2011). The phosphorylation of profilin2 at 

specific amino acid residues may alter its binding properties contributing to actin rod formation 

in SMA (Figure 2E). As the respective phospho-sites of profilin2 have not been determined yet, 

we performed an in silico analysis using the NetPhos 3.1 platform to identify putative phospho-

sites of human profilin2 (Figure 3A). The algorithms use an artificial neural network to predict 

generic and kinase-specific phosphorylation sites (Blom et al., 1999; Blom et al., 2004). We 

selected nine phospho-sites based on their amino acid residue and their relative position in the 

primary structure. One of the phospho-sites, S137, was already described to be targeted in 

profilin1 by ROCK1 (Shao et al., 2008). Next, we exchanged these residues against aspartate 

or alanine to mimic phosphorylation (D-mutants) or the non-phosphorylated state (A-mutants) 

at the respective sites. Using a bicistronic vector comprising shRNA against murine profilin2 

and the coding sequences for the human profilin2 mutants allowed us to express the phospho-

mutants by simultaneously reducing the amount of endogenous protein (Figure 3B, 

Supplementary figure 1). Additionally, EGFP was molecularly cloned under the control of an 

IRES sequence behind the coding sequence of profilin2 to serve as transfection control. 

Expression of the phospho-mutants was checked by immunofluorescence staining and Western 

blot (Figure 3C, Supplementary figure 2). First, we overexpressed profilin2 phospho-mimetics 

to identify phospho-sites with an additive effect on rod formation induced by overexpression 

of profilin2 (Figure 3D). Besides the D-mutants, we included two profilin2 mutants with known 

effects on their binding to interaction partners such as actin, phosphatidylinositol (4,5)-

bisphosphate (PIP2) and proteins with poly-L-proline (PLP) stretches (Carlsson et al., 1976; 

Carlsson et al., 1977; Lassing & Lindberg, 1985; Tanaka & Shibata, 1985; Metzler et al., 1994). 

Profilin2 W3A is a mutant deficient in PLP-binding, while profilin2 R74E shows a disrupted 

interaction with actin (Lambrechts et al., 2002). Interestingly, profilin2 S71D, S76D, Y78D, 

T84D and R74E showed a tendency towards decreased rod formation compared to WT. Only 

profilin2 T89D revealed a significant reduction in rod formation which is possibly caused by 

its low expression level (Figure 3D, Supplementary figure 2). In contrast, profilin2 Y133D and 

S137D did not affect actin rod formation compared to WT, although their expression levels 

were lower. This suggests altered properties of these mutants promoting the assembly of actin 

rods which may become important in SMA. Thus, we tested the effect of overexpressing 

profilin2 A-mutants in a SMA background (Figure 3E). In contrast to our prior findings (Figure 

2E), we did not detect any effect on rod formation of profilin2 knock-down in SMN-depleted 
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cells. This may be caused by differences in cell counting strategies. In this experiment, we 

considered only cells expressing GFP, while the prior experiments lacked a transfection control 

and thus all cells were counted. Nonetheless, this experimental setup is suitable for the 

evaluation of the impact of profilin2 phosphorylation on actin rod assembly in SMA, as 

overexpression of the WT still showed an enhanced number of cells with actin rods. We 

detected a significant reduction of actin rod assembly in the presence of profilin2 T84A. 

However, this mutant was also expressed at low levels (Supplementary figure 2). In contrast, 

profilin2 Y78A and S137A were expressed at WT-like levels, but showed a tendency towards 

reduced actin rod assembly (Figure 3E, Supplementary figure 2). As profilin2 Y78D had also 

a rod-reducing effect in the prior experiment (Figure 3D), we assume that exchanging the amino 

acid residue at this position impairs the protein’s function to induce rod assembly which is 

independent from the putative phosphorylation of this site. However, mimicking the non-

phosphorylated state at profilin2 S137 reduced the number of cells with rods indicating the 

contribution of this phospho-site in actin rod formation in SMA.  
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Figure 3: Single-site phosphorylation of profilin2 modulates rod formation.  (A) Primary structure of human 

PFN2 with putative phosphorylation sites (magenta). (B) Schematic drawing of a bicistronic plasmid for knock-

down of endogenous mPFN2 and overexpression of hPFN2 WT and mutants, respectively. The EGFP gene was 

molecularly cloned under the control of an IRES sequence to function as a transfection control. (C) Confocal 

images of cells transfected with the plasmid of (B) comprising the coding sequence of hPFN2 WT. Cells were 

stained with PFN2 and PLXND1 antibody. DAPI was used as nuclear staining. Scale bar: 20 µm. (D) 
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Quantification of rod-containing cells transfected with the bicistronic plasmids comprising the coding sequences 

for hPFN2 phospho-mimetics (D-mutants) (mean±SEM, n=5, paired two-tailed t-tests in comparison to WT if not 

otherwise indicated, *p<0.05). (E) Quantification of cells with rods after co-transfection with siSmn and the 

bicistronic plasmids comprising the coding sequences of hPFN2 phospho-mutants (A-mutants) (mean±SEM, n=4, 

paired two-tailed t-tests in comparison to WT, *p<0.05). 

 

RhoA-ROCK signaling contributes to rod formation in SMA 

The RhoA/ROCK pathway is dysregulated in SMA, thereby causing a hypophosphorylation of 

cofilin and a hyperphosphorylation of profilin2 (Nölle et al., 2011). Based on the similarity in 

their tertiary structures, we propose that ROCK targets serine residue 137 of profilin1 and 

profilin2 (Shao et al., 2008). Moreover, cofilin is phosphorylated by LIM kinase (LIMK) which 

becomes not only activated by RhoA/ROCK, but is also a downstream effector of the other 

small GTPases Rac1 and Cdc42 (Luo, 2002). Thus, inactivation or dysregulation of one of these 

pathways may contribute to actin rod formation in SMA. We examined the activation of all 

three small GTPases by using G-LISA assays (Cytoskeleton), an ELISA-based method to detect 

the GTP-bound form of the proteins (Figure 4A, 4B, 4C). Only RhoA showed a significantly 

increased activation (Figure 4A), indicating that the RhoA/ROCK axis is the major small 

GTPase-pathway involved in actin rod formation in SMA. Inhibition of this pathway has 

already been shown to ameliorate the phenotype in SMA mouse models (Bowerman et al., 

2010). Thus, we wanted to assess if this beneficial effect may be partially mediated by the 

disassembly of actin rods. ROCK inhibition by 50 µM Y-27632 showed a robust 

dephosphorylation of cofilin in untransfected cells after 72 hours total incubation time (Figure 

4D). PLXND1-staining of scr- and siSmn-treated cells with or without inhibitor revealed a 

significant reduction of the cell number with rods under SMN-depletion (Figure 4E, 4F). 

Accordingly, reduced actin rod formation due to ROCK inhibition may contribute to alleviated 

SMA symptoms.  
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Figure 4: RhoA-ROCK axis is involved in actin rod formation in SMN knock-down cells. Cells were treated 

with scr siRNA or siSmn and differentiated for three days. Activity of small G-proteins ((A) RhoA, (B) Rac1, (C) 

Cdc42) was measured by using G-Lisa Activation Assays (Cytoskeleton) (mean±SEM, n=3, paired two-tailed t-

test, **p<0.01). (D) Efficacy of the ROCK inhibitor Y-27632 (50µM for three days) shown by Western blot of p-

cofilin and cofilin. Ponceau staining was used as loading control. (E) Representative immunofluorescence images 

of actin rods in cells treated with scr siRNA, siSmn or siSmn+Y27632. Actin rods were detected by PLXND1 
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antibody and labeled with an asterisk. DAPI was used as nuclear counterstaining. Scale bar: 20 µm. (F) 

Quantification of actin rods in cells treated with scr or siSmn with and without Y27632. (mean±SEM, n=4, two-

way ANOVA, Sidak’s multiple comparisons test, **p<0.01). 

 

 

2.5 Discussion 

Recently, our group has demonstrated the presence of actin-cofilin rods in cellular and mouse 

models of SMA (Rademacher et al., 2017). In this study, we wanted to characterize actin rod 

composition and formation induced by SMN depletion, thereby identifying putative pathways 

contributing to actin rod generation. Indeed, we determined the neuronal actin-binding protein 

profilin2 and its upstream kinase ROCK to be involved in actin rod assembly (Figure 2 and 4). 

Moreover, LC-MS-based proteomics revealed novel rod-interacting proteins which are 

enriched in distinct pathways important for cellular homeostasis (Figure 1). 

The actin-binding protein profilin has not been investigated in the context of actin rod formation 

so far. Our results suggest a specific function of the neuronal isoform profilin2, but not 

profilin1, in the assembly of stable actin rods (Figure 2). Although both isoforms are highly 

similar in their tertiary structure, specific characteristics of profilin2 compared to profilin 1 

could be responsible for these differential effects (Nodelman et al., 1999). Profilins harbor three 

domains which mediate their binding to actin, proteins with PLP-stretches and phospholipids 

(Carlsson et al., 1976; Carlsson et al., 1977; Lassing & Lindberg, 1985; Tanaka & Shibata, 

1985; Metzler et al., 1994). The main functional difference between the isoforms is considered 

to be based on their interaction with distinct protein complexes via their PLP-binding domain 

(Witke et al., 1998). Although both isoforms favor the formation of linear, unbranched actin 

filaments by their interaction with proteins such as formin or Ena/VASP, profilin1 can 

additionally promote the assembly of branched filaments mediated by its binding to the 

WAVE2-/Arp2/3-complex (Miki et al., 1998; Yang et al., 2000; Mouneimne et al., 2012; 

Suarez et al., 2015). Actin rod formation was suggested to be mediated by cofilin-actin subunit 

assembly at the barbed end of existing actin filaments and their subsequent bundling (Minamide 

et al., 2010). Thus, the contribution of profilin2 but not profilin1 in actin rod formation may be 

based on the preferential bundling of linear instead of branched actin filaments. Interestingly, 

profilin2 was shown to dimerize upon binding to VASP to promote actin polymerization 

(Jonckheere et al., 1999). Profilin2 W3A is deficient in PLP-binding (Lambrechts et al., 2002), 

and did not reduce actin rod formation when co-expressed with endogenous profilin2 (Figure 

3D). This lack of effect may be explained by the formation of heterodimers of endogenous and 

mutant proteins which are then able to induce actin assembly. The profilin2 mutant deficient in 
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actin-binding, R74E, showed a tendency towards less rod formation (Figure 3D), potentially 

due to a simultaneous attenuation in PLP-binding (Lambrechts et al., 2002). This would impair 

its interaction with PLP-proteins such as VASP and reduce the polymerization of linear, 

unbranched actin filaments. Similarly, the profilin2 phospho-mimetic Y78D had a tendency 

towards reduced rod formation (Figure 3C). This mutant has a lower affinity to actin, but did 

not show any effect on PLP-binding. In contrast, enhanced PIP2-binding may compete with its 

function in actin polymerization (Walter et al., 2019).  

Little is known about mechanisms leading to nuclear actin rod assembly. Transport of actin 

monomers into the nucleus is mediated by its binding to cofilin (Dopie et al., 2012). Moreover, 

nuclear shuttling of cofilin is essential for rod formation (Munsie et al., 2012). In Dictyostelium 

discoideum, the actin-interacting protein 1 (Aip1) and coronin (corA) were shown to contribute 

to nuclear rod formation by potentially providing a sufficient pool of monomeric actin 

(Ishikawa-Ankerhold et al., 2017). This function may also pertain to profilin. In line with that, 

profilin2 mutants R74E and S71D, which do not bind actin (Lambrechts et al., 2002; Walter et 

al., 2019), showed reduced rod assembly (Figure 3D). However, profilin2 mutant S129D – 

deficient in actin-binding, but unaffected in PIP2- or PLP-binding (Walter et al., 2019) – did 

not show a reduction in actin rod formation (Figure 3D). Thus, the ability to bind actin may be 

a strong, but non-exclusive contributing factor of profilin2 as a regulator of actin rod formation.  

 

Profilin2 knock-down significantly reduced the number of SMN-depleted cells with rods 

indicating a role of profilin2 in rod assembly under SMA conditions (Figure 2E). As profilin2 

is hyperphosphorylated in SMA (Nölle et al., 2011), we tested several single-site phospho-

mutants of profilin2 for their potential to influence rod formation (Figure 3). We identified 

serine residue 137 of profilin2 as a putative phospho-site enhancing the capacity of the protein 

to induce rod formation (Figure 3D, 3E). Interestingly, the analog phospho-site of profilin1 is 

targeted by the kinase ROCK1 (Shao et al., 2008). 

Dysregulation of the RhoA/ROCK axis is hypothesized to be the cause for profilin2 

hyperphosphorylation and cofilin hypophosphorylation in SMA (Nölle et al., 2011). Inhibition 

of this pathway significantly reduced rod formation in SMN-depleted cells (Figure 4F). ROCK 

inhibition causes a dephosphorylation of its downstream targets such as cofilin (Maekawa et 

al., 1999; Bowerman et al., 2010). As dephosphorylated cofilin is required for rod formation 

(Minamide et al., 2000; Bernstein et al., 2012), we would have expected even enhanced rod 

assembly in inhibitor-treated compared to control cells. However, ROCK inhibition induced 

less rod formation. Therefore, this effect is putatively mediated by the dephosphorylation of 
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other downstream targets such as profilin2 at S137. Interestingly, inhibition of this pathway 

ameliorates SMA pathogenesis in mice (Bowerman et al., 2010; Bowerman et al., 2012). This 

beneficial effect may be partly mediated by a reduction in rod formation in motoneurons.  

 

How does the formation of actin rods affect motoneuron homeostasis? The assembly of 

cytoplasmic rods may induce synaptic loss by blocking axonal transport physically and by 

disrupting microtubule integrity (Cichon et al., 2012). Indeed, an impairment in axonal 

transport of mitochondria and mRNAs was observed in SMA (Fallini et al., 2012; Miller et al., 

2016; Xu et al., 2016). Interestingly, dysfunction in mitochondria transport was ameliorated by 

treatment with N-acetylcysteine, an antioxidant shown to dissolve actin rods (Xu et al., 2016; 

Tam et al., 2019). Nuclear actin rods perturb the localization of chromatin and the RNA 

polymerase II affecting gene transcription (Serebryannyy et al., 2016a; Serebryannyy et al., 

2016b). In line with that, transcriptome abnormalities were detected in SMA motoneurons. 

However, a general inhibition of transcription has not been reported (Zhang et al., 2008; Murray 

et al., 2010). Moreover, cytoskeletal proteins such as actin and cofilin, but also profilin, 

tropomyosin, WASP and Arp2/3 were detected to be enriched in the rod fraction 

(Supplementary table 1) and thus probably unavailable for actin dynamics in other cellular 

compartments, e.g. the synapse. Accordingly, neuromuscular junctions of SMA mice show a 

delay in maturation and abnormal synaptic transmission (Kariya et al., 2008; Kong et al., 2009). 

Both are processes relying on functional actin polymerization and depolymerization (Zhang & 

Benson, 2001; Dillon & Goda, 2005). In addition, we identified other proteins bound to actin 

rods (Supplementary table 1). Several of them such as peroxiredoxin1, annexin2 or 14-3-3 were 

already identified in an earlier study analyzing rod composition in ATP-depleted cells 

(Minamide et al., 2010). GO ontology of the identified proteins based on their molecular 

functions revealed their involvement in a number of ATP-consuming processes important for 

cellular homeostasis (Figure 1C). Thus, an initial binding of these proteins to rods may be 

beneficial for the stressed cell, but if this condition persists, several essential pathways such as 

ubiquitination, translation or mitochondria respiration may be perturbed affecting motoneuron 

integrity. All of these pathways are known to be impaired in SMA (Wishart et al., 2014; Miller 

et al., 2016; Bernabò et al., 2017).  

 

In summary, our study supports the importance of the dysregulated RhoA/ROCK pathway in 

the formation of actin rods in SMA. Thereby, profilin2 is involved in the assembly of these 

structures which is potentially induced by its phosphorylation on serine residue 137. Based on 
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our finding that several proteins involved in essential cellular functions are bound and 

potentially sequestered by actin rods, it is important to identify strategies for the disassembly 

of these structures. This supports the need for combinatorial treatments targeting SMN-

dependent and -independent pathways as an increase of the SMN level is not sufficient to 

dissolve actin rods (Rademacher et al., 2017). 
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2.7 Supplementary figures   

Supplementary figure 1: Profilin2 shRNA reduces protein levels by half.  Cells were transfected with 

pAAV_H1-scr shRNA _Syn-EGFP or pAAV_H1-mPfn2 shRNA_Syn-EGFP and differentiated for three days. 

(A) Representative Western blot of transfected cells probed for PFN2. Ponceau was used as loading control. (B) 

Quantification of PFN2 levels normalized to total protein (mean±SEM, n=3, paired two-tailed t-test, *p<0.05). 
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Supplementary figure 2: Differential expression pattern of profilin2 phospho-mimetics and -mutants. Cells 

were transfected with pAAV_H1-scr shRNA _Syn-EGFP or pAAV_H1-mPfn2 shRNA_Syn-hPFN2 WT or 

mutants_IRES_EGFP and differentiated for three days. (A) Representative Western blots of transfected cells 

probed for PFN2. Ponceau was used as loading control. (B) Quantification of PFN2 levels normalized to total 

protein (mean±SEM, n=3, paired two-tailed t-test compared to WT, *p<0.05). Signal intensities of double bands 

due to differential migration of endogenous and overexpressed protein were combined. Differential 

posttranslational modification of profilin2 W3A may cause the distinct double bands observed for this mutant. 
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2.8 Supplementary tables 

Supplementary table 1: List of proteins identified to be bound to actin rods by LC-MS.  The table was 

simplified by using the names of the respective protein-coding genes. Different histone variants with similar 

molecular weights were not itemized. Proteins with a total intensity below 100 were not considered in further 

analyses.  

Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Actg1 41.79 235.33 Hnrnpa1 38.83 188.39 

Eef1a1 50.11 233.93 Ddx39b 49.04 188.33 

Tuba1b/4a/8 50.15 229.70 Eef2 95.31 188.13 

Hspa8 70.87 222.87 Hnrnpk 48.56 188.13 

Rps27a 17.95 222.44 Slc25a3 39.74 188.08 

Tubb5 49.67 221.29 Hist1h4a 11.37 187.34 

Gapdh 35.81 213.71 Eef1g 50.06 186.77 

Hsp90ab1 83.28 211.77 Hnrnpa2b1 37.40 186.74 

Npm1 28.39 211.12 Cct8 53.08 186.64 

Eno1 47.14 210.39 Eif4b 68.84 186.48 

Aldoa;Aldoart1 39.36 206.53 Nudc 38.36 186.16 

Ncl 76.72 202.49 Myl6 16.93 186.01 

Pkm 57.84 202.44 Rpl4 47.15 185.80 

Atp5b 56.30 201.97 Vdac3 30.70 185.00 

Ldha 36.50 201.22 Cfl1;Cfl2 18.56 184.76 

Hspa9 73.46 200.95 Nap1l1 48.54 184.32 

Krt76 62.84 200.53 Srsf3;Gm12355 14.20 184.23 

Pgk1 44.55 199.49 Arhgdia 23.41 184.06 

Hspd1 60.96 199.29 Hist1h2 14.89 183.78 

Ppia 17.97 198.67 Rpl3 46.11 183.60 

Gdi2 50.54 198.01 Pcbp1 37.50 183.52 

Cycs 11.61 197.67 Atp5a1 59.75 183.11 

Slc25a4 32.90 197.00 Lgals1 14.87 183.05 

Ran 24.42 196.97 Cyb5r3 34.93 183.01 

Ywhae 29.17 196.85 Ahcy 47.69 182.82 

Vdac1 30.76 195.93 Ppp2r1a 65.32 182.73 

Dpysl3 73.88 195.77 Vim 53.69 182.43 

Hnrnpab 33.82 194.74 Rpl7a 29.98 182.31 

Aco2 85.46 194.52 Snrpa 31.84 182.28 

Pabpc1 70.67 194.24 Mdh2 35.61 182.14 

Cct3 60.63 193.90 Rps3 26.67 182.09 

Srsf2 25.48 193.72 Rpl22 14.76 181.94 

Vdac2 31.73 193.19 Rangap1 63.53 181.56 

Srsf7 17.89 192.77 Srm 34.00 181.54 

Hnrnpm 73.74 192.70 Rps6 28.68 181.13 

Aars 106.91 192.34 Iap 62.75 180.74 

Ywhaz 27.77 191.99 Rpl7 31.42 180.66 

Tufm 49.54 191.25 Nars 64.28 180.47 

Actbl2 42.00 190.86 Eif3l 66.61 180.43 

Eif4a1 46.15 190.60 Fscn1 54.51 180.41 

Lmna 74.24 189.88 Prkar1a 43.19 179.98 

Cs 51.74 188.77 Rps2 31.23 179.84 

Rpl6 33.51 188.57 Acot7 42.83 179.62 

Asns 64.28 179.60 Tcea1 33.88 164.78 



Manuscript I   

46 

Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Mdh1 36.51 179.16 Eif5a 16.83 164.30 

Pa2g4 43.70 179.14 Rars 75.67 164.27 

Tars 83.36 178.09 Rplp0 34.22 164.26 

Hnrnpa0 30.53 178.04 Tubb4b;Tubb4a 49.83 164.17 

Rps9 22.59 177.91 Sub1 14.43 163.80 

Nsfl1c 40.71 177.67 Cct7 55.06 163.44 

Stip1 62.58 177.56 Eif2s2 38.09 162.21 

Rdx 68.54 177.07 Fus 52.60 161.06 

Tomm70a 67.59 176.86 Eef1d 27.22 160.62 

Rpl18 21.64 176.71 Timm44 51.09 160.41 

Rps8 24.21 176.70 Akr1b1 35.73 160.39 

Vgf 68.23 176.55 Psmc2 48.65 159.96 

Ranbp1 23.60 176.18 Prph 54.30 159.91 

Shmt2 55.76 175.43 Hnrnpa3 34.48 159.71 

Pdlim5 63.30 175.42 Stxbp1 67.57 159.12 

Gars 81.88 174.27 Tpm3 29.02 158.93 

Hnrnpf 45.73 173.67 Ppa1 32.67 158.49 

Dpysl2 62.28 173.52 Psmc3 49.55 158.45 

Ssb 47.76 172.84 Tmpo 75.17 158.37 

Idh3a 39.64 172.82 Pebp1 20.83 158.18 

Hmgb1 24.23 172.55 Phgdh 56.59 158.11 

Srsf1 28.33 171.55 Tuba1a;Tuba3a 50.14 158.02 

Rpsa 32.84 170.93 Hspe1 10.96 157.99 

Hspa5 72.42 170.92 Atp5c1 30.26 157.79 

Yars 63.00 170.89 Pcbp2 38.22 157.62 

Nucks1 26.31 170.59 Pcna 28.79 157.48 

Bcat1 43.52 170.56 Rpl27 15.80 157.44 

Hnrnph1 51.22 170.25 Dlat 67.94 157.38 

Got2 47.41 170.24 Uchl1 24.84 157.36 

Ywhag 28.30 170.17 Rps23 15.81 157.23 

Naca 23.38 170.14 Tfg 43.02 157.09 

Ywhaq 32.22 169.95 Cbx5 22.19 156.89 

Cttn 61.25 169.78 Prdx1 22.18 156.72 

Tcp1 60.45 169.21 Rbm14 69.45 156.67 

Prep 80.75 168.56 Aldh9a1 53.51 156.37 

Cct6a 58.00 168.53 Glod4 31.21 155.94 

Rbmxl1;Rbmx 42.16 168.50 Hist1h1c 21.27 155.77 

St13 41.66 167.66 Cct4 54.86 155.58 

Rtn4 38.40 167.16 Hsp90aa1 84.79 155.40 

Serbp1 22.70 167.15 Cotl1 15.94 155.25 

Sept9 64.77 167.12 Fxr1 72.81 155.20 

Hist1h2a 13.66 167.04 Rpl29 16.85 155.14 

Srsf5 30.98 166.53 Psmc6 44.17 155.11 

Anxa6 75.88 166.52 Nme2;Nme1 30.20 155.10 

Tubb3 50.42 165.94 Cct2 57.48 155.01 

Atic 64.22 165.83 Trap1 80.21 154.82 

Khsrp 76.78 165.69 Rps26 13.02 154.58 

Rpl5 34.40 165.60 Anxa5 35.75 154.40 

Hspa4 94.21 165.00 Eif3g 35.64 153.94 

Psip1 59.70 164.81 Ass1 46.58 153.86 

Anxa2 38.68 153.83 Fubp1 67.44 140.06 
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Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Mtpn 12.86 153.54 Nans 40.02 139.59 

Psmd13 42.81 153.15 Ola1 44.73 139.34 

Eif2s1 36.11 153.01 Tardbp 44.55 138.81 

Psmd3 60.72 152.95 

Ddx3x;Ddx3y; 

D1Pas1 73.10 138.30 

Asl 51.74 152.94 Rpl10a 24.83 137.75 

Uqcrc2 48.23 152.93 Vat1 43.10 137.53 

Calr 47.99 152.74 Hsdl1 36.87 137.49 

Thop1 78.03 152.60 Rps25 13.74 137.41 

Aimp2 35.38 152.34 Asna1 38.82 137.30 

Fdps 95.22 152.18 Sae1 38.62 137.26 

Hnrnpc 32.22 150.92 Anp32b 31.08 137.25 

Hist1h1e 21.98 150.17 Pfkp 85.55 137.24 

Gnb2 37.33 150.02 Ahsa1 38.12 137.11 

Snrnp35 29.29 149.67 Calu 37.06 136.73 

Rps15a 14.84 149.26 Uqcrc1 52.85 136.66 

Tkt 67.63 149.12 Gmps 76.72 136.22 

Marcks 29.66 148.83 Pacsin2 55.83 136.17 

Eef1b;Eef1b2 24.69 148.47 Capzb 30.63 136.07 

Krt28 50.35 148.17 Oat 48.35 135.93 

Taldo1 37.39 148.06 Pdia4 72.37 135.91 

Dnajc8 27.49 147.34 Syncrip 58.75 135.84 

Hist1h3 13.32 147.33 Rps3a 29.89 135.70 

Rpl13 24.31 147.14 Aimp1 35.17 135.64 

Ube2n 17.14 146.90 Fabp5 15.14 135.23 

Psmc5 45.63 146.23 Rpl8 28.02 135.06 

Rpa1 71.41 146.15 Park7 18.47 135.02 

Cars 85.55 145.80 Set 24.92 134.82 

Lrpap1 42.22 145.59 Pgd 53.25 134.75 

Immt 82.93 144.28 Rpl34 13.29 134.61 

Ddx5 69.27 144.03 Glrx3 37.78 134.47 

Rplp2 11.65 143.94 Etfa 35.01 134.37 

Eef1a2 50.45 143.43 Rps12 14.52 134.24 

Rpl23 14.87 143.42 Prdx2 16.07 134.01 

Ybx1 35.73 143.20 Por 77.04 133.70 

Tomm34 34.28 142.53 Rpn1 68.53 133.70 

Psat1 40.47 142.17 Psma6 27.37 133.67 

Abce1 67.31 142.09 Ppa2 37.99 133.63 

Sept2 41.53 142.09 Rpl13a 23.46 133.58 

Luc7l2 38.61 141.94 Nsf 82.61 133.18 

Slc25a5 32.93 141.94 Blmh 52.51 133.12 

Gnb2l1 35.08 141.66 Hmgb2 24.16 133.08 

Vars 141.41 141.30 4930550L24Rik 35.04 132.98 

2210016F16Rik 38.62 141.09 Stx1a 29.49 132.93 

Psmd11 47.44 140.97 Elavl1 36.17 132.73 

Txn 11.68 140.91 Gap43 23.63 132.47 

Hdgf 26.27 140.87 Phb 29.82 132.24 

Ywhah 28.21 140.68 Tsn 26.20 132.14 

Fh 50.05 140.47 Msn 67.77 132.12 

Cd47 33.10 140.44 Wdr1 66.41 131.99 

Snrnp70 51.99 131.93 Cbwd1 43.77 122.78 
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Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Psmd7 36.54 131.86 Cox5b 13.85 122.38 

Rps19 16.09 131.82 Cdc37 44.59 122.29 

Sars 21.26 131.79 Map1b 270.25 122.23 

Phb2 33.30 131.64 Mydgf 17.98 121.35 

Carkd 35.17 131.48 Hist1h1d 22.10 121.30 

Raly 31.69 131.45 Rps16 16.45 121.21 

Vcp 89.32 131.36 Psma1 29.55 121.05 

Plod3 84.92 131.19 Rps13 17.22 120.97 

Drg2 40.72 131.18 Hnrnpd 32.75 120.91 

Lrrc59 34.88 131.08 Cops4 46.28 120.83 

Gtf2i 103.08 130.50 Tpi1 32.19 120.79 

Canx 67.28 130.15 Rtn3 25.43 120.74 

Nop56 64.46 130.14 Rps24 15.07 120.45 

Cyp20a1 52.15 130.11 Tra2b 21.94 120.17 

Nutf2 14.48 130.02 Cox4i1 19.53 119.75 

Rpl23a 17.70 130.01 Pdxp 31.51 119.74 

Basp1 22.09 129.93 Rpl14 23.56 119.67 

Actr3 47.36 129.93 Mthfd2 37.86 119.55 

Ppm1a 42.43 129.80 Cdk1 34.11 119.43 

Ddah1 31.38 129.26 Ppp2cb;Ppp2ca 35.58 119.37 

Ptbp1 52.63 129.22 Pcbp3 39.17 119.37 

Ndc80 73.96 129.07 Klc1 61.63 119.02 

Renbp 47.98 129.04 Sgta 34.32 119.00 

Cbr3 30.95 128.84 Stub1 34.91 118.92 

Gstm2 25.72 128.50 Dnm1l 82.66 118.87 

Clpp 29.80 128.49 Ppp1ca 37.54 118.59 

Cpsf6 59.31 128.46 Psmd6 45.54 118.52 

Sh3gl1 41.52 127.74 Rpl31 14.46 118.35 

Adrm1 42.15 127.62 Idh2 50.91 118.24 

Rbbp7 46.91 127.46 Tbcb 27.39 118.23 

Eprs 170.08 127.16 Eif2s3 51.07 118.20 

Scrn1 46.33 126.61 S100a6 10.05 118.14 

Khdrbs1 48.37 126.40 Bag3 61.86 118.08 

Timm50 39.78 126.30 Aacs 75.20 118.07 

Psph 25.10 126.20 Uba1 117.81 117.89 

Rpl28 15.73 125.80 Sec61a1 52.26 117.66 

Nono 54.54 125.56 Hnrnpu 86.81 117.52 

Mtco2 25.98 125.47 D10Jhu81e 28.09 117.39 

Tbca 12.76 125.41 Vps35 91.71 117.20 

Acat1 44.82 125.16 Crmp1 74.22 117.18 

Vat1l 45.82 124.78 Map2k1 43.47 116.99 

Cct5 59.62 124.71 Bzw1 51.21 116.90 

Kars 67.84 124.69 Trnt1 49.90 116.79 

Gnas 45.66 123.98 Ctps1 66.68 116.75 

Fbl 34.31 123.89 Cd63 25.77 116.72 

Tubb2a 49.91 123.85 Sept7 50.68 116.70 

Psmc4 47.41 123.74 Elavl4;Elavl7 39.27 116.57 

Psmd4 41.05 122.95 Ddx17 72.58 116.55 

Capza2 32.97 122.88 Scamp1 32.34 116.19 

Prkaca 40.57 122.85 Zyx 57.03 116.06 

Prdx4 31.05 115.97 Gaa 106.25 110.49 
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Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Psme3 29.51 115.87 Pdlim7 50.12 110.18 

Heatr3 74.31 115.77 Eif3e 52.22 109.92 

Pdhb 38.94 115.74 Atp5o 23.36 109.89 

Etf1 49.03 115.58 Cisd2 15.24 109.70 

Kifc5b 73.68 115.30 Cops2 51.60 109.59 

Ruvbl2 51.11 115.22 Psmd10 25.08 109.54 

Snrpb2 25.32 115.20 Hsph1 91.68 109.46 

Prkcsh 58.79 114.99 Fhl3 31.17 109.36 

Pfn2 9.80 114.94 ? (C2orf47 homolog) 32.99 109.34 

Lta4h 69.05 114.75 Arpc5 16.29 109.31 

Pcmt1 29.17 114.51 Akr1b8 36.12 109.22 

Picalm 70.98 114.34 Myg1 42.72 109.03 

Rhot1 72.24 114.32 Xrcc5 83.06 109.00 

Acadl 47.91 114.32 Tpm4 28.47 108.94 

Tfrc 85.73 114.27 Pgam 28.83 108.75 

Mtdh 63.85 114.04 Ppp3ca 57.61 108.74 

Acat 41.30 114.02 Tars2 72.56 108.43 

Acp6 47.62 113.79 Itpa 21.90 108.31 

Hba 15.11 113.30 Creb1 30.96 108.19 

Ctbp2 45.97 113.02 Samhd1 72.65 107.91 

Actr2 44.76 112.94 Fmr1 66.53 107.87 

Actl6a 47.45 112.76 Ttll12 74.04 107.78 

Slc25a1 33.93 112.72 Cndp2 52.77 107.78 

Erp44 46.85 112.59 Ckap4 63.69 107.72 

Anp32a 26.86 112.55 Cald1 60.45 106.72 

Rpap3 74.10 112.53 Lasp1 29.99 106.51 

Pspc1 58.76 112.43 Akr1b10 35.85 106.50 

Rpl19 23.25 112.38 Zranb2 33.26 106.29 

Arpc2 34.36 112.31 Adsl 53.13 106.28 

Crk 33.81 112.19 Sod1 15.94 106.03 

Suclg2 46.84 112.18 Gnaq 42.16 105.85 

Rpl37a 10.28 112.01 Bpnt1 33.20 105.54 

Hnrnpr 70.89 111.99 Pdha1 43.23 105.37 

Aldh18a1 87.05 111.61 Atp1b3 31.78 105.26 

Alyref 26.94 111.53 Myo16 207.66 104.95 

Map2 52.68 111.47 Elmod2 34.75 104.86 

Stmn1 17.27 111.19 Surf4 30.38 104.57 

Polb 38.29 111.16 Rps18 17.67 104.41 

Ezr 69.41 111.10 Rps7 21.88 104.40 

Tagln2 22.40 111.02 Kct2 27.29 104.32 

Hadhb 51.39 110.95 Ranbp3 52.57 104.32 

Srp68 70.57 110.94 Eif3m 42.52 104.19 

Arpc1b 41.50 110.90 Gstp1 23.61 104.15 

Ak1 21.54 110.87 Pard6b 33.27 103.99 

Fam49b 36.78 110.66 Ppp1r7 41.29 103.87 

Cfdp1 32.92 110.63 Cops3 47.83 103.76 

Ctsd 44.95 110.62 Myadm 8.64 103.59 

Osgep 19.83 110.60 Rhoa 21.78 103.49 

Nme1 17.21 110.59 Tpt1 19.46 103.44 

Acaa2 41.83 110.54 Xpnpep1 70.99 103.43 

Rps21 9.14 103.40 Ndufs1 79.78 101.26 
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Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity Gene name 

Molecular 

weight  

(kDa) 

Total 

intensity 

Pes1 68.23 102.96 Qki 21.43 101.06 

Bcap29 27.96 102.92 Hint1 13.78 100.89 

Prmt1 40.52 102.89 Aprt 19.72 100.85 

Sh3bgrl 12.81 102.79 Cdv3 24.20 100.65 

Atp6v1a 68.33 102.57 Emb 37.06 100.52 

Actr1b 42.28 102.38 Snx2 58.47 100.44 

Sncg 13.16 102.28 Adss 50.02 100.43 

Mettl13 78.76 102.25 Prdx6 24.83 100.34 

Dnajc9 30.06 101.87 Mat2a 43.69 100.30 

Psma7 27.86 101.72 Mcm7 81.21 100.17 

Pgls 27.25 101.53 Ppid 40.74 100.15 

Srsf6;Srsf4 39.03 101.35    

  

 

Supplementary table 2: Profilin1 is more abundant than profilin2 in NSC34 cells. Cells were treated with scr 

or siSmn and differentiated for three days. Equal amounts of cell lysate were separated by SDS-PAGE. Relative 

abundances of PFN1/2 were determined. LFQ values were normalized to the highest value. 

Protein names scr 

rel. LFQ intensity 

siSmn 

rel. LFQ intensity 

Profilin1 92.1% 100.0% 

Profilin2 5.4% 5.0% 
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Abstract 

Profilin is a major regulator of actin dynamics in multiple specific processes localized in 

different cellular compartments. This specificity is not only meditated by its binding to actin, 

but its interaction with phospholipids such as phosphatidylinositol (4,5)-bisphosphate (PIP2) at 

the membrane and a plethora of proteins containing poly-L-proline (PLP)-stretches. These 

interactions are fine-tuned by posttranslational modifications such as phosphorylation. Several 

phospho-sites have already been identified for profilin1, the ubiquitously expressed isoform. 

However, little is known about the phosphorylation of profilin2a. Profilin2a is a neuronal 

isoform important for synapse function. Here, we identified several putative profilin2a 

phospho-sites in silico and tested recombinant phospho-mimetics with regard to their actin-, 

PLP-and PIP2-binding properties. Moreover, we assessed their impact on actin dynamics 

employing a pyrene-actin polymerization assay. Results indicate that distinct phospho-sites 

modulate specific profilin2a-functions. We could identify a molecular switch site at serine 

residue 71 which completely abrogated actin binding – as well as other sites important for fine-

tuning of different functions, e.g. tyrosine 29 for PLP-binding. Our findings suggest that 

differential profilin2a phosphorylation is a sensitive mechanism for regulating its neuronal 

functions. Moreover, the dysregulation of profilin2a phosphorylation may contribute to 

neurodegeneration. 
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4.1 Abstract 

Spinal Muscular Atrophy (SMA) is a genetic disorder caused by reduced levels of the SMN 

protein. Patients develop proximal muscle weakness and atrophy induced by degeneration of 

α-motoneurons in the spinal cord and brain stem. The reason for motoneuron susceptibility to 

low levels of the SMN protein still remains elusive. However, there is increasing evidence for 

a contribution of actin cytoskeleton dysregulation in SMA pathogenesis. The SMN protein 

directly interacts with the neuronal actin-binding protein profilin2. At low levels of SMN 

characteristic for SMA, profilin2 is liberated from the SMN-profilin2 complex and becomes 

hyperphosphorylated. In this study, we characterized the impact of hyperphosphorylation on 

the binding properties of profilin2 to its interaction partners actin, poly-L-proline (PLP) and 

phosphatidylinositol (4,5)-bisphosphate (PIP2). Moreover, we assessed the contribution of 

specific kinases to profilin2 phosphorylation. While actin-binding remained unaffected, 

profilin2 showed an enhanced interaction with PLP and PIP2 under SMA conditions. Thereby, 

profilin2 revealed two cellular subpopulations with different affinities for PLP in control and 

SMA cells. Additionally, several specific kinases were identified that contributed directly or 

indirectly to profilin2 phosphorylation. Moreover, we determined a phosphatase which may 

play a role in profilin2 hyperphosphorylation in SMA. Our results provide evidence for a role 

of profilin2 as a putative molecular switch in the course of SMA pathogenesis.   

 

Keywords: Spinal Muscular Atrophy, Profilin2, Protein phosphorylation, Poly-L-proline 

 

 

4.2 Introduction 

The neurodegenerative disease Spinal Muscular Atrophy (SMA) is the most common 

autosomal recessive disorder leading to death in children. Patients suffer from proximal muscle 

weakness and atrophy due to a progressive loss of α-motoneurons in the spinal cord and brain 

stem (D'Amico et al., 2011). SMA is caused by a deletion or mutation of the survival of 

motoneuron 1 (SMN1) gene on both alleles resulting in reduced levels of the SMN protein 

(Lefebvre et al., 1995; Lefebvre et al., 1997). However, it still remains elusive why 

motoneurons are primarily affected by the lack of this ubiquitously expressed protein. There is 

increasing evidence for the involvement of a dysregulation of the actin cytoskeleton in SMA 

pathogenesis. Prior to symptom onset, neuromuscular junctions (NMJs) show a delay in 

maturation and disrupted functions, linked to an impaired microfilament system (Kariya et al., 

2008; Kong et al., 2009; Martinez-Hernandez et al., 2009; Nelson et al., 2013). Moreover, we 
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and others demonstrated altered actin dynamics characterized by a perturbed filamentous (F)-

actin/globular (G)-actin ratio in different cellular compartments of SMA models (Nölle et al., 

2011; Ackermann et al., 2013). Actin dynamics in the cell is highly dependent on the regulation 

by actin-binding proteins and their upstream effectors (Pollard, 2016). The SMN protein 

directly interacts with the actin binding protein profilin, predominantly the neuronal isoform 

profilin2 (Giesemann et al., 1999; Sharma et al., 2005; Nölle et al., 2011). Additionally to their 

binding to G-actin, profilins interact with phospholipids such as phosphatidylinositol (4,5)-

bisphosphate (PIP2) and proteins with poly-L-proline (PLP) stretches (Carlsson et al., 1976; 

Carlsson et al., 1977; Lassing & Lindberg, 1985; Tanaka & Shibata, 1985; Metzler et al., 1994). 

Binding of profilins to PIP2 competes with their binding to actin and PLP-proteins, thus 

controlling local profilin levels in the cell (Bezanilla et al., 2015). Moreover, profilins facilitate 

actin assembly by replenishing the pool of available ATP-actin due to its nucleotide exchange 

function and the simultaneous binding to actin and PLP-proteins such as the actin-nucleator 

formin (Carlsson et al., 1977; Goldschmidt-Clermont et al., 1992; Pollard, 2016). Profilin2 

exerts specific neuronal functions by interacting additionally with synaptic proteins such as 

dynamin1 or piccolo essential for vesicle exocytosis and recycling (Witke et al., 1998; Wang 

et al., 1999). Another layer of complexity is added by the phosphorylation of profilin2 induced 

by upstream kinases such as the Rho-associated coiled-coil kinase 2 (ROCK2) or the protein 

kinase A (PKA) that regulate its activity (Da Silva et al., 2003; Schweinhuber et al., 2015). In 

SMA, loss of the SMN protein results in enhanced association of profilin2 with ROCK2 and its 

hyperphosphorylation (Nölle et al., 2011). However, it has not been investigated yet which 

kinases apart from ROCK are involved and how hyperphosphorylation of profilin2 alters its 

binding properties.  

In this study, we show that hyperphosphorylation of profilin2 caused by SMN depletion 

enhanced its PIP2- and PLP-binding without affecting its interaction with actin. Moreover, we 

demonstrate that specific kinases are directly or indirectly involved in profilin2 

phosphorylation. Additionally, we identified a phosphatase with putative functions in 

dephosphorylation of profilin2 under normal conditions which may be less active when SMN 

is not present. The results of this study advance our knowledge about the contribution of 

profilin2 hyperphosphorylation to perturbed actin dynamics in SMA.  
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4.3 Material and methods 

Cell culture, siRNAs and plasmids 

For all experiments, the murine motoneuron-like NSC34 cell line, a hybrid between a 

neuroblastoma line and spinal cord cells (Cashman et al., 1992), was used. Cells were cultivated 

at 37°C and 5% CO2 in DMEM with high glucose, GlutaMAX and pyruvate (31966, Thermo 

Fisher Scientific, Waltham, Masssachusetts, USA) supplemented with 5% FCS, 100 U/mL 

penicillin and 0.1 mg streptomycin. About 24 hours after seeding, cells were transfected using 

Lipofectamine2000 (11668019, Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 

24-well plates or Metafectene Pro (T040, Biontex, Munich, Germany) for 10 cm dishes 

according to the manufacturer’s instructions, that is 30 pmol siRNA and 3 µL 

Lipofectamine2000 in 24-well plates and 420 pmol siRNA or 7 µg DNA and 42 µL Metafectene 

Pro in 10 cm dishes. Simultaneously, medium was changed to low serum conditions (1% FCS) 

in which cells were differentiated for three days. Plasmids used for transfection: scrambled 

siRNA (scr): AUACGAACGGAACGAACAACA and siRNA against Smn (siSmn): 

CAGAAGUAAAGCACACAGCA.  

 

SDS-PAGE and Western blot 

In general, cells were washed with PBS and scraped into the respective buffer used for each 

assay. The buffers were supplemented with protease inhibitor (cOmplete Protease Inhibitor 

Cocktail, 4693132001, Roche, Basel, Switzerland) and phosphatase inhibitors (10 mM NaF, 1 

mM Na3VO4, PhosSTOP (4906845001, Roche, Basel, Switzerland). If not described 

differently, lysis was performed by passing the cells 10 times through a 22G needle and 

sonicating four cycles of 30 seconds in a water bath with breaks of 30 seconds on ice in between. 

After clearing the lysate by centrifugation for 20 minutes at 16,000 x g and 4°C, protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (23225, Thermo 

Fisher Scientific, Waltham, Massachusetts, USA).   

Equal amounts of proteins in the cleared lysate were subsequently separated by SDS-PAGE 

and blotted for one hour at 120 V onto a nitrocellulose membrane (Amersham Hybond ECL 

Nitrocellulose Membrane, GE Healthcare, Chicago, Illinois, USA). For detection, the following 

antibodies were used: rabbit α-profilin2 (1:1000, P0101, Sigma-Aldrich, St. Louis, Missouri, 

USA), rabbit α-β-actin (1:1000, 4967, Cell Signaling Technology, Danvers, Massachusetts, 

USA) and mouse α-transferrin receptor (1:1000, H68.4, 13-6800, Invitrogen, Carlsbad, 

California, USA) as primary antibodies and HRP-conjugated α-rabbit and α-mouse secondary 

antibodies (1:4000, NA934/NA9310, GE Healthcare, Chicago, Illinois, USA). Bands were 
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visualized using the Immobilon Western Chemiluminescent HRP Substrate (WBKLS0500, 

Millipore, Burlington, Massachusetts, USA) or SuperSignal West Femto Chemiluminescence 

Substrate (34096, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Densitometric 

analysis was performed using the software LabImage1D (Kapelan, Leipzig, Germany). 

 

PIP2-bead binding assay 

100 µg lysate of scr- or siSmn-treated cells were incubated while shaking with 8.3 µL PI(4,5)P2- 

beads (P-B045a, Echelon, Salt Lake City, Utah, USA) in PIP2-buffer (10 mM HEPES [pH 7.4], 

0.25% IGEPAL) for three hours at 4°C. Afterwards, beads were washed step-wise with 100 µL 

lysis buffer supplemented with 100 mM, 200 mM, 300 mM, 400 mM and 500 mM NaCl. 20 

µL of each sample was mixed with Laemmli and analyzed by Western blot. As almost all 

protein was eluted at 100 mM NaCl, this fraction was designated as bead fraction.  

 

Plasma membrane purification 

For plasma membrane purification, we followed the protocol of the OrgFrontier Plasma 

Membrane Isolation Kit (K414-10, BioVision, Milpitas, California, USA). All buffers were 

supplemented with a protease inhibitor cocktail (cOmplete Protease Inhibitor Cocktail, 

4693132001, Roche, Basel, Switzerland) and phosphatase inhibitors (10 mM NaF and 1 mM 

Na3VO4).   

About 1.4 x 106 cells were seeded into 15 cm dishes and differentiated for three days. After 

thorough washing with PBS, cells were scraped into 700 µL HB-H buffer (10 mM HEPES [pH 

7.2], 250 mM sucrose, 1mM EGTA, 0.5 mM MgCl2) and homogenized by passing about five 

times through a 23G needle. Lysates were centrifuged for 10 min at 1000 x g and 4°C. 

Subsequently, the supernatant was sonicated four times for about five seconds each. The sample 

was chilled on ice for 30 seconds in between each cycle. Latrunculin A (1:1000, 10010630, 

Cayman Chemicals, Ann Arbor, Michigan, USA) was added for 10 minutes at RT to destroy 

F-actin bound to the plasma membrane. Moreover, the sample was treated with DNAseI 

(1:1000, E1014, Merck, Darmstadt, Germany) for one hour on ice. For purification of the 

plasma membrane on a discontinuous OptiPrep (1114542, Alere Technologies AS, Oslo, 

Norway) gradient, the 60% (w/v) iodixanol solution was diluted with gradient dilution buffer 

(GDB) (60 mM HEPES [pH 7.2], 250 mM sucrose, 6 mM EGTA, 3 mM MgCl2) to obtain a 

50% OptiPrep gradient working solution (GWS). This solution (2.8 mL) was further diluted to 

40% iodixanol with 700 µL sample and overlaid with 7 mL of a 25% solution and 1.5 mL of a 

2.5% solution which were obtained by diluting with HB-H buffer. Subsequently, the sample 
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was separated by centrifuging for 90 minutes at 200,000 x g and 4°C. Fractions of 1 mL were 

aliquoted and analyzed by Western blot. The plasma membrane was collected at the phase 

border between the solutions containing 2.5% and 25% iodixanol, diluted 1:3 in cytoskeleton 

buffer (10 mM MES [pH 6.1], 138 mM KCl, 3 mM MgCl2, 2 mM EGTA) and concentrated by 

centrifugation for 30 minutes at 50,000 rpm and 4°C in a Beckman Optima TL ultracentrifuge.  

 

Membrane binding assay 

20 µg lysate of cells treated with scr or siSmn, respectively, was incubated under rotation with 

equal amounts of purified plasma membrane in cytoskeleton buffer (100 µL total) for about 

three hours at 4°C. The membrane with bound proteins was separated by centrifugation for 30 

min at 50,000 rpm and 4°C in a Beckman Optima TL ultracentrifuge. 30 µL of each supernatant 

sample and the complete membrane fraction was mixed with Laemmli and analyzed by Western 

blot.  

 

PLP-bead binding assay 

Poly-L-proline (P2254, Sigma-Aldrich, St. Louis, Missouri, USA) was coupled to 

cyanogenbromide-activated-Sepharose 4B (C9142, St. Louis, Missouri, USA) according to 

manufacturer’s instructions. 30 µg lysate of cells treated with scr or siSmn, respectively, was 

incubated under rotation with 20 µL PLP-beads homogenized in PLP-buffer (10 mM Tris [pH 

7.5], 150 mM NaCl, 1 mM EDTA) (140 µL total) for three hours at 4°C. Beads were separated 

by centrifugation and 32 µL of supernatant and 8,3 µL of beads were mixed with Laemmli and 

analyzed by Western blot.  

 

Actin dot blot overlay assay 

Purified chicken muscle actin (kindly provided by Peter Franz, Hannover Medical School) in 

G-buffer (5 mM Tris-HCl [pH 8.0], 0.1 mM CaCl2, 0.2 mM ATP, 0.5 mM DTT) was spotted 

on a nitrocellulose membrane (0.2 µm, Amersham Hybond ECL Nitrocellulose Membrane, GE 

Healthcare, Chicago, Illinois, USA) in a 1:1 dilution series starting with 8 µg and going down 

to 0.125 µg. 8 µg BSA were spotted as negative control. Membranes were blocked in blocking 

buffer consisting of 5% BSA dissolved in TBST for at least 30 minutes at RT. Afterwards, 

membranes were incubated under agitation with 100 µg lysate of cells treated with scr or siSmn 

in blocking buffer supplemented with protease inhibitor (cOmplete Protease Inhibitor Cocktail, 

4693132001, Roche, Basel, Switzerland) and phosphatase inhibitors (10 mM NaF, 1 mM 
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Na3VO4, PhosSTOP (4906845001, Roche, Basel, Switzerland)) overnight at 4°C. Incubation 

with primary and secondary antibody as well as protein detection were performed as usual.  

 

PLP-bead elution assay 

60 µg lysate of cells treated with scr or siSmn was mixed with 50 µL PLP-beads in PLP-buffer 

(10 mM Tris [pH 7.5], 150 mM NaCl, 1mM EDTA) and incubated while shaking for three 

hours at 4°C. Afterwards, beads were washed step-wise with 50 µL lysis buffer supplemented 

with 0, 2, 4, 6 and 8 M urea for 15 minutes at RT. 20 µL of each fraction was mixed with 

Laemmli and analyzed by Western blot. 

 

2D gel electrophoresis 

Phosphorylation of profilin2 was investigated by 2D gel electrophoresis. 50,000 cells were 

seeded in 24-well plates, next day transfected with scr or siSmn and differentiated for three 

days. Two hours prior to lysis, kinase inhibitors (inh.) (SCREENWELL Kinase Inhibitor 

Library, BML-2832, Enzo Life Sciences, Farmingdale, New York, USA) or DMSO as control 

were added to the cells treated with siSmn. Kinase inhibitors were used in the following 

concentrations: 10 µM ROCK inh., 10 µM JNK inh., 50 µM MEK inh., 10 µM PKC inh., 10 

µM PKA/PKG inh., 10 µM Flk1 inh., 1 µM Src inh.. Cells transfected with scr were just treated 

with DMSO. Half an hour prior to lysis, metabolism was activated by adding Corning MITO+ 

Serum Extender (1:1000, 355006, Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

Cells were lysed in RIPA buffer supplemented with protease inhibitor (cOmplete Protease 

Inhibitor Cocktail, 4693132001, Roche, Basel, Switzerland) and phosphatase inhibitors 

(PhosSTOP, 4906845001, Roche, Basel, Switzerland)) by sonication about five minutes in a 

water bath, incubation for 30 minutes on ice and separating the cell debris and the supernatant 

by centrifugation for 20 minutes at 16,000 x g and 4°C. Equal volumes of lysate were 

precipitated by incubation with four volumes ice-cold acetone for one hour at -20°C. The 

protein pellets were solubilized in 50 µL rehydration buffer (8 M urea, 2% CHAPS, 0.5% 

ZOOM® Carrier Ampholytes pH 4-7 (ZM0022, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA), 20 mM DTT). ZOOM® Strips pH 4-7 (ZM0012, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) were hydrated with 14 µL of each sample diluted in 

140 µL rehydration buffer overnight at RT. 2D gel electrophoresis was performed with the 

ZOOM IPG Runner System (ZM0002, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) according to the manufacturer’s instructions. Additionally, a dephosphorylated sample 

as well as recombinant human profilin2a was used as controls. SMN-depleted cells were lysed 
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in ddH2O supplemented with protease inhibitor (cOmplete Protease Inhibitor Cocktail, 

4693132001, Roche, Basel, Switzerland) following a similar protocol as described for lysis 

with RIPA buffer. Proteins were dephosphorylated by incubation while shaking with 10U 

Shrimp alkaline phosphatase (SAP) (78390500UN, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) for one hour at 37°C. Subsequently, the lysate was dialyzed against 

ddH2O by changing the solution three times (twice every two hours, last step overnight) and 

the proteins were precipitated as mentioned before. Recombinant protein was produced as 

described before (Walter et al., 2019). 1.75 µg profilin2 WT was precipitated and the pellet 

diluted in 50 µL rehydration buffer. 2.5 µL of this solution was used for further analysis. 

 

Cloning of human profilin2 in myc BioID2-MCS 

The vector myc-BioID2-MCS was a gift from Kyle Roux (74223, Addgene, Watertown, 

Massachusetts, USA). Human profilin2a cDNA in pCIneo was used to generate the fusion 

protein of BioID2 and PFN2. The cDNA was amplificated by PCR using primers with added 

restriction sites for EcoRI and BamHI. The success of the ligation was confirmed by 

sequencing. 

 

Immuncytochemistry 

Cells were washed with PBS and fixed with 4% PFA at RT for 10 min. After extensive washing, 

cells were permeabilized and blocked with PBS containing 5% normal goat serum (NGS) and 

0.3% Triton X-100 for at least 10 minutes at RT. Primary antibodies in 1% NGS and 0.3% 

Triton X-100 in PBS were added for one hour at RT or overnight at 4°C. Having washed 

multiple times with PBS, alexa-coupled secondary antibodies (1:500, Invitrogen, Carlsbad, 

California, USA) in PBS with 1% NGS were added for one hour at RT. Counterstaining of the 

nucleus was performed with DAPI in PBS for two minutes at RT, before mounting the cover 

slips in Prolong Gold (Life Technologies, Carlsbad, California, USA). Primary antibodies were: 

rabbit α-profilin2 (1:500, P0101, Sigma-Aldrich, St. Louis, Missouri, USA) and mouse α-c-

myc (1:200, 9E10, sc-40, Santa Cruz Biotechnology, Dallas, Texas, USA). Epifluorescence 

images were taken using an Olympus BX60 upright fluorescence microscope equipped with an 

Olympus XM10 color view camera and Olympus Cell Sense software. 

 

Proximity-dependent biotinylation 

Proximity-dependent labeling of proteins was performed according to a protocol described 

before (Schopp & Bethune, 2018). Shortly, 1 x 106 cells were seeded into 10 cm dishes, next 
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day transfected with scr or siSmn and differentiated for three days. 20 hours prior to lysis, cells 

were transfected with plasmids containing only myc-BioID2 or myc-BioID2-PFN2 cDNA. 

Simultaneously, the medium was exchanged against fresh medium supplemented with 50 µM 

biotin. After the incubation, cells were detached from the dishes by trypsinization. 

Subsequently, cells were thoroughly washed three times with ice-cold PBS and lysed by 

resuspending in lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.05% Triton X-100) 

supplemented with protease inhibitor (4693132001, Roche, Basel, Switzerland), passing about 

20 times through a 25G needle and sonicating four times for 30 seconds with breaks of 30 

seconds on ice in between. Equal amounts (1 mg) of each sample were incubated with 70 µL 

Dynabeads MyOne Streptavidin C1 (65001, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) resuspended in equilibration buffer (50 mM Tris pH 7.4, 150 mM NaCl, 

0.05% Triton X-100, 1mM DTT) by shaking overnight at 4°C. Next day, beads were washed 

twice for eight minutes with 1) 2% SDS in ddH2O, 2) 50 mM HEPES (pH 7.4), 1 mM EDTA, 

500 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate), 3) 10 mM Tris (pH 8), 250 mM 

LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate and 4) 50 mM Tris (pH 7.4), 50 

mM NaCl, 0.1% NP-40. Protein bound to the beads was eluted with elution buffer (10 mM Tris 

[pH 7.4], 2% SDS, 5% β-mercaptoethanol, 2 mM biotin) by boiling for 15 minutes at 95°C and 

separated by SDS-PAGE.  

 

Protein identification after in-gel digestion and LC-MS/MS analysis 

Samples were separated by SDS-PAGE and stained with Quick Coomassie Stain (ProteinArk, 

Sheffield, UK). The bands (with the exception of streptavidin) were excised and subjected to 

in-gel tryptic digestion as described previously (Lehmann et al., 2010). LC-MS/MS analysis of 

peptides was performed on an Ultimate 3000 RSLCnano system online coupled to an Orbitrap 

Q Excative Plus mass spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

The system comprised a 75 µm i.d. × 250 mm nano LC column (Acclaim PepMap C18, 2 μm; 

100 Å; Thermo Fisher Scientific, Waltham, Massachusetts, USA). Full MS spectra (350–1600 

m/z) have been acquired at a resolution of 70000 (FWHM) followed by a data-dependent 

MS/MS fragmentation of the top10 precursor ions (resolution 17 500; 1+ charge state excluded, 

isolation window of 1.6 m/z, normalized collision energy of 27%). The maximum ion injection 

time for MS scans has been set to 50 ms and for MS/MS scans to 120 ms. Protein identifications 

were performed with Mascot software version 2.6.1 (Matrix Science Ltd., London, UK). Data 

were searched against SwissProt 2019_02/mus musculus (17016 sequences) and a contaminant 

database (247 sequences). The following parameters were set: enzyme: trypsin/P with one 
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missed cleavage, static modification: carbamidomethylation (C), variable modifications: 

oxidation (M), pyro-glu (Q) and acetylation (N-terminus of protein), mass tolerances for MS 

and MS/MS: 5 ppm and 0.02 Da. Proteins were accepted as identified if at least two unique 

peptides provided a Mascot MS/MS score for identity (p<0.01).  

 

Statistics 

The GraphPad PRISM software (GraphPad Software, San Diego, California, USA) was used 

for all statistical analyses. 

 

 

4.4 Results 

Profilin2 shows enhanced affinity for PIP2 in SMA 

Profilins harbor binding regions for actin, proteins comprising PLP-stretches and phospholipids 

such as PIP2 (Carlsson et al., 1976; Carlsson et al., 1977; Lassing & Lindberg, 1985; Tanaka & 

Shibata, 1985; Metzler et al., 1994). Hyperphosphorylation of profilin2 as observed under SMA 

conditions is likely to affect these interactions (Nölle et al., 2011). We used murine 

motoneuron-like NSC34 cells transfected with siRNA against Smn (siSmn) as a SMA cell 

culture model to investigate the binding properties of profilin2 (Cashman et al., 1992; Hensel 

et al., 2012). As a control, we treated the cells with scrambled siRNA (scr). Indeed, we were 

able to reproduce the profilin2 hyperphosphorylation observed in other SMA models by 2D gel 

electrophoresis, although the pattern looked slightly different (Supplementary figure 1). In 

NSC34 cells, profilin2 showed three main populations, whereby the most acidic species was 

not observed in the other SMA models which showed a population with an even stronger shift 

towards lower pH (Nölle et al., 2011).  

First, we assessed profilin2 binding to phospholipids by pull-down experiments using purified 

plasma membrane and PIP2-beads (Figure 1). We purified plasma membrane by lysing cells in 

a detergent-free buffer and separating the membrane from cytoplasmic proteins on an Optiprep 

gradient. The fractions were analyzed by Western blot probed for transferrin receptor, a marker 

for membranes (Zerial et al., 1986) (Figure 1A). Subsequently, the purified plasma membrane 

was incubated with control and SMN-depleted cell lysate and the amount of profilin2 in the 

supernatant and bound to the membrane was analyzed by Western blot (Figure 1B). 

Remarkably, only a small amount of profilin2 bound to the membrane (Figure 1C). Moreover, 

we did not detect any differences between scr and siSmn-treated cell lysates. Profilin interacts 

with several polyphosphoinositides present in the membrane (Lu et al., 1996). 
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Phosphatidylinositol (4,5)-bisphosphate (PIP2) is the most abundant of these phospholipids 

(Stephens et al., 1991). Thus, we assessed binding of profilin2 to PIP2 by incubating cell lysate 

with PIP2-beads and analyzing the profilin2 levels in the input and bound to beads on Western 

blots (Figure 1D). The affinity of profilin2 for PIP2 was low with only 3-4% of the protein 

binding to the beads (Figure 1E). However, we detected a significant enhanced interaction of 

profilin2 with PIP2 in SMA compared to control conditions. The differential result of the first 

experiment, which did not show any difference in membrane binding of profilin2, may have 

several reasons. First, we do not know the exact composition of the purified membrane and the 

amount of PIP2 present. Second, although the purified plasma membrane was incubated with 

Latrunculin A, it was not possible to completely disrupt the association of F-actin with the 

membrane (Figure 1A). Thus, part of the interaction of profilin2 with the plasma membrane 

may be mediated by binding of the protein to actin. In summary, profilin2 showed an enhanced 

interaction specifically with the phospholipid PIP2 under SMA conditions. 

Figure 1: Profilin2 binds more strongly to PIP2 in SMA. (A) Plasma membrane (PM) was purified by separating 

cell lysate on a discontinuous OptiPrep gradient. The fractions were analyzed by Western blot probed for 

transferrin receptor and actin. The membrane fraction was highlighted with a red box. An aliquot of the 

concentrated fraction was included (conc.). (B) The purified membrane was incubated with lysate of cells treated 
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with scr or siSmn and subsequently separated by centrifugation. The representative Western blot show the profilin2 

(PFN2) signal in equal volumes of input (I) and supernatant (S) as well as in the PM fraction. Probing for transferrin 

receptor confirmed a similar PM amount in both samples. (C) Quantification of the signal of PFN2 bound to the 

PM compared to the supernatant (mean±SEM, n=3, paired two-tailed t-test). (D) Lysate of cells treated with scr 

or siSmn was incubated with PIP2-beads. Beads and supernatant were separated by centrifugation. 10% of the input 

and the bead fraction were analyzed by Western blot probed for PFN2. Ponceau staining confirmed similar 

amounts of protein. (E) Quantification of the PFN2 signal in the bead fraction compared to the input. The 

percentage of protein bound to the PIP2-beads was calculated by extrapolation. (mean±SEM, n=3, paired two-

tailed t-test, *p<0.05)  

 

Hyperphosphorylation of profilin2 in SMA increases its PLP-binding without affecting 

actin-binding 

The simultaneous binding of profilin2 to actin and PLP-proteins is an important mechanism in 

the regulation of actin polymerization (Kovar et al., 2003; Romero et al., 2004; Kovar et al., 

2006; Suarez et al., 2015). Besides PLP-proteins functioning as general regulators of actin 

dynamics, profilin2 associates with specific synaptic proteins independent of the actin assembly 

pathway (Witke et al., 1998). We assessed actin- and PLP-binding of profilin2 under control 

and SMA conditions by incubating PLP-beads with cell lysate and subsequent analysis of the 

amount of profilin2 and actin in the supernatant and the bead fraction by Western blot (Figure 

2A). Remarkably, most profilin2 in the cell lysate remained bound to the PLP-beads. We did 

not detect any differences in actin-binding estimated by the amount of actin bound to profilin2 

on the beads in SMN-depleted cells compared to the control (Figure 2B). Next, we validated 

this finding with a dot blot overlay assay spotting increasing amounts of purified chicken 

muscle actin on a nitrocellulose membrane and incubating with lysate of scr- and siSmn-treated 

cells (Figure 2C). Purified BSA was spotted as negative control. Evaluation of the profilin2 

signal showed again no difference in actin-binding capacity (Figure 2D). In contrast, 

quantification of the signal of profilin2 eluted from the PLP-beads revealed a tendency towards 

enhanced PLP-binding of profilin2 under SMA conditions compared to the control (Figure 2A, 

2E). We checked this result independently by incubating PLP-beads with cell lysate and eluting 

the bound proteins with step-wise increasing concentrations of urea (Figure 2F). Interestingly, 

analysis of the profilin2 amount in each eluate demonstrated the existence of two 

subpopulations showing different affinities for PLP in control and SMN-depleted cells (Figure 

2G). We detected one subpopulation whose PLP-interaction was already perturbed by washing 

without urea and another one that eluted only with urea concentrations as high as 6 to 8 M urea. 

We assessed the distribution of profilin2 between the two subpopulations by summing up the 

profilin2 amount in each fraction (Figure 2H). Under SMA conditions, we determined a shift 
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of profilin2 towards the subpopulation with a higher affinity for PLP. The finding of two 

profilin2 subpopulations with different affinities for PLP suggests a fine-tuned regulatory 

network in the cell controlling subpopulation-specific localization and function. A 

dysregulation of this network in SMA may cause a shift of profilin2 distribution between the 

two subpopulations.  

 

Figure 2: Profilin2 binding to PLP is enhanced while binding to actin is unchanged in SMA.  Cells were 

treated with scr or siSmn and differentiated for three days before lysis. (A) PLP-beads were incubated with cell 

lysate and separated by centrifugation. PFN2 and actin on the beads (B) and the supernatant (S) were analyzed by 
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Western blot. PFN2 amounts in scr and siSmn samples were similar when normalized to actin. (B) Quantification 

of the actin signal in relation to the PFN2 signal in the bead fraction (mean±SEM, n=3, paired two-tailed t-test). 

(C) Actin was dotted in a 1:1 dilution series in concentrations as indicated on a nitrocellulose membrane and 

incubated with cell lysate. BSA was used as negative control. Actin-binding was investigated by probing for PFN2. 

(D) Quantification of the PFN2 signal bound to the actin spots. Intensities were normalized to the maximum 

intensity at 8 µg actin (mean±SEM, n=4, multiple paired two-tailed t-test). (E) Quantification of the PFN2 signal 

in the bead fraction normalized to the total actin amount (mean±SEM, n=3, paired two-tailed t-test). (F) PLP-

beads were incubated with cell lysate and the bound proteins were eluted with step-wise increasing concentration 

of urea as indicated. The PFN2 amount in each fraction was analyzed by Western blot. (G) Quantification of the 

PFN2 signal in each fraction normalized to the total intensity (mean±SEM, n=3, multiple paired two-tailed t-test). 

(H) Graph shows the sum of PFN2 eluted at each urea step (mean±SEM, n=3, multiple paired two-tailed t-test, 

*p<0.05).  

 

Profilin2 phosphorylation is mediated directly or indirectly by several signaling pathways 

Our understanding of profilin2 phosphorylation and its kinases is very limited. The RhoA-

associated kinase ROCK2 and the protein kinase A (PKA) have been identified to potentially 

phosphorylate profilin2 (Da Silva et al., 2003; Schweinhuber et al., 2015). Here, we aimed to 

characterize kinases phosphorylating profilin2 in SMA. Therefore, we treated SMN-depleted 

cells with different kinase inhibitors and investigated the impact on profilin2 phosphorylation 

by 2D gel electrophoresis (Figure 3). As described before, profilin2 showed a reproducible 

pattern of three distinct spots whose intensities shift towards the more acidic species under 

SMN knock-down conditions (Supplementary figure 1). These three populations represent 

different phosphorylation patterns of profilin2 as treatment with alkaline phosphatase caused 

the disappearance of the third, most acidic, spot and a reduced intensity of the second spot 

(Figure 3A). Further, we used recombinant profilin2 as control of mainly unphosphorylated 

protein. The kinase inhibitors used in this experiment were subdivided into two groups. The 

first three inhibitors targeted pathways described to be activated in SMA (Figure 3B) 

(Bowerman et al., 2007; Biondi et al., 2010; Nölle et al., 2011; Genabai et al., 2015). Inhibition 

of the mitogen-activated protein kinase kinase (MEK) and the c-Jun N-terminal kinase (JNK) 

pathway did not result in a dephosphorylation of profilin2. Indeed, JNK inhibition shifted the 

most acidic profilin2 spot in the 2D gel even more towards pH 4 indicating an enhanced 

phosphorylation of the protein. This finding suggests a possible function of JNK as an inhibitory 

kinase whose inhibition induces profilin2 phosphorylation. As expected, ROCK inhibition led 

to a dephosphorylation of profilin2 as shown by the disappearance of the second and third spot. 

However, the complete disappearance of these species suggests a more general role of ROCK 

as a regulator of profilin2 phosphorylation possibly mediated by an activating or deactivating 
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effect on other signaling pathways. Thus, we proceeded by testing inhibitors targeting known 

kinases of profilin1 or profilin2 (Figure 3C) (Hansson A. et al., 1988; Fan et al., 2012; 

Schweinhuber et al., 2015; Gau et al., 2016). Interestingly, all four inhibitors showed some kind 

of effect on profilin2 phosphorylation. While the inhibitors of VEGF receptor-kinase-2 (Flk) 

and protein kinase A/G (PKA/PKG) shifted the intensity distribution of the three profilin2 spots 

towards the more basic spot, the inhibitors of protein kinase C (PKC) and the proto-oncogene 

tyrosine-protein kinase (Src) family resulted in a disappearance of the most acidic spot. 

Accordingly, we were not able to determine specific kinases of profilin2 causing its 

hyperphosphorylation under SMA conditions as several signaling pathways may be involved 

directly or indirectly.  

Figure 3: Profilin2 is a direct or indirect target of several kinases. Cells were treated with scr or siSmn and 

differentiated for three days. SMN-depleted cells were further treated with kinase inhibitors as indicated for two 

hours prior to lysis. Phosphorylation of PFN2 was analyzed by 2D gel electrophoresis indicated by a shift towards 

pH 4. (A) Dephosphorylation of PFN2 in SMN-depleted cells as well as recombinant protein was used as controls. 

(B) and (C) Different subgroups of kinase inhibitors were assessed on their potential to change the phosphorylation 

pattern of PFN2. Spots different to the three spots observed under scr and siSmn conditions were highlighted by 

an asterisk. 
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Low activity of phosphatases may contribute to hyperphosphorylation of profilin2 in 

SMA 

Identification of profilin2 kinases via an indirect assay as described in the prior section does 

not ensure the distinction between kinases which interact directly or indirectly with profilin2. 

Thus, we performed a proximity-dependent labeling assay using a fusion protein of a myc-

tagged biotin ligase (BioID2) located N-terminal to human profilin2 (Figure 4) (Kim et al., 

2016; Schopp & Bethune, 2018). Expression of this protein construct with parallel biotin-

incubation promotes the biotinylation of proteins in close proximity to profilin2 which can be 

subsequently purified by streptavidin-beads and identified via mass spectrometry (Schopp & 

Bethune, 2018). First, we checked whether the intracellular localization of profilin2 was altered 

by its N-terminal protein tag by staining the fixed cells with an antibody against profilin2 and 

against c-myc to visualize the fusion protein (Figure 4A). In comparison with untransfected 

cells, profilin2 did not show any evident differences in its cellular distribution. Thus, we 

continued by transfecting scr- and siSmn-treated cells with plasmids containing either the 

BioID2-profilin2 cDNA (scr/siSmn+BioID2-PFN2) or just BioID2 cDNA (scr/siSmn+BioID2) 

as control and supplemented the medium with biotin (Figure 4B). Labeled proteins were 

purified, separated by SDS-PAGE and the whole lanes were analyzed by LC-MS/MS (Figure 

4C). Remarkably, SMN-depleted cells showed a lower expression level of the fusion protein, 

which could have caused less proteins to be identified in this samples by LC-MS/MS compared 

to the scr-treated cells (Figure 4B, Table 1). Thus, proteins known to interact with profilin2 

such as synaptojanin or formin-like protein 2 were successfully identified in the scr-treated but 

not in the siSmn-treated cells expressing BioID-PFN2 (Table 1) (Witke, 2004). As expected, 

we detected β-actin in both samples. Moreover, we identified the five kinases adenylate kinase 

2, casein kinase 2, dual specificity protein kinase TTK, AP2-associated protein kinase 1 and 

inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase 2 exclusively in the 

scr-treated sample expressing the fusion protein. The missing signal in SMN knock-down cells 

transfected with BioID2-PFN2 may either be based on reduced levels of the fusion protein or 

hint at a differential regulation of these kinases under control and SMA conditions. Several 

kinases were identified in all samples of which only the serine/threonine protein kinase 36 and 

the tyrosine-protein kinase Blk were exclusively detected in cells expressing the fusion proteins 

indicating a general role in profilin2 phosphorylation (Table 1). Interestingly, the calcium-

calmodulin dependent protein kinase II (CaMK2) was only identified in the siSmn+BioID2-

PFN2 sample while two phosphatases, the tyrosine-protein phosphatase non-receptor type 23 

(PTPN23) and the serine/threonine protein phosphatase PP1, were exclusively detected in scr-
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treated cells transfected with the fusion construct. Thus, hyperphosphorylation of profilin2 in 

SMA may not only be caused by enhanced phosphorylation but additionally by attenuated 

dephosphorylation of the protein.  

Figure 4: Labeling of proteins interacting with profilin2. Human profilin2 cDNA was cloned C-terminal to the 

biotin ligase BioID2 and expressed in cells as fusion protein. Proximity-dependent labeling with biotin was used 

to screen for putative kinases. (A) Immunofluorescence staining of BioID2-PFN2 expressing cells shows an 

unaltered localization of PFN2. The fusion protein was stained with a c-myc antibody. DAPI was used as nuclear 

counterstaining. Scale bar: 50 µm. (B) Cells were transfected with scr or siSmn and subsequently again with 

plasmids containing BioID2-PFN2 cDNA or just BioID2 cDNA as a control. Simultaneously, cells were incubated 

with 50 µM biotin. The expression of the fusion protein was confirmed by Western blot probed for PFN2. Control 

lanes showed artefacts at the same height possibly due to the strong PFN2 signal in the neighboring lanes. A 

sufficient knock-down of SMN was confirmed by probing for SMN. (C) Coomassie stained 15%-SDS PAGE after 

purification of biotinylated protein with streptavidin-beads. 
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Table 1: Proteins identified to interact with profilin2 via proximity-dependent biotinylation assay. Gel 

separated samples were reduced, alkylated, in gel digested by trypsin, analyzed by LC-MS/MS and identified by 

Mascot database searches. Proteins were accepted as identified if at least two unique peptides provided a Mascot 

MS/MS score for identity (p<0.01). Hits with only one peptide are marked (*) as candidates. Proteins were 

subdivided into three groups: known profilin2 interacting proteins (1-3); kinases (4-11) or phosphatases (12-13) 

identified in at least one sample expressing BioID2-PFN2. Kinases additionally identified in cells expressing 

BioID2 were classified as artefacts and not included in the table. Promising candidates for further analysis were 

highlighted in orange (specific phosphorylation under control conditions), turquoise (general phosphorylation of 

profilin2 (kinases identified under both conditions)) or blue (specific phosphorylation in SMA). --- indicates that 

this protein was not identified in the respective sample. 

    Number of unique peptides (p>0.01) 

Nr Protein Name Accession 

number 

(.._MOUSE) 

MW 

(kDa) 

scr+ 

BioID2 

scr+ 

BioID2-

PFN2 

siSmn+ 

BioID2 

siSmn+ 

BioID2-

PFN2 

1 Actin, cytoplasmic 1 ACTB 42.0 --- 12 9 10 

2 Synaptojanin-1  SYNJ1 173.8 --- 2 --- --- 

3 Formin-like protein 2  FMNL2 123.4 --- 2 --- --- 

4 Adenylate kinase 2, 

mitochondrial  

KAD2 26.7 --- 2 --- --- 

5 Casein kinase II subunit 

beta  

CSK2B 25.3 --- 3 --- --- 

6 Dual specificity protein 

kinase TTK  

TTK 97.1 --- 1* --- --- 

7 AP2-associated protein  

kinase 1  

AAK1 104.0 --- 1* --- --- 

8 Inositol 

hexakisphosphate and 

diphosphoinositol-

pentakisphosphate 

kinase 2  

VIP2 129.5 --- 1* --- --- 

9 Serine/threonine-protein 

kinase 36  

STK36 145.9 --- 1* --- 1* 

10 Tyrosine-protein kinase 

Blk  

BLK 57.1 --- 1* --- 1* 
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    Number of unique peptides (p>0.01) 

Nr Protein Name Accession 

number 

(.._MOUSE) 

MW 

(kDa) 

scr+ 

BioID2 

scr+ 

BioID2-

PFN2 

siSmn+ 

BioID2 

siSmn+ 

BioID2-

PFN2 

11 Calcium/calmodulin-

dependent protein 

kinase type II subunit 

alpha  

KCC2A 54.7 --- --- --- 1* 

12 Tyrosine-protein 

phosphatase non-

receptor type 23  

PTN23 186.0 --- 2 --- --- 

13 Serine/threonine-protein 

phosphatase PP1-alpha 

catalytic subunit  

PP1A 38.3 --- 1* --- --- 

 

 

4.5 Discussion 

Although several dysregulated biochemical pathways in SMA have been identified, the 

molecular and cellular pathomechanisms still remain elusive. However, studies have 

demonstrated a dysregulation of the actin cytoskeleton in SMA (Hensel & Claus, 2018). An 

important finding was the direct interaction of SMN with the actin-binding protein profilin2 

(Giesemann et al., 1999; Sharma et al., 2005; Nölle et al., 2011). A lack of the SMN protein 

leads to enhanced interaction between profilin2 and its upstream kinase ROCK causing its 

hyperphosphorylation (Nölle et al., 2011). On a cellular level, this mechanism leads to 

alterations of actin dynamics, i.e. modulation of F-/G-actin ratios. In this study, we assessed the 

impact of profilin2 hyperphosphorylation on its binding to PIP2, PLP and actin and identified 

several kinases directly or indirectly involved in profilin2 phosphorylation. Interestingly, we 

found an enhanced interaction of profilin2 with PIP2 and PLP under SMA conditions (Figure 

1,2). In contrast, actin-binding was not affected.   

How may these binding property alterations of profilin2 affect motoneuron homeostasis? In 

accordance with earlier studies, we detected a very low affinity of profilin2 for PIP2 

(Lambrechts et al., 1997; Senju et al., 2017). Thus, only a small fraction of the total profilin2 

amount in the cell is probably sequestered by PIP2, while more protein functions distant from 

the plasma membrane (Senju et al., 2017). Moreover, as only 1-2% of the phospholipids in the 

plasma membrane comprise PIP2, profilin2 binding to the membrane requires its stimulus-
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induced clustering (Ferrell & Huestis, 1984; Golub & Caroni, 2005; Senju et al., 2017). An 

enhanced binding to PIP2, as observed under SMA conditions, may potentially compete with 

the binding of other proteins to the membrane (Figure 1B). Similarly, profilin1 interaction with 

PIP2 was described to prevent its turnover to phosphatidylinositol (3,4)-bisphosphate. This 

phospholipid is essential for binding of the protein lamellipodin to the leading edge of the cell 

and the subsequent recruitment of Ena/VASP to induce actin polymerization (Bae et al., 2010; 

Ding et al., 2012). Interestingly, the C. elegans orthologs of these proteins promote axonal 

outgrowth and guidance, processes which are disturbed in SMA (McWhorter et al., 2003; 

Chang et al., 2006). However, based on the low affinity of profilin2 for PIP2 – indicating only 

transient interactions which are only slightly enhanced under SMN-depletion – the 

physiological relevance has to be elucidated in further studies.   

Profilin2 displayed a high affinity for PLP (Figure 2A). The further increase in PLP-binding 

caused by reduction of SMN levels may affect several processes regulating neurotransmitter 

homeostasis due to the interaction of profilin2 with synaptic proteins such as piccolo or 

dynamin1 (Figure 2E-H) (Wang et al., 1999; Gareus et al., 2006). Piccolo acts upstream of 

profilin2 in a pathway regulating vesicle exocytosis by inducing actin polymerization. A loss 

of profilin2 leads to less F-actin formation and thus increased exocytosis following 

depolarization (Pilo Boyl et al., 2007; Waites et al., 2011). Conversely, an enhanced affinity 

for PLP-proteins may augment F-actin formation at the synapse preventing vesicle release. 

Indeed, evoked vesicle exocytosis is decreased at the NMJ of SMA mice (Kong et al., 2009; 

Ruiz et al., 2010). Another contributing factor to neurotransmitter homeostasis is the recycling 

of synaptic vesicles (Xie et al., 2017). Profilin2 is involved in this process by interacting with 

the endocytic protein dynamin1 (Gareus et al., 2006). Low levels of profilin2 enhance 

endocytosis while overexpression causes a reduction in synaptic vesicle recycling which is 

based on the competition between profilin2 and other proteins for binding to dynamin1. Thus, 

an increased affinity of profilin2 for dynamin1 may impair endocytosis. Interestingly, this is a 

phenotype observed in SMA (Oprea et al., 2008; Chaytow et al., 2018).  

 

Profilin2 showed two subpopulations exerting different affinities for PLP under control and 

SMA conditions (Figure 2F-H). This suggests that the protein is differentially regulated in the 

cell by phosphorylation modulating its interaction with proteins. Additionally, this may mediate 

its translocation between different cellular compartments. Indeed, phosphorylation of profilin1 

at the serine residue 137 impairs its PLP-binding and alters its subcellular localization. 

Depending on the cell system, this phosphorylation induces or prevents its translocation into 
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the nucleus (Rizwani et al., 2014; Diamond et al., 2015). In line with that, PLP-binding affinity 

was reported to influence subcellular localization of pollen profilins (Gibbon et al., 1998).  

 

Profilin2 showed three distinct species in 2D gel electrophoresis (Supplementary figure 1). 

Thus, hyperphosphorylation of profilin2 is probably characterized by the modification of 

multiple amino acid residues (Nölle et al., 2011). However, it still remains elusive how many 

and which kinases are involved. We approached these questions by treating cells with kinase 

inhibitors and subsequent analysis of the profilin2 phosphorylation pattern (Figure 3). Indeed, 

we identified candidate kinases with putative direct or indirect effects on profilin2. Inhibition 

of ROCK, a kinase known to act upstream of profilin2, reduced profilin2 phosphorylation 

leaving only the most basic species in 2D gel electrophoresis (Figure 3B) (Da Silva et al., 2003). 

The profilin2 phospho-site targeted by ROCK2 has not been identified yet. However, profilin1 

is phosphorylated by ROCK1 at serine residue 137, which is an amino acid residue conserved 

in profilin2 (Nodelman et al., 1999; Shao et al., 2008). This is the only profilin1 phospho-site 

described for this kinase indicating that the strong effect of ROCK inhibition on profilin2 

phosphorylation may be partially mediated by indirect effects on other signaling pathways. 

Therefore, ROCK may not be the only protein involved in profilin2 phosphorylation in SMA. 

In line with that, we observed a reduction in profilin2 phosphorylation by inhibiting PKC, 

PKA/PKG, Flk and Src (Figure 3C). PKA inhibition has already been reported to reduce 

profilin2 phosphorylation, while the other proteins are known kinases of profilin1 (Hansson A. 

et al., 1988; Fan et al., 2012; Schweinhuber et al., 2015). Moreover, off-target effects of the 

kinase inhibitors may interfere with other signaling pathways. Those have been well studied for 

the ROCK inhibitor Y-27632 that shows an inhibiting effect on the activity of protein kinase 

N2 (PKN2), PKG and to a lower extent on the activity of PKC and calcium/calmodulin-

dependent protein kinase 2 (CaMK2) (Davies et al., 2000; Tamura et al., 2005). Interestingly, 

the alpha-isoform of CaMK2 was detected to directly interact with profilin2 under SMN knock-

down conditions in the proximity-dependent biotinylation assay (Table 1). This finding renders 

it as a suitable candidate for further analysis in profilin2 hyperphosphorylation in SMA. 

Moreover, we identified two protein phosphatases interacting with profilin2 only under control 

conditions. While PTPN23 is a catalytically inactive phosphatase protecting tyrosine residues 

from dephosphorylation, PP1 is known to act contrary to ROCK1 by dephosphorylating 

profilin1 at S137 (Gingras et al., 2009; Shao & Diamond, 2012). Thus, hyperphosphorylation 

of profilin2 under SMA conditions may not only be mediated by enhanced phosphorylation, 

but also by reduced dephosphorylation.  
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We did not detect ROCK to interact with profilin2 in any of the samples (Table 1). However, 

this does not exclude its direct involvement in profilin2 phosphorylation, especially as we 

identified PP1, the phosphatase antagonizing ROCK function (Shao & Diamond, 2012). 

Instead, we determined the tyrosine-protein kinase Blk, a member of the Src kinases, and the 

serine/threonine-protein kinase 36 (SPK36) to interact with profilin2 under control and SMA 

conditions (Abram & Courtneidge, 2000). Future studies have to be performed to validate these 

candidate proteins.  

 

In summary, we demonstrated enhanced PIP2- and PLP-binding of profilin2 under SMA 

conditions which may contribute to the perturbation of neurotransmitter homeostasis in SMA. 

Moreover, we identified kinases which may be directly or indirectly involved in profilin2 

phosphorylation. The interaction with CaMK2 and a reduced activity of PP1 are putative 

processes triggering profilin2 hyperphosphorylation in SMA.  
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4.7 Supplementary figure  

Supplementary figure 1: Profilin2 is hyperphosphorylated in SMN-depleted NSC34 cells. Cells were treated 

with scr or siSmn and the phosphorylation pattern of profilin2 was analyzed by 2D gel electrophoresis.  
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Abstract 

The circadian glucocorticoid-Krüppel-like factor 15-branched-chain amino acid (GC-KLF15-

BCAA) signaling pathway is a key regulatory axis in muscle, whose imbalance has wide-

reaching effects on metabolic homeostasis. Spinal muscular atrophy (SMA) is a neuromuscular 

disorder also characterized by intrinsic muscle pathologies, metabolic abnormalities and 

disrupted sleep patterns, which can influence or be influenced by circadian regulatory networks 

that control behavioral and metabolic rhythms. We therefore set out to investigate the 

contribution of the GC-KLF15-BCAA pathway in SMA pathophysiology of Taiwanese 

Smn−/−;SMN2 and Smn2B/− mouse models. We thus uncover substantial dysregulation of GC-

KLF15-BCAA diurnal rhythmicity in serum, skeletal muscle and metabolic tissues of SMA 

mice. Importantly, modulating the components of the GC-KLF15-BCAA pathway via 

pharmacological (prednisolone), genetic (muscle-specific Klf15 overexpression) and dietary 

(BCAA supplementation) interventions significantly improves disease phenotypes in SMA 

mice. Our study highlights the GC-KLF15-BCAA pathway as a contributor to SMA 

pathogenesis and provides several treatment avenues to alleviate peripheral manifestations of 

the disease. The therapeutic potential of targeting metabolic perturbations by diet and 

commercially available drugs could have a broader implementation across other neuromuscular 

and metabolic disorders characterized by altered GC-KLF15-BCAA signaling. 
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6 General discussion 

Since the discovery of SMN as the SMA-determining gene (Lefebvre et al., 1995), much effort 

has been made to develop treatment strategies enhancing SMN protein levels. In the past three 

years, two drugs have been approved by the FDA (Aartsma-Rus, 2017; Hoy, 2017, 2019). 

However, several studies have shown that treatment strategies considering only the 

enhancement of SMN protein levels may not be sufficient to achieve the greatest therapeutic 

effect (Hua et al., 2011; Porensky et al., 2012; Robbins et al., 2014; Zhou et al., 2015; Finkel 

et al., 2017). Thus, there is an urgent need to develop therapies combining drugs targeting 

SMN-dependent and -independent pathways. This emphasizes the importance of research on 

the molecular functions of the SMN protein and perturbed signaling cascades in SMA. 

Although motoneurons are the primary pathological targets, several peripheral tissues are 

affected as well (Nash et al., 2016) and have to be considered in the development of treatment 

strategies. Accordingly, our first three studies (Manuscript I-III) concentrated on the 

dysregulation of the actin cytoskeleton as a contributing factor to motoneuron pathogenesis and 

the fourth study (Manuscript IV) investigated treatment strategies to correct muscle intrinsic 

defects.  

 

Several findings point towards an important role of the actin cytoskeleton in motoneuron 

pathogenesis in SMA (Hensel & Claus, 2018). On a molecular level, profilin2, which directly 

interacts with the SMN protein, becomes hyperphosphorylated under SMA conditions 

(Giesemann et al., 1999; Sharma et al., 2005; Nölle et al., 2011). Moreover, low levels of SMN 

promote the formation of actin rods (Rademacher et al., 2017), which are structures potentially 

contributing to the pathogenesis of other neurodegenerative diseases such as Alzheimer or 

Huntington disease (Minamide et al., 2000; Munsie et al., 2011). However, little is known about 

the exact mechanisms how hyperphosphorylated profilin2 or actin rod formation contribute to 

motoneuron degeneration in SMA.  

Thus, in our first study (Manuscript I), we characterized the composition of actin rods which 

were induced by SMN depletion using LC-MS-based proteomics. The results indicate a 

contribution of actin rod formation in motoneuron pathogenesis via different pathways (Figure 

1). Cytoplasmic actin rods form mainly in neurites and less in the soma (Minamide et al., 2000; 

Won et al., 2018). The assembly of actin rods in axons may inhibit intracellular trafficking by 

blocking the microtubular transport system and disrupting its integrity (Cichon et al., 2012). 

Accordingly, perturbed axonal transport of mRNAs and organelles such as mitochondria was 

described in SMA (Fallini et al., 2012; Miller et al., 2016; Xu et al., 2016). The formation of 
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nuclear actin rods may impair gene transcription by causing a displacement of chromatin and 

the RNA polymerase II transcription machinery (Serebryannyy et al., 2016a; Serebryannyy et 

al., 2016b). Indeed, SMA motoneurons display transcriptome abnormalities without showing a 

general inhibition of transcription (Zhang et al., 2008; Murray et al., 2010). As the effect of 

nuclear actin rods is probably mediated by sequestering of actin monomers (Serebryannyy et 

al., 2016a), other functions of nuclear actin may be perturbed as well (Hurst et al., 2019). 

Filamentous actin is involved in non-homologous end joining (NHEJ) DNA-repair by directly 

interacting with the Ku70/80 heterodimer and potentially stabilizing the recruitment of this 

factor to the DNA damage site, which is the first step in NHEJ (Andrin et al., 2012; Davis et 

al., 2014). Disruption of actin polymerization causes a decrease in NHEJ and the accumulation 

of double strand breaks (DSB) (Andrin et al., 2012; Pfitzer et al., 2019). Interestingly, a recent 

study reported the accumulation of double strand breaks due to defects in non-homologous end 

joining (NHEJ)-DNA repair in SMA neurons (Kannan et al., 2018). Besides cofilin and actin, 

we identified several other cytoskeletal proteins such as profilin, WASP and Arp2/3 enriched 

in the actin rod fraction (Manuscript I, Supplementary table1) indicating that they may be 

unavailable for actin dynamics in other cellular compartments. In line with that, a delay in NMJ 

maturation and function as well as axonal outgrowth defects or growth cone abnormalities hint 

towards altered actin dynamics in SMA (McWhorter et al., 2003; Rossoll et al., 2003; Kariya 

et al., 2008; Kong et al., 2009). Moreover, we detected proteins functioning in ATP-consuming 

processes such as ubiquitination, translation or protein folding to be bound to actin rods 

(Manuscript I, Figure 1). Initial binding of these proteins to actin rods may be beneficial for the 

cell by suppressing pathways with high energy demands, similarly to what has been described 

for cofilin and actin (Bernstein et al., 2006). However, persistence of actin rods may lead to the 

sequestration of the proteins causing perturbations in the respective pathways affecting 

motoneuron integrity. Indeed, protein homeostasis is impaired in SMA caused by dysregulation 

of the ribosome and ubiquitin pathways (Wishart et al., 2014; Bernabò et al., 2017). Further 

studies have to be conducted to clarify if and to which extent actin rod formation may be 

involved in each of these defects. 

Besides actin rod assembly, hyperphosphorylation of profilin2 may have detrimental effects on 

SMA motoneurons. As the respective phospho-sites have not been identified yet, we generated 

profilin2 phospho-mimetics of putative phospho-sites and assessed their impact on binding to 

actin, PLP and PIP2 (Manuscript II) (Walter et al., 2019). Our results indicate that profilin2 

functions in the cell may be regulated in a switch-like mechanism by phosphorylation of 

specific amino acid residues. Similarly, assays investigating binding properties of profilin2 in 
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a cellular context were performed under control and SMA conditions (Manuscript III). 

Intriguingly, profilin2 showed two subpopulations differing in their PLP-binding in control and 

SMN-depleted cells (Manuscript III, Figure 2). However, profilin2 distribution shifted towards 

the subpopulation with enhanced affinity for PLP in SMN knock-down cells. The presence of 

two distinct subpopulations of profilin2 implies a fine-tuned regulatory network in the cell 

modulating profilin2 activity probably based on its spatial function. Depending on its cellular 

localization, a dysregulation of this network leading to enhanced PLP-affinity of profilin2 may 

have differential effects on various cellular processes. Particularly, neurotransmitter 

homeostasis may be perturbed as profilin2 interacts specifically with PLP-proteins present in 

the synapse (Figure 1) (Witke et al., 1998). Binding of profilin2 to the endocytic protein 

dynamin1 competes with its interaction with other proteins resulting in reduced membrane 

fission (Gareus et al., 2006). Accordingly, we would expect reduced synaptic vesicle recycling 

when profilin2 is present at the synapse. Indeed, impaired endocytosis has been observed in 

SMA (Oprea et al., 2008). In addition, profilin2 is downstream to the PLP-protein piccolo 

which is important for vesicle release by regulating actin polymerization. Reduced piccolo or 

profilin2 levels cause a decrease in activity-stimulated F-actin assembly resulting in enhanced 

exocytosis (Pilo Boyl et al., 2007; Waites et al., 2011). Inversely, an increase in PLP-binding 

may lead to more actin polymerization and less exocytosis. In line with that, defects in synaptic 

transmission were described at the NMJ of SMA mice (Kong et al., 2009; Ruiz et al., 2010). 

Apart from its interaction with SMN (Giesemann et al., 1999; Sharma et al., 2005), little is 

known about the nuclear functions of profilin2 involving its PLP-binding domain. Profilin1 and 

2 interact with the transcriptional repressor p42POP. Further analysis of profilin1 revealed the 

regulatory function of this interaction on the transcription of still unknown targets (Lederer et 

al., 2005). Assuming a similar role for profilin2, its differential PLP-binding in SMA may 

interfere with gene transcription.  
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Figure 1: Potential contribution of actin rods and hyperphosphorylated profilin2 in motoneuron 

pathogenesis in SMA. Actin rods formed in the nucleus may sequester nuclear actin which is important for non-

homologous end-joining DNA repair and transcriptional control (Andrin et al., 2012; Davis et al., 2014; 

Serebryannyy et al., 2016a). Both processes are perturbed in SMA (Zhang et al., 2008; Murray et al., 2010; Kannan 

et al., 2018). Axonal actin rod formation may disturb microtubule integrity (Cichon et al., 2012), which may 

contribute to organelle and mRNA trafficking in SMA (Fallini et al., 2012; Miller et al., 2016; Xu et al., 2016). 

At the NMJ, profilin2 hyperphosphorylation which induces an enhanced PLP-binding may be involved in 

disrupted neurotransmitter homeostasis in SMA (Oprea et al., 2008; Kong et al., 2009; Ruiz et al., 2010). Binding 

of profilin2 to dynamin1 negatively regulates endocytosis (Gareus et al., 2006), while its interaction with piccolo 

promotes actin polymerization controlling vesicle exocytosis (Pilo Boyl et al., 2007; Waites et al., 2011).  

 

Thus, actin rod formation and hyperphosphorylation of profilin2 in SMA may underlie 

numerous defects described in motoneuron pathogenesis implying their potential as therapeutic 

targets. We identified profilin2 as the direct link between both pathways, as knock-down of the 

protein resulted in less actin rod formation in SMA (Manuscript I, Figure 2). Moreover, 

phosphorylation of specific amino acid residues had differential effects on actin rod assembly 

(Manuscript I, Figure 3). As knock-out of profilin2 in a SMA background does not improve the 

disease phenotype (Bowerman et al., 2009), another therapeutic approach may be the 
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pharmacological targeting of profilin2 phosphorylation. However, it is important to not only 

consider the therapeutic potential to reduce actin rod assembly, but also the potential to correct 

profilin2 hyperphosphorylation. 

Inhibition of ROCK, a kinase upstream of profilin2 (Da Silva et al., 2003), showed a reduction 

in actin rod formation (Manuscript I, Figure 4). In line with that, mimicking phosphorylation at 

S137, the amino acid residue of profilin1 known to be targeted by ROCK (Shao et al., 2008), 

promoted actin rod assembly (Manuscript I, Figure 3). However, instead of correcting the 

profilin2 hyperphosphorylation, inhibition of ROCK in a SMA background induced a complete 

dephosphorylation of the protein (Manuscript III, Supplementary figure 1, 3). As profilin2 

hyperphosphorylation is probably characterized by the modification of multiple amino acid 

residues and ROCK is only known to target a single phospho-site (Shao et al., 2008), this 

finding suggests that ROCK inhibition may have an indirect effect on the activity of other 

signaling pathways.  

Combining our results concerning the potential phosphorylation of profilin2 by ROCK at S137 

and its impact on binding properties, we come to two conclusions.  

First, a large amount of profilin2 in the cell seems to be phosphorylated by ROCK. This 

hypothesis is partially based on our finding that ROCK was the only kinase whose inhibition 

led to a complete dephosphorylation of profilin2, while the inhibition of all other investigated 

kinases displayed only less profound effects on profilin2 phosphorylation (Manuscript III, 

Figure 3). Moreover, we found that profilin2 was present in the cell as two distinct sub-

populations with different affinities for PLP (Manuscript III, Figure 2). Interestingly, 

mimicking phosphorylation of profilin2 at serine residue 137, the amino acid residue probably 

targeted by ROCK (Shao et al., 2008), showed impaired binding to PLP (Manuscript II, Table 

4) (Walter et al., 2019). Thus, profilin2 phosphorylated by ROCK may underlie the sub-

population showing a low affinity for PLP (Manuscript III, Figure 2).  

Second, ROCK is probably not one of the kinases involved in profilin2 hyperphosphorylation 

in SMA. This is based on the finding that the profilin2 distribution between the two sub-

populations with different PLP-affinities shifted towards the one exerting a high affinity for 

PLP when SMN was depleted (Manuscript III, Figure 2). This is inversely to what we would 

expect if ROCK was responsible for profilin2 hyperphosphorylation in SMA, as 

phosphorylation of profiin2 at S137 reduced the affinity for PLP (Manuscript II, Table 4) 

(Walter et al., 2019).  

This hypothesis seems to be contradictory to earlier findings showing hyperactivation of RhoA 

and enhanced profilin2-ROCK complex formation in SMA (Bowerman et al., 2007). However, 
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interaction of ROCK with profilin2 was shown to be independent from its kinase activity (Da 

Silva et al., 2003). Moreover, ROCK is regulated by phosphorylation which modulates its 

responsiveness to RhoA and thus its kinase activity (Lee & Chang, 2008; Lee et al., 2010). 

Accordingly, site-specific phosphorylation of ROCK in SMA may reduce its kinase activity 

without disturbing complex formation with profilin2. Analysis of the phosphorylation pattern 

of ROCK under control and SMA conditions may help to solve this question. Nonetheless, our 

data suggest that ROCK is not the protein responsible for profilin2 hyperphosphorylation in 

SMA indicating that other kinases have to be involved (Figure 2). Indeed, we identified several 

candidates by 2D gel electrophoresis and proximity-dependent biotinylation (Manuscript III, 

Figure 3, 4). 

Calcium-calmodulin dependent protein kinase 2 (CaMK2) was detected to associate with 

profilin2 in SMA but not under control conditions (Manuscript III, Table 1). Interestingly, Y-

27632, the compound used to inhibit ROCK, binds non-selectively to CaMK2 (Davies et al., 

2000; Tamura et al., 2005), which may explain the strong effect of ROCK inhibition on 

profilin2 phosphorylation (Manuscript III, Figure 3). Moreover, CaMK2 directly interacts with 

actin in an activity-dependent mode, thereby regulating microfilament dynamics (Hoffman et 

al., 2013). Thus, profilin2 phosphorylation by this kinase may add another possibility to 

regulate actin dynamics. In the cellular context, CaMK2 is upstream of the extracellular signal 

regulated kinase (ERK) and protein kinase B (Akt). Inhibition of ERK results in activation of 

Akt via CaMK2 which induces an increase in SMN2 gene transcription (Branchu et al., 2013). 

Accordingly, CaMK2 inhibition may correct profilin2 hyperphosphorylation, but 

simultaneously repress SMN protein expression.  

Treatment of SMN-depleted cells with a protein kinase A (PKA) inhibitor induced profilin2 

dephosphorylation (Manuscript III, Figure 3), similar to what was described before 

(Schweinhuber et al., 2015). A study investigating profilin1 phosphorylation by PKA identified 

the threonine residue 89 as one targeted phospho-site. Modification of this amino acid residue 

enhances actin-binding and destabilizes profilin1 (Gau et al., 2016). Similarly, we observed a 

low expression of profilin2 T89D compared to the wild-type (Manuscript I, Supplementary 

figure 2). Due to the low amount of this mutant, we were not able to characterize its effect on 

actin rod assembly (Manuscript III, Figure 3). However, treatment of cells with forskolin, an 

activator of PKA (Delghandi et al., 2005), induces actin rod formation in several cellular 

models (Osborn & Weber, 1984; Serebryannyy et al., 2016b). This may be at least partially 

mediated by dephosphorylation of cofilin (Peverelli et al., 2017). Accordingly, treatment of 

cells with a PKA inhibitor may promote the correction of profilin2 hyperphosphorylation and 
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may reduce actin rod formation in SMA. Unfortunately, this approach would interfere with a 

SMN-dependent treatment as PKA phosphorylates SMN, thus preventing its ubiquitination and 

increasing protein levels (Burnett et al., 2009; Harahap et al., 2015). In the clinics, salbutamol, 

a β-adrenergic agonist activating the PKA pathway, was already shown to improve the disease 

phenotype in SMA patients (Kinali et al., 2002; Pane et al., 2008; Tiziano et al., 2010). 

We additionally identified Blk, a member of the proto-oncogene tyrosine-protein kinase (Src) 

family (Abram & Courtneidge, 2000), to directly interact with profilin2 under SMA conditions 

(Manuscript III, Table 1). Supporting this finding, treatment of SMN-depleted cells with a Src 

inhibitor corrected profilin2 hyperphosphorylation (Manuscript III, Figure 3). Moreover, 

inhibition of its upstream kinase Flk (Chou et al., 2002) led to a dephosphorylation of profilin2. 

As Flk and Src are both kinases of profilin1 targeting its tyrosine residue 128 (Fan et al., 2012), 

this effect may be mediated either by Src alone or by both kinases. Phosphorylation of profilin1 

at Y128 promotes G-actin binding and actin polymerization (Fan et al., 2012). Interestingly, we 

observed an opposite effect by mimicking phosphorylation at the neighboring serine residue 

(Manuscript II, Table 4). Whether these differential effects are specific for the respective 

isoform or the phosphorylated amino acid residue have to be elucidated in further studies.  

In addition to its interaction with kinases, profilin2 bound to the protein phosphatase 1 (PP1) 

under control but not under SMN knock-down conditions (Manuscript III, Table 1). 

Interestingly, other PP1 targets such as neurofilaments or the microtubule associated protein 

tau are also hyperphosphorylated in SMA (Strack et al., 1997; Cifuentes-Diaz et al., 2002; Liu 

et al., 2005; Miller et al., 2015), suggesting a possible inactivity of PP1 when SMN is depleted. 

PP1 antagonizes ROCK by dephosphorylating S137 of profilin1 (Shao & Diamond, 2012). 

Accordingly, we would expect more phosphorylated profilin2 at S137 when SMN is depleted. 

However, PP1 interacts with profilin1 via an unknown binding site even when the protein 

cannot be phosphorylated at S137 (Shao & Diamond, 2012), suggesting that the phosphatase 

may target additional profilin phospho-sites. This implies that hyperphosphorylation of 

profilin2 in SMA may be induced by an additive effect of active kinases and inactive 

phosphatases such as PP1 (Figure 2). Thereby, a possible scenario may be that a specific kinase 

is responsible for profilin2 phosphorylation and inactivation of PP1, as the activity of the 

catalytic subunit of PP1 is modulated by binding of inhibitors which are regulated by kinases 

such as PKA (Aggen et al., 2000).  

 



General discussion   

88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Network of potential kinases and a phosphatase involved in profilin2 phosphorylation in healthy 

and SMA motoneurons. In healthy motoneurons, profilin2 is mainly phosphorylated by ROCK which is 

downstream to RhoA. Other kinases may be Src or PKA. Moreover, PP1 may be a phosphatase targeting several 

phospho-sites of profilin2. In SMN-depleted motoneurons, phosphorylation of profilin2 by ROCK is potentially 

reduced, although RhoA is hyperactivated. This may be mediated by ROCK phosphorylation reducing its kinase 

activity. Instead, phosphorylation of profilin2 by PKA, Src or CAMK2 may be enhanced, while dephosphorylation 

by PP1 may be reduced.  

 

Provided that profilin2 hyperphosphorylation cannot be rescued by enhancing SMN protein 

levels, the identification of involved kinases may open up new avenues for SMN-independent 

treatment strategies supporting motoneuron maintenance. Based on our results, we propose 

CaMK2, Src kinases, PKA and PP1 to be suitable candidates for further experiments. However, 

as described before, several putative kinases are involved in networks regulating SMN 

expression (Burnett et al., 2009; Branchu et al., 2013; Harahap et al., 2015). Thus, 

pharmacological targeting of profilin2 hyperphosphorylation may not be feasible. Moreover, it 

remains to elucidate whether compounds targeting profilin2 phosphorylation reduce also actin 

rod assembly.  

To assess the actin rod-reducing potential of each compound, it may be suitable to change the 

experimental setup. In our first study, counting of cells with actin rods was dependent on the 

positive staining of PLXND1 (Manuscript I), as this protein was shown to decorate actin rods 
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induced by SMN-depletion. PLXND1 is cleaved by metalloproteases (MPs) and the C-terminal 

fragment binds to actin rods (Rademacher et al., 2017). This was hypothesized to be a protective 

mechanism preventing its translocation to mitochondria where it induces apoptosis (Luchino et 

al., 2013; Rademacher et al., 2017). Profilin1 was shown to contribute to the activation of MPs 

which is partly mediated by its phosphorylation (Rizwani et al., 2014). Thus, if we assume a 

similar function for profilin2 and additionally suggest that phosphorylation at specific amino 

acid residues may mediate PLXND1 cleavage, treatment with compounds dephosphorylating 

profilin2 may inhibit this process. As cleavage of the receptor is probably not the cause of actin 

rod assembly, those structures would form, but would not be detected by testing for PLXND1-

positive rods.  

 

ROCK is the only one of the kinases discussed above that has been addressed 

pharmacologically in SMA mouse models to assess its potential as SMN-independent therapy. 

Compared to vehicle-treated SMA mice, littermates treated with a ROCK inhibitor survived 

longer and showed improved NMJ maturation and an increase in muscle fiber size. However, 

ROCK inhibition did not prevent motoneuron degeneration (Bowerman et al., 2010; Bowerman 

et al., 2012a; Coque et al., 2014), which may have several reasons. First, our results indicate 

that profilin2 phosphorylation by ROCK may already be reduced under SMA conditions and 

that its hyperphosphorylation may be induced by other kinases. Similarly, other downstream 

targets such as cofilin are already hypophosphorylated in SMA (Nölle et al., 2011). The 

imbalance in phosphorylation of these effector molecules is probably even worsened when 

ROCK is inhibited, thereby causing further actin cytoskeleton perturbations. Moreover, 

RhoA/ROCK is part of a fine-tuned network in the cell and modulates the activity of signaling 

molecules such as the extracellular signal regulated kinase (ERK) or phosphatase and tensin 

homologue (PTEN) (Li et al., 2005; Hensel et al., 2014). Thus, inhibition of ROCK may have 

an impact on the activity of other pathways which may be detrimental for motoneuron survival. 

Analysis of NMJs of inhibitor-treated SMA mice revealed improved post-synapse maturation 

indicating that the main effect may be mediated by the correction of intrinsic skeletal muscle 

defects and not motoneuron pathogenesis (Bowerman et al., 2012a; Coque et al., 2014). Indeed, 

ROCK was reported to negatively regulate skeletal muscle differentiation by promoting 

myoblast proliferation. Its inhibition induces cell fusion and myotube formation (Castellani et 

al., 2006).  

This example highlights two important factors that have to be considered in the development 

of treatment strategies. Besides multi-organ effects which occur when the drug is administered 
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systemically, off-target effects resulting from non-specific drug action or cross-talking between 

different pathways may contribute to therapeutic efficacy. Both factors play a role in our fourth 

study (Manuscript IV) showing a dysregulation of the glucocorticoid (GC)-Krüppel-like factor 

15 (KLF15)-branched chain amino acid (BCAA) axis in skeletal muscle of SMA mice. 

Addressing this pathway by pharmacological or dietary intervention led to a significant 

improvement of the disease phenotype (Walter et al., 2018). Our results showed a 

downregulation of Klf15 expression in skeletal muscle of pre-symptomatic SMA mice 

(Manuscript IV, Figure 1), which can be targeted by perinatal administration of the GC 

prednisolone or by transgenic overexpression of KLF15 (Manuscript IV, Figure 7). However, 

a treatment strategy based on KLF15 overexpression remains challenging as reported by a study 

performing adeno-associated virus (AAV)-mediated muscle specific overexpression of the 

protein which did not improve the disease phenotype. A possible reason for this negative 

outcome may be the low expressional control as it was not possible to express KLF15 at 

physiological levels in muscle only (Ahlskog et al., 2019). Prednisolone is already used as 

pharmacological therapy to enhance muscle performance of patients suffering from Duchenne 

Muscular Dystrophy (DMD) (Rahman et al., 2001; Angelini, 2007). This effect is in part 

mediated by the activation of KLF15 (Morrison-Nozik et al., 2015). Our results showed that a 

combination of prednisolone administration and KLF15 overexpression exerted a synergistic 

effect (Manuscript IV, Figure 7) suggesting KLF15-dependent and -independent pathways of 

prednisolone action. Moreover, prednisolone revealed systemic effects, e.g. on motoneurons 

which is implied by the improvement in endplate innervation at the NMJ (Manuscript IV, 

Figure 6). Interestingly, SMA patients receiving Zolgensma in clinical trial are initially treated 

with prednisolone to attenuate an immune response (Mendell et al., 2017). Besides its 

immunosuppressive function, prednisolone may also have a positive effect on muscle 

performance as seen in our study. In contrast to the pre-symptomatic findings, Klf15 was 

upregulated in the skeletal muscle of symptomatic SMA mice (Manuscript IV, Figure 1). At 

this time point, dietary intervention by supplementation of BCAAs revealed a beneficial effect 

on survival and weight of treated compared to untreated SMA mice (Manuscript IV, Figure 8). 

As the transcription factor KLF15 regulates amino acid catabolism by inducing the transcription 

of amino acid-degrading enzymes (Gray et al., 2007), BCAA supplementation probably 

compensates for the enhanced amino acid demand caused by increased KLF15 expression 

(Walter et al., 2018). Further studies have to be conducted to investigate the systemic impact 

of prednisolone treatment and BCAA supplementation. Thereby, an important aspect is the 

effect of GC therapy on other pathways. Interestingly, a link towards the actin cytoskeleton was 
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uncovered by the GC-mediated activation of the RhoA/ROCK pathway (Ransom et al., 2005). 

A combinatorial treatment strategy of ROCK inhibition and GC administration showed a 

synergistic effect in muscle of DMD mice (Mu et al., 2017). As both therapies alone have a 

beneficial effect in SMA mice (Bowerman et al., 2010; Bowerman et al., 2012a; Walter et al., 

2018), a combination of both may be a promising approach to further alleviate muscle intrinsic 

defects in SMA.  

 

Although SMN-enhancing drugs such as Spinraza and Zolgensma show convincing beneficial 

effects in SMA patients (Finkel et al., 2017; Hoy, 2019), it is important to keep in mind that 

both drugs are not a cure for the disease (Bowerman, 2019). A study investigating the effect of 

Nusinersen on the development of pre-symptomatic children having two or three SMN2 copies 

revealed a remarkable beneficial effect in both sub-groups (De Vivo et al., 2019). However, 

children with only two SMN2 copies were not as responsive to the drug as children with three 

copies (De Vivo et al., 2019), emphasizing the need for combinatorial treatment strategies, 

particularly in SMA patients suffering from the more severe types of the disease. As Nusinersen 

is administered intrathecally and acts mainly in the spinal cord (Geary et al., 2001; Hua et al., 

2008; Ramos et al., 2019), this drug may be combined with treatments operating on peripheral 

tissues such as skeletal muscle, as described in the section above. Moreover, actin-based 

therapies may be a promising systemic approach. In line with that, the beneficial effect of 

ROCK inhibiton observed in an intermediate SMA mouse model is probably mediated by the 

drug’s action in several peripheral tissues (Coque et al., 2014). In addition to non-CNS targets, 

drugs targeting the actin cytoskeleton may help to maintain functional NMJs. Besides 

stabilizing existing NMJs, treatments targeting the actin cytoskeleton may enhance the 

sprouting capacity of remaining motoneurons which is reduced in SMA (Murray et al., 2013; 

Hensel & Claus, 2018). Sprouting is a mechanism in normal aging and early stages of 

motoneuron diseases to compensate for the loss of nerve terminals (Gordon et al., 2004; Hensel 

& Claus, 2018). Interestingly, overexpression of the genetic modifier plastin3, a F-actin 

bundling protein (Shinomiya, 2012), induced terminal sprouting, enhanced motor ability and 

prolonged survival in an intermediate SMA mouse model (Ackermann et al., 2013) highlighting 

the potential of therapeutic strategies targeting the actin cytoskeleton. Besides actin-based 

approaches, there is a number of other pathways dysregulated in SMA which may be promising 

targets (Bowerman et al., 2017). Thus, it is of great importance to advance our understanding 

about SMA pathogenesis and the underlying mechanisms to be able to anticipate which 
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symptoms may persist and have to be addressed in combination with SMN-dependent 

treatments.  
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