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1.0  Introduction 

Spinal muscular atrophy (SMA) is a neurodegenerative disease. A deletion or mutation in the 

survival of motoneuron 1 (SMN1) gene results in low levels of the survival of motoneuron 

protein (SMN), which first affects the motoneurons in the spinal cord resulting in motoneuron 

degeneration (Lefebvre et al. 1995). Due to motoneuron death, muscles are no longer 

innervated leading to the main symptom of this disease, muscular atrophy (Wang et al. 2007). 

Although this is the most impressive and first appearing symptom, the SMN protein is essential 

for the physiological function of several other organs. Therefore, pathological changes can be 

observed in many organs and SMA is considered as a multisystem disease. Thus, a strategy of 

therapy with regard to the entire organism might be considered (Hamilton and Gillingwater 

2013).  

1.1 Genetics of SMA 

SMA is a monogenetic, autosomal-recessive inherited disease (Brandt 1949) with an incidence 

of 1.36 in 10.000 livebirths (Konig et al. 2019). 2 % of population in the US are carriers for SMA 

(Ogino et al. 2002). SMA is caused by a single gene mutation or deletion in the SMN1 gene 

(Brzustowicz et al. 1990). This gene encodes for the SMN protein (Lefebvre et al. 1995), which 

is involved e.g. in cell survival, small nuclear ribonucleoproteins (snRNP) assembly (Tisdale et 

al. 2013) and it is targeted to Cajal bodies (Carvalho et al. 1999), where it can be released by 

forming a complex with Fibroblast-growth factor 223 (FGF 223) (Forthmann et al. 2013). 

Furthermore, SMN is important for differentiation and maturation of neuronal cells (Fan and 

Simard 2002), because SMN is involved in actin dynamics of cells (van Bergeijk et al. 2007). 

Motoneuron survival depends on high amounts of SMN. Therefore, SMN is more important in 

the central nervous system (CNS) than in other tissues (Battaglia et al. 1997). A deletion or 

mutation in the 5q13 region of SMN1 gene results in termination of SMN protein production 

(Lefebvre et al. 1995). Mammals with a complete SMN protein loss are not able to survive 

(Schrank et al. 1997). Humans have an additional SMN2 gene (Rochette, Gilbert, and Simard 

2001), which encodes for the same protein as SMN1 does. One difference between SMN1 and 

SMN2 is a C to T transition at position 6 of exon 7 in SMN2 (Lorson et al. 1999). This exchange 

creates an inhibitory context at the 5’- end of exon 7 during splicing (Singh, Androphy, and 

Singh 2004), resulting in skipping of exon 7 in up to 90% of all splicing processes. Therefore, a 

truncated, non-functional SMN protein is produced and only 10% full-length, functional SMN 
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protein (Lorson et al. 1999). Furthermore, the truncated SMN protein has a lower intracellular 

stability compared to the full-length protein (Lorson and Androphy 2000), but it is sufficient 

for survival of the embryo until birth. 

 

1.2 Clinics of SMA 

SMA patients show different clinical symptoms ranging from severe health issues to moderate 

symptoms with a neurodegenerative character (Wang et al. 2007). Usually patients are 

categorized due to their symptoms into five different SMA subtypes (Munsat and Davies 1992; 

Grotto et al. 2016; Dubowitz 1995). The classification of these types bases on motor functions, 

age of disease onset and average life expectancy (Finkel et al. 2015). The type with the earliest 

occurring symptoms is called SMA type 0. Symptoms are already detectable during pregnancy 

including reduced fetal movements (Byers and Banker 1961; Dubowitz 1999). Respiratory 

distress leads to death during or shortly after birth of this SMA type (Grotto et al. 2016).  

The most severe form of SMA is called SMA type 1 or Werdnig-Hoffmann-disease due to the 

first neurologists who described the symptoms (Werdnig 1891; Hoffmann 1893). It is the most 

frequent type affecting 50% of all SMA cases. Those children with SMA are called floppy babies 

or non-sitters, as they have no muscle strength to hold themselves in an upright position or 

control their head. The first symptoms occur in the first two months after birth and lead to 

death within two years of life without therapy (Thomas and Dubowitz 1994). Children suffer 

Figure 1: Schematic 
representation of genetic 
background of SMA. Due 
to a deletion or mutation 
in the SMN1 gene, it no 
longer encodes for the 
SMN protein (left). The 
human SMN2 gene 
encodes for the same 
protein like the SMN1 
gene, but has a C to T 
transition in exon 7 that 
leads to a skipping of exon 
7 in the splicing 
processes. Therefore, 
mostly a truncated, non-
functional SMN protein is 
produced.   
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from respiratory deficits and have swallowing problems due to muscle weakness. Therefore, 

they often need ventilation support and gastro-enteral feeding during life (Bertini et al. 2005).  

SMA type 2 is also termed Dubowitz-disease (Dubowitz 1964). This type is characterized by 

disease onset at the age of 6-18 months. Patients reach adulthood and gain the ability to sit 

independently. Some type 2 children are even capable of standing, but not of walking (Byers 

and Banker 1961; Dubowitz 1964). Furthermore, they also have respiratory distress which 

results in pulmonic diseases because of a lower clearing rate. Patients also have deformations 

of the skeleton spine like kyphosis or scoliosis due to missing musculature (Zerres et al. 1997). 

SMA type 3 patients, also known as Kugelberg-Welander-disease, show first symptoms during 

the first three years of life. Affected children usually reach the ability to walk unaided, but 

they lose it, when they grew older (Rudnik-Schoneborn et al. 2001). Furthermore, some 

patients develop kyphosis and scoliosis as seen in type 2 patients. Overall, this type has a 

slower disease progression compared to the earlier described ones and is therefore not as 

severely affected as these types (Zerres et al. 1997).  

The last SMA type is an adult-onset form. Here, the first symptoms occur after the age of 18 

years. Besides a later age of onset, the symptoms are milder compared to the other types. 

Patients suffer from weakness of arms and legs, but with a slow progression (Pearn, Hudgson, 

and Walton 1978). In addition to these phenotypes, which are classified according to their 

neuromuscular symptoms, several other organs are affected (reviewed in Shababi, Lorson, 

and Rudnik-Schoneborn 2014). Despite this clinical categorization, the copy number of SMN2 

in patients correlates with the amount of SMN protein produced (Lefebvre et al. 1997; 

Feldkötter et al. 2002; Campbell et al. 1997).  

1.3 Molecular mechanisms and signaling in SMA 

SMA was considered as a disease that is caused by a lack of functional SMN protein. During 

the last years more and more alterations in protein levels especially regarding those involved 

in signaling networks have been described (reviewed in Hensel, Kubinski, and Claus 2020). 

Some alterations in these signaling networks involve SMN, while others are SMN-

independently altered, which means that an SMN restauration does not correct those 

signaling networks. It was shown that a depletion of SMN in a phaeochromocytoma cell line 
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(PC12 cells) results in alterations of neurite outgrowth accompanied with an altered 

filamentous-actin (F-actin) localization (Bowerman, Shafey, and Kothary 2007; van Bergeijk et 

al. 2007). This gives a hint for a dysregulation of proteins that influence the actin cytoskeleton 

dynamics during neurite initiation and outgrowth in SMA patients.  

One of these proteins is the kinase Rho A, which has to be inactivated during neurite formation 

and outgrowth (reviewed in Negishi and Katoh 2002). Rho A activates the Rho-associated 

protein kinase (ROCK) (Leung et al. 1995; Matsui et al. 1996), which induces an F-actin 

accumulation and furthermore, an inhibition of neuronal outgrowth (Amano et al. 1996). In 

vitro inhibition of Rho A in an SMA model results in a partial rescue of neuronal outgrowth. 

Inhibition of ROCK in an SMA mouse model prolongs survival of mice and improves maturation 

of neuromuscular junctions (NMJs) without effecting the SMN levels in the spinal cord or the 

number of motoneurons, suggesting that increasing the SMN level is not the only therapy 

strategy (Bowerman et al. 2010).  

An additional protein that is altered in SMA and linked to Rho A/ROCK, is the actin-binding 

protein profilin ІІ𝑎. This protein mediates the control of actin stability and is downstream of 

Rho A/ROCK (Da Silva et al. 2003). A higher amount of available profilin ІІ𝑎 results in an 

increase of a Rho A/ROCK/ profilin ІІ𝑎 complex formation and therefore has an inhibitory 

influence on neuronal outgrowth (Bowerman, Shafey, and Kothary 2007). Although depletion 

of SMN in PC12 cells has no effect on ROCK’s activity itself, downstream targets of ROCK show 

changes in phosphorylation patterns. SMN itself directly interacts with profilin ІІ𝑎 (Nolle et al. 

2011). A depletion of SMN leads to a hyper-phosphorylation of profilin ІІ𝑎. This results in a 

higher binding of profilin ІІ𝑎 to ROCK (Bowerman, Shafey, and Kothary 2007), because 

profiling ІІ𝑎  cannot bind in high amounts to SMN in SMA due to low SMN levels (Nolle et al. 

2011).  

Not only the Rho/ROCK pathway is altered in SMA, but also the MAP kinase signaling pathway. 

Extracellular-signal-regulated kinase 1/2 (ERK1/2) and AKT are also hyper-phosphorylated in 

SMA indicating a hyper-activation of the Phosphoinositid-3-kinase (PI3K) and ERK pathways 

(Hensel et al. 2012). ERK1/2 belongs to the MAPK family and therefore, is activated by a 

signaling cascade. An extracellular stimulus (for example growth factors, cytokines, mitogens 

or hormones) binds to a cell membrane receptor (e.g., the receptor tyrosine kinase, the G 
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protein-coupled receptors or the epidermal growth factor receptor) that induces the 

recruitment of son-of-sevenless (SOS) to the adaptor protein growth-factor-receptor-bound-

2 (Grb2). Grb2 activates Ras and induces a conversion of GDP to GTP, which, among others, 

results in an interaction of Ras and the downstream serine/threonine kinase Raf (reviewed in 

Mebratu and Tesfaigzi 2009; reviewed in Geyer and Wittinghofer 1997). This mitogen-

activated protein kinase kinase kinase (MAPKKK) Ras induces a conformal change in Raf 

leading to a higher kinase activity, which results in a phosphorylation of MAPKK and finally a 

phosphorylation of MAPK (Moodie et al. 1993; Vojtek, Hollenberg, and Cooper 1993). The 

MAPK family is involved in different biological processes including gene expression, mitosis, 

embryogenesis, cell differentiation, movement, metabolism and programmed cell death 

(reviewed in Robinson and Cobb 1997). Reduced SMN levels result in an  ERK hyper-

phosphorylation that is induced by an upregulation of fibroblast growth factor receptor 

tyrosin kinase 1 (FGFR-1) in SMA (Hensel et al. 2012). Phosphorylated ERK is mainly located in 

the cytoplasm and partially in the nucleus (Hensel et al. 2017). Interestingly, ERK1/2 

suppresses survival signaling when localized in the cytosol (reviewed in Mebratu and Tesfaigzi 

2009). This is confirmed by the fact that activation of the ERK signaling increases cell death in 

an SMA cell model (Hensel et al. 2017).  On the other hand, upregulation of ERK1/2 in 

motoneurons of SMA mice improves clinical symptoms, although it results in cell death in 

other neuronal cells (Hensel et al. 2017).  

Furthermore, ERK1/2 has a direct influence on SMN2 expression via interacting with the 

transcription factor ETS-like protein 1 (Elk-1). Elk-1 response elements are located in the 

human SMN promoter flanked by the cAMP response element binding protein (CREB). 

Activation of the ERK/Elk-1 pathway leads to a decrease of the SMN2 expression (Branchu et 

al. 2013b). ERK further interacts with the AKT and ROCK signaling pathway (Branchu et al. 

2013b; Hensel et al. 2014). The crosstalk between ROCK and ERK is dependent on the SMN 

levels, which was shown by the loss of the inhibitory function of ERK on ROCK after SMN 

knockdown (Hensel et al. 2014).  

Further analysis of signaling pathways in SMA demonstrated that B-RAF, a member of the Raf 

family, is a central hub in altered AKT and 14-3-3 ζ/δ signaling clusters (Hensel et al. 2021). A 

B-RAF response to neurotrophic factors (such as GDNF, CNTF and BDNF) is essential for 

survival of murine motoneurons at the embryonic stage. The activation of the MAPK signaling 
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cascade by B-RAF cannot be compensated by the Raf isoforms A-Raf or C-Raf (Wiese et al. 

2001). In spinal cords of SMA mice, B-RAF is downregulated before onset of symptoms. A 

downregulation of B-RAF has also been shown in SMA patient-derived fibroblasts (Hensel et 

al. 2021). Raf proteins interact and are regulated by 14-3-3 ζ/δ. Especially B-RAF interacts with 

all seven isoforms of 14-3-3 (Luo et al. 1995; Fischer et al. 2009). Furthermore, 14-3-3 ζ/δ is 

downregulated in the spinal cord of pre-symptomatic SMA mice (Hensel et al. 2021). 

Therefore, B-RAF and 14-3-3 ζ/δ are potential therapeutic targets in SMA to enhance 

motoneuron survival independent of SMN levels. 

1.4 Current therapies 

A therapy of SMA was not available for a long time. It was just possible to treat symptoms and 

enhance patient’s welfare. Today, there are three different therapy options for SMA, but these 

therapies are approved for certain patients regarding e.g. age or bodyweight only. As 

mentioned above, there are five different subtypes of SMA. Although they all have reduced 

SMN levels, they differ in their phenotypes. Therefore, different therapeutic strategies are 

needed depending on the SMA type (reviewed in Hensel, Kubinski, and Claus 2020). In 

patients, SMN protein levels are too low for physiological function of cells. During 

development, the CNS needs a high amount of SMN (Fan and Simard 2002). Furthermore, 

SMN starvation leads to muscle wasting in patients due to motoneuron degeneration in the 

ventral horn of the spinal cord (Byers and Banker 1961). The main aim of already approved 

therapies is to increase the SMN protein levels or to modify SMN splicing. These strategies are 

all termed “SMN-dependent”.  

The first approved drug for SMA therapy was Nusinersen (Spinraza® by Biogen) by the FDA in 

December 2016 and by the EMA in 2017 for pediatric and adult patients (reviewed in Messina 

and Sframeli 2020). Nusinersen is an antisense oligonucleotide (ASO) 10-27, which acts as a 

splicing modifier (Passini et al. 2011; Hua et al. 2011). It binds to the hnRNP A1/A2 binding site 

of intronic splicing silencer 1 (ISS-N1) in the transcript of SMN2 (Hua et al. 2008). ISS-N1 is an 

inhibitory element located downstream of the 5’-end splicing site within exon 7. By blocking 

the ISS-N1, skipping of exon 7 is prevented (Singh et al. 2006). Binding of the ASO to ISS-N1 

destabilizes the steric formation of the transcript. As a consequence, the cytotoxic-granule-

associated-RNA-binding-protein TIA1, a stimulatory factor, can bind to its binding site 

downstream of the 5’-end of exon 7 between ISS-N1 and element 2 (Singh et al. 2011). TIA1 
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enhances the recruitment of U1 small nuclear ribonucleoprotein (U1 snRNP), which further 

stabilizes the weak 5’-end binding of exon 7 (Forch et al. 2002). Splicing of exon 7 is stopped, 

because of a steric change in the mRNA. As a consequence, the amount of functional, full-

length SMN protein increases (reviewed in Singh et al. 2015). There are several problems 

regarding this therapy. At disease onset, a high amount of motoneurons in the spinal cord, 

which need SMN for their survival, are already dead. Moreover, motoneurons are post-mitotic 

cells making their death irreversible. Therefore, a therapy shows the best results when started 

before the first onset of symptoms (Foust et al. 2010; De Vivo et al. 2019). For that reason, a 

genetic newborn screening for SMA is required (Pyatt, Mihal, and Prior 2007). In Germany, 

after a successful pilot study in Bavaria and North Rhine-Westphalia, a newborn screening for 

SMA has been implemented in 2021 (Vill et al. 2019; Vill et al. 2021). Furthermore, Nusinersen 

cannot pass the blood brain barrier (BBB). Therefore, an intrathecal application to deliver the 

ASO to the CNS is required (Geary, Yu, and Levin 2001). This is challenging, when the patient 

is having a deformation of the spinal column. In addition, the body position during application 

can exacerbate respiratory distress. All together these points are problematic, because 

Nusinersen has to be delivered every four months (Finkel et al. 2016; Finkel et al. 2017).  

Another approved therapy option is Onasemnogene abeparvovec (Zolgensam® by Novartis), 

which is an adeno-associated virus-vector type 9 (AAV9). This AAV is delivered intravenously 

once in life (Day, Finkel, Chiriboga, et al. 2021). This virus vector comprises a functional SMN1 

cDNA, which is incorporated into cells by the viral vector (Dominguez et al. 2011) . The therapy 

does not only elevate the SMN levels in the CNS, but also in peripheral tissues (Valori et al. 

2010). It was approved by the FDA in May 2019 and by the EMA in 2020 for children under 

three years of age (Foust et al. 2010; reviewed in Messina and Sframeli 2020). High costs, time 

point of therapy and already existing antibodies against adenoviruses due to earlier wild-type 

AAV infections make this therapy not appropriate for every patient (Harrington et al. 2016; 

Foust et al. 2010; reviewed in Vandamme, Adjali, and Mingozzi 2017). High antibody titers 

against AAV9 are not common for young patients but rather for older SMA patients due to 

earlier adenovirus infections (Calcedo et al. 2011). Furthermore, this titer decreases few 

months after birth when breast feeding is stopped due to declining maternal antibodies (Day, 

Finkel, Mercuri, et al. 2021). Other problems base on the unpredictability of cDNA integration 

into cells and SMN production. There are also some reports that long-term overexpression of 

SMN leads to a gain-of-toxic-function of this protein accompanied with neurodegenerative 
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clinical symptoms in SMA mice (Van Alstyne et al. 2021). Yet, long-term outcomes and adverse 

drug effects are not known.  

The latest approved therapy for SMA is a small molecule called Risdiplam (Evrysdi® by Roche). 

This molecule corrects splicing of SMN2 by enhancing the inclusion of exon 7 in the mRNA 

transcript of SMN2 (Ratni et al. 2018). The exact mechanism of Risdiplam is not yet known, 

but there are some hints from studies with structural-related molecules. Sivaramakrishnan et 

al. showed a binding of SMN to splicing modifiers, which are similar to Risdiplam, to the U1 

snRNA: 5’-end duplex and to the exonic splicing enhancer 2 (ESE2) resulting in a higher 

inclusion of exon 7 (Sivaramakrishnan et al. 2017). Later Wang et al. showed, that an SMN 

splicing modifier binds to an AGGAAG motif of exon 7 which leads to a conformational change 

accompanied with a displacement of hnRNP-G, which results in an increase of pre-mRNA 

recognition by the splicing factors Far upstream element-binding protein 1 (FUBP1) and KH-

type splicing regulatory protein (KHSRP) (Wang, Schultz, and Johnson 2018). Risdiplam is daily 

given orally and reaches equal concentrations in plasma and cerebrospinal fluid. Therefore, 

not only SMN level in the CNS are elevated, but also in the peripheral organs (Poirier et al. 

2018; reviewed in Messina and Sframeli 2020)  

Although the decrease of the SMN levels is crucial for SMA, other proteins and signaling 

pathways for example the Rho/ROCK or the MAP/ERK signaling pathway are altered in SMA 

as well (reviewed in Hensel, Kubinski, and Claus 2020). This leads to the necessity of SMN-

independent therapy strategies. The aim of these therapies is to correct altered pathways in 

SMA which are independent of SMN restauration (reviewed in Hensel, Kubinski, and Claus 

2020). Until now, there is no SMN-independent therapy available. 

1.5 AAV mechanisms and uses 

AAVs were first discovered in 1965. Atchison et al. found these particles in a Simian Adenovirus 

serotype 5 culture of Rhesus monkey kidney cells. They described them as defective virus 

particles due to the fact, that AAVs need a helper virus for replication (Atchison, Casto, and 

Hammon 1965). An AAV has an icosahedral protein capsid  (Xie et al. 2002) with three 

structural proteins V1, V2 and V3 (Rose et al. 1971). Inside the capsid, there is a linear single-

stranded virus DNA (Rose et al. 1969; Berns and Rose 1970). This DNA has inverted terminal 

repeats (ITRs) (Wolfson and Dressler 1972). ITRs are the viral origin of replication with a length 

of 145 nucleotides (Lusby, Fife, and Berns 1980; Hauswirth and Berns 1977). They are cis-
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acting elements involved in replication and packaging of viral genome (Wang, Ponnazhagan, 

and Srivastava 1996).  The ITRs flank the rep and cap genes. Rep genes encode for the essential 

replication proteins of the AAV whereas the cap genes encode for the V1, V2 and V3 proteins 

(Tratschin, Miller, and Carter 1984). AAVs bind to cell-surface receptors like heparan sulfate 

proteoglycans, which for example allows AAV2 to enter the cell (Summerford and Samulski 

1998). The uptake into the cell is mediated via endocytosis. By a low-pH-dependent 

endosomal escape mechanism, particles are released from the endosome and localize mainly 

to the perinuclear space, whereby only few AAV particles are able to enter to the nucleus 

(Bartlett, Wilcher, and Samulski 2000). During or before entering the nucleus, uncoating of the 

AAV takes place (Lux et al. 2005). After uncoating and entering to the nucleus, AAV integrates 

into chromosome 19 (Kotin et al. 1990) of the host cell genome (Samulski, Chang, and Shenk 

1989). However, most AAV particles remain as extrachromosomal circular episomes (Schnepp 

et al. 2005) which leads to a latent AAV infection without a disease due to low transcription 

rates of the integrated AAV genome. (Laughlin, Cardellichio, and Coon 1986).  

For an effective transduction, the complementary strand of the single-stranded DNA of the 

AAV has to be synthesized in the nucleus (Ferrari et al. 1996). This could be also achieved 

artificially by delivering the plus and minus strand of the DNA by two different AAVs. After 

entering the nucleus, they form a double-stranded DNA via Watson-Crick base pairing (Nakai, 

Storm, and Kay 2000). AAVs transduce dividing and non-dividing cells (Alexander et al. 1996). 

HEK293T cells produce AAVs without the need of a helper virus, when they are transfected 

with a plasmid containing the rep and cap genes of an AAV and a second plasmid containing 

the ITRs, a promoter and the DNA, which should be delivered to the host cell (Grimm et al. 

1998).  

Cell and tissue affinity is defined by the different AAV serotypes (Zincarelli et al. 2008). A 

technical hybrid of two different serotypes within one AAV increases the efficiency of gene 

delivery. A hybrid AAV can be generated by transcapsidation of ITRs of one serotype into the 

capsid shell of another serotype (Rabinowitz et al. 2002). Further attempts for hybridization 

base on an alteration of the capsid surface by specific antibodies, mixed proteins of different 

capsids or insertion of foreign protein sequences (reviewed in Choi, McCarty, and Samulski 

2005). An AAV containing AAV2 ITRs and an AAV1 capsid shell has been demonstrated to 

successfully transduce neuronal tissue (Hammond et al. 2017).  
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Not only the transduction efficiency is a limiting step in AAV use, but also the packaging size 

of the genome is restricted. It has been reported, that the optimal vector length lies in 

between 4.1 and 4.9 kb for a single-stranded AAV (ssAAV) genome (Dong, Fan, and Frizzell 

1996). Further investigation showed, that AAV-containing larger genes are not that infectious 

anymore (Grieger and Samulski 2005). For self-complementary AAVs (scAAV) the packaging 

capacity is half of a ssAAV (Hirata and Russell 2000). Although they have a low packaging 

capacity, the transduction efficiency is increased compared to ssAAVs because no DNA 

synthesis by the host cell itself is sufficient. Sense and antisense strands of DNA are both 

packed in one AAV and therefore, the host cell does not need to synthesize the 

complementary DNA strand (McCarty, Monahan, and Samulski 2001). Self-complementation 

of AAV genome is obtained by using mutated ITR sequences (McCarty et al. 2003).  

Due to the ability to deliver foreign DNAs into a cell, AAVs are already used in therapy 

approaches. AAVs can be used in four different ways. Firstly, they replace genes which have a 

loss-of-function mutation; secondly, to silence genes with a gain-of-toxic-function; thirdly, to 

add genes for modulating complex diseases e.g. supplying neurotrophic factors or changing 

signaling pathways; fourthly to edit genes by repairing mutations (reviewed in Wang, Tai, and 

Gao 2019). The first approved AAV-based gene therapy by the EMA in 2012 was Glybera for 

the hereditary lipoprotein lipase deficiency (Yla-Herttuala 2012). In the following years, 

further AAV-therapies for a broad range of diseases were approved, for example Zolgensma® 

by Biogen for SMA (reviewed in Mendell et al. 2021). Challenges of AAV gene therapies are 

the body reactions against the AAV. Neutralizing antibodies against the virus capsid proteins 

as well all cytotoxic-T-lymphocyte responses to the AAV reduce the therapeutic effect 

(Fitzpatrick et al. 2018; Mingozzi et al. 2007). Furthermore, adverse drug reaction such as 

inflammation and hepatotoxicity are observed (Feldman et al. 2020). 

1.6 Aims of the thesis 

Patients suffering from SMA have different options for treatment. This treatment era of SMA 

started with the approval of Nusinersen by the FDA followed by the EMA. Afterwards the 

approval for Onasemnogene abeparvovec and Risdiplam followed (reviewed in Messina and 

Sframeli 2020; Foust et al. 2010). All three therapies have in common to enhance the SMN 
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protein production, but they differ in their route of application, their mechanism to enhance 

SMN and in their frequency of application.  

Onasemnogene abeparvovec is administered once by an intravenous injection (reviewed in 

Messina and Sframeli 2020). Risdiplam has to be administered each day orally (reviewed in 

Messina and Sframeli 2020). Both therapies effect the body systemically due to the route of 

application and can cross the BBB. Nusinersen is different, because it is not able to cross the 

BBB (Geary, Yu, and Levin 2001). Therefore, it has to be delivered in the spinal channel every 

four months (reviewed in Messina and Sframeli 2020). Furthermore, it corrects the splicing of 

SMN2 in the spinal cord only and not in peripheral organs. However, SMN is essential in all 

organs, whereas it is mostly needed in the CNS at the beginning of life.  

However, more defects in peripheral organs after treatment with Nusinersen are expected to 

occur. Nusinersen-treated children with SMA get older (Finkel et al. 2017), because of higher 

SMN levels in the CNS. Therefore, defects in other organs develop, which have not been 

diagnosable in untreated subjects, because children usually died before onset of symptoms 

(Hao le et al. 2013). To generate a model for this peripheral organ defects, a method for 

intrathecal injections in neonatal mice was established in this thesis. 

Today, SMA is considered as a multisystemic disorder and not as a disorder of the α-

motoneurons in the spinal cord only (reviewed in Hamilton and Gillingwater 2013). Previous 

research showed that SMA is not only defined by a loss of SMN, but also by alterations in other 

proteins and signaling pathways due to low SMN levels (Hensel et al. 2017). One of this 

differently expressed proteins is B-RAF, a member of the RAF kinase family. In SMA patients 

and in the severe Taiwanese SMA mouse model, B-RAF is down regulated (Hensel et al. 2021). 

Furthermore, an overexpression of lyn-45, the B-RAF orthologue of C. elegans rescues the 

motoneuron number in this model (Hensel et al. 2021; Hsu et al. 2002).  

Therefore, we hypothesized that an overexpression of B-RAF in the Taiwanese SMA mouse 

model decreases the motoneuron degeneration. To test both hypotheses, in vitro 

investigations were performed. For this purpose, SMN enhancement in cells through an ASO 

10-27 was tested in vitro. Furthermore, an overexpression of B-RAF in cell culture was 

performed by transduction of embryonic spinal cord cells with an AAV2/1_syn_B_RAF_3xFlag 
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construct. Primary SMA murine embryonic spinal cord cells of the Taiwanese SMA mouse 

model were cultured after AAV transduction and alterations of protein levels were analyzed 

by Western blot. In further studies, ASO 10-27 or a combination of ASO 10-27 and the 

AAV2/1_syn_B_RAF_3xFlag construct will be administered intrathecally to an SMA mouse 

model at postnatal day 1. Afterwards, survival and motorfunction will be scored and 

peripheral organs will be analyzed with regard to organ pathology. 
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2.0 Materials and Methods 

2.1 Materials  

2.1.1 Chemicals 
Table 1: Chemicals 

Chemicals Manufacturer 

4´,6-Diamidin-2-phenylindol (DAPI) Sigma Life Science GmbH 

Acrylamid 40 % Bio Rad Laboratories Inc. 

Agarose Sigma Aldrich 

Amphoterecine B Millipore (A2612) 

Ampuwa washing solution Fresenius Kabi France 

APS 10 % Sigma Aldrich 

B 27 supplement Invitrogen 

Benzonase Nuclease 250 U/µL 

(D00075913) 

Novagen, EMD Chemicals, USA 

β-Glycerophosphate di-sodiumsalt 

pentahydrate 

Carl Roth 

β-Mercaptoethanol Sigma Aldrich 

Bovine serum albumin Sigma Aldrich 

Bovine serum albumin standard Sigma Aldrich 

Bromphenol blue Roth 

Cytosine-B-D-

Arabinofuranosidehydrochloride (AraC) 

Sigma Aldrich 

Deoxycholic acid sodium salt Fluka BioChemica 

ddH2O Millipore 

DMEM high glucose Invitrogen 

DMEM, high, Glutamax (Gibco) Invitrogen 

DNAse-I Worthington 

DNAse, RNase free 10 U/µL  

(cat# 6000 32-51; lot# 0006038336) 

StrateGene® 

dNTP (10 mM) Invitrogen 

Ethanol 70 % J. T. Bakker 
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Ethidiumbromide (10 mg/mL) Roth GmbH & Co. KG 

Ethylenediamineteraacetic acid di-sodium 

salt (EDTA) 

Carl Roth 

Evan‘s blue Sigma Aldrich 

Fetal calf serum PAA Laboratories GmbH 

GeneRuler 100 bp DNA Ladder Thermo Scientific 

GeneRuler 1 kb DNA Ladder ThermoFisher Scientific 

GibcoTM Opti-MEMTM I Reduced Serum 

Media 

Gibco by Life Technologies 

Glucose 20% Merck 

GlutaMax I supplement 200mM Invitrogen 

Glycerol Honeywell 

Glycine Roth 

GoTaq G2 Flexi DNA Polymerase Promega (M7801) 

GoTaq reaction buffer, green Promega (M7911) 

hBDNF PeproTech (450-02) 

Hank’s Balanced Salt Sol (HBSS) Invitrogen 

Isopropanol J. T. Baker 

LB broth, high salt Fluka Analytical 

Lipofectamine 2000 Invitogen 

Lipofectamine RNAiMax reagent Invitogen 

Loading Dye (6x) Fermentas 

mGDNF PeproTech (450-44) 

Magnesium Chloride Fluka 

Methanol J. T. Baker 

Multicolour Broad Range Protein Ladder SPECTRATM 

Neurobasal (Gibco) Invitrogen 

Normal Goat serum (NGS) Gibco by Life Technologies 

Paraformaldehyde  Sigma Aldrich 

PBS Dulbecco Biochrom 

Penicilline/Streptomycine Gibco by life technologies 
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Phosphatase inhibitor cocktail tablets; 

PhosphoSTOP EASY  

Roche 

PierceTMBCA Protein Assay Reagent A ThermoFisher Scientific 

PierceTMBCA Protein Assay Reagent B ThermoFisher Scientific 

Polyethylenamine 1 mg/mL Sigma Aldrich 

Poly-L-lysine (PLL) Sigma Aldrich 

Power SYBR Green PCR Mastermix ThermoFisher Scientific 

ProLong Gold Antifade Mountant ThermoFisher Scientific 

Protease inhibitor cocktail tablets; 

complete tablets EDTA-free; EASY pack 

Roche 

Proteinase K, recomb. PCR Grade Sigma P2308 

Proteinase K, recomb. PCR Grade 

(ref# 03115879001; lot# 12133100) 

Roche 

rCNTF PeproTech (450-50) 

Skim milk powder Heirler 

Sodium chloride J. T. Baker 

Sodium dodecyl sulfate (SDS) Carl Roth 

Sodium orthovanadate Sigma Aldrich 

Sodium pyruvate (100mM) PAA Laboratories GmbH 

Taq-polymerase  Promega 

Tetramethyethylendiamin (TEMED) Carl Roth 

Transcription buffer 5 x  

(cat# 6001 10-82; Lot# 0006324402) 

Agilent 

Trisaminomethan (Tris) Carl Roth 

TritonX-100 Roche 

Trypsine Worthington 

Trypsin-EDTA (0,05 %, 1x) Gibco by Life Technologies 

Tween-20 Carl Roth 

Ultra PureTM Agarose Invitrogen 
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2.1.2 Primer 
Table 2: Primer 

Name Sequence Manufacturer 

NH803_AAV-syn_F GAGTGCAAGTGGGTTTTAG Eurofins Genomics 

NH804_AAV-syn_R CTCTCTGATAGGGGATGC Eurofins Genomics 

NH803_AAV-syn_F TATGAGTGCAAGTGGGTTT Eurofins Genomics 

NH804_AAV-syn_R CCTCTCGATAGGGGATG Eurofins Genomics 

Primer 441 Jackson Lab (high resolution 

PCR protocol) 

Eurofins Genomics 

Primer 442 Jackson Lab (high resolution 

PCR protocol) 

Eurofins Genomics 

Primer 443 Jackson Lab (high resolution 

PCR protocol) 

Eurofins Genomics 

 

2.1.3 Antisense Oligonucleotides 
Table 3: Antisense oligonucleotides 

Name Sequence Manufacturer 

ASO 10-27 5‘-TCACTTTCATAATGCTGG-

3‘ 

Microsynth 

 

2.1.4 Kits 
Table 4: Kits 

Kit Manufacturer 

ImmobilonTM Western HRP Substrate MerckMillipore 

iScriptTM cDNA Synthesis Kit Bio-Rad 

Pierce ECL Western Blotting Substrate ThermoFisher Scientific 

RNeasy Plus Mini-Kit Qiagen 

SuperSignal West Femto Maximum 

Sensitivity Substrate 

ThermoFisher Scientific 

QIAquick Gel Extraction Kit Qiagen 

QIAprep Spin Maxiprep Kit (25) Qiagen 
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2.1.5 Plasmid 
Table 5: Plasmids 

DNA 
 

Cloning host with genotype Manufacturer 

pAAV[Exp]-SYN1>dTomato  VB Ultra stable (strain origin: 

E. coli K-12) 

F’[∆ccdAB proAB+ lacIq lacZ∆
M15 zzf::Tn10 
(TetR)] recA1 endA1 fhuA mc
rA ∆(mrr-hsdRMS-mcrBC) 
Φ80dlacZ∆M15 
∆(ara, leu)7697 araD139 
∆lacX74 galK16 galE15 e14- 
relA1 nupG rpsL 
(StrR) rph spoT1 

VetorBuilder 

pAAV[Exp]-SYN1>hB-

RAF[NM_004333.4]/3xFlag:

WPRE  

V8 Ultra stable 

Stbl3 (strain origin: E. coli HB 

101) 

 F-mcrB mrrhsdS20(rB
-,mB

-

) recA13 supE44 ara-
14 galK2 lacY1 proA2 rpsL20
(StrR) xyl-5 λ-leumtl-1 

VetorBuilder 

pscAAV[Exp]-

SYN1>3xFLAG/hYWHAZ[NM

_001135702.1] (14-3-3) 

VB Ultra stable (strain origin: 

E. coli K-12) 

F’[∆ccdAB proAB+ lacIq lacZ∆
M15 zzf::Tn10 
(TetR)] recA1 endA1 fhuA mc
rA ∆(mrr-hsdRMS-mcrBC) 
Φ80dlacZ∆M15 
∆(ara, leu)7697 araD139 
∆lacX74 galK16 galE15 e14- 
relA1 nupG rpsL 
(StrR) rph spoT1 

VetorBuilder 

pDP1   

 

2.1.6 Antibodies 
Table 6: Antibodies 

Antibody Host Manufacturer  Cat.- Number Lot.-Number 

Alexa fluor 488 

anti-mouse 

Goat Invitrogen A11029 1079083 
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Alexa fluor 555 

anti-rabbit 

goat Invitrogen A.21429 872656 

Anti-Flag Antibody 

(polyclonal) 

rabbit Sigma Aldrich F7425-2MG Batch 

0000099715 

Anti-Neurofilament 

H(NF-H) 

nonphosphorylated 

Clone: SMi32 

mouse Biolegend 801701 B284845 

α-Tubulin(DM1A) mouse SantaCruz 

Biotechnology 

Sc 32293 B2316 

B-Raf (D9T6S) 

rabbit mAB 

rabbit Cell Signaling 14814S 4 

ECL Anti-mouse IgG 

Horseradish-

Peroxidase linked 

whole Antibody 

sheep GE Healthcare UK 

Limited 

NA931V 16715063 

ECL Anti-rabbit IgG 

Horseradish-

Peroxidase linked 

whole Antibody 

donkey GE Healthcare UK 

Limited 

NA934V 16964883 

GAPDH (Fl-335) 

rabbit polyclonal 

IgG 

rabbit SantaCruz 

Biotechnology 

Sc-25778 A0515 

GAPDH antimouse mouse Merck Millipore MAB374 2955454 

Mouse Anti-SMN mouse BD Transduction 

Laboratories 

610647 7153634 

P-ERK5 

(T218/Y220) rabbit 

Ab 

Rabbit Cell Signaling 33718 10 
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P44/42 MAPK (ERK 

1/2) (434F12) 

Mouse mAb 

mouse Cell Signaling 4696S 22 

P-p44/42 MAPK 

(T202/Y204) XP (R) 

rabbit mAB 

rabbit Cell Signaling D13.14.4E 15 

 

2.1.7 Solution/Buffer 
Table 7: Solution and buffer 

20 % glucose 20% glucose in Ampuwa 

Benzoase buffer 10 x 500 mM Tris-HCL (pH 8) 

10 mM MgCl2 

1 mg/mL (w/v) BSA 

In dH2O 

Blocking solution for immunocytochemistry 3 % (v/v) NGS 

0.3 % (v/v) Triton-X 

96.7 % (v/v) PBS 

BSA blocking solution (5 %) 2.5 g (w/v) BSA in 50 mL TBS-T 

Collection gel 10 % 8.5 mL H2O 

2 mL Collection gel buffer  

1.5 mL 40 % Acrylamid (29:1 

Acrylamid/Bisacrylamid) 

12 µL TEMED 

120 µL APS 

Collection gel buffer 4.5 % TRIS (w/v) 

0.6 % SDS (w/v) 

In H2O 

DNAse-I for use 500 µl DNAse-I stock solution (v/v) in 10 mL 

plating media  

DNAse-Stock solution 1 mg/mL DNAse-I in HBSS (w/v) → sterile 

filtered 

Electrophorese buffer 2 M Glycine (7.2 % (v/v)) 
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0.02 M TRIS (0.3 % (w/v) 

3.4 mM SDS (0.5 % (w/v)  

In H2O 

Evans blue solution 2 % in NaCl 0.9% (w/v) → sterile filtered 

Genotyping buffer 100 mM Tris-HCL (pH 8) 

5 mM EDTA (pH 8) 

0.2 % SDS 

200 mM NaCl  

Add to 250 mL with H2O 

Glycin stripping buffer 500 mM Glycine (5 x stock) 

Ad 1:5 with H2O for 1 x 

LB medium 10 g LB-Broth (w/v) in 400 mL H20 

Laemmli buffer (5 x) 0.26 mM SDS (7.5 % (w/v)) 

15 % Glycerol (w/v) 

0.25 mg/mL Bromphenol blue 

12.5 % β-Mercaptoethanol (v/v) 

In H2O 

Lysis buffer 50 mM Tris-HCL (pH 8) 

150 mM NaCl 

In H2O 

Milk blocking solution (5 %) 2.5 g milk powder (w/v) in 50 mL TBS-T 

Paraformaldehyde 4 % 5 mL 8 % PFA (w/v) in 5 mL PBS 

PCR-Mastermix for genotyping 0.5 µL Primer 441 (Stock 1:10) 

0.5 µL Primer 442 (Stock 1:10) 

0.5 µL Primer 443 (Stock 1:10) 

0.5 µL dNTP 

5.0 µL GoTaq buffer 

0.25 µL GoTaq Polymerase 

16.25 µL H20 

Polyethylenimin 1 mg/mL Polyethylenimin  in 80°C H20 (pH 7) 

→ sterile filtered (0.22 µm filter) 
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Poly-D-Lysin coating solution 100 mg Poly-D-lysin in 200 mL Ampuwa 

Proteinase K buffer 100 mM Tris pH 8 

5 mM EDTA pH 8 

0.2 % SDS 

200 mM NaCl 

In H2O 

RIPA-RIPA base buffer 137 mM NaCl 

25 mM Glycerol-2-phosphate 

20 mL TRIS (pH7.5) 

2 mM EDTA 

1 mM Sodium orthovanadate 

1 % Triton-X (v/v) 

1 % Desoxycholate (w/v) 

In H2O 

RIPA buffer 400 µL RIPA base buffer 

10 µL Proteinase Inhibitor (50 x) 

25 µL Phosphatase Inhibitor (20 x) 

65 µL H2O 

Separation gel (10 %) 7.5 mL H2O 

6 mL separation gel buffer 

5.5 mL 40 % acrylamide (1:29 

Acrylamid/Bisacrylamid) 

180 µL 10 % APS 

9 µL TEMED 

Separation gel buffer 13.6 % TRIS (w/v) 

0.2 % SDS (w/v) 

In H20 (pH 8 with HCl) 

Stripping buffer 2 % SDS 

62 mM Tris-HCL (pH 6.8) 

0.7 & β-Mercaptoethanol 

In H2O 
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TBS-T 0.01 Tween-20 (v/v) in TBS 

Transfer buffer  0.19 M Glycine 

0.025 M TRIS 

20 % methanol (v/v) 

Trypsin for use 500 µL Trypsin stock solution in 10 mL PBS 

Trypsin-Stock solution (1 %) 100 µg Trypsin in 10 mL HBSS → sterile 

filtered 

 

2.1.8 Media 
Table 8: Media 

HEK-cell culture media DMEM (high glucose + L-Glu) 440 mL 

FCS 50 mL (final 10 % v/v) 

Penicillin/Streptomycin 5 mL (final 100 

U/mL)  

Sodiumpyruvate 5 mL (final 1 mM) 

Motoneuron culture media Neurobasal 100 mL 

GlutaMAX 1 mL 

Penicillin/Streptomycin 1mL 

B27 2 mL 

AmpB 250 µl 

AraC 1 µM 

mGDNF 20 µL (10 ng/mL) 

hBDNF 20 µL (10 ng/mL) 

hCNTF 20 µL (10 ng/mL 

Motoneuron plating media DMEM, high 93 mL 

FCS 5 mL 

Penicillin/ Streptomycin 1 mL 

20 % glucose 750 µL 

AmpB 250 µL 
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2.1.9 Devices  
Table 9: Devices 

Name Manufacturer 

ADVANCED Fluorescence and ECL Imager  INTAS 

BioRad ChemiDocTM Touch Imaging System BioRad 

Centrifuge  Carl Roth 

Centrifuge 5424 R Eppendorf 

Centrifuge 5 Eppendorf 

Centrifuge Hermle Z326 K Hermle Labortechnik GmBH 

Digital warming plate MEDITE OTS40 

Gel chamber for genotyping Renner GmBH 

Gel iX Imager INTAS 

HERA Safe Bench Heraeus Instruments 

Hera Safe KS Bench Thermo Scientific 

Hybridization ofen  H. Sauer Laborbedarf 

Ice machine Manitowoc 

IKA Roller 10 basic IKA Labortechnik 

Incubator (37 °C, 5 % CO2) Heraeus Instruments 

Incubator (37 °C, 5 % CO2) for bacteria GFL 

Lab Dancer V Yellowline 

Life ECO PCR BIOER 

Magnetic stirrer IKA Labortechnik 

Microscope BX60 Olympus 

Microscope CK30-D200 Olympus 

Microwave Sharp 

Multipipette stream/xstream Eppendorf 

Neubauer cell counting chamber Marienfeld 

Olympus BX60 (microscope) Olympus 

PCR-Cycler Primus 96 plus MWG AG Biotech 

photometer Beckman 

Plate Reader Epoch BioTek Instruments 
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Power supply Bio-Rad 

Power supply for genotyping Pharmacia Biotech 

Roto-Shake Genie Scientific Industries 

Scale Sartorius universal 

Shaker GFL 

StepOnePlus Real time PCR-system Applied Biosystems 

Thermomixer comfort Eppendorf 

Ultraconic bath Sonorex RK31 Bandelin 

UV-divice FLX-20.M VILBER LOURMAT 

Water bath GFL 

 

2.1.10 Supply 
Table 10: Special supply 

Name Manufacturer 

Amicon Utra -15 Centrifugal Filter Devices; 

10K for up to 15 mL 

Millipore; UFC901024 

Hamilton Syringe, SYR 5.0 µL, 75 RN P/N: 

7634-01/00;  

Hamilton  

Infrared Thermometer, Lasergrip 1080 ETEKCITY 

Needle: Hamilton 7803-07 30 GA RN 6PK 

77MM 30° S/O# 417690 

Hamilton 

 

2.1.11 Software 
Table 11: Software 

Name Application Manufacturer 

BioDocil Documentation of gel 

electrophoresis 

Biometra 

Image LabTM 5.2.1 Densitometry western blot BioRad 

Bio Render Illustration Shiz Aoki, Katya Shteyn, Ryan 

Marien 

CellSens Dimension Microscope Imaging 

software  

Olympus 
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ChemoStar Imager 

Professional 

Western blot development Intas Science Imaging 

Instruments GmbH 

EndNote X8 Citation manager Clarivate analytics (former: 

Thomson-Reuters) 

Gen5TM  BCA-Assay and cDNA-

Concentrations 

BioTek 

GraphPad Prism 8.0 Statistics and Graphs GraphPad Software 

Image J  Processing microscope 

images 

W. Rasband, NIH 

iX20 Imager Gel imaging system INTAS 

LabImage 1D Densitometry western blot Kapelan Bio-Imaging GmbH 

Microsoft Office Professional 

2016 

Processing data Microsoft 

 

2.2 Methods 
 

2.2.1 Cell culture 

The same culture medium was used for cultivation of primary fibroblast and HEK293T cells, 

which was optimized for AAV production. HEK 293 T cells are human embryonal kidney cells, 

which are immortalized with an human Adenovirus Type 5 (Graham et al. 1977) and contain 

the SV40 large T-antigen for replication of plasmids with the SV40 origin of replication (ORI) 

(Lebkowski, Clancy, and Calos 1985). 

2.2.1.1 HEK 293T cells optimized for AAV production 

HEK 293T cell optimized for AAV production (HEKAAVpro) were seeded in flask to a confluence 

of 80-90 %. For splitting, media was removed and cells were washed with phosphate buffered 

saline (PBS) to prevent Trypsine-EDTA inactivation by media rests. Trypsin-EDTA was added 

for 5 min at 37 °C. Trypsine is an endopeptidase, which separates cells from the substrate by 

hydrolysis of peptides. Furthermore, it is combined with EDTA, a chelate-builder, which binds 

divalent cations like calcium and magnesia. This binding leads to detachment of cells from the 

adherent surface and inhibit the contact in-between cells. An equal volume of fresh culture 

media was added to stop trypsin reaction. The cell suspension was transferred to a Falcon 
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tube, centrifuged at 1000 rpm for 5 min to pellet cells to the bottom of the tube. Supernatant 

was discarded and the cell pellet was resuspended in 5 mL of culture media. For cell counting, 

10 µL of cell suspension was diluted in 30 µL culture media and transferred to a Neubauer 

counting chamber. 2x106 cells were transferred to a 175 cm2 flask cell culture maintenance 

and passaged two times a week. For AAV production, 10x106 cells were seeded in a 15 cm2 

dish containing 25 mL culture media. 

2.2.1.2 Primary fibroblasts from an SMA patient 

Primary fibroblast of a healthy individual (ML 35) (van Bergeijk 2007) and primary fibroblast 

of an SMA patient type 0 were used to test an ASO 10-27 in vitro. Type 0 fibroblasts were 

isolated from the skin of an SMA type 0 patient who died shortly after birth. This procedure 

was done in accordance to the Declaration of Helsinki and with the consent of the participants 

parents (Hensel et al. 2021). Passaging was done like described above (see 2.2.1.1.). For 

continuing culture 1x106-1.5x106 cells were seeded in a 175 cm2 flask and splitted once a week 

while the media was exchanged in the meantime. For transfection with ASO (see 2.2.4), 

200 000 cells were seeded per well of a 6-well-plate.  

2.2.2 Plasmid preparation 

Plasmid were amplified overnight at 37 °C in LB bouillon (see 2.1.7). As cloning host VB 

UltraStable, a modified E. coli K-12 line was used for pAAV[Exp]-SYN1>dTomato and 

pscAAV[Exp]- SYN1>3xFLAG/hYWHAZ[NM_001135702.1] (14-3-3). For pAAV[Exp]-SYN1>hB-

RAF[NM_004333.4]/3xFlag:WPRE V8 Ultra cloning host was Stbl3, a modified E. coli. For 

plasmid isolation, QIAprep Spin Maxiprep Kit by Qiagen was used according to manufacturer’s 

instructions. 

2.2.3 Adeno-associated virus production 

2.2.3.1 Transfection 

A two-plasmid system was used for production of an AAV with serotypes 2 and 1. Production 

was done by using the pDp1- helper plasmid, which comprises the AAV2 replication genes, 

adenovirus helper genes and capsid gene of another adenovirus serotype (AAV 1 serotype) 

(Grimm, Kay, and Kleinschmidt 2003). The second plasmid comprises the cDNA of interest, 

which should be expressed after AAV treatment as well as the human synapsin promotor 1. 

The human synapsin promotor 1 limits the AAV activity to neuronal cells only (Kugler et al. 

2001). For this experiment pAAV[Exp]-SYN1>hB-RAF[NM_004333.4]/3xFlag:WPRE V8 Ultra, 
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pscAAV[Exp]-SYN1>3xFLAG/hYWHAZ[NM_001135702.1] (14-3-3) or pAAV[Exp]-

SYN1>dTomato were used as second plasmid. The Flag-tags of B-RAF and 14-3-3 plasmids 

allowed the detection of the AAV construct within transduced cells. tdTomato is a fluorescent 

protein and therefore no Flag-tag for detection is necessary. Furthermore, the WPRE 

sequence of the B-RAF plasmid increases the expression of B-RAF cDNA in transduced cells 

(Loeb et al. 1999). 10x106 HEKAAVpro cells were seeded in a 15 cm dish. The next day, cells were 

transfected with the two plasmids. Both plasmids were mixed equimolarly with a final amount 

of 100 µg per dish with 1 mL GibcoTM Opti-MEMTM I Reduced Serum Media for transfection. 

Additionally, 300 µg polyethylenimine (PEI) and 1 mL GibcoTM Opti-MEMTM I Reduced Serum 

Media were mixed. PEI, a transfection reagent, is a cation and binds to the DNA of plasmids 

(Boussif et al. 1995). The PEI/DNA complex enters the cell by endocytosis (Godbey, Wu, and 

Mikos 1999).The OptiMEM-plasmid-mix was mixed with the OptiMEM-PEI-mix and added 

dropwise to the cells. After 24 h, the culture media with remaining plasmids was removed and 

replaced with fresh culture media. This was necessary due to the toxicity of transfection 

reagent. The produced AAVs were isolated on the third day after transfection. 

 

2.2.3.2 AAV isolation 

Transduced cells were carefully washed once with PBS at room temperature. Afterwards, cells 

were detached by adding 15 mL fresh PBS was to the cells for five minutes at 37 °C. 

Additionally, a cell scraper was used for optimized cell harvesting. Cell suspension was 

transferred to a falcon tube and centrifuged at 1000 rpm for 5 minutes at RT. Supernatant was 

discarded and the cell pellet was resuspended in 2 mL Lysis buffer (see 2.1.7), followed by a 

three times repeated freezing/thawing cycle. For this, the resuspended cells were snap frozen 

in liquid nitrogen and thawed at 37 °C in a water bath. Afterwards, nucleic acids like RNA and 

DNA were degraded by adding 200 µl 10 x Benzonase buffer (final 1 x) (see 2.1.7) containing 

0.4 µl 50U/ml Benzonase to the cells. This step also decreased the viscosity of suspension and 

purified the AAV. The cell suspension Benzonase solution was incubated for 30 min at 37 °C in 

a water bath. Afterwards, the cell suspension was passed through a 0.45 µm filter and 

centrifuged for 30 min at 4000 g at 4 °C. The supernatant was saved and filled up to a total 

volume of 15 ml with PBS. The cell pellet containing cell debris was discarded. For filtration, 

supernatant was loaded onto an Amicon Utra -15 Centrifugal Filter device (10K) for up to 

15 mL. Centrifugation was performed at 4 °C with 4000 g for 30 or 45 min, respectively. Final 
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volume of the flow through at the end of each centrifugation step should be approximately 

1 mL. Otherwise, centrifugation time needed to be extended. The centrifugation step was 

done three times in total, each time filling up the remaining 1 mL with PBS to 15 mL. The final 

volume at the end of the last centrifugation step was approximately 200 µL.  

 

Not only the AAV producing cells contain the produced AAV, but also the cell culture 

supernatant due to cell death and efflux mechanisms of cells. For isolation of the AAV from 

the cell culture media, medium was centrifuged at 3000 g for 5 min at RT to isolate dead cell. 

The supernatant containing the AAV was transferred to a new tube and centrifuged at 4000 g 

for 30 min at RT to separate cell debris. The supernatant was further purified by filtering it 

through a 0.45 µm filter for final clearing off cell rests. Filtered supernatant was loaded onto 

an AmiconUltra -15 Centrifugal Filter device (10K) for up to 15 mL and centrifuged at 4000 g 

at RT until a volume of 500 µL was obtained (approximately after 20-30 min). The AmiconUltra 

device was then filled up to 15 mL with Benzonase buffer and centrifuged as described above. 

The step of filling up and centrifugation was repeated in total three times to create optimal 

pH conditions for digestion with Benzonase. This is reached with a pH between seven and 

eight for highest Benzonase activity. After a final volume of 2 mL at the end of the last 

centrifugation step was obtained, Benzonase was added at a concentration of 50 U/mL and 

the suspension was incubated for 30 min at 37 °C. Afterwards, the solution was again 

concentrated to a volume of 1 mL by three time centrifugation steps at 4000 g at RT. After 

each step, the AmiconUltra device was filled up to 15 mL with PBS. The final volume should 

be approximately 200 µL. 

 

The purified AAVs were stored at -80 °C. After each preparation, an aliquot of 25 µL AAV was 

prepared for the concentration determination of AAV. 

 

2.2.3.3 AAV standard preparation for determination of AAV concentration 

The pAAV[Exp]-SYN1>dTomato was used as PCR standard for determination of AAV 

concentration. Firstly, the plasmid was linearized by EcoRI digestion. 10 µg plasmid, 2 µL EcoRI 

and 5 µL of EcoRI buffer were diluted in 50 µL ddH2O and incubated for 1 h at 37 °C. 

Meanwhile, a 3 % (w/v) agarose gel (1.5 g agarose with 50 mL TBE buffer and 1 µL ethidium 

bromide) was prepared. Linearized plasmid was mixed with 10 µL of loading dye and loaded 
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to the gel. As control, 2 µg of a linearized plasmid diluted in 10 µL H2O was loaded to one 

pocket of the gel. Gel electrophoresis was done with 120 V for 1-1.5 h. Plasmid bands were 

visualized by UV light and cut out. Gel extraction of linearized plasmid was performed with 

QIAquick Gel Extraction Kit by Qiagen as described in manufacturer’s instruction. In the final 

step, the plasmid was eluted with dH2O instead of EB-buffer as described in the manual. 

Plasmid concentration was photometrically determined with the Epoch ELISA reader. To 

create a standard dilution row for qRT-PCR, the weight of 109 plasmids was calculated. For 

that, the weight of one tdTomato plasmid were calculated. The weight of one base pair is 

660 kDa. By multiplying the length of the tdTomato plasmid (440 bp) with the weight of a base 

pair, the weight of one tdTomato plasmid was calculated. Using the Avogadro constant (1 g = 

6.022x1023 → 1 ng = 6.022x1014) the weight of 109 tdTomato plasmids was calculated to be 

4.822205 ng.  

Calculation: 
1 [𝑛𝑔]

6.022 𝑥 1014[𝐷𝑎]
𝑥(𝑝𝑙𝑎𝑠𝑚𝑖𝑑 𝑙𝑒𝑛𝑔𝑡ℎ [𝑏𝑝] 𝑥 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟 [𝐷𝑎] 𝑥 109)  

 

2.2.3.4 Determination of AAV concentration in preparations 

Concentration of AAV preparations was determined by qRT-PCR. 25 µL of prepared AAV 

solution was mixed with 10 µL of 5 x Transferase buffer, 0.3 µL DNase 1 and 14.7 µL Millipore 

water. This solution was incubated for 1 h at room temperature to digest remaining DNA. 

Inactivation of enzyme was done at 65 °C for 10 min. Afterwards the AAV capsid shell was 

digested and viral DNA was released by incubation with 2.5 µL Proteinase K for 1 h at 65 °C. 

Inactivation of proteinase was done at 95 °C for 20 minutes. For determination of 

concentration with qRT-PCR dilutions of 1:10, 1:100, 1:1000 with Millipore were generated 

(see 2.2.13).  

Table 12: Virus digestion for determination of concentration  

Name volume 

5 x transcriptions buffer 10 µL 

10 U DNase1 (RNAse-free) 0,3 µL 

Millipore water 14,7 µL 

Protease K 2,5 µL 

AAV Test-aliquot 25 µL 
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2.2.4 Transfection of primary fibroblasts with ASO 10-27 

ASO 10-27 (5‘-TCACTTTCATAATGCTGG-3‘) was dissolved in 0.9 % NaCl. Concentration for in 

vivo was 11,224.60433 µM/L and 100 µM for in vitro experiments. Lipofectamine RNAiMax 

reagent with GibcoTM Opti-MEMTM I Reduced Serum Media was used as transfection reagent 

according to manufacturer’s instructions. Lipofectamine RNAiMax is described to have a high 

transfection efficiency for single stranded oligonucleotides paired with a low toxicity for cells 

(Wang et al. 2018). Briefly, 150 µL GibcoTM Opti-MEMTM I Reduced Serum Media were mixed 

with 9 µL Lipofectamine RNAiMax reagent. In a separate tube, 150 µL GibcoTM Opti-MEMTM I 

Reduced Serum Media were diluted with ASO 10-27 (final concentration 30 pmol). ASO 10-27 

solution was added to the Lipofectamine RNAiMAX solution and incubated for 5 min at RT. 

After incubation, solution was added to one well of a 6-well-plate with primary fibroblasts. 

For control cells, ASO 10-27 was replaced by 0.9 % NaCl. 8 h after transfection, media of 

ASO 10-27/ NaCl- treated cells were completely replaced by fresh media. After three days, 

fibroblasts were lysed for protein isolation (see 2.2.14.1). 

2.2.5 Transfection of embryonic spinal cord cells with ASO 10-27  

Murine embryonic spinal cord cells were seeded in a 12-well-plate and cultivated in culture 

media (see 2.1.8). Cells of each embryo were seeded in duplicates. On DIV 15, one well per 

embryo was transfected with ASO 10-27 and the other with NaCl for control. Cells were 

transfected with Lipofectamine RNAiMax reagent with GibcoTM Opti-MEMTM I Reduced Serum 

Media in accordance to manufacturer’s instructions. Briefly, 50 µL GibcoTM Opti-MEMTM I 

Reduced Serum Media was mixed with 3 µL Lipofectamine RNAiMax reagent. In a separate 

tube 50 µL GibcoTM Opti-MEMTM I Reduced Serum Media was mixed with 3 µL of 100 mM 

ASO 10-27 or 3 µL of 0.9 % NaCl as control. ASO 10-27 solution was added to the 

Lipofectamine RNAiMAX solution and incubated for 5 min at RT. After incubation, the solution 

was added to the cells. 4 h after transfection entire media was replaced by fresh media. The 

next day proteins were isolated (see 2.2.14.1). 

2.2.6 Transduction of embryonic spinal cord cells with AAV 

Cells were seeded in a 24-well-plate with PLL coated cover slips. For immunochemistry, cells 

from one embryo were split into four wells. On the day of transduction, the cultivation media 

was exchanged and 109 virus particles per 400 µL culture media were added. Per embryo, one 
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well was transduced at DIV 3 with the construct of tdTomato (AAV2/1_syn_tdTomato) as 

control, one well with the construct for B-RAF (AAV2/1_syn_B-RAF_3xFlag), one well with the 

construct for 14-3-3ζ/δ (AAV2/1_syn_14-3-3ζ/δ_3xFLAG) and the last well with a combination 

of  B-RAF and 14-3-3 ζ/δ constructs. After two days, cultivation medium was replaced by fresh 

medium. Seven days after transduction, cells were fixed with 4 % (w/v) PFA and 

immunocytochemistry was performed (see 2.2.7). For biochemical analysis (see 2.2.14), cells 

of one embryo were split equally into two wells of a 12-well-plate. One well was transduced 

at DIV 17 with AAV2/1_syn_tdTomato while the sister culture was transduced with a 

combination of AAV2/1_syn_B-RAF_3xFlag and AAV2/1_syn_14-3-3ζ/δ_3xFLAG. Protein 

isolation was performed 6 days after transfection (see 2.2.14.1).  

2.2.7 Immunocytochemistry 

Fixed cells were washed once with PBS after removing culture media and fixed with 300 µl 4 % 

(w/v) PFA for 10 minutes at room temperature. After removing of PFA, cells were washed with 

PBS and 300 µl blocking solution (see 2.1.7) were added for one hour at RT to block unspecific 

binding sides. The primary antibodies were diluted in blocking solution (see 2.1.7). After 

blocking, the solution was removed and 200 µl of the diluted antibody was added to the cells. 

After incubation over night at 4 °C, cells were washed two times with PBS (1 x short, 1 x 10 

minutes) and the secondary antibody, which was diluted in blocking solution, was added. 

Antibody binding was allowed by smoothly shaking at room temperature in the dark for one 

hour. Samples were kept in the dark, thereby avoiding bleaching of the fluorescence dye. After 

incubation, remaining antibody solution was removed, cells were washed two times with PBS 

and 200 µL DAPI dilution (1:1000 in PBS) was added for 5 minutes to each well. Afterwards, 

cells were washed once shortly and two times for 5 minutes with PBS under smoothly shaking 

conditions. Finally, some Millipore water was poured into each well for removing remaining 

saline. The coverslips were embedded in ProLong Gold Antifade Mountant and incubated at 

4 °C until microscopy. Microscopy was done with an Olympus BX60 epifluorescence 

microscope after 24 h. 
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Table 13: Antibodies for Immunocytochemistry 

Name Function  Dilution 

Anti-Neurofilament H(NF-H) 

nonphosphorylated Clone, 

SMi32 

Primary antibody 1:200 

Anti-Flag Antibody 

(polyclonal) 

Primary antibody 1:150 

Alexa fluor 488 anti-mouse Secondary antibody 1:500 

Alexa fluor 555 anti-rabbit Secondary antibody 1:500 

 

2.2.8 Mouse model and breeding 

The Taiwanese mouse (FVB.Cg-Smn1tm1HungTg(SMN2)2Hung/J) model, which is a severe SMA 

mouse model, was used for experiments (Hsieh-Li et al. 2000). An SMN1 (SMN1 +/-) 

heterozygous mouse is crossed with a SMN1 -/-; SMN2 tg/tg mouse, which has an SMN1 

knockout and the human SMN2 transgene. Neonates within one litter show two different 

phenotypes: a severely affected type and an unaffected type. Affected mice show symptoms 

around postnatal day 5 (P 5) and die around P 10 or need to be euthanized at this time point 

due to animal welfare laws. Breeding of two heterozygous mice results in three different 

genotypes. SMN1 -/- mice die during embryonic phase, whereas SMN1 +/+ mice are not usable 

for breeding due to bi-allelic expression of SMN1. Mice with SMN1 +/- are used for breeding 

of heterozygous mice. Transgenic animals show tail and ear necrosis, as described for some 

SMA patients (Carrasco et al. 2019). This necrosis is not associated with any signs of pain and 

therefore it is considered that these animals do not suffer from the necrosis (Hsieh-Li et al. 

2000). The breeding of transgene and SMA mice in our laboratory is in accordance with the 

German law for laboratory animals and approved by the Lower Saxony State Office for 

Consumer Protection and Food Safety (LAVES)(allowance: 33.12-42502-04-19/3309; date: 

30.12.2019) 

2.2.9 Cryoanesthesia and intrathecal injection 

We used Crl:NMRI(Han) mice (Charles River, Germany) at P 1 to establish cryoanesthesia. This 

was necessary for immobilization of mouse neonates for intrathecal injection. A styropor box 
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was filled with crushed ice and water. A piece of gaze was laid over the ice like a hammock 

and fixed with cannulas. A mouse neonatal was placed backwards on the gaze and gently 

pushed in the ice water until only the head pop up of the water. It was hold in this position 

until no movement of the pub was registered anymore and the skin color turned pale 

blue/grey. Usually after 4 minutes animals were anesthetized. No breathing and the absence 

of paw withdrawl reflex were further criteria of a sufficient depth of anesthesia. The paw 

withdrawl reflex was tested by tattooing the pad, which was additionally used for 

identification. Body temperature was measured with an infrared thermometer at skin surface. 

The pub was dried with a paper towel and then injected. A Hamilton syringe (Hamilton Syringe, 

SYR 5.0 µL, 75 RN P/N: 7634-01/00; Needle: Hamilton 7803-07 30 GA RN 6PK 77MM 30° S/O# 

417690) was used to applicate 1.5 µL of a 2 % Evans-blue solution diluted in 0.9 % NaCl into 

the spinal channel. Therefore, the mouse was placed on the middle finger of the left hand in 

prone position with the tail towards the fingertip and the head towards the finger root. Thumb 

and forefinger fixed the animal and tightened the skin. Spinal cord was visible as a dark string 

from the tail to head. Firstly, the needle was punctured 5 mm above tail root parallel to the 

spinal cord through the skin. Second, the syringe was angled up to 50-60°. By angling, the 

needle automatically slid into the lumbar spinal canal. A second person was needed to slowly 

push the plunger. The backbone line became blue if the needle was correctly positioned. 

Afterwards, the mouse was cleaned and placed on a heating plate (37 °C) on which the 

remaining litter was placed. Manual stimulation was used to accelerate warming to body 

temperature. After each pub was injected and reached body temperature, the whole litter 

was put back to its mother. The animals were checked after injection every 30 min for the next 

three hours. After 24 h, the mice were decapitated and checked for remaining staining of 

spinal cord. 

2.2.10 Genotyping of mice 

Tips of tail for embryonal spinal cord preparation or ear punches of living mice were used to 

determine the genotype of mice. Tissue was mixed with 2.5 µL Proteinase K in 500 µL 

Proteinase K buffer and incubated over night at 56 °C with slightly shaking. The next day, the 

solution was centrifuged for 15 min at 14000 rpm and RT. Supernatant was transferred to a 

new tube, mixed with 500 µL isopropanol to precipitate the DNA and centrifuged for 5 min at 

14000 rpm and RT. Supernatant was discharged and 1 mL of 70 % (v/v) Ethanol was added to 
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the pelleted DNA. This step was followed by a centrifugation for 5 min at 14000 rpm and RT. 

The supernatant was discarded. The pellet was dried by placing the tube upside down with 

open lid on a paper towel for 15 min at RT. The pellet was resuspended in 75 µL dH2O and 

incubated over night at 37 °C. 1.5 µL of sample was transferred to a PCR tube and mixed with 

23.5 µL of PCR-Mastermix (see 2.1.7). PCR was run as described in Tab. 14. In the first step, 

DNA was denatured and double strands were broken by heat. Annealing of primers to the 

target of DNA followed at lower temperature. During elongation, DNA-polymerase added 

nucleotides to the 3’ ends. Denaturation, annealing and elongation steps were repeated 

35 times. 

Table 14: Thermocycler program for genotyping 

Step Temperature (°C) Time (sec.) Number of cycles 

Hot start 

Denaturation 

110 

94 

Start 

180 

1 

1 

Denaturation 

Annealing 

Elongation 

94 

65 

72 

30 

60 

30 

35 

35 

35 

Cooling 20 300 1 

 

Agarose gel electrophoresis was used to be able to finally determine the genotype. A 3 % 

agarose gel (1.5 g agarose in 50 mL TBE buffer) with 1.5 µL of ethidium bromide was prepared 

and poured into a prepared gel electrophoresis chamber. After curing, 25 µL of each sample 

were loaded into the pockets of the gel. Additionally, a 100 bp DNA ladder (18 µL) and wild 

type and transgene sample control were run as well for every gel. Separation of DNA 

fragments was done by 140 mA for 1.5-2 h. Visualization of DNA bands were done with UV 

light by the INTAS Gel iX20 imaging system. Samples of heterozygous animals show two bands, 

whereas wild-type animals show just one band. 

2.2.11 Preparation of embryonic spinal cords 

The Taiwanese SMA-mouse-model was used to create affected embryos. The pregnant mouse 

was sacrificed at gestating day 12.5. An animal was considered as to be pregnant by a weight 

gain of at least three grams. The mouse was anesthetized with CO2 and euthanized by 



35 
 

dislocation of the atlas. The uterus was dissected and placed in a falcon tube with PBS on ice. 

One embryo was dissected out of its amniotic sacs and transferred to a Sylgard dish with fresh 

PBS. By using a binocular microscope for magnification, the embryo was fixed in a prone 

position with pins. The tip of the tail was cut and stored in a reaction tube for genotyping (see 

2.2.10). Skin and dura mater of the back was removed with two tweezers. The spinal cord was 

isolated and fixed to eliminate the remaining tissue like leftovers of the segmental nerves. The 

cleaned spinal cord was transferred to a reaction tube containing 500 µL ice-cold PBS and 

stored on ice. After preparations of all embryos, the reaction tubes were centrifuged for 

2 minutes at 4 °C and 1000 g. After centrifugation, the PBS was removed and 500 µL trypsin 

was added to each spinal cord. After 3-4 minutes of incubation at room temperature, the 

tissue was centrifuged for 5 minutes at 4 °C and 1000 g. Trypsin was removed and 500 µL 

DNase was added. DNase with the tissue was pipetted up and down until the tissue was almost 

completely resolved. After three minutes, the tissue was settled down to the bottom of tube, 

the supernatant was transferred to a new reaction tube.  A 24-well-plate (for 

immunocytochemistry) with coated coverslips or a 12-well-plate (for biochemistry) was 

coated with Poly-L-Lysine for at least one hour at 37 °C. The coated plate was washed once 

with PBS and once with plating media. Afterwards, each well was filled with plating media 

before the prepared spinal cord cells were seeded. After 24 h, the complete plating media was 

carefully removed and substituted with culture media supplemented with neurotrophic 

growth factors (NTFs; ciliary neurotrophic factor (CNTF), glial-derived neurotrophic factor 

(GDNF) and brain-derived neurotrophic factor (BDNF)). CNTF enhances the neuronal survival 

(Ip et al. 1991) and has several other functions (reviewed in Sleeman et al. 2000). We also used 

GDNF, because it has been described to be important for motoneuron survival (Henderson et 

al. 1994). BDNF is an ubiquitously expressed growth factor in the CNS (reviewed in He et al. 

2013)), which influences neuron differentiation more than neuron survival (Ahmed, Reynolds, 

and Weiss 1995). Every three to four days, half of the culture media was removed and replaced 

with fresh culture media. For immunocytochemistry, prepared spinal cord cells of one embryo 

were equally split in four wells of a 24-well-plate with PLL-coated coverslips. For Western blot 

analysis one embryo preparation was equally split in two wells of a PLL-coated 12-wellplate. 
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2.2.12 RNA isolation and cDNA preparation 

RNA isolation was done with RNeasy Plus Mini-Kit by Qiagen in accordance to manufacturer’s 

instructions and photometric measurement were used to determine RNA concentrations. 

Briefly, 3 µL of isolated RNAs were measured in duplicates with the ELISA Epoch reader. H20 

was used as a blank. iScriptTM cDNA Synthesis Kit by Bio-Rad was used to transcribe the RNA 

into cDNA according to manufacturer’s instructions. PCR was performed for amplification of 

cDNA (Tab. 15). 

Table 15: PCR program for cDNA preparation 

Step Temperature (°C) Time (min.) 

Priming 25 5 

Reverse transcription 46 20 

RT-inactivation 95 1 

Holding/Storing 4 ∞ 

 

2.2.13 qRT-PCR 

qRT-PCR was used to determine the concentration of AAV preparations. It was performed with 

the StepOne Real-Time PCR-system and StepOne Software v2.3. Forward and reverse primers 

were mixed in Millipore water to a final concentration of 1.75 pmol/µL for each primer. 

Primers were designed to bind to the Synapsin 1 promotor at the beginning of the sequence 

(GAGTGCAAGTGGGTTTTAG or TATGAGTGCAAGTGGGTTT). For each sample, 5 µL of AAV 

dilution, 2 µL of primer mix and 7 µL of SYBR Green were pipetted into one well of a Fast 96er 

PCR-plate. As non-template-controls, Millipore water was used. Standard was pipetted in 

triplets for determination of AAV concentration and samples were measured in duplicates. 

The plate was covered with an adhesive foil (AppliedBiosystems 4360954). As standard, a 

dilution of the linearized tdTomato plasmid preparation (see 2.2.3.4) from 108 to 103 plasmids 

was used. Before putting the plate into the reader, it was centrifuged to collect the entire 

solution at the bottom of the plate. Within the advanced setup, the standard run with SYBR 

green, ROX as passive reference and a sample volume of 14 µL was set. Primers and samples 

were assigned to the proper well. For analysis the Δ-Δ-Ct method was selected. The cycle of 

denaturation and amplifying was repeated forty times. To measure the amount of synthetized 

DNA, SYBR Green was used. This fluorescent reagent intercalates with double stranded DNA. 



37 
 

The more DNA is in the original sample, the less cycling stages are needed to reach the 

threshold. 

Table 16: qRT-PCR program 

Cycle Numbers of cycles Temperature (°C) Time (min) 

Holding stage 1  95 10 

Cycling stage 40 95 

60 

15 sec 

1 

Heat curve stage 1 95 

60 

60-95 

15 sec 

1 

+ 0.3 °C every 15 sec 

 

Melting curves were checked for congruence between duplicates and a characteristic curve 

progression. Further calculations were performed within an exported Excel file. Mean Ct 

values were calculated for every sample and standard. A linear equation out of standard 

dilution were calculated. By inserting Ct values of samples in this equation, virus particle 

concentration of samples were calculated. 

2.2.14 Western blotting 

2.2.14.1 Protein lysis and concentration measurement 

Cells for Western blotting were washed once with PBS and lysed with RIPA buffer (see 2.1.7). 

Next, they were disrupted with ultrasound for 15 min. Cell debris was removed by 

centrifugation for 15 min at maximum speed and 4 °C. Supernatant containing the proteins 

were diluted 1:10 in PBS for protein concentration measurement. For standard curves, BSA 

standard dilutions (1:2 until 1:128) in PBS were prepared. Standard curves were measured in 

triplicates, protein samples were measured in duplicates. Protein concentration was 

determined with PierceTM BCA Protein Assay in accordance to manufacturer’s instructions. In 

a first reaction, Cu2+ ions bind to the proteins and are thereby reduced to Cu+. Bicinchoninic 

acid binds to the Cu+ and builds a purple complex (Smith et al. 1985). This reaction was allowed 

to take place for 15 minutes during incubation at 37 °C. Afterwards, extinction of this complex 

was measured at 580 nm with Epoch plate reader and the Gen5.2 software. For further 

experiments, protein lysates with 50 µg (30 µg for ASO transfected spinal cord cells) were 
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prepared and  mixed with 5 x Lämmli buffer (see 2.1.7). This solution was heated at 95 °C in a 

water bath to denature the proteins and shortly centrifuged to collect the solution on the 

bottom of the tube. 

2.2.14.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Gel electrophoresis was used to separate the proteins by size. A SDS gel with a 10 %  running 

gel and a 5 % stacking gel was poured. The stacking gel ensures that all proteins enter the 

running gel at the same time. The running gel separates the proteins by their size. The SDS gel 

is placed in to an electrophoresis chamber filled with electrophoresis buffer (see 2.1.7). The 

samples were loaded in gel pockets and electrophoresis was run with 200 V for approximately 

one hour. Proteins move towards the positive anode, because the sodium dodecyl sulphate 

within the Lämmli-buffer covers the protein. Depending on the size, proteins migrate 

differently in the gel. Spectra multicolor Broad Range Protein Ladder was used to identify 

protein size. This marker contains proteins of defined sizes with different colors to have a 

comparable standard.  

2.2.14.3 Western blot 

After separating the proteins by SDS-PAGE, they were transferred to a 0.45 µm nitrocellulose 

membrane (AmershamTM ProtranTM Premium). Blotting was performed for one hour at 120 V 

using a Western blot chamber filled with transfer buffer (see 2.1.7). During the blotting, 

negatively loaded proteins are transferred from the gel to the membrane. After washing short 

with TBS-T, the membrane was blocked with 5 % BSA in TBS-T-blocking buffer for 

phosphoproteins or 5 % milk powder in TBS-T for other proteins for 10 minutes. Blocking 

prevents unspecific binding of the primary antibody to the membrane. The primary antibodies 

were diluted in blocking solution (see 2.1.7) and incubated over night at 4 °C. The next day, 

the membrane was incubated with the secondary antibody for 1 h at RT, after the membrane 

was washed three times for five minutes with TBS-T. Afterwards, the blot was washed three 

times with TBS-T for five minutes. The secondary antibody is bound to an enzyme called 

horseradish peroxidase (HRP), which catalyze oxidation with H2O2. During this reaction 

protons and a detectable light signal is emitted. For detection of the light ImmobilonTM 

Western HRP Substrate, Pierce ECL Western Blotting Substrate or SuperSignal West Femto 

Maximum Sensitivity Substrate, respectively, was used according to manufacturer’s 

instructions. Chemiluminescence images were acquired with Chemostar imager software. For 

protein densitometry analysis, LabImage ID software was used. Detection of ASO transduced 
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murine embryonic spinal cord cells were documented with BioRad ChemiDocTM Touch Imaging 

System and for densitometry analysis of these proteins the Image LabTM 5.2.1 software was 

used. Protein amount was calculated by the intensity of the detected signal. The geometric 

mean over all samples was calculated and normalized to the housekeeping proteins GAPDH 

or α-Tubulin, respectively. Housekeeping proteins are assumed to be not regulated under 

different cellular conditions (Rocha-Martins, Njaine, and Silveira 2012; Greer et al. 2010). 

2.2.14.3 Blot stripping 

Stripping is needed if more than one specific protein should be detected on a blot membrane 

and those proteins have nearly the same size or the antibodies for both proteins were 

produced in the same host. The components within the stripping buffer break the binding 

between the primary and the secondary antibody. For stripping by glycine, the blot was 

incubated for 15 min at room temperature with glycine stripping buffer, washed 5 x for 5 min 

with TBS-T and afterwards blocked 30 min with milk blocking solution and incubated with a 

primary antibody. Glycine stripping was used as first stripping for ASO transfected fibroblasts 

and murine primary spinal cord cells. A more stringent stripping was done with a SDS-

containing stripping buffer (see 2.1.7). The blot was incubated with 5 mL SDS-containing 

stripping buffer for 15-30 min at 50 °C, washed 5 x for 5 min with TBS-T and blocked for 30 min 

with milk blocking solution. Then the blot was incubated with a primary antibody. 

2.2.14.4 Antibodies 
Table 17: Antibodies used for Western blots of patient’s fibroblasts 

Antibody Blocking Dilution 

α-Tubulin(DM1A) Milk 1:1000 

B-Raf (D9T6S) rabbit 

mAB 

Milk 1:1000 

ECL Anti-mouse IgG 

Horseradish-

Peroxidase linked 

whole Antibody 

Milk 1:4000 

ECL Anti-rabbit IgG 

Horseradish-

Milk 1:4000 
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Peroxidase linked 

whole Antibody 

Mouse Anti-SMN Milk 1:1000 

P44/42 MAPK (ERK 

1/2) (434F12) Mouse 

mAb 

Milk 1:1000 

P-p44/42 MAPK 

(T202/Y204) XP (R) 

rabbit mAB 

BSA 1:1000 

 

Table 18: Antibodies used for Western blots of transduced embryonic spinal cord cells 

Antibody Blocking Dilution 

Anti-Flag Antibody 

(polyclonal) 

Milk 1:2000 

B-Raf (D9T6S) rabbit 

mAB 

Milk 1:1000 

ECL Anti-mouse IgG 

Horseradish-

Peroxidase linked 

whole Antibody 

Milk 1:4000 

ECL Anti-rabbit IgG 

Horseradish-

Peroxidase linked 

whole Antibody 

Milk 1:4000 

GAPDH antimouse Milk 1:2000 

P-ERK5 (T218/Y220) 

rabbit Ab 

BSA 1:500 

P44/42 MAPK (ERK 

1/2) (434F12) Mouse 

mAb 

Milk 1:1000 



41 
 

P-p44/42 MAPK 

(T202/Y204) XP (R) 

rabbit mAB 

BSA 1:1000 

 

2.2.14.5 Analysis of densitometry data 

To statistically analyze the densitometry data, GraphPad Prism 8.0 software was used. A two-

way ANOVA was done for ASO 10-27 transfected, AAV transduced and induced primary 

embryonic spinal cord cells in combination with a Sidak’s multiple comparison test. A two-way 

ANOVA was necessary, because there were two different factors. On the one hand, we had 

two different genotypes, heterozygous and SMA, on the other hand we had two different 

treatments of cells. In a two-way ANOVA every factor is compared with every other factor and 

factor groups with the others to detect whether a single factor influences another one in a 

significant amount. Sidak’s multiple comparison test was further used to lower the familywise 

error rate. Significance was reached when * ≤ p=0.04; **≤ p=0.009; ***≤ p=0.009. 
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3.0 Results  

3.1 Regulation of neurotrophic signaling: Production of AAVs as a molecular tool 

SMA is caused by a deletion or mutation in the SMN1 gene, leading to decreased protein 

expression (Lefebvre et al. 1995). SMN2 can just partially compensate the loss of SMN (Lorson 

et al. 1999). Previous research for therapy possibilities focused on strategies for enhancing 

SMN levels (reviewed in Hensel, Kubinski, and Claus 2020). One of the already existing 

therapies for SMA is Onasemnogen abeparvovec, a scAAV9 comprising the cDNA for SMN1 

(Dominguez et al. 2011). This therapy elevates SMN levels ubiquitously in the body due to its 

intravenous delivery. The AAV9 serotype is known to cross the blood brain barrier (Duque et 

al. 2009). However, although Onasemnogen abeparvovec is effective, the immune response 

of patients to the AAV could be strong. Adenoviruses are widely spread in environment and 

most people had contact with it, so the immune system already recognizes them and reacts 

stronger to AAVs (reviewed in Colella, Ronzitti, and Mingozzi 2018). Recent studies showed, 

that not only SMN protein expression differs from healthy person but also other proteins like 

proteins of the Raf kinase cascade (Branchu et al. 2013a; Nolle et al. 2011). Screening studies 

showed that B-Raf expression in SMA Taiwanese mouse model is altered compared to healthy 

controls. In further investigations, reduction of B-Raf protein was detected in murine 

motoneurons even before onset of symptoms (Hensel et al. 2021). Low levels of B-Raf in 

motoneurons lead to cell death, defective synaptic contacts between motoneurons and 

proprioceptive neurons as well as a loss of function of synapses (Wiese et al. 2001).  Therefore, 

B-Raf restauration is a potential strategy for an SMN-independent treatment of SMA. Its 

expression rescues motoneurons in a C. elegans SMA model (Hensel et al. 2021). Healthy 

worms have 19 D-motoneurons (White et al. 1976), which are already generated at larval 

stage 2 (reviewed in Hobert 2010). By overexpression of the B-Raf orthologue lyn-45 in SMA 

worms, motoneurons were partially rescued (Hensel et al. 2021). To test whether a rescue of 

motoneurons is possible in murine primary spinal cord cells as well, an AAV2/1_syn_B-

Raf_3xFlag for expression of B-RAF in neuronal cells were created. This AAV contains the cDNA 

of B-RAF, because B-RAF levels should be overexpressed. In addition, the AAV contained a 

WPRE sequence to support and enhance B-RAF expression (Loeb et al. 1999). The Flag-tag was 

cloned into the virus to facilitate detection in tissue and cell lysates during analysis.  
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Figure 2: Successful preparation of AAVs without a helper-virus. A: For AAV-production, HEKAAvpro cells were transfected 
with pDp1-plasmid and either B-Raf-plasmid or 14-3-3 ζ/δ-plasmid or tdTomato –plasmid. Afterwards, transfected cells were 
lysed by a three-time heating and thawing cycle and AAVs were purified by filtration and centrifugation. Finally, AAV 
concentration was determined by qRT-PCR. B: For qRT-PCR standard curve, linearized tdTomato-plasmid of known 
concentrations was used. C: For AAV concentration determination, two different qRT-PCR-primer pairs, namely NH803/804 
TAG/TGC and NH803/804 TTT/ATG, were compared with regard to their efficiency. The first primer pair was more efficient 
(92.3 %) compared to the last on (91.1 %), therefore, the first one was used for the following qRT-PCRs. D: The average final 
virus particle concentration is shown for the three different AAV construct. The blue bars show the concentration by AAV 
isolation out of cells; the black bar shows the concentration for one preparation out of supernatant. The achieved 
concentration was much lower than with the other method; therefore, AAVs have been isolated directly from cells and not 
from supernatant. 
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Furthermore, the human synapsin 1 promoter was used, which is activated in neuronal cells 

only (Kugler et al. 2001). To ensure a neuronal expression only, an AAV2/1 was chosen, 

because these serotype are not able to cross the blood brain barrier (Zincarelli et al. 2008) in 

contrast to AAV9. Intrathecal injection of an AAV2/1, therefore, limits AAV expression to the 

CNS. This was important on the one hand, because the aim was to evaluate the natural history 

of peripheral organ defects, which is not possible without treatment, because SMA mice die 

before onset of these symptoms. On the other hand, B-RAF is a potent proto-oncogene and 

preventing cancer related effects in the experiment were important (reviewed in Mercer and 

Pritchard 2003). To create an AAV2/1_syn_B-Raf_3xFlag a two plasmid system described by 

Grimm et al. was used (Grimm, Kay, and Kleinschmidt 2003). Furthermore, an 

AAV2/1_syn_14-3-3-ζ/δ_3xFlag was created because earlier analysis showed a strong 

signaling hub between B-RAF and 14-3-3 ζ/δ with a downregulation in 14-3-3 protein levels 

(Hensel et al. 2021). This AAV contains also the human synapsin promotor 1 and a Fla g-tag 

for the same reasons described above. An AAV2/1_syn_dTomato was used as control vector 

expressing a protein displaying red fluorescence. Therefore, although it has the human 

synapsin promotor 1, no Flag-tag for detection was necessary. We successfully create three 

different AAV constructs with the two-plasmid system described in materials and methods 

(Fig. 2).  

3.2 AAV transduction of mouse embryonic spinal cord cells with B-Raf and 14-3-3 ζ/δ 

After AAV production and determination of virus titers, murine primary embryonic spinal cord 

cells were transduced. AAV for transduction were either  

• AAV2/1_syn_dTomato,  

• AAV2/1_syn_B-Raf_3xFlag,  

• AAV2/1_syn_14-3-3-ζ/δ_3xFlag  

• AAV2/1_syn_B-Raf_3xFlag and AAV2/1_syn_14-3-3-ζ/δ_3xFlag as combination 

on day of in vitro 3 (DIV 3) (Fig. 3A). At DIV 10, cells were fixed and stained with the 

motoneuron specific marker SMI-32. For transduction control, cells were stained with an anti-

Flag antibody. Indeed, the murine primary embryonic spinal cord cultures contained 

motoneurons, as seen by SMI-32-positiv cells (Fig. 3B). Furthermore, the red fluorescent signal 

expressed by AAV2/1_syn_dTomato were detectable (Fig. 3B).  
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Figure 3: Transduction of embryonic spinal cord cells with different AAVs. A: Primary embryonic spinal cord cells were 
prepared (DIV 0), transduced with AAV on DIV 3 and fixed as well as stained on DIV 10. B: Immunochemistry of embryonal 
spinal cord cells ether transduced with AAV-B-Raf, AAV-14-3-3 ζ/δ, AAV-B-Raf+AAV-14-3-3 ζ/δ or tdTomato. MNs were 
stained with anti-SMI-32 antibody (green) and AAVs were identified by anti-FLAG or tdTomato staining (red) scale bars: 20 
µm (n=4) C: Western blot of transduced embryonic spinal cord cells showed efficient transduction of control and SMA cells 
with AAV-3x-FLAG construct. FLAG signal was only detected in AAV-B-Raf or AAV-14-3-3 ζ/δ, respectively, transduced cells, 
but not in tdTomato transduced cells. Two-way ANOVA and Sidak’s multiple comparison test with mean SEM were used. 
(SMA: n=6; het: n=5) (* ≤ p=0.04; ##≤ p=0.009; ###≤ p=0.009) 
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Obviously, AAV2/1_syn_B-Raf_3xFlag and AAV2/1_syn_14-3-3-ζ/δ_3xFlag were not only 

expressed in motoneurons, but also in other neuronal cells of the spinal cord culture. This was 

expected since the synapsin 1 promoter used in the virus constructs is specific for all neurons, 

not just for motoneurons (Kugler et al. 2001). Although AAV is expressed in all neurons, AAVs 

in motoneurons can be identified by co-staining with SMI-32. To exclude genotype specific or 

embryo-specific (SMA/heterozygous) effects on transduction efficiency, primary spinal cord 

cells of every embryo were divided in four wells and transduced with each AAV construct. In 

conclusion, it was possible to show that all produced AAV constructs were able to transduce 

successfully motoneurons in vitro. 

3.3 Molecular effects of B-Raf and 14-3-3ζ/δ transduction on signaling 

Next, the molecular effects of B-Raf and 14-3-3 ζ/δ expression on signaling were examined. 

Therefore, changes of protein expression were analyzed in transduced primary embryonic 

spinal cord cells. AAV expression was quantified by detection of Flag-tag in a western blot to 

control successful transduction. A significant difference between AAV2/1_syn_B-

Raf_3xFlag/AAV2/1_syn_14-3-3-ζ/δ_3xFlag combination and AAV2/1_syn_dTomato 

transduction was observed (Fig. 4C). By quantifying the amount of B-RAF Flag-tag in 

AAV2/1_syn_dTomato transduced cells compared to the amount in the AAV2/1_syn_B-

Raf_3xFlag/AAV2/1_syn_14-3-3-ζ/δ_3xFlag transduced cells via an ANOVA analysis, a p-value 

of 0.0008 was calculated showing a highly significant difference.  For the 14-3-3 Flag-tag, this 

difference was also highly significant (p-value 0.0024).   

Now, the effect of AAVs on signaling were evaluated. ERK signaling pathway, an altered 

signaling pathway in SMA, is hyper-activated in lumbar spinal cord tissue of SMA mice, 

resulting in enhanced survival of animals (Hensel et al. 2017). A crosstalk between ERK and 

ROCK pathway involving B-RAF has also been reported (Hensel et al. 2014). Therefore, the 

amount of B-Raf, ERK and phospho-ERK protein (p-ERK) in transduced spinal cord cultures was 

quantified (Fig. 4). P-ERK is the activated form of ERK. Interestingly, no significant difference 

of B-Raf expression between tdTomato and B-Raf/14-3-3 transductions nor was there a 

genotype-specific alteration was detected (Fig. 3E). The same results were seen for ERK 

protein levels (Fig. 4D), but not for p-ERK: Heterozygous spinal cord cells transduced with 

AAV2/1_syn_B-Raf_3xFlag/AAV2/1_syn_14-3-3-ζ/δ_3xFlag showed a significant upregulation 

of p-ERK compared to the AAV2/1_syn_dTomato control cells. In addition, SMA spinal cord 
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cells showed no differences in p-ERK levels between the AAV2/1_syn_dTomato transduced 

cells and the AAV2/1_syn_B-Raf_3xFlag/AAV2/1_syn_14-3-3-ζ/δ_3xFlag transduced cells 

(Fig. 4C). This could be due to the fact, that ERK is already hyper-activated in SMA (Hensel et 

al. 2017).  

 

Figure 4:  Protein levels of transduced embryonic spinal cord cultures. A: Embryonic spinal cords were prepared and cultured 
(DIV 0). Transduction with ether AAV-B-Raf+AAV-14-3-3 ζ/δ or AAV-tdTomato were performed on DIV 17. Proteins were lysed 
on DIV 23. B: Protein expression of p-ERK, ERK, B-RAF and GAPDH were detected with corresponding antibodies by Western 
Blot. C: A significant up-regulation of p-ERK within the control groups (p = 0.0006) and a significant difference between 
genotypes for AAV-B-Raf/ 14-3-3 ζ/δ versus AAV-tdTomato transduction was detected (p = 0.0369). D: No significant 
differences between genotype or the different AAV transductions were detected. E: No significant differences in B-RAF 
protein levels were detected between genotypes or the different AAV transductions. Two-way ANOVA and Sidak’s multiple 
comparison test with mean SEM was used. (SMA: n=6; het: n=5) (* ≤ p=0.04; ***≤ p=0.009, ### ≤ p=0.009)  
 

3.4 Neurotrophic factors induce signaling in primary embryonic spinal cord cells of control 

and SMA mice 

Next, induction of signaling in mouse embryonic primary spinal cord cells was done. Cells were 

cultivated on a 12-well-plate like described in materials and methods (2.2.6). At DIV 12, culture 

media containing neurotrophic factors (NTF; CNTF, GDNF and BDNF) were removed and 

replaced with culture media without growth factors. Four hours after removing NTFs, we 
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replaced culture media without NTF through culture media containing NTF, but in just one 

well per embryo for induction of signaling pathways. The sister culture of each embryo 

remained in medium without NTFs. Ten minutes after media change, cells were lyzed and 

proteins were isolated. Expression of signaling proteins (p-ERK, ERK, B-RAF, 14-3-3-ζ/δ) in 

induced and not induced spinal cord cells of heterozygous and SMA embryos were analyzed 

(Fig. 5). A significant difference was observed in B-RAF and p-ERK/ERK expression between 

induced and not induced spinal cord cells (Fig. 5B, 5D, 5E). This confirms an effective signaling 

induction. Interestingly, no difference in 14-3-3 ζ/δ expression was observed in induced and 

not induced cells (Fig. 5C). Furthermore, no significant difference between genotypes in B-

RAF, p-ERK, ERK and 14-3-3 ζ/δ expression was observed. The conclusion of these results is 

that B-RAF responses to NTFs and activates downstream targets like ERK without effecting 

upstream targets like 14-3-3. 

 

 

 

Figure 5:  Protein levels of NTF-induced and not-induced embryonic spinal cord cultures. A: Protein levels of B-Raf, p-ERK, 
14-3-3- ζ/δ, ERK, GAPDH and SMN were determined by Western blot in heterozygous and SMA mouse spinal cord cells either 
induced or not induced. (B-E) Protein levels of B-RAF, p-ERK, 14-3-3- ζ/δ, ERK were quantified and normalized to GAPDH. B: 
B-RAF is significantly increased in induced cells compared to not induced cells, but no difference between the genotypes was 
observed. C: No detectable difference in the 14-3-3- ζ/δ protein levels between the genotypes or induced and not induced 
cells were observed. D: A significant difference between induced and not induced cells were detected for p-ERK levels 
normalized to ERK1/2 levels, but not a significant difference between genotypes. E: ERK1/2 was significantly differently 
expressed in induced and not induced cells, but no difference in protein expression between genotypes was observed. Two-
way ANOVA and Sidak’s multiple comparison test with mean SEM were used. (SMA: n=4; het: n=5) (* ≤ p=0.04; **≤ p=0.009)     
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3.5 Transfection of murine primary embryonic spinal cord cells with ASO 10-27 

Nusinersen, the first approved drug for the therapy of SMA, is also known as ASO 10-27. The 

aim was to show the SMN enhancing effect of an ASO 10-27 on cells in vitro. First, human 

fibroblasts of a type 0 SMA patient and control subjects were transfected with ASO 10-27. 

Type 0 and control fibroblasts were cultured as described in material and methods. At the 

third day after passaging, cells were transfected with Lipofectamine RNAiMAX Reagent for 

eight hours. As control, 0.9 % NaCl was used, because the ASO 10-27 was diluted in this 

solution. Four days after transfection, proteins were isolated and analyzed by Western blot. 

No significant differences were detected between the different treatments or genotypes (data 

not shown). This might be due to the fact that the ASO is diluted during cell division.  

 

Figure 6: Transfection of embryonic spinal cord cells with ASO 10-27. A: Protein expression of p-ERK, ERK, B-RAF, α-Tubulin 
and SMN in NaCl or ASO 10-27 transfected primary embryonic spinal cord cells were analyzed by Western blot. Quantification 
of p-ERK/ERK (B),  p-ERK/α-Tubulin (C), ERK1/2/ α-Tubulin (D), B-RAF/ α-Tubulin (E) and SMN/ α-Tubulin (F) protein levels. 
None of the analyzed proteins were significantly different expressed in the genotypes or after transfection with ASO 10-27 
compared to the corresponding control. G: SMN amounts for the embryos were significantly different between the individual 
embryos (p = 0.003). Two-way ANOVA and Sidak’s multiple comparison test with mean SEM was used. (SMA: n=6; het: n=5) 
(* ≤ p=0.04; **≤ p=0.009; ***≤ p=0.009)     
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Therefore, ASO transfection was carried out in primary embryonic spinal cord cultures. There, 

cells were transfected for four hours only due to toxicity of transfection reagent. Transfection 

was stopped by changing the culture media with transfection reagent to fresh culture media. 

After 24 h, proteins were isolated. B-RAF, p-ERK, ERK 1/2 and SMN levels were determined by 

Western blot analysis. No difference between genotypes was observed in the control group 

without treatment (Fig. 6). In ASO treated cells, B-RAF levels in heterozygous mice were 

increased, but not significant, whereas they were unchanged in SMA cells treated with 0.9 % 

NaCl or ASO (Fig. 6E). This was also detectable for p-ERK and ERK 1/2. Here, just the 

heterozygous cells showed an increase in protein levels after ASO 10-27 transfection, but this 

increase did not reach significance (Fig. 6B-D). Interestingly, a significant difference (p=0.0003) 

was seen between the individual embryos for the SMN protein, while treatment or genotype 

had no influence (Fig. 6G). These results could be due to technical problems. ASOs are large 

molecules and therefore, transfection of cells in vitro is difficult. However, further research is 

necessary to improve ASO transfection of motoneurons in vitro. We were not able to 

successful transfect primary embryonic spinal cord cells with enhancement in SMN levels. 

3.6 Successful intrathecal injection and cryoanesthesia in P 1 mice 

ASO 10-27 corrects the splicing defects of the SMN2 gene by binding to the ISS-1 (Singh et al. 

2006). It is not able to cross the blood-brain-barrier (Hua et al. 2011). Therefore, Nusinersen 

is given by an intrathecal injection into the lumbar region of the spinal cord (reviewed in 

Messina and Sframeli 2020). In neonatal mice, intracerebroventricular (ICV) injections are 

usually performed to deliver drugs into the CNS, which are not able to cross BBB (Aslesh, 

Maruyama, and Yokota 2018). Although ICV and intrathecal injections successfully deliver 

drugs into the CNS, drug distribution and concentration in different parts of CNS differ 

between both methods and this might influence therapeutic effects (Williams et al. 2009). 

Establishing an intrathecal injection in mouse neonatals at postnatal 1 (P 1) was necessary to 

have a drug distribution modelling the situation in patients treated with Nusinersen (Fig. 7A). 

Ayers et al. have described a method to inject small volumes intrathecally into the CNS of P 1 

mice (Ayers et al. 2015). For establishing and improving intrathecal injection, decapitated P 1 

mice with light skin color were used (Fig. 7B).  
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Figure 7: Intrathecal injection and cryoanesthesia of mice at postnatal day 1. A: A schematic illustration of 
intracerebroventricular and intrathecal injection shows the different sites of injection (created with bioRander.com). B: Blue 
staining of a 2% Evan’s blue solution indicates a successful intrathecal injection of a mouse pub (left). After the skin has been 
removed, successful injection was confirmed by Evans blue solution along the spinal cord (right). C: Cryoanesthesia of mouse 
pups was evaluated by different tests (n=16). The missing paw withdrawl reflex (first bar) was considered as a marker for a 
sufficient depth of anesthesia. Second bar shows the number of animals that were successfully injected.  Not all sixteen 
animals were successful injected due to body temperature, which made the application more difficult (n=9). Third bar 
represents the survival of all pups 24 h after cryoanesthesia. Right bar shows the amount of spinal cords after 24h hours in 
which Evans blue staining was still detectable (n=3).  

 

As injection solution, a 2 % Evan’s blue dye diluted in 0.09 % NaCl were used. Even’s blue is 

known to bind strongly to plasma albumin in vivo and therefore, cannot pass the BBB. (Reeve 

1957). Due to this characteristic, Evan’s blue can be used to test integrity of BBB in vivo 

(Goldim, Della Giustina, and Petronilho 2019). The blue color of dye was visible along the 

spinal cord through the skin by a correctly placed application. It was possible to successfully 

establish this method in our group. Moreover, it was necessary to establish a method to 

anesthetize alive P 1 mice for injection. In contrast, lumbar puncture in humans is usually done 

without anesthesia (Brollier et al. 2021; Camporesi, Mandelli, and Melloni 2021). However, 

we performed cryoanesthesia to immobilize neonatal mice and to ensure a precise intrathecal 

drug application. Cryoanesthesia is the least harmful way to anaesthetize mouse neonates 

(Janus and Golde 2014). The anesthesia was established with 16 Crl:NMRI(Han) mice at P 1. 

Therefore, mice were cryoanesthetized before and during intrathecal injection. Tattooing was 

done to ensure paw-withdrawl-reflex disappeared and for later identification mice. 



52 
 

Intrathecal injection in cryoanaesthetized pubs turned out to be more difficult and less 

successful than in decapitated pubs maybe because of the changed body temperature and 

skin color. We performed a successful cryoanesthesia for each neonatal mouse (n=16), but a 

successful intrathecal injection was only possible in nine mice (Fig. 7C). All 16 neonatal mice 

survived for 24 h until they were sacrificed. In three of the nine successfully injected mice, 

Evan’s blue solution was detected in the spinal channel (Fig. 7C.). The BBB in neonatal mice is 

still immature, therefore, molecules, which are not able to cross BBB in adults, still cross the 

BBB in neonatal mice (Stewart and Hayakawa 1987). Therefore, it might be that the Evans blue 

solution crosses BBB. However, an intrathecal injection in neonatal mice on P 1 under 

cryoanesthesia is possible without harming the mice. 
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4.0  Discussion 

 

The most prominent clinical symptom of SMA is a muscular atrophy, which is caused by 

degeneration of the lower motoneurons in the spinal cord and brainstem. The mutation in the 

SMN1 gene leads to a termination of SMN protein production that is only partially 

compensated by the SMN2 gene, which encodes for the SMN protein, too (Lefebvre et al. 

1995; Lorson et al. 1999). Additionally, it has been shown that many neurotrophic signaling 

pathways are altered in SMA due to low SMN levels, which are for example involved in 

neuronal survival (Hensel et al. 2012). Some of these pathways can be restored after SMN 

restauration, but other pathways are still altered despite SMN restauration. The protein B-RAF 

that belongs to the MAP signaling pathway, has been shown to be downregulated in SMA mice 

and patient fibroblasts. Furthermore, B-RAF functions as a central hub between a cluster of 

altered proteins with 14-3-3 ζ/δ in its center and a cluster with AKT in the center (Hensel et al. 

2021). Therefore, elevating SMN levels in patients’ needs to be supplemented with additional 

treatment regarding SMN-independent alterations. 

 

Figure 8: Schematic illustration of physiological signaling pathways that are altered in SMA. The Ras/Raf/MEK/ERK pathway 
interacts with the ROCK pathway via SMN as well as directly with the PI3K/AKT pathway. The ROCK pathway also interacts 
with the PI3K/AKT pathway via PTEN. 
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14-3-3 is a protein, which interacts with more than 700 proteins. It is highly expressed in the 

CNS and has several different functions. It is involved in the development of the CNS, in 

neurogenesis, differentiation, migration, neuromorphogenesis and synaptogenesis (reviewed 

in Chen et al. 2019). By binding to phosphorylated targets, 14-3-3 prevents 

dephosphorylation, blocks interaction sites or acts as scaffold protein bringing targets in close 

proximity. This leads to the important role of 14-3-3 in cell cycle control, apoptosis, signal 

transduction, cytoskeleton reorganization, autophagy and neuronal development, but 14-3-3 

also plays a role in pathological conditions like solid tumors by an overexpression or in 

neurological disorders (reviewed in Chen et al. 2019). 14-3-3 binds among others to the Tau 

protein, when it is phosphorylated at least at two binding sites (serine binding sites: S156 + 

S253 or S156 + S267)(Sluchanko, Seit-Nebi, and Gusev 2009). Our group showed that the Tau 

protein belongs to the cluster of altered proteins that interact with 14-3-3 ζ/δ (Hensel et al. 

2021). Furthermore, Tau protein in SMA mice and patient spinal cord samples is hyper-

phosphorylated in motoneurons, but not in axons or in NMJs (Miller et al. 2015). Hyper-

phosphorylation of Tau usually leads to formation of Tau aggregates, in which process 14-3-3 

is involved (reviewed in Chen et al. 2019; Miller et al. 2015). The most common 

neurodegenerative disease characterized by Tau aggregation is Alzheimer’s disease (reviewed 

in Ballatore, Lee, and Trojanowski 2007). The downregulation of 14-3-3 ζ/δ in SMA (Hensel et 

al. 2021) could be the cause for the lack of Tau aggregates in SMA motoneurons. 

Furthermore, phosphorylation of 14-3-3 is involved in the Janus kinase (JNK)-mediated cell 

death (Tsuruta et al. 2004). JNK phosphorylation is upregulated in SMA and increases with the 

age of patient and the severity of disease. A genetic knockout of JNK in SMA mice results in a 

reduction in muscle degeneration, an increase in muscle growth and strength and 

neuroprotection (Genabai et al. 2015). JNK, which is activated by prolactin (PRL) (Rui, Kirken, 

and Farrar 1994), is not only involved in SMA pathology through 14-3-3, but also enhances 

SMN2 expression directly through activation of signal transducer and activator of transcription 

5 (STAT5) (Ting et al. 2007). Interestingly, JNK activity is inhibited by MAPK and JNK activation 

is regulated by the AKT pathway, showing an involvement of JNK in both protein clusters 

(reviewed in Weston and Davis 2007). 14-3-3 itself is indirectly influenced by AKT. AKT induces 

a phosphorylation of RAF proteins at S259, which antagonizes RAF activity by forming a 

possible binding site for 14-3-3 (Rommel et al. 1996; Zimmermann and Moelling 1999). 
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Another property of 14-3-3 is an anti-apoptotic function by blocking basal JNK levels and 

p38α MAP activation (Xing et al. 2000).  

Inhibition of p38α MAPK prevents motoneuron degeneration in SMA mice through a 

suppression of protein 53S18 phosphorylation (p53S18) (Simon et al. 2019; Simon et al. 2017). 

p53 is widely known as a tumor suppressor protein by its function to interfere with the cell 

cycle progression and to promote apoptotic cell death (Vousden and Prives 2009). The 

phosphorylated form p53S18 of p53 is a marker for neurodegeneration (Simon et al. 2017). 

Phosphorylation of p53 is modulated by the Human Stasimon (STAS) protein. A 

downregulation of STAS results in an induction of p53 phosphorylation via activation of 

p38α MAPK signaling. Elevation of STAS in SMA mice improves motor functions and restores 

the number of proprioceptive synapsis without influencing SMN levels (Simon et al. 2019). 

However, a direct influence of SMN on p53 has also been reported. An SMN deficiency 

activates cell autonomous p53 signaling, which results in motoneuron degeneration if there is 

a phosphorylation at the amino-term of p53. Upregulation of p53 alone is not sufficient to 

cause motoneuron degeneration (Simon et al. 2017). However, an upregulation of p53 is 

observed after brain injury that causes neuronal death. This indicates an involvement of p53 

in neuronal death (Napieralski, Raghupathi, and McIntosh 1999). Furthermore, motoneuron 

death can be partially prevented by inhibition of p53 (Culmsee et al. 2001). An increase in p53 

has been reported for several neurodegenerative diseases like Alzheimer’s disease (AD) (de la 

Monte, Sohn, and Wands 1997), Parkinson’s disease (PD) (Duan et al. 2002) or Amyotrophic 

Lateral Sclerosis (ALS) (Martin 2000). Therefore, alterations in p53 levels are more a general 

feature of neurodegeneration than a specific hallmark of SMA. However, it might be a 

functional indicator for motoneuron death in SMA. 

The second cluster of altered proteins in SMA, our group has identified, is grouped around 

AKT (Hensel et al. 2021). AKT is a serine/threonine kinase, which together with the 

phosphoinositid-3-kinase (PI3K) acts in the PI3K-AKT signaling pathway. This pathway is mainly 

activated by insulin-like-growth factors (IGF). Binding of IGF to its cell receptor activates PI3K, 

which further activates AKT. AKT phosphorylates downstream targets, which mainly inhibit 

cell death and support cell survival and cell growth (reviewed in Glass 2003). The PI3K-AKT 

pathway can be triggered by N-methyl-D-aspartate (NMDA) (Lafon-Cazal et al. 2002).  
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NMDA is an agonist at specific glutamate receptors, which are important for neuronal 

differentiation, migration and survival. Furthermore, glutamate release is involved in 

neurodegenerative diseases like motoneuron diseases, ALS, Huntington’s disease (HD), PD or 

AD (reviewed in Meldrum 2000). NMDA treatment in SMA mice is described to have a 

beneficial effect, for example muscle and NMJ maturation accelerates, detectable 

motoneuron death decreases, motor functions and survival improves. Furthermore, an 

activation of the NMDA receptor results in a Ca2+ influx. Ca2+ signals are transduced by the 

calmodulin-dependent protein kinase 2 (CaMK2) mediating an increase in SMN expression in 

the spinal cord of SMA mice in vitro. The higher SMN expression after treatment with NMDA 

in the spinal cord is PI3K-AKT-dependent because NMDA enhances phosphorylation of AKT. 

Furthermore, AKT activates CREB (Biondi et al. 2010), which is a positive regulator of SMN 

gene expression (Majumder et al. 2004) and a downstream target of ERK. ERK itself is not up 

regulated by NMDA treatment through more phosphorylated AKT (Biondi et al. 2010), but 

inhibition of ERK results in an activation of AKT (Branchu et al. 2013b). Inhibition of ERK 

pathway with Selumetinib, a clinical-approved MEK inhibitor, in SMA mice results in an AKT 

activation accompanied with a higher expression of SMN in the spinal cord and a prolonged 

survival (Branchu et al. 2013b). Interestingly, Chandler et al. reported, that a low levels of 

NMDA treatment enhance p-ERK levels without altering the complete amount of ERK 

(Chandler et al. 2001). AKT and ERK are both influenced by FGFR-1, which is up-regulated in 

muscle and spinal cord of SMA mice resulting in a hyper-phosphorylation of AKT and ERK 

(Hensel et al. 2012). No significant up-regulation of p-ERK levels in primary embryonic spinal 

cord cells of SMA mice after transduction with AAV-B-RAF and AAV-14-3-3 ζ/δ was detected 

in contrast to the heterozygous cells, in which a significant upregulation of p-ERK levels were 

detected (Fig. 3C). This might be because there is an already existing high p-ERK level in SMA 

mice.  

However, it is necessary to evaluate the role of B-RAF as central hub between the cluster 

around 14-3-3 ζ/δ and the cluster around AKT. B-RAF, a member of the MAPK signaling 

pathway, is downregulated in SMA mice spinal cords and patient fibroblasts. Furthermore, 14-

3-3 positively regulates activation of B-RAF by binding to S445-phosphorylated B-RAF, so that 

low B-RAF levels maybe partially due to low 14-3-3 level (Hensel et al. 2021). B-RAF levels 

might be altered due to low SMN expression. SMN is involved spliceosome biogenesis and 
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therefore is able to change expression of proteins by modulation of snRNP assembly (Burghes 

and Beattie 2009).  

Another possibility of how SMN is involved in B-RAF downregulation, is presumed through the 

zink finger protein 1 (ZPR1), which is downregulated in SMA mice. An overexpression of ZPR1 

reduces motoneuron loss, improves survival, muscle strength and muscle structure in SMA 

mice. These positive effects of ZPR1 are SMN-dependent, because upregulation of ZPR1 goes 

along with enhanced SMN levels in mice. Furthermore, ZPR1 repairs DNA damage and DNA 

double-strand breaks. ZPR1 accumulates in the nucleus, which leads to a decrease in R-loop 

accumulation resulting in a DNA-PKcs increase, which is a serine/threonine kinase of the PI3K 

family, because ZPR1 increases Senataxin (SETX) (Kannan et al. 2020). SEXT is important in 

RNA processing and genome stability. Furthermore, it is known to play a role in 

neurodegenerative diseases like ALS (reviewed in Bennett and La Spada 2018). R-loop 

accumulation during transcription is known to cause selective motoneuron degeneration 

accompanied with low SEXT levels resulting in genome instability (Kannan et al. 2018). ZPR1 

further interacts with the RNA polymerase 2 in vivo and is a part of the core transcription 

complex (Kannan et al. 2020). Furthermore, ZPR1 forms a snRNP complex together with SMN 

and Snurportin (Narayanan et al. 2002). This leads to an involvement of ZPR1 in the 

transcriptional regulation of SMN1 and SMN2 gene expression and maybe of other proteins 

like B-RAF (Kannan et al. 2020).  

Low SMN levels could further influence B-RAF levels by the function of SMN to bind in a  tissue-

specific manner to ribosomes. SMN acts as a positive regulator of translation by binding to 

actively translating ribosomes. These SMN-specific transcripts are especially found in 

motoneurons (Lauria et al. 2020). This role of SMN in translation could influence B-RAF levels 

in an SMN-dependent manner. However, there are several SMN-dependent mechanisms, 

which could influence B-RAF levels. It is also possible that the downregulation of B-RAF in SMA 

is not depend on SMN.  

A-RAF, B-RAF and C-RAF all belong to the RAF family, but just B-RAF and C-RAF are highly 

expressed in motoneurons. Furthermore, only B-RAF mediates survival of these cells by 

responding to BNDF, CNTF and GNDF stimulation (Wiese et al. 2001). Interestingly we 

detected lower B-RAF levels in primary embryonic spinal cord cells after stimulation with NTF 
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for 10 minutes compared to not stimulated sister cultures (Fig. 5B). The same result were 

observed for ERK1/2 (Fig. 5E), whereas the amount of p-ERK after stimulation was significantly 

upregulated in both genotypes (Fig. 5D). This indicates that stimulation with NTF induces cell 

signaling. With regard to previous results (Wiese et al. 2001), this upregulation of p-ERK is 

maybe mediated by a B-RAF activation without an alteration of 14-3-3 levels (Fig. 5C). To 

confirm this hypothesis, phospho-B-RAF protein levels need to be evaluated after stimulation 

with NTFs. Furthermore, a closer look on the amount B-RAF/14-3-3 dimers would be 

interesting, because dimerization of 14-3-3 and B-RAF inhibits the activity of the latter protein 

(Park et al. 2019).  

However, B-RAF plays not only a role in the CNS. It has been reported that B-RAF gene 

expression in mice is tissue-specific (Barnier et al. 1995). Hensel et al. showed a 

downregulation of B-RAF and 14-3-3 in patient derived-fibroblasts (Hensel et al. 2021), 

indicating alterations of B-RAF level in peripheral organs as well. For example, some peripheral 

pathologies in mice due to low levels of SMN have already been described. Fatty acid 

metabolism is dysregulated in liver and muscle of SMA mice (Deguise et al. 2019). Moreover, 

developmental defects of kidneys (Allardyce et al. 2020), defects of the gastro-enteral system 

(Sintusek et al. 2016) and reduced mineral bone density accompanied with abnormal hyaline 

cartilage formation (Hensel et al. 2020) are observed in SMA mice. Therefore, the role low 

SMN levels in peripheral organs in SMA needs to be further evaluated with regard to a 

combinatorial treatment strategy, which complements already existing therapies. Nusinersen, 

the first approved drug for SMA, elevates the amount of correctly spliced SMN2 transcripts 

resulting in higher SMN levels in the spinal cord (Passini et al. 2011). In parallel, peripheral 

organ defects are not treated due to its inability to cross the BBB (Geary, Yu, and Levin 2001). 

Furthermore, potential effects of higher SMN levels on B-RAF level in the spinal cord are yet 

not known.  

In future studies, we will evaluate peripheral organ defects after treatment with ASO 10-27 in 

SMA mice and investigate the effects of a combinatorial treatment with ASO 10-27 and B-RAF 

enhancement in mice. We already studied the effect of ASO 10-27 on murine primary 

embryonic spinal cord cells of SMA mice and control littermates (Fig. 6). Here, we did not 

detect any difference in B-RAF, p-ERK and ERK1/2 protein levels between treated and 

untreated cells (Fig. 6B-E). More strikingly was the result of SMN protein levels, because no 
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difference between treated and untreated cells as well as no significant difference between 

the genotypes was detected (Fig. 6F). This was unexpected, because ASO 10-27 elevates SMN 

protein levels in SMA patients (Finkel et al. 2017). However, the individual embryos showed a 

significant difference in SMN levels (Fig. 6G). We hypothesized that this is a litter effect, 

because all nine primary embryonic spinal cord cell lysates were prepared from one litter due 

to breeding difficulties. Furthermore, transfection of cells with an ASO is difficult due to the 

size of the ASO molecule (Wang et al. 2018). Although, ASO 10-27 treatment is well established 

in patients (Finkel et al. 2017). There might biologically processes in a living organism that 

cannot be displayed in cell culture. 

Therefore, we established a protocol for an intrathecal injection of P 1 mice. We chose to 

deliver the ASO 10-27 by an intrathecal injection, because it mimics the situation in patients 

more precisely than an intracerebroventricular injection, which is usually used for neonatal 

mice to deliver drugs into the CNS (Fig. 6A). We successfully established the intrathecal 

injection method in dead mice (Fig. 7B). For injection in alive neonatal mice, immobilization of 

animals is necessary to ensure a correct positioning of injection. We used cryoanesthesia for 

immobilization, because it has been reported to be the least harmful way to anesthetize 

mouse neonates (Janus and Golde 2014). Furthermore, a beneficial effect of hypothermia in 

SMA mice is reported, but only for repeated hypothermia (Tsai et al. 2016). In figure 7C, the 

results of established cryoanesthesia are shown. Whereas the cryoanesthesia was performed 

successfully for all 16 neonatal mice, intrathecal injection was only applied correctly in nine 

neonates and staining of spinal cord after 24 h was only detectable in three neonates (Fig. 7C). 

Haptic and skin color were changed due to low body temperature in cryoanesthetized mice 

making injection more difficult. Furthermore, BBB in neonatal mice is not complete closed 

already. That might be the reason that staining of the spinal cord was visible only in a third of 

the correctly injected mice. In summary, our results show that intrathecal injection in 

cryoanesthetized neonatal mice is a possibility to deliver drugs to the CNS. The next step will 

be an injection of murine neonates with the ASO 10-27 and an evaluation of the motoric 

functions over time. Finally, the peripheral organs will be analyzed with regard to pathologic 

alterations. Furthermore, a combinatorial treatment of ASO 10-27 and an AAV-B-RAF or AAV-

14-3-3 construct, respectively, will be administered to evaluate the effects of SMN and B-RAF 

or 14-3-3 enhancement in SMA compared to an SMN increase alone.  
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Moreover, the oncogene effects of B-RAF must be taken into account as well. An increase in 

B-RAF level is reported to ontogenically transform cells in a β-estradiol-dependent manner 

(Pritchard et al. 1995). Furthermore, B-RAF mutations are described for many different human 

cancers. For activation, many of the mutated B-RAF forms have to interact with mutated forms 

of Ras to become phosphorylated, except the V599E mutation of B-RAF, which is not linked to 

any Ras mutations. Therefore, this is a more critical mutation (Davies et al. 2002). However, 

an overexpression of lyn-45, the B-RAF orthologue in C. elegans (Hsu et al. 2002), rescues 

motoneuron degeneration in C. elegans SMA model (Hensel et al. 2021). Furthermore in mice, 

a B-RAF gain-of-function induces an excessive growth of nociceptive and proprioceptive 

afferent nerve fibers and induces a regenerative axon growth via a MEK-dependent pathway 

combined with a decrease of Phosphatase and Tensin Homolog deleted on chromosome 10 

(PTEN) (O'Donovan et al. 2014).  

PTEN is a tumor suppressor, which negatively regulates the PI3K-AKT signaling pathway 

(reviewed in Chen et al. 2018) and is phosphorylated by ROCK (Wu et al. 2012). This activation 

leads to an AKT inactivation by a hydrolysis of PI3K that results in apoptosis (Li et al. 2014; 

Stambolic et al. 1998). This mechanism is not exclusive for SMA. In the SODG93A ALS mouse 

model, a hyperactivation of ROCK with consecutively enhanced PTEN activity and AKT 

inhibition is described. Furthermore, an inhibition of ROCK normalizes PTEN/AKT activity and 

prolongs survival of mice (Takata et al. 2013). To reduce the oncological potential of B-RAF, an 

expression in the CNS only is an opportunity. Here, we produced an AAV with an combinatorial 

serotype of 1 and 2 (Fig. 1), which is not able to cross the BBB (Zincarelli et al. 2008). Moreover, 

the AAV is combined with the human synapsin promotor 1, which is expressed in neuronal 

cells only (Kugler et al. 2001). To test whether an AAV2/1 comprising the cDNA for B-RAF with 

the human synapsin promotor 1 is a potential opportunity to enhance B-RAF levels in patients 

has to be considered carefully.  

Today, different AAV-based therapies are approved (reviewed in Mendell et al. 2021). The first 

approved AAV-based therapy was Glybera, alipogene tiparvovec. It was designed for patients 

with a heterozygous lipoprotein lipase deficiency (LPLD). For this purpose, a construct 

containing the S447X gain-of-function variant of the human LPL gene is delivered via an AAV 

serotype 1 to the patient’s muscle (Kassner et al. 2018). Another AAV therapy, called Luxturna, 

is approved for inherited retinal dystrophy, in which a biallelic mutation in the human RPE65 
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gene is disease causing. Luxturna is an AAV2, which locally applicated in the subretinal space, 

where it delivers the cDNA for RPE65 gene (Russell et al. 2017). Even for SMA there is already 

an AAV-based therapy for enhancement of SMN levels. An AAV serotype 9 comprises the 

cDNA of the SMN1 gene (Dominguez et al. 2011) and due to the ability of an AAV 9 to cross 

the BBB SMN levels are elevated in the CNS as well as in peripheral tissue (Valori et al. 2010). 

In conclusion, AAVs are used in a broad spectrum as vehicles for therapeutic approaches. 

Variations of the capsid serotype, promotor and route of application allow the use for 

targeting specific tissues. Therefore, an AAV with a specific neuronal serotype and promotor 

might be an additional treatment option for SMA patients, which may be combined with an 

SMN-enhancing drug. For that reason, further research on the effects of B-RAF-enhancing 

treatment in SMA needs to be performed. 
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5.0  Summary 

 

Maria Antonia Joseph 

Application of Antisense Oligonucleotides and Adeno-associated virus in Spinal Muscular 

Atrophy Model 

 

Spinal muscular atrophy (SMA) is an autosomal recessive disorder, in which the α-

motoneurons in the lumbar spinal cord and brainstem degenerate. Due to a deletion or 

mutation in the survival of motoneuron 1 (SMN1) gene, the survival of motoneuron protein 

(SMN) is no longer produced. The SMN2 gene, which encodes for the same protein, can 

partially compensate for the loss of SMN1. The crucial difference between both of these genes 

is a C to T transition in exon 7, which leads to a skipping out of this exon. As a consequence, a 

truncated non-functional SMN protein is produced. Different factors, mainly the SMN2 copy 

number, influence the clinical phenotypes of patients, which differs from very severe types 

with early death to milder types with a slower disease progression.  

In 2017, the first drug for SMA was approved by the EMA and FDA. This antisense 

oligonucleotide 10-27 (ASO 10-27) corrects the splicing process by binding to the intronic 

splicing silencer 1 (ISS-N1), which results in higher amounts of functional SMN protein. The 

disadvantage of this therapy is the intrathecal delivery, because ASOs cannot pass the blood-

brain-barrier (BBB). Therefore, ASO 10-27 elevates the SMN amounts in the spinal cord only, 

whereas pathologic alterations in peripheral organs are not targeted. In 2019, a second drug, 

an adeno-associated virus vector (AAV) serotype 9 comprising the cDNA of the human SMN1 

gene, was approved by both agencies. This therapy is given once in life and enhances 

ubiquitous SMN levels but is approved for patients with a bi-allelic mutation in the SMN1 gene 

in combination with the diagnosis of SMA type 1 or with up to three SMN2 copies only. 

Furthermore, the amount of SMN protein, which is produced, cannot be predicted. This might 

be a problem, because first reports describe a negative effect of unnatural high amounts of 

SMN protein in SMA mice. The latest approved drug for SMA is a small molecule that is orally 

administered and corrects the splicing by interacting with the exonic splicing enhancer 2 

(ESE2).  
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The first objective of this thesis was to establish an intrathecal application method for 

postnatal day 1 old SMA mice that were cryoanesthetized. This route of administration was 

necessary, because drug delivery into the CNS in neonatal mice is usually done by an 

intracerebroventricular injection that does not represent the drug delivery of ASO 10-27 in 

human patients. In further studies, this injection protocol will be used to examine the 

peripheral organ defects after SMN enhancement in the spinal cord only.  

Besides the direct SMN-related processes, other signaling pathways are altered in SMA. The 

molecules AKT and ERK are hyper-phosphorylated in SMA, whereas B-RAF and 14-3-3 ζ/δ are 

downregulated. 14-3-3 ζ/δ and AKT both are centrally located in a cluster of altered proteins 

in SMA. The central hub between both clusters is B-RAF. One hypothesis states a potential 

beneficial effect of an additional treatment to correct some of these altered pathways along 

with SMN protein level restauration. To enhance B-RAF and 14-3-3 ζ/δ levels in primary, 

embryonic spinal cord cells in vitro, an AAV2/1_syn_B-RAF_3xFlag and an AAV2/1_syn_14-3-

3-ζ/δ_3xFlag were produced and utilized. Control cells were transduced with an 

AAV2/1_syn_dTomato construct. AAV expression was proofed by immunochemistry. A 

significant difference between the AAV2/1_syn_B-RAF_3xFlag together with AAV2/1_syn_14-

3-3-ζ/δ_3xFlag compared to AAV2/1_syn_dTomato transduced cells in p-ERK levels were 

observed, whereas no differences between genotypes (SMA/heterozygous) or different AAV 

transductions was seen in B-RAF and ERK levels. The significant lower amount of p-ERK in SMA 

cells transduced with AAV2/1_syn_B-RAF_3xFlag together with AAV2/1_syn_14-3-3-

ζ/δ_3xFlag compared to heterozygous control cells might be due to an already existent hyper-

activation of ERK in SMA mice.  

In this thesis it was shown that it is possible to perform an intrathecal injection in SMA mice 

under cryoanesthesia. Furthermore, a difference in phosphorylation of the ERK protein 

between SMA and heterozygous murine, primary spinal cord cells after transduction with an 

AAV2/1_syn_B-RAF_3xFlag in combination with an AAV2/1_syn_14-3-3-ζ/δ_3xFlag was 

observed. 
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6.0  Zusammenfassung 

 

Maria Antonia Joseph 

Applikation von Antisense-Oligonukleotiden und Adeno-assoziierten Viren in einem Modell 

der Spinalen Muskelatrophie (SMA) 

 

Die Spinale Muskelatrophie (SMA) ist eine autosomal-rezessiv vererbte Erkrankung, die meist 

schon im Kindesalter auftritt. Aufgrund einer Deletion oder Mutation im Survival of 

Motoneuron 1 (SMN1)-Gen wird kein funktionsfähiges Survival of Motoneuron (SMN)-Protein 

gebildet. Dieses SMN-Protein ist bereits für die Frühentwicklung aller Säugetiere essenziell. 

Der Mensch besitzt als einziger Säuger eine nahezu identische Genkopie, das SMN2-Gen, 

welches ebenfalls für das SMN-Protein codiert. Im Exon 7 des SMN2-Gens befindet sich eine 

C zu T Transition, die dazu führt, dass dieses Exon in 90 % der Spleißingvorgänge 

herausgeschnitten wird. Dadurch wird ein verkürztes, nicht-funktionsfähiges SMN-Protein 

translatiert. In 10 % der Fälle wird ein korrekt gespleißtes SMN-Protein gebildet, welches das 

Überleben des Embryos gewährleistet. Diese Proteinmenge reicht jedoch nicht aus, um alle 

SMN-abhängigen physiologischen Vorgänge im Organismus aufrecht zu erhalten. Da der 

Bedarf an SMN-Protein während der Embryonal- und Kleinkindphase in den α-Motoneuronen 

des Rückenmarks und Hirnstamms erhöht ist, treten zuerst Symptome in Form einer 

Muskelatrophie durch die Degeneration dieser Motoneurone auf. Es sind jedoch auch 

periphere Organe betroffen. Das SMN-Protein wird ubiquitär im Körper benötigt, da es unter 

anderem eine generelle Rolle in Spleißing-Prozessen von Zellen spielt, in dem es Komplexe mit 

„small nuclear ribonucleoproteins“ (snRNP) bildet. 

Abhängig vom Alter beim Auftreten der ersten Symptome und den motorischen Fähigkeiten, 

die ein Patient erlangt, lassen sich fünf verschiedene SMA-Subtypen klassifizieren. Bei SMA 

Typ 0 lässt sich schon beim Fetus eine reduzierte Bewegung beobachten. Das Kind verstirbt 

meist um den Geburtszeitpunkt herum. Der häufigste SMA-Typ ist Typ 1. Innerhalb der ersten 

zwei Lebensmonate zeigen betroffene Kinder Symptome wie eine adduzierte Haltung der 

Beine in Rückenlage und ein Unvermögen, den Kopf selbst zu halten oder eigenständig zu 

sitzen. Im weiteren Verlauf sind unter anderem der Gastrointestinal- und Respirationstrakt 

betroffen. Innerhalb von zwei Jahren versterben diese Kinder. SMA Typ 2 und 3 zeichnen sich 
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durch ein höheres Alter bei Eintritt der ersten Symptome sowie durch einen milderen 

Krankheitsverlauf aus. Bei SMA Typ 2 treten erste Symptome einer Muskelatrophie zwischen 

dem 6. und 18. Lebensmonat auf. Diese Kinder können das Erwachsenenalter erreichen und 

selbstständig sitzen, jedoch nicht laufen. SMA Typ 3 zeichnet sich durch einen Beginn der 

Symptome innerhalb der ersten drei Lebensjahre aus. Die betroffenen Kinder können das 

Laufen erlernen, verlieren diese Fähigkeit aber im Lauf ihres Lebens wieder. Sowohl bei Typ 2 

als auch bei Typ 3 SMA Patienten kann es auf Grund der Muskelatrophie zu Verkrümmungen 

der Wirbelsäule kommen. Der mildeste SMA Typ wird auch als adult-onset Form bezeichnet. 

Die Symptome treten erst im Erwachsenenalter auf und die Patienten zeigen eine Schwäche 

in den Extremitäten. 

Seit 2017 gibt es die Möglichkeit, SMA ursächlich zu behandeln und nicht nur palliativ die 

Symptome zu mildern. Ein Antisense-Oligonukleotid 10-27 (ASO 10-27), welches an den 

„Intronic-splicing-silencer-1“ (ISS-N1) der prä-mRNA des SMN2-Gens bindet und dadurch das 

Herausspleißen des Exon 7 verhindert, führt zu einer höheren SMN-Proteinmenge. Dadurch 

kann die Schwere der Erkrankung deutlich abgemildert werden. Diese Therapie ist nicht für 

jeden SMA-Patienten geeignet. Zum einen besteht die Notwendigkeit einer wiederholten 

viermonatlichen intrathekalen Gabe, die sich bei Patienten mit Verkrümmungen der 

Wirbelsäule unter Umständen nur schwer durchführen lässt. Außerdem wird die SMN-

Proteinmenge ausschließlich im zentralen Nervensystem (ZNS) erhöht, da ASOs nicht die Blut-

Hirn-Schranke (BHS) passieren können. 2019 wurde ein weiterer Wirkstoff für die Behandlung 

der SMA zugelassen. Hierbei handelt es sich um ein Adeno-assoziiertes Virus des Serotyps 9, 

das die cDNA des SMN1 Gens enthält. Mit Hilfe des Virus gelangt die cDNA nach intravenöser 

Infusion in alle Zellen des Körpers und erhöht so die SMN-Produktion. Diese Therapie ist für 

Patienten mit einer biallelischen Mutation im SMN1-Gen zugelassen, bei denen entweder die 

Diagnose SMA Typ 1 gestellt wurde oder die bis zu drei SMN2-Genkopien besitzen. Des 

Weiteren dürfen Patienten bei Gabe einen bestimmten AAV-Antikörpertiter nicht 

überschreiten. Außerdem ist die produzierte SMN-Menge, die durch Therapie induziert wird, 

nicht vorhersehbar. Dies ist unter Umständen auf lange Sicht problematisch, da es im 

Mausmodell erste Hinweise auf negative Auswirkungen durch zu hohe SMN-Spiegel gibt. Zu 

hohe SMN-Proteinmengen führten zu den gleichen Symptomen, die durch zu geringe SMN-

Proteinmengen hervorgerufen werden. Der zuletzt zugelassene Wirkstoff zur Behandlung der 
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SMA ist ein small molecule, das den Spleißingvorgang korrigiert. Im Unterschied zu dem ASO 

10-27 interagiert es aber mit dem Spleißingenhancer 2 (ESE-2). Dieses Medikament wird oral 

verabreicht und wirkt damit auch systemisch. 

Alle drei zugelassenen Medikamente zur Therapie der SMA erhöhen die Menge des SMN-

Proteins. Allerdings lassen sich noch weitere pathophysiologische Veränderungen in 

Mausmodellen und Patientengeweben feststellen, die nicht durch Erhöhung der SMN-Menge 

korrigiert werden. Eine Inhibition des Rho/ROCK-Signalweges führte im SMA-Mausmodell zu 

einem längeren Überleben und einer verbesserten Ausbildung der neuromuskulären 

Endplatten. In Zellkultur konnte ein vermehrtes Auswachsen von Neuriten unter ROCK-

Inhibition festgestellt werden. Zwei weitere Signalkaskaden, die in der SMA verändert sind, 

sind der ERK-Signalweg, der zum MAP-Kinaseweg gehört, und der AKT-Signalweg, der zum 

PI3K-Signalweg gehört. Sowohl AKT als auch ERK sind bei der SMA überaktiviert. ROCK- und 

ERK-Signalwege interagieren miteinander und beeinflussen sich gegenseitig. B-RAF und 14-3-

3 ζ/δ sind Bestandteile des MAP-Kinase-Signalweges. Beide Proteine sind in primären 

Fibroblasten von Patienten und im Rückenmark von SMA-Mäusen herunterreguliert. Das B-

RAF Protein stellt zudem eine zentrale Verbindung zwischen zwei Proteinclustern aus 

veränderten Proteinen bei SMA-Mäusen dar. Das eine Cluster bildet sich um AKT, während 

das andere Cluster 14-3-3 ζ/δ im Zentrum hat. Des Weiteren kann B-RAF über eine 

Signalkaskade ERK aktivieren, welches im SMA-Mausmodell hyper-aktiviert ist. 

Da durch ein ASO 10-27 die SMN-Proteinmenge nur im ZNS erhöht wird, kann erwartet 

werden, dass in peripheren Organen, in denen die SMN-Menge nicht erhöht ist, pathologische 

Veränderungen feststellbar sind. Daher wurden im Rahmen dieser Arbeit murine, primäre 

embryonale Rückenmarkszellen mit einem ASO 10-27 transfiziert, um dessen Wirkung 

nachzuweisen. Es konnten keine signifikanten Erhöhungen in den B-RAF-, p-ERK-, ERK- oder 

SMN-Proteinmengen festgestellt werden. Da das ASO 10-27 aber nachweislich bei Patienten 

wirkt, wurde eine Methode etabliert, um unter Cryoanästhesie eine intrathekale 

Applikationen des ASOs bei Mäusen am Postnataltag 1 durchzuführen. Hierbei soll der 

Applikationsweg beim Menschen nachgebildet werden. In der Regel werden die Medikamente 

in das ZNS bei so jungen Tieren über eine intracerebroventrikuläre Injektionsmethode 

appliziert. 
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Da auch andere pathophysiologische Veränderungen, die nicht direkt mit einem SMN-Mangel 

zusammenhängen, bei einer SMA-Erkrankung auftreten, ist die zweite Hypothese der Arbeit, 

dass es einen additiven positiven Effekt gibt, wenn neben der Erhöhung der SMN-

Proteinmengen auch diese pathophysiologischen Veränderungen therapiert werden. In dieser 

Arbeit wurde untersucht, wie sich eine Erhöhung der B-RAF- und 14-3-3 ζ/δ-Proteinspiegel auf 

murine, embryonale Rückenmarkszellen auswirkt. Zunächst wurden drei Adeno-assoziierte 

Viren produziert, die entweder die cDNA für B-RAF, 14-3-3 ζ/δ oder dem Fluorophor tdTomato 

enthielten. Die Funktionalität der produzierten AAVs wurde in murinen embryonalen 

Rückenmarkszellen nach Transduktion der Zellen mittels einer Immunzytochemie 

nachgewiesen. Es wurden keine Unterschiede in der Expression von B-RAF und ERK zwischen 

den zwei Genotypen (SMA beziehungsweise heterozygot) oder zwischen den zwei 

verschiedenen AAV-Transduktionen (AAV-B-RAF + AAV-14-3-3 ζ/δ bzw. AAV-tdTomato) 

beobachtet. Im Gegensatz dazu konnten deutliche Unterschiede in den p-ERK-Mengen 

beobachtet werden. Die p-ERK-Menge der heterozygoten Kontrolltiere war in den 

AAV2/1_syn_B-RAF_3xFlag + AAV2/1_syn_14-3-3-ζ/δ_3xFlag-transduzierten Zellen deutlich 

höher als in den AAV2/1_syn_dTomato-transduzierten Zellen. Gleichzeitig war kein 

Unterschied in den Zellen der SMA-Tiere zwischen den zwei verschiedenen Transduktionen zu 

messen. Diese Experimente zeigen, dass ERK in SMA-Tieren unabhängig von B-RAF und 14-3-

3 ζ/δ stärker phosphoryliert ist. Zusammenfassend konnte in dieser Arbeit gezeigt werden, 

dass es möglich ist im SMA-Mausmodell unter Cryoanästhesie intrathekale Applikationen 

durchzuführen und das in einem In-vitro-SMA-Modell die Phosphorylierung des ERK-Proteins 

verändert ist. 
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8.0 Abbreviation 

Table 19: Abbreviation  

°C Degree Celsius 

µg microgram 

µM micromole 

µm micrometer 

AAV Adeno-associated virus 

AD Alzheimer disease 

AKT Protein kinase B 

ALS Amyotrophic lateral sclerosis 

APS Ammoniumperoxodisulphate 

ASO Antisense oligonucleotide 

BBB Blood brain barrier 

BDNF Brain-derived neurotrophic factor 

bp Base pair 

BSA Bovine serum albumin 

C Cytosine 

CaMK2 calmodulin-dependent protein kinase 2 

cap Capsidation gene of an AAV 

cDNA Complementary DNA 

CNS Central nervous system 

CNTF Ciliary neurotrophic factor 

CREB cAMP response element binding protein 

DAPI 4’,6-diamin-2-phenylindol 

DIV Day of in vitro 

DNA Desoxyribonucleinacid 

DNA-PKcs serine/threonine kinase of the PI3K family 

E 12.5 Embryonal day 12.5 

E. coli  Escherichia coli 

eGFP Enhanced green fluorescent protein 

EDTA Ethylendiamintetraacetat  
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Elk-1 ETS-like protein 1 

EMA European medical agency, EU 

ERK Extracellular-signal regulated kinase 

ESE2 Exonic splicing enhancer 2 

FCS Fetal calf serum 

FDA Food and drug administration, USA 

FGFR-1 fibroblast growth factor receptor tyrosine 

kinase 1 

FUBP1 Far upstream element-binding protein 1 

g Gravitation  

GAPDH Glycerinaldehyde-3-phosphate-

dehydrogenase 

Grb2 groeth-factor-receptor-bound-2 

GNDF Glial-derived neurotrophic factor 

h hour 

HD Huntington’s disease 

HEK Human embryonal kidney cells 

hnRNP Heterogeneous nuclear ribonucleoproteins 

HRP Horseradish peroxidase 

ICC immunocytochemistry 

ICV Intracerebroventricular injection 

IGF insulin-like-growth factor 

ISS-N1 intronic splicing silencer 1 

ITR Inverted terminal repeat  

JNK Janus kinase 

kDa Kilo Dalton 

KHSRP KH-type splicing regulatory protein 

LAVES Lower Saxony State Office for Consumer 

Protection and Food Safety 

MAP Mitogen-activated protein 

MAPK MAP-kinase 
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MAPKKK mitogen-activated protein kinase kinase 

kinase 

MEK Tyrosine/Threonine kinase 

min minute 

mL Milliliter  

mM millimolar 

MN motoneuron 

MND Motoneron disease 

mRNA Messenger RNA 

NaCl Sodium chloride 

NGF Neuronal growth factor 

NGS Normal goat serum 

nm nanometer 

NMDA N-methyl-D-aspartate 

NMJ Neuromuscular junction 

NTF Neurotrophic factor 

ORI Origin of replication 

P 1 Postnatal day 1  

pAAV AAV coding plasmid 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PEI Polyethylenimine 

Pen/Strep Penicillin/Streptomycin 

p- phospho- 

p53 Protein 53 

PD Parkinson disease 

p-ERK phospho-ERK 

PFA Paraformaldehyde 

PTEN Phosphatase and Tensin Homolog deleted 

on chromosome 10 

PI3K Phosphoinositid-3-kinase 
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PLL Poly-L-lysine 

pmol picomolar 

PNS Peripheral nervous system 

Pre-mRNA Precursor-mRNA 

PRL Prolactin 

RAF Rapidly accelerated fibro sarcoma  

RAS Rat sarcoma 

rep Replication gene of an AAV 

RNA Ribonucleic acid 

RNP Ribonucleic protein 

ROCK Rho kinase 

rpm Rounds per minute 

RT Room temperature 

S + number Serine 

scAAV Self-complementary AAV 

SDS Sodium dodecyl sulfate 

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

SEXT Senataxin 

SMA Spinal muscular atrophy 

SMN Survival of the motoneuron  

SMNΔ7 SMN missing exon 7 

snRNP Small nuclear ribonucloprotein 

SOD Superoxide dismutase 

SOS Son-of-sevenless 

STAS Human Stasimon 

STAT signal transducer and activator of 

transcription 5 

T Thymine 

TBE Tris-borate-EDTA 

TBS-T TRIS-buffered saline with tween 

TEMED Tetramethylethylendiamin 
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TIA-1 T-cell-restricted intracellular antigen-1 

TRIS Tris(hydroxymethyl)-aminomethan 

V volt 

V1 Virion protein 1 

WPRE Woodchuck Hepatitis virus 

posttranscriptional regulatory element 

wt Wild type 

ZPR1 zink finger protein 1 
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