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Abstract 

 Spinal muscular atrophy (SMA) is the most commonly inherited neurodegenerative 

disease that leads to infant mortality worldwide. There are no known cures for SMA, but 

small increase in protein levels of SMN can be beneficial. We have developed adenoviral 

(Ad) vectors that express a human transgene of SMN and have tested their safety in vitro. We 

have demonstrated that these viruses can effectively express the transgene following cell 

entry and that the levels are relative to the virus dose. The viruses do not appear to impact the 

health and function of the cells, and are capable of increasing the number of Gems. We also 

attempted to change the tropism of the viruses through fiber protein modifications in order to 

target muscles and motor neurons. Our results suggest that a therapy based on an Ad-SMN 

fiber-modified vector may ultimately be successful in treating patients of SMA.  
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Chapter 1 - Introduction 

1.1 General Introduction 

1.1.1 What is SMA? 

Spinal Muscular Atrophy (SMA) is the most commonly inherited neurodegenerative 

disease that leads to infant mortality worldwide (Markowitz, Singh, & Darras, 2012; Roberts, 

Chavez, & Court, 1970). Approximately 1 in every 6000-10000 live births are affected by a 

form of the disease and the general population has a carrier frequency near 1 in 50 

(McAndrew et al., 1997; Melki, 1997; Pearn, 1978). SMA is caused by a reduction in levels 

of full-length survival motor neuron (SMN) protein. The reduction in full-length SMN levels 

is caused by a homozygous deletion or mutation within the SMN locus (Lefebvre et al., 

1995). Due to a duplication event during human evolutionary history, humans possess two 

copies of the SMN gene on the long arm of chromosome 5. The telomeric copy, called SMN1, 

is the main source of full-length SMN protein in healthy individuals and it is the mutated 

locus in diseased individuals. In 95% of cases, SMN1 loss is caused by a homozygous 

deletion (Lefebvre et al., 1995; Rodrigues et al., 1995); but nonsense, frameshift, or missense 

mutations have also been reported (Burghes, 1997; DiDonato et al., 1997; Lefebvre et al., 

1995; Parsons et al., 1998). These mutations are mostly found in the Tudor-domain (Kotani 

et al., 2007; Sun et al., 2005; Zapletalova et al., 2007) or YG-box sequences (Lorson et al., 

1998; Pellizzoni, Charroux, & Dreyfuss, 1999; Shpargel & Matera, 2005; Wan et al., 2005). 

Additionally, in patients who possess a copy of SMN1, small deletions and/or point mutations 

have been identified (Martin, Valero, del Castillo, Pascual, & Hernandez-Chico, 2002). The 

centromeric copy, SMN2, differs from the telomeric copy by only five nucleotides. A 

Cytosine to Thymidine transition at the sixth position of exon seven changes the nature of the 
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mRNA splice site and causes the total loss of exon seven (Figure 1.1). The skipping of exon 

seven is the result of either a loss of an exon-splicing enhancer and/or the gain of an exon-

splicing silencer (Cartegni & Krainer, 2002; Kashima & Manley, 2003). The truncated 

protein, called SMN!7, cannot compensate for all functions of the full-length protein, is 

relatively unstable and is rapidly degraded (B. G. Burnett et al., 2009; Lorson, Hahnen, 

Androphy, & Wirth, 1999; Monani, Lorson, et al., 1999). The instability of the truncated 

SMN2 protein is caused by the creation of a degradation signal when exon 7 is excluded 

during transcription (Cho & Dreyfuss, 2010). The modified exon splicing site, however, does 

not affect all transcripts from SMN2. Whereas the SMN1 gene produces 100% of the full 

length protein, 5-10% of the mRNA transcripts from SMN2 retain exon 7, giving rise to 5-

10% full length SMN protein (Sumner et al., 2006; Wirth et al., 2006). To further illustrate 

the important role of SMN2, there exists a population of individual who are asymptomatic but 

who lack SMN1 (Mailman et al., 2002; Prior, Swoboda, Scott, & Hejmanowski, 2004). This 

population remains disease free due to increase dosage from SMN2.  
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Figure 1.1 - The genetic basis of SMA. Due to a duplication event during human evolution, 
there are two copies of the SMN gene on the long arm of chromosome 5. The telomeric copy, 
termed SMN1, is the main source of full-length SMN protein in healthy individuals. The 
centromeric copy, SMN2, differs from SMN1 by only five nucleotides. A transition (C to T) 
at the sixth position of exon seven changes the nature of the mRNA splice site and leads to 
preferential exclusion of exon seven from the mature mRNA. The resulting protein, SMN!7, 
cannot compensate for all functions of the full-length protein, and is also rapidly degraded. 
Only 5-10% of the mRNA transcripts from SMN2 retain exon 7, thus giving rise to 5-10% 
full-length SMN protein from this gene. Patients affected by SMA have mutations that 
eliminate SMN1, and the amount of full-length protein produced from SMN2 is insufficient to 
prevent development of SMA. Based on figure by Wirth et al. (Wirth et al., 2006). 
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1.1.2 Disease pathogenesis 

 The different types of SMA, their age of onset as well as certain diagnostic features 

are summarized in Table 1.1. Since the levels of full length SMN can be varied, the absolute 

copy number of SMN2 correlates the severity of SMA. In short, more copies of SMN2 mean 

more full-length protein, which in turns leads to a decrease in disease severity (Lefebvre et 

al., 1997; Zapletalova et al., 2007). The most severely affected infants are affected by Type 0 

SMA. This type of SMA is rarely seen as the pregnancies are not usually carried to term 

(Dubowitz, 1999; MacLeod, Taylor, Lunt, Mathew, & Robb, 1999). Type 1 SMA, or 

Werdnig-Hoffman disease, is the most severe type of SMA affecting children. Most of these 

patients are never able to sit and generally succumb to complications of their disease within 

the first three years of life. Studies have demonstrated that approximately 70% of all children 

affected by Type 1 SMA have two copies of the SMN2 locus (Wirth et al., 2006). As 

demonstrated in Table 1.1, patients categorized as Type II or Type III (Kugelberg-Welander 

disease), while still being described as childhood SMAs, have less severe manifestations of 

the disease and later ages of onset, ranging from under 18 months to over 3 years of age 

(Munsat & Davies, 1992; Pearn, 1980). Approximately 82% of Type II patients have three 

copies of SMN2 (Wirth et al., 2006). On the other hand, Type III patients have between three 

and five copies of SMN2; the higher copy number is correlated with a reduced disease 

severity and a later age of onset (Mailman et al., 2002; Ogino, Gao, Leonard, Paessler, & 

Wilson, 2003; Uchida et al., 2012). Finally, the adult onset SMA, Type IV, doesn’t generally 

develop before 30 years of age. Adult patients normally present with very mild forms of 

distal limb muscle atrophies (Pearn, 1978), and genetic studies demonstrated that they have 

between 4 and 6 copies of SMN2 (Wirth et al., 2006). 
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Table 1.1 Classification of the different types of Spinal Muscular Atrophies, age of 
onset, copies of SMN2, and the diagnostic features linked to each 

SMA Type Age of onset Copies of SMN2 Diagnostic features 
 

Type 0 Prenatal N/A 

Reduced movement 
in utero. Early 
neonatal death. 
 

Type I (Werdnig-
Hoffman disease) Less than 6 months 70% of patients have 

2 copies 

Never able to sit. 
Death within three 
years. 
 

Type II  Less than 18 months 
 

82% of patients have 
3 copies 
 

Cannot sit or walk 
unaided 
 

Less than  36 months 62% of patients have 
2-3 copies Type III (Kugelberg-

Welander disease) Over 36 months 
65% of patients have 
4-5 copies 
 

Can walk unassisted 

Type IV Adulthood 4-6 copies Mild proximal 
muscle weakness 
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1.1.3 SMN: Protein and Function 

 The SMN protein is 38 kDa and is found within the cytoplasm and nucleus of all cells 

(Burlet et al., 1998; Coovert et al., 1997). In the nucleus, SMN oligomerizes, then interacts 

with the gemin group of proteins, as well as other protein, to form a multiprotein structure 

called gemini of coiled bodies or “gems” (Q. Liu & Dreyfuss, 1996). Furthermore, these 

structures are involved in the cytoplasmic assembly of small nuclear ribonucleoprotein 

complexes (Paushkin, Gubitz, Massenet, & Dreyfuss, 2002) and thus with the processing of 

pre-mRNA (Pellizzoni, Kataoka, Charroux, & Dreyfuss, 1998; Z. Zhang et al., 2008). The 

YG box, found on the C-terminus, mediates SMN oligomerization (Q. Liu, Fischer, Wang, & 

Dreyfuss, 1997; Lorson et al., 1998). Mutations in the domain affecting this characteristic 

have been described in SMA patients (Lorson et al., 1998; Pellizzoni et al., 1999). The Tudor 

domain mediates the interactions with SmB and fibrillarin (the other factors in the formation 

of snRNPs) and mutations in the SMN1 gene have been detected in patients abrogating this 

ability (Kotani et al., 2007). Gems are found in close proximity to Cajal bodies, which are 

identifed by positive staining with p80-coilin (Young et al., 2001; Young, Le, thi Man, 

Burghes, & Morris, 2000). For patients affected by SMA, tissue staining showed that a 

decrease in the number of gems in the nucleus of cells is proportional to the severity of the 

disease symptoms. In fact, studies have demonstrated that fibroblasts from Type I SMA 

patients have few or no gems (Coovert et al., 1997).  

 In the cytoplasm of cultured neurons, SMN is found in granules in the axons and 

growth cones (Fan & Simard, 2002). However, these granules have yet to be observed 

definitively in vivo in neurons (Briese, Esmaeili, & Sattelle, 2005). Despite the absence of 

granules, there is significant evidence to establish that SMN is abundantly found at the 
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growth cone of motor neurons as well as in the postsynaptic portion of the neuromuscular 

junction (NMJ) in muscle (Fan & Simard, 2002; H. Zhang et al., 2006; H. L. Zhang et al., 

2003). SMN is involved in the transport of "-actin mRNA to neuronal growth cones (Todd, 

Morse, et al., 2010; Todd, Shaw, Morse, Stebbings, & Young, 2010; H. Zhang et al., 2006) 

through its interaction with hnRNP-R (heterogenous nuclear ribonucleoprotein) (Rossoll et 

al., 2002). SMN can also modulate the RhoA/ROCK (Ras homolog gene family member 

A/RhoA kinase) pathway through its relationship with profilin II (Bowerman et al., 2009; 

Bowerman, Shafey, & Kothary, 2007). Taken together, this points to a role for SMN in motor 

axon outgrowth through its ability to regulate actin dynamics (Bowerman et al., 2009; Boyer, 

Bowerman, & Kothary, 2010). Recent evidence demonstrated that SMN could directly 

modulate the levels of certain mRNA transcripts, such as the arginine methyltransferase 

CARM1 (Sanchez et al., 2013). Furthermore, SMN protein levels can affect which species of 

a certain mRNA are dominant, such as the ubiquitin specific peptidase like 1 (Uspl1) protein 

(H. Liu, Shafey, Moores, & Kothary, 2010). Based on the evidence, it is obvious that reduced 

concentrations of SMN protein can severely affect multiple functions that are intrinsic to the 

normal functioning of cells. However, it is not clear which of these functions is the primary 

deficit in SMA, or even if perhaps the disease is caused by some other as yet uncharacterized 

function of SMN protein.  

1.1.4 Animal models 

 It is important to understand the differences between the animal models that are 

commonly used in the study of SMA, since each has its advantages and disadvantages. Each 

model can yield important insights into disease pathogenesis. They can also provide an in 

vivo testing ground for therapeutics or as drug screens for disease modifiers.  
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The most commonly used animals are rodent models. Mice genetically only have one 

copy of the SMN gene and knockout animals of the single gene are not viable (Schrank et al., 

1997). When the SMN gene is disrupted in otherwise wild-type mice, the resulting embryos 

reach the morula stage but do not implant. The initial survival of the embryos is due to the 

presence of residual maternal SMN protein and their death coincides with the depletion of 

this stock (Schrank et al., 1997). To circumvent this lethality, models have been created that 

express human SMN2 transgenes, in order to supply small amounts of SMN protein 

simultaneous to the knock out of the endogenous gene (Hsieh-Li et al., 2000; Monani, 

Coovert, & Burghes, 2000). This model, named SMN-/-;SMN2 allows mice pups to come to 

term, but they mimic very severe SMA. Disease onset normally occurs at post-natal day 2 

(P2), with death from symptoms at P6/7 (Monani et al., 2000). Interestingly, the expression 

level of SMN2 in the spinal cord is dramatically reduced when compared to other tissues, 

indicating the potential presence of tissue-specific gene modifiers (Hsieh-Li et al., 2000). A 

second slightly less severe model was created to extend the lifespan of the mice by 

approximately another week. By adding a human SMN cDNA transgene lacking the seventh 

exon, the onset of symptoms was delayed, allowing for a longer manipulation period. This 

delayed onset severe model was named SMN-/-;SMN2;!7  (Le et al., 2005) or Delta7 (!7). 

Even with the slight delay in onset, the window for assessing the effectiveness of 

therapeutics still remains rather small. Fortunately, a mutant allele of SMN termed SMN2B 

was recently described (DiDonato et al., 2001; Hammond et al., 2010). In brief, the 

endogenous mouse SMN allele contains a three nucleotide substitution in the exon splicing 

enhancer of exon 7. This allele preferentially produces SMN mRNA lacking exon 7. When 

this allele is present in conjunction with a null allele, the resulting mice (SMN2B/-) express an 
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intermediate phenotype (Bowerman et al., 2009; Bowerman, Beauvais, Anderson, & 

Kothary, 2010; Bowerman, Murray, Beauvais, Pinheiro, & Kothary, 2011; H. Liu et al., 

2010), remaining phenotype-free until post-natal day 10 (P10) and have a median life 

expectancy of 28 days. This will become a very important model to test therapies as the 

delayed onset facilitates animal handling during procedures and improvements in movement 

and lifespan are easily notable. 

On the other hand, invertebrate models are useful models to mimic human 

neurogenetic disorders (Muqit & Feany, 2002). Chan et al. (Chan et al., 2003) described a 

naturally occurring Drosophila model. This mutant expressed very low levels of SMN in its 

progeny due to residual zygotic expression of the maternal gene. Most importantly, this 

model closely mimics human degeneration. Finally, the same type of naturally occurring 

mutants with maternal zygotic expression was described in zebrafish (Boon et al., 2009). The 

resulting phenotype is similar to that found in the Drosophila model, as well as in human 

patients.  Finally, an SMN orthologue was found in Caenorhabditis elegans. When this gene 

is knocked-out, subsequent progeny develop defect in germ cell maturation as well as 

locomotive defects (Miguel-Aliaga et al., 1999).  

Despite the wealth of abundance in animal models to study SMA and to help develop 

therapeutic, there lacks an overall conformity in the methods used to develop these animals. 

This leads to a disparity in the results obtained between, for example, two different animal 

models. Therefore, it is crucial to critically analyze results and keep in mind the methods in 

which they were obtained (Burghes & Beattie, 2009). 
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1.1.5 Disease manifestations 

 The majority of research up to date has focused on the effects of reduced levels on the 

development function, and maintenance of the motor neuron. At the molecular level, several 

genes are aberrantly spliced in mouse models of SMA (H. Liu et al., 2010; Lotti et al., 2012; 

Pellizzoni et al., 1998; Z. Zhang et al., 2008). In the severe mouse models of SMA, motor 

axon development and axonal outgrowth is normal until embryonic day 10.5 demonstrating 

that lack of SMN does not affect the early stages of neuronal development. As the mice age, 

there is an increase in synapses lacking motor axon input. Eventually, NMJ denervation leads 

to motor neuron death (McGovern, Gavrilina, Beattie, & Burghes, 2008). Structurally, these 

mice presented with poor terminal arborization and aberrant aggregation on intermediate 

filaments in the neurons (Kariya et al., 2008). It has been suggested that these two defects 

could serve as early biomarkers of the disease. Functionally, the NMJs remained enervated, 

however, the motor neurons were victims of abnormal synaptic transmission (Kariya et al., 

2008; Kong et al., 2009). A leading cause of this abnormality was the reduction in the 

probability of vesicle release (Kong et al., 2009). More recently, the lack of SMN protein led 

to a reduction in NMJ plasticity and remodelling following induced paralysis in the SMN2B/- 

mouse model (Murray, Beauvais, Bhanot, & Kothary, 2012). Remodelling failed due to a 

lack of nerve-directed re-organization of the acetylcholine receptors (AChR) at the NMJ, 

which is most likely, a result of a decreased rate in axonal growth. While SMA remains 

primarily a disease of the motor neurons, continual research as well as breakthroughs in 

lifespan extension of patients and animal models has uncovered evidence for the involvement 

of other tissues.  
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Recent work has demonstrated that there is a disruption in the connection between 

proprioceptive neurons and motor neurons (Mentis et al., 2011). Proprioceptive neurons are 

important in the grand scheme of things, as they are the neurons that provide sensory signals 

to motor neurons. Furthermore, they appear to be affected earlier than motor neurons in the 

progression of the disease. These observations would suggest that the original defects in 

SMA might originate in this subset of neurons, contrary to popular opinion. On the other 

hand, restoring SMN expression in motor neurons specifically eliminated any signs of 

disease progression (Gogliotti et al., 2012). This includes the maintenance of the synaptic 

connection between proprioceptive and motor neurons. Thus, the deterioration of the 

connection between these two types of neurons is likely caused by the malfunction of motor 

neuron signalling. It is important to note however, that a reduction in SMN protein levels can 

affect other types of neurons during disease progression, either directly or indirectly. 

 A significant amount of data has been generated to make a case that reduced SMN 

protein levels also has an effect on normal muscle function and development (For review see 

(Boyer et al., 2010)). In vitro studies using C2C12 cells, highlighted several problems caused 

by artificial depletion of SMN protein (Shafey, Cote, & Kothary, 2005). In culture, the 

C2C12s proliferated at a slower rate without an increase in cell death. Furthermore, there 

were defects in myoblast fusion which caused myotube malformation. Most importantly, the 

severity of these abnormalities was directly correlated with the decrease in SMN dosage. 

These results were corroborated in SMA patient myoblasts (Martinez-Hernandez et al., 

2009), further cementing the potential muscle role in SMA disease pathogenesis. A follow up 

in vitro C2C12 study demonstrated that SMN directly interacted with key muscle proteins: 

annexin II and myosin regulatory light chain (Shafey, Boyer, Bhanot, & Kothary, 2010). 
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Taken together, these results demonstrated that SMN probably has muscle-specific roles that 

contribute to disease pathogenesis. Additionally, in the previous study describing motor 

neuron defects at the NMJ, it was also observed that there was a significant lack of 

maturation in the AChR clusters on the muscle side of the NMJ (Kariya et al., 2008). During 

development of the motor endplate, the adult form slowly replaces the foetal form of the 

AChR. This process is normally completed by P14 (Missias, Chu, Klocke, Sanes, & Merlie, 

1996). In the Kariya et al. (Kariya et al., 2008) study, this switch failed to occur. It was 

further characterized by the lack of the distinct “pretzel”-like shape of the mature NMJ. 

Unfortunately, muscle-specific expression of transgenic SMN protein in severe SMA mouse 

models only led to minor increases in lifespan (Gavrilina et al., 2008). In essence, normal 

muscle-specific levels of SMN protein are important for muscle function and maintenance, 

but they cannot circumvent the progression of the disease without sufficient expression in 

other key tissues.   

 Recently, several studies have implicated peripheral tissues in the pathogenesis of 

SMA: pancreatic islets, cardiac muscles, and hepatocytes. First, in the new SMN2B/- mouse 

model, pancreatic biopsies demonstrated that there was an inherent imbalance in the types of 

cells that composed the pancreatic islets (Bowerman et al., 2012). The imbalance favored 

glucagon producing #-cells to the detriment of insulin producing "-cells. Thus, the affected 

mice tended to be hyperglycemic, hyperglucagonemic, as well as glucose resistant. 

Significantly, post-mortem examinations of diseased Type I SMA children brought to light 

similar pancreatic cell fate abnormalities, which were matched to clinical observations of 

glucose intolerance in those children. Second, observations of the muscle cells defects 

previously discussed led to the discovery of heart defects, in the SMN!7 SMA mouse model 
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(Bevan et al., 2010; Gogliotti et al., 2012; Shababi et al., 2012). At P14, the mice had 

bradycardia, characterized by a decrease in heart contractility and dilated cardiomyopathy. 

As the pancreatic defects, this cardiac defect was also corroborated in severe SMA human 

patients (Rudnik-Schoneborn et al., 2008). It does remain unclear however what role, if any, 

a depletion of SMN protein plays in this heart phenotype. A likely explanation may be that as 

a result of the neuronal pathology, the cardiomyocytes are subject to reduced autonomic 

signalling, and this, more than the lack of SMN, results in the observed pathogenesis. Finally, 

the liver dysfunction was first noticed in Type I SMA patients (Millino et al., 2009). In this 

study, post-mortem gene expression analysis of Type I patients discovered that there was a 

major disruption of the insulin-like growth factor 1 (IGF-1) signalling pathway. 

Coincidentally, researchers who were attempting to develop an antisense oligonucleotide 

(AO) therapy for SMA found that the therapeutic was much more effective in severe SMA 

mice when administered systemically, compared to a direct central nervous system (CNS) 

injection (Hua et al., 2011). The AO had a propensity for accumulating in the liver and 

further testing led the researchers to find that there were reduced levels of circulating IGF-1, 

despite the fact that the liver gene expression was not affected. Eventually, it was established 

that a protein that stabilizes IGF-1, IGF-binding-protein acid labile subunit (IGFALS), was 

depleted in the affected mice.  

 All in all, the bulk of the studies enumerated here demonstrate that, although SMA 

can be principally thought of as a disease that affects motor neurons, there are other 

pathologies that occur in other tissues and cells that all contribute to the severity of the 

disease. These “secondary” defects, as well as other undiscovered deficiencies, will become a 

more prominent issue as the research helps extend the lifespan of severely affected 
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individuals (Bowerman et al., 2012). It also further illustrates the need for a therapy that not 

only restores SMN levels in neurons, but is available to all other tissues that may require it.  
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1.2 Development of novel therapies for treatment and disease management 

Despite the research and advancements in the field of SMA, there is still no cure for 

this devastating disease. In fact, the medical interventions are aimed at alleviating symptoms 

of respiratory distress, as well as provide nutritional and orthopedic support to the patients 

(B. G. Burnett et al., 2009). The most common physical symptom of SMA is respiratory 

insufficiency, due to the weakness of the muscles involved in breathing. For this reason, the 

use of ventilators has made a drastic difference in the lives of SMA patients (Iannaccone, 

2007). Most of the recent research in the field of SMA concentrates on developing new 

therapeutic options to treat and/or cure the disease. There are multiple avenues being 

investigated and they can be broken down into two main categories. The first option aims to 

modify the expression of SMN protein in order to increase the availability of full-length 

protein in cells and tissues. SMN-dependant therapies can be further broken down into gene 

and protein therapies. The other category of treatments does not involve modulating the 

levels of SMN protein. They achieve their benefits through enhancing motor neuron survival 

and/or function. In the scope of this thesis however, we will only discuss those therapies that 

concentrate on viral vectors and/or administration of purified therapeutic proteins. 

Over the years, several groups have successfully used gene therapy approaches to 

deliver a “good”, or replacement copy of SMN to tissue cultures or animal mouse models of 

SMA (Azzouz et al., 2004; DiDonato, Parks, & Kothary, 2003; Foust et al., 2010; Glascock, 

Osman, et al., 2012; Glascock, Shababi, Wetz, Krogman, & Lorson, 2012; Passini et al., 

2010; Valori et al., 2010). In the beginning, lentivirus (Azzouz et al., 2004) and adenovirus 

(Ad) (DiDonato et al., 2003) vectors were used as vehicles to deliver a full-length copy of the 

SMN gene to patient derived fibroblasts. This treatment effectively restored Gem counts in 
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the cells while at the same time helped re-localize Gemin2 protein to Gems. As previously 

discussed, the Gem count in patient cells is inversely proportional to disease severity. In 

essence, a higher Gem count is generally correlated with a less severe form of SMA. The 

lentivirus vector was further utilized in the treatment of SMN!7 mouse models. At P2, the 

mice received injections in several muscle groups and expression of SMN was restored in 

motor neurons through retrograde transport of the virus. Despite the subsequent prevention of 

motor neuron death, only a small increase of 38% in lifespan was observed in the treated 

mice (from 13 to 20 days for untreated and treated mice respectively) (Azzouz et al., 2004).  

More recently, several groups have achieved significant lifespan extension in animal 

models of SMA by using adeno-associated virus-based (AAV) vehicles (Foust et al., 2010; 

Passini et al., 2010; Valori et al., 2010). Using a self-complimentary adeno-associated virus 

serotype 9 (sc-AAV9), Valori et al. (Valori et al., 2010) injected P1 SMN!7 to deliver a 

codon-optimized copy of human SMN. As a result, approximately 80% of treated animals 

had a median lifespan extension to 69.1 days, when compared to 13.9 for untreated animals. 

As an added bonus, one mouse lived to more than 190 days. In this study, a one time facial 

vein injection restored SMN levels in muscle as well as the spinal cord of the animals and 

helped them outperform their untreated littermates in behavioural tests such as motor 

coordination, balance, gait analysis, and geotaxis. It is important to note however that there 

was significant accumulation of the virus in the animals’ hepatocytes. Despite this 

observation, no tests to verify liver function or availability of IGF-1 were performed. 

Another group achieved similar improvements in lifespan (from 13 to 199 days) by injecting 

the sc-AAV9 vector in the temporal vein (Dominguez et al., 2011). Additionally, Foust et al. 

(Foust et al., 2010), injected an sc-AAV9 virus intravenously in P1 SMN-/-;SMN2 animals. 
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These injections improved lifespan to above 250 days, when compared to 15.5 days for 

untreated controls, while restoring normal motor neuron function. In this study, the authors 

also aimed to determine whether there was a “window of opportunity” in which to provide 

treatment for the mice. The experiments were thus repeated with other litters at P5 and P10 

respectively. The mice treated at P5 only had partial correction of motor neuron function, 

while P10 treatment had very little effect, demonstrating that there is an opportune window 

for gene therapy in mice. A fourth group injected the mice at P0 with an sc-AAV8 vector 

directly into the CNS. As with the three previous studies, the animals’ lifespan was extended 

to more than 157 days. Furthermore, skeletal muscle physiology was restored, as evidenced 

by an increase in myofiber size as well as the recovery of a traditional NMJ structure. A 

comparison of delivery methods of an sc-AAV9-SMN vector, between intracranial and 

intravenous injections, in SMN!7 mice showed that intracranial injections yielded much 

larger lifespan extension. Animals given intracranial injections lived approximately 200 days, 

while those given intravenous injections lived only approximately 30 days (Glascock, 

Shababi, et al., 2012). When this study was repeated in the more severe SMN-/-;SMN2 

animal model, the results were much less impressive. Untreated animals lived approximately 

7 days, while the intravenous injections improved lifespan by 1 day and intracranial 

injections improved by 10 days (Gogliotti et al., 2012). In conclusion, gene replacement 

strategies are capable of restoring muscle and neuron functions while extending lifespan, 

even in the most severe mouse models. Furthermore, the therapies were more effective if 

they were delivered earlier and directly into the CNS. Going forward, these factors need to be 

taken into account when hatching a plan for the development of a successful gene therapy 

strategy for SMA. 
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 Obviously, other methods have been used in order to develop treatment regimens 

against SMA. These range from drugs that enhance the expression of full-length SMN and 

SMN!7 such as the synergistic combination of bortezomib (a ubiquitin proteasome system 

antagonist) and trichostatin A (a histone deacetylase inhibitor) (Kwon, Motley, Fischbeck, & 

Burnett, 2011), all the way to the use of embryonic stem cell-derived neural stem cells (Corti 

et al., 2008; Corti et al., 2010). However, as these were not viral vector based therapies, they 

fall beyond the scope of this thesis.  

1.2.1 Choosing an appropriate vector for the development of a therapeutic 

strategy against SMA 

Ad-based vectors have been used extensively in strategies for molecular targeted 

therapeutics. In fact, Ad vectors possess many characteristics that make them an ideal choice 

compared to other vector types. In a biological sense, Ad is able to efficiently transduce a 

variety of dividing and quiescent cells. This phenomenon occurs both in vivo and in vitro. 

Other important characteristics of Ads are their amenability to genetic modification, large 

genetic payload capacity, and their ability to produce high titers of high quality virus (Beatty 

& Curiel, 2012). In terms of clinical side effects, these vectors have an impressive safety 

record, even if very high doses can lead to acute toxicity (Schnell et al., 2001). Finally, the 

most commonly used Ad vector in gene therapy is the human serotype 5 (Ad5) (Beatty & 

Curiel, 2012). 

1.2.2 Drawbacks and potential pitfalls of gene therapy for the treatment of SMA 

Ad5 vectors have several advantages that can be utilized in the development of a 

successful treatment strategy. To our knowledge however, no studies have been performed to 

demonstrate the safety of high expression of the SMN protein delivered by a viral vector in 
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non-target tissues. As was previously discussed, sc-AAV9 viruses administered by 

intravenous injection accumulated in the liver of the mice (Valori et al., 2010). The same 

holds true for Ad5 viruses. In fact, following an intravenous injection, liver cells sequestered 

more than 80% of the viral particles(Guo, Wang, Eisensmith, & Woo, 1996). While it is true 

that liver functions are diminished in SMA animal models and that they would benefit from 

the presence of exogenous SMN protein, a concentration of the therapeutic in this organ 

raises some red flags.  

Evidence exists, in other disease models, demonstrating the first potential pitfall of a 

non-targeted gene therapy approach for the treatment of SMA. In a study evaluating the 

dangers of sustained high expression of short-harpin RNAs (shRNA) in hepatocytes, Grimm 

et al. (Grimm et al., 2006) found that several constructs caused dose-dependant liver injuries. 

Out of 49 tested constructs, 23 ultimately led to the demise of the test animals. The 

researchers determined that morbidity was associated with the downregulation of liver-

derived microRNAs (miRNAs), indicating possible competition of the latter with shRNAs 

for limiting cellular factors required for the processing of various small RNAs. This finding 

is doubly troubling in regards to the treatment of SMA because SMN protein is known to 

regulate the assembly of RNA protein complexes thus indirectly impacting the pre-mRNA 

maturation process. It is possible that over-saturation of hepatocytes with Ad expressing an 

SMN transgene could affect these pathways in a manner similar to the effects observed in the 

Grimm et al. (Grimm et al., 2006) study. A second dangerous hurdle when using Ad5 is the 

acute toxicity it occasionally causes when it is administered systemically (Schnell et al., 

2001). In non-human primates, it appears that the virus was sequestered in the Kuppfer cells 

of the liver immediately following a systemic injection. Furthermore, the injection caused a 
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systemic release of interleukin-6 (IL-6) which led to an acute activation of macrophages and 

dendritic cells, followed by massive apoptosis. Finally, the clinical observations did not 

change whether the virus used was live or inactivated, which led the researchers to conclude 

that the acute toxicity reaction was caused by an interaction with one or several viral capsid 

proteins. It is thus important, when developing a potential gene therapy strategy against 

SMA, to verify the safety of high transgene expression both in vitro and in vivo, as well as 

mitigate some of the negative immunological effects. One strategy to achieve this last goal is 

the modification of viral tropism. 
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1.3 Re-targeting of Adenovirus serotype 5 viral vectors 

1.3.1 Ad capsid structure 

 The human Ad virus has a 36-kb double stranded DNA genome, which is 

encapsulated by an icosahedral protein particle. Recent progress in the fields of X-ray 

crystallography and cryo-electron microscopy have allowed the scientific community to 

finely resolve the structural components of the Ad capsid (Fabry et al., 2005; Reddy, 

Natchiar, Stewart, & Nemerow, 2010; Saban, Silvestry, Nemerow, & Stewart, 2006). In total, 

the Ad capsid is composed of three major proteins: hexon, penton, and fiber; as well as 

several minor proteins: IIIa, VI, VIII, and IX. The hexon is the most abundant protein in the 

capsid. It is a homotrimeric protein and there are 720 copies in each virus. It’s principal role 

is structural, but there are hypervariable regions which are exposed and confer some serotype 

variation (R. M. Burnett, 1985). The penton protein is found at all the vertices (12 in total) 

and it is composed of a homopentamer. Each penton has an RGD motif (Arg-Gly-Asp), 

which is involved in virion internalization. In addition to it’s structural role, the penton also 

interacts with the last capsid component: the fiber protein (Beatty & Curiel, 2012). In the 

scope of this thesis, the most important capsid protein to consider is the fiber protein. Fiber is 

found as a homotrimer at each capsid vertex. It is noncovalently bound to the penton base by 

its N-terminus. The fiber protein is composed of two distinct subunits: a shaft domain and a 

globular knob domain. The knob domain is the primary cellular attachment site (Zubieta, 

Schoehn, Chroboczek, & Cusack, 2005) via its interaction with cell-surface receptors. 

Additionally, the length of the shaft domain can affect the virion’s ability to interact with cell 

receptors and to enter the cell (Shayakhmetov & Lieber, 2000). 
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1.3.2 Ad binding and internalization  

 There are two main steps that occur in order to bring a virion from the outside to the 

inside of a cell: 1) attachment of the virus to its primary receptor and 2) internalization via 

molecular interaction. High-affinity interactions between the fiber knob domain and the 

appropriate cell surface receptor start off the whole process. For Ad5, this receptor is the 

coxsackie and Ad receptor (CAR). For other receptors relevant to this thesis, see Table 2.1. 

CAR, a member of the immunoglobulin superfamily, is involved in the formation of tight 

junctions (Coyne & Bergelson, 2006; Philipson & Pettersson, 2004). After the initial 

attachment, cellular "v integrin proteins interact with the penton’s RGD motifs (Wickham, 

Mathias, Cheresh, & Nemerow, 1993), and induce cytoskeletal alterations that help bring the 

virion into the cell (Li, Stupack, Bokoch, & Nemerow, 1998; Li, Stupack, Klemke, Cheresh, 

& Nemerow, 1998). Eventually, the virus is internalized via a clathrin-coated vesicle, is 

fused to an endosome; the virus is released following endosomal acidification (Meier et al., 

2002) and travels to the cell nucleus in order to undergo viral replication.  

1.3.3 Re-targeting strategies for adenovirus 

 In SMA, the most affected tissues, motor neurons and muscles, are mostly refractory 

to Ad5 infection due to an apparent lack of CAR and/or "v integrin expression on the cell 

surface (Acsadi et al., 1994; Huard et al., 1995; Nalbantoglu, Pari, Karpati, & Holland, 

1999). Thus, if the target cells exhibit low levels of CAR, a therapy utilizing Ad5 will lead to 

high transduction of non-target cells, and low transduction of target cells: a recipe for failure.  

The affinity of Ad5 for the liver following a systemic injection is also of importance for the 

success of a gene therapy. This interaction occurs via hepatic Kupffer cell uptake (Tao et al., 

2001) and direct hepatocyte transduction, despite the observation that the liver does not have 



 23 

a high distribution of CAR receptors (Wood et al., 1999). As discussed, this preference for 

liver targeting can lead to liver toxicity when using Ad-based vectors. In order to improve the 

efficacy of a gene therapy strategy for SMA, the tropism of Ad5 can be modified to 

simultaneously target diseased cells/tissues, while de-targeting non-pathogenic cells/tissues 

and limiting biodistribution of the virus.  

 A successful liver de-targeting was achieved after the discovery of the internalization 

method of Ad by the liver (Kalyuzhniy et al., 2008; Waddington et al., 2008). These studies 

demonstrated that the virus hexon capsid protein binds to the blood factor X. This factor then 

interacts with heparin sulfate, a cell surface receptor in hepatocytes and leads to virion 

internalization. The de-targeting was achieved by changing the hypervariable region of Ad5 

with one native to Ad48. The newly acquired region does not interact with heparin 

sulfate/blood factor X and reduced virion uptake in the liver by a factor of 600. This is a 

good example of genetic modifications, which can be beneficial in the development of gene 

therapies. These genetic modifications can be of two main types: 1) the cloning of a targeting 

ligand into a protein of the Ad capsid, or 2) the swapping of capsid protein subunits, such as 

the fiber knob and/or shaft between Ad serotypes.  

 The first method has yielded several positive results and has been adapted to a 

multitude of approaches (Glasgow, Everts, & Curiel, 2006). In a study by Dmitriev et al. 

(Dmitriev et al., 1998), the authors added an RGD motif to the H-I loop of the Ad5 fiber 

knob protein. This modification caused the virions to be internalized in a CAR-independent 

pathway since this motif normally binds cellular "v integrins. The mutant vector was 

ultimately able to improve gene transfer to primary ovarian cancer cells, which normally 

have very low CAR distribution, by an order of 2-3 fold above control vectors. A second 
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study added a streak of 7 lysines (pK7) to the c-terminus of an Ad5 fiber (Wickham et al., 

1997). This simple addition led to a 5-500 fold increase in the infectivity of macrophages, 

fibroblasts, T-cells, and endothelial cells. Most important for this thesis, it also drastically 

improved gene transfer to smooth muscle cells. Additionally, these results have been 

replicated with success in C2C12 cells as well as in vivo using a gutted helper-dependent Ad 

(hdAd) vector (Bramson et al., 2004). Although we only discuss recombinant vectors that 

have had their fiber proteins modified, it is important to note that other capsid proteins, such 

as pIX, can also be modified for re-targeting purpose (Poulin et al., 2010). In this study, the 

pIX protein was fused to either a single-chain antibody (scFV) or a single-domain antibody 

(sdAb). When directed to the endoplasmic reticulum, the scFV was poorly encorporated into 

the capsid. On the other hand, the sdAb was properly folded and highly encorporated. This 

led to the production of high titer virus preparations and enhanced viral infection of target 

cells. The only drawback of using the sdAb method is that it is limited by our knowledge of 

cell surface epitopes and our ability to produce antibodies against those epitopes. However, 

these vectors clearly demonstrate the feasibility of designing and producing Ads which can 

target tissue-restricted receptors to increase the efficiency and/or specificity of gene transfer.  

 The second vector modification method relies on the production of chimeric Ads. 

With chimeric vectors, the fiber knob domain (Shayakhmetov & Lieber, 2000), the shaft 

(Hidaka et al., 1999; Roelvink, Kovesdi, & Wickham, 1996; Roelvink et al., 1998; 

Shayakhmetov & Lieber, 2000), or the entire fiber (Bramson et al., 2004; V. N. Krasnykh, 

Mikheeva, Douglas, & Curiel, 1996; Shayakhmetov, Papayannopoulou, 

Stamatoyannopoulos, & Lieber, 2000) is genetically replaced with its structural counterpart 

from a different human serotype that recognizes an alternative cellular surface receptor 
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(Beatty & Curiel, 2012). These chimeric vectors have been successfully utilized in the 

development of cancer therapeutics, targeting cells that do not normally express CAR and/or 

"v integrins in ovarian carcinoma (Rein et al., 2011; Rocconi et al., 2007), prostate cancer 

(Murakami et al., 2010), and breast cancer (Stoff-Khalili et al., 2007). Guse et al. (Guse et 

al., 2012) recently developed Ad and hdAd vectors based on the Ad5 capsid, with an Ad3 

fiber knob. These vectors had significantly increased transduction of skeletal muscle after 

intramuscular injections. This study is of significant importance because the vectors were 

developed in a strategy to treat Duchenne’s Muscular Dystrophy (DMD), a disease 

phenotypically similar to SMA. In essence, a similar strategy could be adapted to treat SMA, 

especially with Ad’s ability to go through retrograde transport to gain access to neurons. 

The Ad fiber shaft is composed of repeats of up to 14 amino acids, forming #-sheet. 

Within the sheets, the number of repeats varies from 6 (Ad35) to 23 (Ad12) (Chroboczek, 

Ruigrok, & Cusack, 1995). It has been suggested that the shorter shafts allow the virions to 

enter the cells through direct interaction of the penton base with the cellular "v integrins 

(Roelvink et al., 1996; Roelvink et al., 1998). A chimeric Ad5 capsid combined with the 

shorter Ad9 fiber protein (which binds to CAR (Roelvink et al., 1998)), showed a dramatic 

decrease in infectivity of CAR/"v integrin expressing cells (Hidaka et al., 1999). On the 

other hand, the infectivity of a second chimeric Ad5 vector with the short Ad7 fiber (non-

CAR binding) was not affected regardless of the CAR expressing status of the cells. Similar 

results have been observed with a chimeric vector where the Ad35 fiber is incorporated into 

the Ad5 capsid (Shayakhmetov et al., 2000). In this case, the authors were able to abbrogate 

the normal CAR-dependant entry of the virus by allowing it to interact with CD46 (Gaggar, 

Shayakhmetov, & Lieber, 2003). Shayakhmetov et al. attempted to further elucidate the role 
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of the fiber length in cell targeting. By combining CAR-interacting knobs (Ad5 and Ad9) and 

a CAR-independent knob (Ad35) with different length shafts, the authors were able to create 

chimeric vectors of every possible combination (Shayakhmetov & Lieber, 2000). For vectors 

that had Ad5/Ad9 knobs, long shafts were necessary for the transduction of cells expressing 

CAR/"v integrins. In contrast, when these knobs were combined with short shafts, their 

absorption and infection capabilities were lowered. This reduction in infectivity was caused 

by a charge-dependent repulsion between the Ad5 capsid and the acidic cell surface proteins. 

Interestingly, the length of the shaft did not affect the infectivity of virions containing an 

Ad35 knob. This knob interacts with cells in a CAR-independent fashion. Overall, these 

chimeric studies all demonstrate that the fiber-CAR interaction is not the sole determinant of 

Ad tropism. Futhermore, CAR/"v integrin-meditated infections are influenced by other 

factors, such as the length of the fiber shaft.  These studies also confirmed the concept of 

targeting Ad vectors in the development of a gene therapy is a feasible goal; suffice to find 

the right combination of modifications for the desired outcomes.  
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1.4 Rationale 

 A reduction in levels of the survival motor neuron protein during development leads 

to the development of Spinal Muscular Atrophy. Patient observations as well as animal 

studies have demonstrated that even a small increase in available SMN protein can alleviate 

disease symptoms and improve quality of life. Gene therapy using adenovirus represents a 

novel strategy in the treatment of SMA. To date, no studies have been undertaken to 

demonstrate the safety of expressing exogenous SMN protein. Specifically, there are 

concerns with liver functions. Furthermore, when injected systemically, Ad vectors aggregate 

to the liver further compounding the safety concern. In SMA, the most important therapeutic 

targets are the motor neurons and skeletal muscle. These tissues are generally refractory to 

Ad serotype 5 infections, as they do not express the appropriate cell-surface receptors. 

Advances in the creation of chimeric Ad5 vectors, expressing modified fiber proteins from 

other Ad serotypes, have allowed researchers to target specific tissues that would normally be 

refractory to Ad injection. In the present study, I assessed the safety and efficacy of an Ad5 

vector expressing recombinant full-length human SMN in vitro. I also experimented with 

chimeric Ads expressing different fibers to de-target the liver while targeting muscle and 

neuronal viral incorporation. 

1.5 Hypothesis 

 All studies in this thesis are related to the development of a novel approach in the 

treatment of SMA. Thus, there are two distinct hypotheses: 

1) High levels of recombinant SMN protein, delivered by an adenovirus vector, could 

negatively impact wild-type cells. 



 28 

2) Shaft and knob modifications of the capsid fiber protein will improve targeting of the 

Ad vector to muscles and neurons.  

1.6 Objectives 

 The immediate aims for each study are: 

1) Safety and efficacy of Ad-SMN 

a. Determine protein levels following infection. Establish the stability and 

interactions of Ad-SMN. 

b. Determine the sub-cellular localization of Ad-SMN. 

c. Examine effects on transcript availability and processing 

2) Development of chimeric vectors 

a. Determine whether the fiber modifications can target the vectors to specific 

cell types in vivo. 

b. Determine an optimal delivery method 
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Chapter 2 – Materials and Methods 

2.1 Cell Culture 

The A549 cells (human lung epithelial carcinoma: American Type Culture Collection 

[ATCC] CCL-185) and 293 cells (Graham, Smiley, Russell, & Nairn, 1977) were grown in 

Minimum essential medium (MEM; Sigma-Aldrich), supplemented with 10% fetal bovine 

serum (FBS; Sigma-Aldrich), 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100 U/ml 

penicillin. HeLa cells (human epithelium-derived adenocarcinoma; ATCC CCL-2) and MN1 

(Salazar-Grueso, Kim, & Kim, 1991) were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM; Sigme-Aldrich) supplemented as above. All cells were placed in tissue 

culture dishes (Sarstedt, Postfach, Germany), and incubated at 37°C in a humidified 5% CO2 

atmosphere within a SANYO incubator (SANYO, Wood Dale, IL). 

2.2 Suspension cells and virus culture 

Viruses used in Chapter 3 are shown in Figure 2.1, while viruses used in Chapter 4 are 

depicted in Table 2.1. These viruses were created using a combination of conventional 

cloning and bacterial RecA-mediated recombination (Chartier et al., 1996). All viruses were 

propagated using 293N3S cells (Graham, 1987) in a 3 L suspension culture of MEM, 

supplemented with 5% FBS, 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100 U/ml 

penicillin (Ross & Parks, 2009). Briefly, the 3 L suspension culture, at approximate 

concentration between 3x105 and 5x105 cells/ml, was concentrated by centrifugation (650g 

for 20 minutes at room temperature (RT)) to 80 ml and infected with approximately 20 ml of 

supernatant from a previously infected 15 cm of 293 cells. Following the two hour infection, 

the cells are returned to the 3 L spinner containing 1 L of spent media and 1 L of fresh 5% 

FBS MEM for 2-3 days, until complete cytopathic effect (CPE) is observed. After cell death 
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had occurred, cells were concentrated by centrifugation (650g for 20 minutes at 4°C) in 15 

ml of 4% sucrose in 10 mM Tris, then treated with a series of incubation with 5% 

deoxycholate, 0.04 M MgCl2, 0.02 mg/ml RNase A, and 0.02 mg/ml DNase I. The digestions 

were followed by a centrifugation (1000g for 10 minutes at 22°C) to pellet the cell debris. 

The supernatant was subjected to a series of cesium chloride gradient centrifugations. 

Briefly, a first gradient was prepared by carefully overlaying a 1.25 mg/ml cesium chloride 

solution on top of a 1.35 mg/ml cesium chloride solution. The viral preparation was added to 

the mixture and centrifuged for 1 hour at 35,000 RPM and 10°C in a swinging bucket rotor 

(SW41; Beckman Coulter). The viral band was extracted using a syringe and placed in 

another tube, which was then filled with the 1.35 mg/ml cesium chloride solution. This tube 

was heat sealed and centrifuged overnight at 35,000 RPM at 10°C  (70.1Ti rotor; Beckman 

Coulter). The final viral band obtained from the gradient centrifugations was dialyzed for 24 

hours against two 500 ml volumes of dialysis buffer of 10 mM Tris-HCl, pH 8.0. The virus 

was then diluted with 40% sucrose in 10 mM Tris-HCl, pH 8.0 to a final concentration of 

4%, and stored at -80°C in small aliquots of 200 µl. Serial dilutions in phosphate buffered 

saline (PBS; Sigma-Aldrich), from 10-3 to 10-8, from the final virus preparations, were used 

to infect 6-well plates of confluent 293 cells (approximately 1x106 cells/well) to determine 

viral titer. Cells were infected for 1 hour with frequent rocking, were over-layed with 4 ml of 

agarose solution containing 0.5% agarose, 1x MEM without phenol (Invitrogen), 5% FBS, 

0.1 mg/ml streptomycin, and 100 U/ml penicillin, and incubated for 7-10 days. Plaques were 

counted visually to obtain a concentration of plaque forming units per milliliter (PFU/ml). 

Alternatively, particle counts were obtained instead of PFU counts due to the poor infectivity 

of the viruses in 293 cells, especially for viruses used in Chapter 4. Briefly, 20 µl of purified 
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vector was added to a final volume of 1 ml in 0.1% SDS-TE (10 mM Tris-HCl pH 7.5, 1 mM 

EDTA) and incubated for 10 minutes at 56°C. The absorbance at A260 was measured using a 

spectrophotometer. The viral concentration in particle forming units/milliliter (pFU/ml) is 

calculated based on the extinction coefficient of 1.1x1012 for wild-type Ad (Maizel, White, & 

Scharff, 1968). In order to infect cells, virus stocks were diluted to the appropriate 

multiplicity of infection (MOI) in PBS. Infected cells were incubated at 37°C for 1 hour. 

Plates were rocked at intervals of 15 minutes to redistribute the virus over the cells. 

Following incubation, cells were overlayed with fresh complete media and further incubated 

for 17 hours, unless stated otherwise.  

2.3 Viral constructs 

The genome structures of the viruses expressing SMN are summarized in Figure 2.1. The 

virus designated as Ad-C/SMN has been previously used (DiDonato et al., 2003). This study 

concluded that infection of fibroblasts with this vector led to very high levels of SMN 

expression. The virus contains the full-length, human SMN cDNA under regulation by the 

cytomegalovirus  (CMV) immediate-early enhancer/promoter and the bovine growth 

hormone polyadenylation sequence, BpA. A second virus was created in which SMN is 

under the control of the human ubiquitin C (UbC) promoter (Ad-U/SMN). This promoter is 

normally used in lieu of viral promoters because it allows for more stable expression of the 

genes under its control (Christou & Parks, 2011; Wilber et al., 2005). A third SMN virus was 

created that contains a myc epitope tag on the C-terminus of the SMN protein. All of these 

viruses contain a Flag epitope tag on the N-terminus of the SMN. A virus (Ad-RFP), 

expressing a monomeric red fluorescent protein (RFP) under the control of the CMV 
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promoter and BpA (Poulin et al., 2010; Poulin et al., 2011), was used as a control to monitor 

the efficacy of all infections. 
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Figure 2.1. Adenoviruses expressing recombinant SMN constructs. All viruses are 
deleted of the Ad early region 1 (E1) and E3.  All viruses contained the bovine growth 
hormone polyadenylation sequence (BpA) and were under the regulation of either the 
cytomegalovirus immediate-early enhancer/promoter (CMV) or the ubiquitin C (UbC) 
promoter. Ad-RFP contains the monomeric red fluorescent protein (RFP). Ad-C/SMN and 
Ad-U/SMN express the full-length human SMN cDNA tagged with a Flag epitope at the N-
terminus under the control of the CMV and UbC promoters respectively. Ad-U/SMNmyc 
was based on the structure of Ad-U/SMN, with a myc epitope tag attached to the C-terminus. 
Also shown are the relative positions of the viral inverted terminal repeats (ITR) and DNA 
packaging elements ($). 
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A second set of viruses was also created to determine if targeting specific cell types through 

their cell surface receptors would be advantageous for a gene therapy strategy for SMA. 

These viruses are summarized in Table 2.1. All virus constructs were graciously provided by 

Dr. Dmitry M. Shayakhmetov (University of Washington) and have been previously 

described (Shayakhmetov et al., 2003; Shayakhmetov & Lieber, 2000; Shayakhmetov et al., 

2000). The viruses were modified from the original forms to express E. coli ß-galactosidase 

gene (lacZ) under the regulation of the murine cytomegalovirus immediate-early 

promoter/enhancer (MCMV) and the simian virus 40 polyadenylation sequence (pA) in place 

of the E1 region as described in (Willemsen, 2008). The fiber protein is expressed as the fifth 

protein controlled by the major late promoter (MLP). A total of four different forms of the 

adenovirus fiber protein were used in this study. A virus containing a fiber composed of the 

long Ad5 shaft (22 ß-sheets, 37 nm) and the Ad5 knob was used as a control (Ad5-LacZ). 

Experimental viruses were composed of: the short Ad9 shaft (8 ß-sheets, 11 nm) and the Ad5 

knob (Ad5s-LacZ), as well as the shorter Ad35 shaft (6 ß-sheets) and the Ad35 knob 

(Ad5/35-LacZ). A final virus was created by adding a polylysine tract [p(K)] to the H-I loop 

of the Ad5 knob protein as previously described (Bramson et al., 2004). Combined with the 

short Ad9 shaft, this virus formed the final experimental construct (Ad5spk-LacZ). 
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Table 2.1 Characterization of Adenovirus vectors for targeting  

Viral Construct Shaft Length (nm) Knob Target 

Ad5-LacZ Ad5 
22 B-sheets 

37 
Ad5 CAR 

Ad5s-LacZ Ad9 
9 B-sheets 

11 
Ad5 CAR 

Ad5/35-LacZ Ad35 6 B-sheets Ad35 CD46 

Ad5spk-LacZ Ad9 
9 B-sheets 

11 
Ad5-p(K) Heparan 

sulfate and 
CAR 
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2.4 Immunoblot and antibodies 

Treated cells were washed once with PBS then lysed on ice for 5 minutes with a modified 

RIPA extraction buffer containing final concentrations of 50 mM Tris pH 8.0, 100 mM NaCl, 

1 mM EDTA, 1% glycerol, 1% Nonidet P-40 (NP40), and protease inhibitors (Roche). The 

cell debris and crude extract were collected in a microcentrifuge tube, and cell debris was 

removed by centrifugation at 14 000 RPM for 10 minutes at 4°C. Lysate protein 

concentrations were determined by performing a Bradford assay (BioRad) according to the 

manufacturer’s instructions using a serial dilution of bovine serum albumin (BSA; Sigma), as 

a standard curve. Protein extracts were diluted to a working concentration of 250 µg/µl in 

modified RIPA buffer. Samples were combined with SDS-PAGE loading buffer containing 

62.5 mM Tris pH 6.8, 25% glycerol, 2% SDS, 0.1% bromophenol blue, 5% 2-

mercaptoethanol, to a final protein concentration of 200 µg/µl. Prepared samples were boiled 

for 10 minutes then separated by electrophoresis through a 12% SDS-polyacrylamide gel. 

Following separation, the proteins were transferred to a polyvinylidene difluoride membrane 

(Immuno-PVDF, BioRad) using a semidry blot apparatus as recommended by the 

manufacturer (BioRad). The membranes were blocked with 5% milk powder in TBST (20 

mM Tris pH 7.6, 137 mM NaCl, and 0.1% Tween 20) for 2 hours at RT or overnight at 4°C. 

After initial blocking, the membranes were incubated with primary antibody diluted to the 

appropriate concentration in blocking buffer (5% milk in TBST) for a minimum of 2 hours at 

RT under constant shaking, or overnight at 4°C on a rotator. The membranes were 

subsequently washed 3x for 5 minutes with TBST, probed with secondary antibodies at the 

appropriate dilutions in blocking buffer between 1-4 hours at RT with continuous shaking 

and washed thrice, again for 5 minutes with TBST. The secondary antibodies were 
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conjugated to horseradish peroxidase, which was visualized by chemiluminescent reaction 

(Pierce, Thermo Scientific) and captured on photographic film. The primary antibodies were 

specific to Flag epitope tag (1:5000; Rockland), SMN (1:10000; BD Transduction), Gemin2 

(1:1000; Abcam 2E17), myc epitope tag (1:1000; Abcam), or tubulin (1:5000; Calbiochem). 

The conjugated secondary antibodies were either goat-anti-mouse (BioRad) or rabbit-anti-

goat (BioRad). 

2.5 Cellular fractionation 

A549 cells were seeded at a density of 1x106 in a 10 cm dish (Sarstedt) and were grown 

overnight to semi-confluency. The cells were then infected at an MOI of 10 with Ad-RFP, 

Ad-C/SMN, and Ad-U/SMN for 1 hour at 37°C with frequent rocking. Following the hour, 

complete media was added to the cells and they were incubated for 17 hours. Cells were 

subjected to cytoplasmic and nuclear fractionation based on a modified protocol first 

published by Challberg and Kelly (1979) (Challberg & Kelly, 1979). Briefly, cells were 

washed with ice-cold PBS once after the removal of media, and scraped into 1 ml of PBS. 

Following collection, the cells were pelleted at 3000 x g for 5 minutes at 4°C, then gently 

resuspended in 1 ml of hypotonic solution (20 mM HEPES pH 7.4, 5 mM KCl, 0.5 mM 

MgCl2, 0.5 mM dithiothreitol) containing a final concentration of 0.2 M sucrose. After 

resuspension, 1 ml of hypotonic solution and sucrose was layered onto the mix and gently 

inverted 5 times. This solution helped wash the cells to eliminate any contaminants from the 

media, while maintaining the integrity of the cell membrane. Once again, the cells were 

pelleted at 3000xg for 5 minutes at 4°C. The cells were gently resuspended in 500 µl of 

hypotonic solution that did not contain sucrose and incubated on ice for 10 minutes. This step 

lyses the cells, while maintaining the integrity of the nuclear membrane. To complete the 
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lyses process, the mixture was transferred to a pre-cooled Dounce homogenizer and the cells 

were mechanically disrupted with the plunger. The nuclei were separated from the cytoplasm 

by centrifugation at 2000xg for 5 minutes at 4°C. The supernatant obtained following this 

spin represents the cytoplasmic fraction. The nuclei were further processed and purified as 

follows. First, the nuclei were resuspended in 200 µl of nuclei resuspension buffer (50 mM 

HEPES pH7.5, 10% sucrose). Next, the nuclei were centrifuged through a sucrose cushion 

composed of 50mM HEPES pH7.5 and 0.88M sucrose at 2800xg for 10 minutes at 4°C. 

Finally, the nuclei were resuspended in 200 µl of nuclei resuspension buffer and were either 

frozen at -80°C for further use, or immediately lysed in 2x Laemmli buffer (20 mM Tris-HCl 

pH 6.8, 25% glycerol, 2% SDS, 0.1 mg/ml bromophenol blue, 5% #-mercaptoethanol) and 

analysed by SDS-PAGE. 

2.6 Co-immunoprecipitation 

A549 cells were seeded at a density of 1x106 in a 10 cm dish and were grown overnight to 

semi-confluency. The cells were then infected at an MOI of 10 with Ad-RFP, Ad-C/SMN, 

and Ad-U/SMN for 1 hour at 37°C with frequent rocking. Following the hour, cells were 

supplemented with complete media, incubated for 17 hours, and subsequently lysed with ice-

cold NP40 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium 

deoxycholate, protease tablet). NP40 buffer was preferred over RIPA buffer because it 

proved better at maintaining protein interactions. The cell lysates were pre-cleared with 5 µl 

of 50% Dynabead Protein G magnetic bead slurry (Invitrogen) for 30 minutes at 4°C with 

constant inversions. Co-immunoprecipitation was performed by incubating 250 µg of total 

cellular protein lysate in NP40 buffer with 1 µg of either rabbit polyclonal Flag or mouse 

polyclonal Gemin2 antibodies, with constant inversions at 4°C. Following the primary 
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incubation, 10 µl of 50% Dynabead Protein G magnetic bead slurry was mixed with the 

protein-antibody complex and further incubated for 2 hours at 4°C. Beads were washed twice 

with NP40 buffer and the complex was denatured in 100 µl 5x SDS-PAGE loading buffer 

and boiled for 5 minutes before SDS-PAGE and immunoblot analysis. Protein samples were 

separated using 12% polyacrylamide gels, transferred to PVDF membranes and probed with 

anti-Flag (1:5000), anti-Gemin2 (1:1000), or anti-SMN (1:10000) antibodies. 

2.7 Immunofluorescence and imaging 

A549 cells were seeded on 1 cm rounded glass cover slips (Fisher, Ottawa, Ontario) at a 

density of 1x105 cells per well in a 12-well dish. The next day, the cells were infected with 

Ad-RFP, Ad-U/SMN, and Ad-C/SMN at MOIs of 10, 100, and 1000. Eighteen hours later, 

the media was removed and the cells were gently washed once with ice-cold PBS, fixed with 

4% fresh paraformaldehyde (PFA) in PBS for 10 minutes at RT, and then washed 

immediately with PBS on an orbital shaker. After two additional 5 minute washes with PBS, 

the cells were permeabilized with PBS containing 10% horse serum (HS) and 0.4% Triton X-

100 for 30 minutes. The cover slips were then incubated with diluted primary antibodies; 

rabbit monoclonal, anti-Flag, M2 (Sigma Genosys, Oakville, ON; 1:500) and mouse-

monoclonal, anti-coilin (BD Transduction Laboratories; 1:50) in PBS containing 0.5% BSA 

and 0.04% Triton X-100 overnight at 4°C. The next day, the coverslips were washed thrice 

with PBS for 5 minutes each, and incubated with secondary antibodies; tetrathylrhodamine 

isothiocyanate (TRITC), or fluorescein isothiocyanate (FITC) conjugated goat anti-mouse 

antibody (Jackson Immuno Research Laboratories, West Grove, PA; 1:100) and goat anti-

rabbit antibody (Jackson Immuno Research Laboratories, West Grove, PA; 1:200) in PBS 

containing 0.5% BSA and 0.04% Triton X-100 for 1 hour at RT on an orbital shaker. Finally, 
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the cover slips were washed 3 times for 5 minutes with PBS containing 0.2 µg/ml Hoescht 

stain (Sigma Genosys, Oakville, Ontario), then applied to glass slides using DAKO 

fluorescent mounting medium (DAKO, Glostrup, Denmark). Immunofluorescent images 

were captured using a Zeiss Axioplan 2® fluorescence microscope and an Axiocam HR CCD 

camera. The images were ultimately processed using ZEN imaging software (Zeiss).  

2.8 Protein stability 

A549 cells grown in 35 mm dishes were infected at an MOI of 10 with Ad-U/SMN and Ad-

C/SMN. A third set of cells treated with PBS served as uninfected controls. Cells were 

infected for 18 hours and overlayed with complete media supplemented with cycloheximide 

at a final concentration of 50 µg/ml. Samples were collected hourly using 5x SDS-PAGE 

loading buffer and analyzed by SDS-PAGE and immunoblot as previously described. 

2.9 Cell growth assay 

Confluent A549 cells grown in 10 cm dishes were infected at an MOI of 10 or 100 with Ad-

RFP, Ad-U/SMN, or Ad-C/SMN. A dish treated with PBS was used as an uninfected control. 

Three hours after infection, the cells were trypsinized, counted, and re-seeded in 35 mm at a 

density of 1x105 cells/dish. Cell growth was monitored according to protocols that have been 

previously published (Hubberstey, Pavliv, & Parks, 2002; Ross et al., 2011). All treatments 

were performed in duplicate on a five day time course. All dishes were washed with 1 ml of 

PBS and fixed with 1 ml of  ß-Galactosidase fixative solution (0.2% glutaraldehyde, 2% 

paraformaldehyde, and 2 mM MgCl) for 10 minutes at RT. After fixing, the cells were 

washed thrice with PBS for 5 minutes and stained with a solution containing 0.1% crystal 

violet in water for 30 minutes on an orbital shaker. Excess stain was removed by thoroughly 

washing the plates under running water, and the plates were air-dried overnight. Following 
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the fifth day, the crystal violet was re-solubilized in a 20% acetic acid solution for 30 

minutes. An aliquot of each sample was loaded on a 96-well plate and the absorbance at A595 

was determined using a spectrophotometer. The original crystal violet solution was serially 

diluted to ensure that the assay was within the linear range of detection. 

2.10 Promoter activity quantification by reporter gene expression 

Using reporter gene constructs, we examined if SMN protein was able to affect the activity of 

different promoters in cells infected by the therapeutic viruses. Two plasmids covering the 

upstream regulator region of the human SMN gene (Monani, McPherson, & Burghes, 1999; 

Rouget et al., 2005) were obtained from Dr. Louis Simard (University of Manitoba). Briefly, 

the SMN promoter covered the sequence m46p125 (all distances in relation to the 

transcription initiation site (TIS), m (minus), and p (plus), and the 4kb-SMN (P4.0T) has a 

3.7 kb fragment upstream of the TIS and 283 bp downstream. The m46p125, which was 

amplified by PCR, was introduced into a EcoRI restriction site that was added between the 

BglII and HindIII in the multiple cloning cassette upstream of the luciferase reporter gene in 

the promoterless pGL3 vector(Rouget et al., 2005). Similarly, the P4.0T vector was 

constructed by isolating a PCR amplification of the human SMN promoter region 4.0kb 

upstream of the TSS and inserting it into the Kpn1 restriction site in the pGL3 

vector(Monani, McPherson, et al., 1999). Two housekeeping promoters, elongation factor 1a 

(a gift from Dr. Shigekazu Nagata, Kyoto University (Mizushima & Nagata, 1990)), and 

mouse phosphoglycerate kinase (a gift from Dr Lucio Pastore, CEINGE-Biotecnologie 

Avanzate, Italy (Pastore et al., 1999)) were used as positive and a negative control 

respectively. These promoters controlled the expression of firefly luciferase and were 

transfected into the cells 24 hours before infection with Lipofectamine (Invitrogen) as per the 
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manufacturer’s instructions. The next days, the cells were infected with either Ad-RFP or 

Ad-C/SMN at an MOI of 10. Eighteen hours after the start of the infection, the cells were 

collected in reporter lysis buffer (Promega) and the luciferase activity was measured with a 

luminometer (Turner BioSystems). The linear range of the assay was determined with a serial 

dilution of pure firefly luciferase. 

 A modified version of the CheckMate Mammalian Two-Hybrid System (Promega) 

was used to further evaluate the capabilities of SMN to modulate promoter activity. Dr. 

Yoichi Kawabe (Ottawa Hospital Research Institute, Canada) kindly provided the original 

plasmid constructs: pBIND, pACT, and pG5-luc. We generated modified versions of the 

assay’s plasmids first by fusing the GAL4 DNA binding domain to SMN (pBIND-SMN). 

Briefly, the SMN gene was isolated from pCD2-SMN by enzyme digestion with NotI and 

BglII. This fragment was then inserted into the BamHI restriction site located at the C-

terminus of the GAL4 sequence of pBIND. We generated a positive control by combining 

the VP16 transcriptional activator from pACT and the GAL4 DNA binding domain (pBIND-

VP16) into the BamHI restriction site of pBIND. Both of the plasmids, or an empty pBIND 

negative control, were co-transfected with the pG5-luc reporter plasmid (5 Gal4 binding sites 

driving the expression of firefly luciferase) into 35 mm dishes of A549 cells. Lysates were 

collected and analyzed for luciferase activity 24 hours after transfection, using the procedure 

previously described.  

2.11 mRNA quantification and splicing analysis 

A549 cells in 35 mm dishes were infected for 1 hour at an MOI of 10, 100, and 1000 with 

Ad-U/SMN or Ad-RFP. Seventeen hours later, total RNA was extracted using TRIzol 

reagent (Invitrogen) according to the manufacturer’s instructions, and the concentration of 
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the resulting RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo 

Scientific). Synthesis of cDNA was performed using the M-MLV reverse transcriptase kit 

(Invitrogen) with RNase inhibitor (Applied Biosystems), random primers (Sigma) and 2 µg 

of RNA, according to manufacturer’s instructions. Real-time quantitative PCR (qPCR) was 

performed on an Mx3000P QPCR System using the PerfeCTa SYBR Green FastMix Low 

ROX kit (Quanta). The PCR conditions were: 95°C for 10 minutes, followed by 40 cycles at 

95°C for 30 seconds, 58°C for 1 minute, and 72°C for 1 minute. The primers were designed 

to either target full-length SMN (both the endogenous and exogenous copies) by amplifying 

exons 6-7 while endogenous SMN was specifically amplified with primers directed against 

the 3’ untranslated region (UTR) and exon 9 (Total SMN, Forward Primer: 5’-CAC TTA 

CTA TCA TGC TGG CTG CCT; Reverse Primer: 5’-GAA TCT GGA CAT ATG GCA 

GGT GGT. Endogenous SMN, Forward Primer: 5’-ACG GTG GTG AGG CAG TTG A; 

Reverse Primer: 5’-AAA CTA CAA CAC CCT TCT ACA GC). All reactions were 

negatively controlled with a no-reverse transcriptase (no-RevT) and a no-template reaction. 

The specificity of the primers was confirmed by dissociation curve, and a standard curve was 

generated by pooling cDNA from uninfected samples and serially diluting by factors of 5 to 

1/625. 

 Changes in splicing of the endogenous SMN transcript were investigated by reverse-

transcriptase PCR (RT-PCR). cDNA was prepared as described above. The PCR conditions 

were: 95°C for 10 minutes, followed by 40 cycles at 95°C for 30 seconds, 59°C for 1 minute, 

72°C for 1 minute, and a final extension of 10 minutes at 72°C. The primers that were used 

exon 6-8 (Forward: 5’ – ACA TCA AGC CCA AAT CTG CTC CA; Reverse: 5’-AAA CTA 

CAA CAC CCT TCT ACA GC). The oligonucleotide binding site for the 3’ UTR oligo is 
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not present in the viral constructs, thus limiting analysis exclusively to the endogenous gene. 

PCR products were separated by 1% agarose gel electrophoresis. In a similar manner, 

splicing of the Uspl1 transcript was examined using the synthetic oligonucleotides (Forward: 

5’-AGT TCG GGT CCA CTG TAT GC; Reverse: 5’-GGC TTA CTT GGA GTG GGA CA) 

(H. Liu et al., 2010). 

2.12 Injection of chimeric adenovirus in Wild-Type mice 

Six week old C57Bl/6 mice were obtained from (Charles River, Sherbrooke, QC, Canada) 

and housed in the University of Ottawa vivarium. All animal experiments were approved by 

and performed according to the guidelines set by the Animal Research Ethics Board at the 

University of Ottawa (Ottawa, ON, Canada). Mice received an intra-vascular (tail vein, 300 

µl), an intra-peritoneal (200 µl), or an intra-muscular (Tibialis anterior (TA), 25 ul) injection 

of one of the viral constructs. Four different viruses were used (Table 2.1): Ad5-LacZ, Ad5s-

LacZ, Ad5/35-LacZ, and Ad5spk-LacZ. Animals injected with equivalent volumes of PBS 

were used as negative controls. The intra-vascular injections were performed at a viral 

concentration of 5x108 viral particles/gram of body weight (Vp/g). The IP injections were 

also carried out at 5x108 Vp/g except for injections with Ad5-LacZ. This virus was used at 

5x107 Vp/g because the concentration of the stock did not allow for the appropriate volumes 

at the higher working stock concentration. The viral load for the TA injections was lowered 

to 5x107 Vp/g, except for Ad5-LacZ, which was used at 5x106 Vp/g. Twenty-four hours after 

the injections, animals were sacrificed by intra-peritoneal injection with Euthanyl followed 

by cervical dislocation. The liver, diaphragm, and TA muscles were collected and flash 

frozen in liquid nitrogen before storage at -80°C for ß-galactosidase assay. The spinal cord 

and the sciatic nerves were dissected and prepared for sectioning. Tissues were fixed in 2% 
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PFA fixative solution (2% paraformaldehyde, 0.08M Na2HPO4, 0.02M NaH2PO4, 0.002M 

MgCl2, and 0.00125 M EGTA pH 7.4) for 1 hour at 4°C, washed three times in PBS for 5 

minutes, then cryoprotected by incubation in a solution of 30% sucrose in PBS overnight at 

4°C. Finally, tissues were embedded in OCT (Tissue-Tek) in plastic mounts, frozen on dry-

ice and stored at -80°C until further processed.  

2.13 Tissue staining 

Tissues were sectioned to 14 µm in a cryostat, placed on glass slides and dried at RT for a 

minimum of 2 hours. The tissues were rehydrated by placing the slides in a coplin jar and 

submerging them in PBS twice for 10 minutes. To stain the tissue, the slides were submerged 

in X-gal stain solution (2 mM MgCl2, 0.01% Sodium deoxycholate, 0.02% NP-40, 0.1M 

Phosphate buffer pH 7.3[0.43M NaH2PO4, 0.13M Na2HPO4], 0.1% X-gal, 5.4 mM 

Potassium ferrocyanide, 4.6 mM Potassium ferricyanide) overnight in a 37°C water bath. The 

next day, the slides were washed twice with PBS for 10 minutes and a glass coverslip was 

placed over the tissue with aqueous mounting medium (50% glycerol, 50% PBS). The slides 

were kept at RT until analyzed by light microscopy (ZEISS). Images were processed using 

ZEN software. 

2.14 ß-Galactosidase detection in tissue 

The level of viral expression of the LacZ gene in the liver, TA, and diaphragm, was 

determined by a ß-galactosidase assay. Whole livers were transferred to 15 ml bacterial 

culture tubes (Startsted) and 3 ml of PBS was added. Crude protein extracts were obtained by 

blending at $ maximum intensity twice for 15 seconds with a 20 second break, sonicating at 

1/3 maximum intensity, twice for 15 seconds with 10 second breaks, and centrifuged at 2000 

RPM for 5 minutes at 4°C. TA muscle and diaphragm were crushed into a fine powder with a 
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pestle and mortar, in liquid nitrogen. The powder was resuspended in 500 µl and 250 µl lysis 

buffer respectively (Galacto-Star™ System, Applied Byosystems; 100 mM potassium 

phosphate pH 7.8, 0.2% Triton X-100) and tissue debris was pelleted by centrifugation at 

16000g for 10 minutes at 4°C. The crude lysates were transfered to microcentrifuge tubes 

before storage at -80°C. Once all the samples were processed, the aliquots were thawed and 

heated at 50°C for 15 minutes in a waterbath to denature endogenous ß-galactosidase. A 10 

µg aliquot of each lysate was mixed with 300 µl of Reaction buffer (Applied Byosystems; 

100 mM sodium phosphate pH 7.5, 1 mM magnesium chloride, 5% Sapphire-II enhancer, 1x 

Galacto-Star™ substrate), incubated at RT for 1 hour and read with a luminometer (Turner 

Byosystems). A serial dilution of lyophilized #-galactosidase reconstituded to 40 ng/ml to 

1.28x10-2 ng/ml was used to verify the linear range of the assay. 
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Chapter 3 – Supraphysiological expression of recombinant SMN from an adenovirus 

vector 

3.1 Introduction 

 As previously discussed, small increases in the amount of available full-length SMN 

protein can make a difference in the severity of SMA (Table 1.1). In mice models of SMA, 

gene therapy has made significant advances. Several groups have treated SMA through gene 

therapy with a “good” copy of the SMN gene with positive results (Azzouz et al., 2004; 

DiDonato et al., 2003; Foust et al., 2010; Glascock, Shababi, et al., 2012; Valori et al., 2010). 

Delivery of full-length SMN by a viral vector, self-complementary adeno-associated virus 9 

(sc-AAV9), extended the lifespan of the severe mouse model (SMN%7) from an average of 

14 days to 69 days (Foust et al., 2010; Valori et al., 2010). Some mice lived as long as 150 

days (Valori et al., 2010) and 250 days (Foust et al., 2010). In the Study by Valori et al. 

(2010) (Valori et al., 2010), the treated mice, while remaining smaller, continually gained 

weight well into adulthood at the same rate as wild-type litter controls. The treated mice also 

recovered musculature as well as motor-functions. Protein analysis demonstrated that in most 

tissues, the SMN protein levels were the same or higher than carrier controls. 

 Unfortunately, the nature of the vector used in this study led to high levels of off-

target infection, specifically in the liver. To date, no studies have been performed to our 

knowledge that demonstrate the safety of such high expression of SMN in non-target tissues. 

Evidence exists, in other disease models however, demonstrating potential pitfalls for a non-

targeted gene therapy approach to treating SMA. Grimm et al. (2006) (Grimm et al., 2006) 

attempted to deliver short hairpin RNA (shRNA) to hepatocytes by intravenous injection 
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with adeno-associated virus type 8 (AAV8). Out of 49 constructs tested, 36 caused dose-

dependent liver injuries, while 23 ultimately caused death. These investigators determined 

that high concentrations of shRNA competed with endogenous microRNAs (miRNAs) in the 

liver and shut down a portion of the endogenous small RNA processing pathways.  

There are two main factors that are worrisome for a potential gene therapy for SMA 

that utilizes an adenovirus vector. As previously mentioned, these types of vectors lead to 

high-level expression of the therapeutic in hepatocytes. Secondly, SMN is known to regulate 

the assembly of RNA protein complexes as well as the processing of pre-mRNA. Over-

saturation of hepatocytes, and other non-target tissues, could affect these pathways in a 

manner similar to the effects observed in the Grimm et al. (2006) study.  

 Thus, we hypothesized that high levels of recombinant SMN protein, delivered by an 

adenovirus vector, could negatively affect wild-type cells. In order to elucidate the potential 

pitfalls, we infected different cells lines with different quantities of full-length SMN 

adenoviruses and analyzed (i) protein levels, stability and interactions (ii) localization, and 

(iii) the effects on transcript availability and processing. 
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3.2 Results 

3.2.1 Infection with Ad-SMN leads to supraphysiological levels of expression of 

SMN in several cell lines 

 All cell lines (A549, HeLa, 293, and MN1) were seeded at a density of 1x105 cells/ml 

in 35 mm tissue culture dishes and allowed to grow to 90% confluence. The cells were then 

infected at varying MOI with Ad-RFP, -C/SMN, or –U/SMN and lysed 18 hours later. Whole 

protein extract were prepared from lysates, separated by SDS-PAGE and examined by 

immunoblot for exogenous SMN using the anti-FLAG antibody, total SMN, or Gemin2. 

Tubulin was used as a loading control. Cells infected with Ad-RFP were used as controls, 

and did not have a FLAG signal (Figure 3.1, Panels A, B, and C). In A549 cells, infection 

with both Ad-SMN viruses yielded FLAG signals at approximately 39 kDa (the expected 

size of FLAG-SMN; Figure 3.1A) that demonstrated a correlation in signal intensity with 

increasing MOI. Additionally, we observed a band at 50 kDa with both viruses and a band at 

37 kDa with Ad-C/SMN. All cells including the Ad-RFP and untreated controls, when 

treated with the anti-SMN antibody, had a band at approximately 37 kDa representing 

endogenous SMN. Interestingly, cells treated with both Ad-SMN viruses had signals at 39 

kDa and 50 kDa (Figure 4A), confirming that both the observed FLAG signals are in fact of 

viral origin and represent an SMN-derived protein species. The viral SMN signals also 

confirmed the relationship between increases in MOI and increases in Ad-SMN expression. 

By comparing the endogenous and exogenous SMN signal, we observed that the construct 

under the control of the CMV promoter produced very high levels of recombinant protein. 

On the other hand, the UbC promoter virus showed a 2-fold protein over-expression relative 

to endogenous protein at an MOI of 100. This was increased to approximately 10-fold over-
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expression at an MOI of 1000. Signals for control antibodies, Gemin2 and Tubulin, 

decreased in protein extracts from cells infected at the highest MOI. These results were 

recapitulated in other cell lines, notably HeLa and 293 cells (Figure 3.1 B and C). Finally, 

viral SMN is detected in abundance in MN1 only in cells infected with a minimum of 100 

viruses per cell (Figure 3.1D). The FLAG and SMN signals are both detectable, however, the 

expression pattern established in other cell lines only occurs with virus concentrations 100-

fold higher.  

Therefore, this data establishes that the viruses can effectively infect several different 

types of cells. The viruses are also able to express the transgene. Most importantly, we are 

able to control the relative amount of exogenous SMN in the treated cells by varying the 

amount of virus used at the time of infection. Unfortunately, MN1 cells would be more 

representative of the target cells for an SMA gene therapy. The inability of the viruses to 

infect these cells has rendered them useless in the scope of this study.  
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Figure 3.1. Ad-SMN infection can mediate high level protein expression in a variety of 
cell lines. A549 (Panel A), HeLa (Panel B), 293 (Panel C), and MN1 (Panel D) cells were 
infected with increasing MOI of Ad-RFP, Ad-C/SMN or Ad-U/SMN. Crude protein extract 
was prepared 18 hours after infection, separated by SDS-PAGE, and subjected to 
immunoblot analysis with antibodies to FLAG, SMN, Gemin2 or tubulin. The gray arrows  
(!) denote the viral proteins while the black arrows (!) represent the endogenous SMN 
protein. The white arrow (") identifies Gemin2. Representative results of multiple 
experiments. 
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3.2.2 Increases in Ad-SMN transcript level is proportional to the amount of virus 

 We measured the relative levels of expression from Ad-U/SMN by qPCR using 

specifically designed primers that differentiated between total SMN and endogenous SMN 

(3’ UTR, Figure 3.2). All values were normalized to ß-actin and represent a sample size of 2 

(n=2). The only statistically significant conclusion from this experiment is that there is an 

increase in total SMN transcript observed when the cells are infected at an MOI of 1000 with 

Ad-U/SMN. The endogenous SMN has a relative expression level of 1.90 (±0.49) while total 

SMN has a relative expression level of 12.80 (±0.53), representing a 6.7-fold increase (p = 

0.0045). On the other hand, at an MOI of 100, the increase in total SMN (2.90±0.77) is not 

significantly higher than the level of endogenous SMN (1.79±0.75 ; p=0.41). None of the 

other experimental conditions yielded a significant increase in transcript levels.   
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Figure 3.2. mRNA levels correlate with high levels of protein expression mediated by 
Ad-SMN. A549 cells were infected with an increasing MOI of Ad-RFP or Ad-U/SMN and 
total RNA was isolated 18 hours after infection using Trizol reagent. RNA was converted to 
cDNA, and the amount of total SMN transcript (viral + endogenous) or endogenous 
transcript determined by quantitative PCR using primers specific to each species. #-actin 
transcript levels were used to normalize expression data. Data represents n = 2.  
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3.2.3 The stability of Ad-SMN is similar to the endogenous protein 

 Cells that had previously been infected with Ad-C/SMN or PBS (18 hours earlier) 

were treated with cycloheximide (50&g/ml) in order to measure the stability of the two forms 

of SMN. Both endogenous and protein produced from Ad-SMN have a similar stability 

profile (Figure 3.3). Curiously, the amount of the 50 kDa variant previously described in 

Figure 3.1 only decreases slightly over 8 hours. Tubulin was used as a loading control as the 

half-life is approximately 15 hours (Ducommun & Wright, 1989). Therefore, virally 

produced SMN has a similar stability profile as endogenous protein. 
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Figure 3.3. The stability of virally derived SMN is similar to endogenous SMN. A549 
cells were infected with Ad-C/SMN at an MOI of 10 or cells treated with PBS were used as 
controls (Top panels). Eighteen hours later, the cells were treated with cycloheximide (50 
µg/ml). Protein lysate was collected periodically over 8 hours and analyzed by immunoblot 
for FLAG, SMN, or Tubulin (bottom panels). Ad-SMN is denoted by the gray arrow (!), 
and endogenous SMN by the black arrow (!). Representative results of multiple 
experiments (n > 3) 
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3.2.4 The 50 kDa Ad-SMN is differentially spliced at the C-terminal 

 As seen in Figure 3.1, cells infected with Ad-C/SMN produced an SMN protein 

species that was detected using anti-FLAG at approximately 40 kDa and 50 kDa. We 

suspected that the 50 kDa SMN protein was differentially spliced. Thus, A549 cells were 

infected with Ad-C/SMN, Ad-U/SMNmyc, or Ad-RFP (and PBS) at varying MOIs. Protein 

lysates were collected 18 hpi and seperated by SDS-PAGE. The samples were subjected to 

immunoblot analysis with antibodies against FLAG, Myc. Tubulin was used as a loading 

control. As expected, the Ad-C/SMN lysates were negative for the Myc epitope (Figure 3.4). 

As for the cells infected with Ad-U/SMNmyc, FLAG signal was detected at approximately 

43 and 50 kDa. The smallest of these proteins also cross-reacted with the Myc epitope 

antibody while the 50 kDa did not. The signal observed at approximately 52 kDa is non-

specific antibody binding as it is also observed in the uninfected as well as the Ad-RFP 

infected control cells. Tubulin was once again used as a control. Therefore, this data 

demonstrated that the C-terminus of the 50 kDa viral SMN variant no longer contained the 

Myc epitope tag. This protein is likely the result of an aberrant splicing event into the Ad 

backbone. Curiously, this phenomenon’s occurrence increased as the concentration of virus 

used during infection increased, potentially demonstrating one of the pitfalls associated with 

over-expression of viral transgenes.  
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Figure 3.4. The 50 kDa Ad-SMN variant is differently spliced at the C-terminal end. 
A549 cells were infected with varying concentrations of Ad-C/SMN, Ad-U/SMNmyc, or Ad-
RFP (or PBS). Protein lysates were collected 18 hours later, seperated by SDS-PAGE and 
subjected to immunoblot analysis for FLAG, Myc, or Tubulin.  
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3.2.5 SMN protein produced from adenovirus vectors localizes correctly within 

the cell and interacts with its normal cellular protein partners. 

We sought to determine whether SMN produced from an adenoviral vector could co-

localize with p80-coilin in the nucleus of wild-type cells. A549 cells were infected with Ad-

U/SMN at an MOI of 10 or 100 (or with PBS) and processed for immunofluorescence 

analysis 18 hours later. We observed distinct foci in the nucleus of cells analyzed with the 

anti-FLAG primary antibody, identifying exogenous SMN. Furthermore, the positive FLAG 

staining was found to co-localize with p80-coilin, a marker of Cajal bodies, in the nucleus of 

infected cells (Figure 3.5).  Therefore, SMN protein from a viral source can be localized in 

proximity to its normal cellular partners. We also observed low-level FLAG staining in the 

cytoplasm of cells, which is also observed for endogenous SMN protein.  

 In addition, relative cellular distribution of SMN protein was determined by cell 

fractionation. A549 cells were infected with Ad-U/SMN, -C/SMN, -RFP or PBS and the 

nuclei were separated from the cytoplasmic fraction 18 hpi. In the control infections (PBS or 

Ad/RFP), endogenous SMN was detected at a roughly equal distribution between the two 

cellular compartments (Figure 3.6A). The presence of exogenous SMN protein did not affect 

the cellular distribution of SMN interacting protein such as Gemin2 or even endogenous 

SMN. This data demonstrates that as well as being found in proximity to Cajal bodies, a 

normal neighbor of endogenous SMN, virally produced SMN has the same sub-cellular 

distribution as endogenous SMN. 

 We investigated the ability of Ad-SMN to interact in vitro with endogenous Gemin2 

by co-immunoprecipitation. A549 cells were infected with Ad-U/SMN, -C/SMN, -RFP, or 
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PBS and processed for co-immunoprecipitation 18 hours later. Immunoprecipitation with a 

FLAG antibody detected an interaction between exogenous SMN and endogenous SMN as 

well as an SMN-Gemin2 interaction only in cells treated with Ad-SMN (Figure 3.6B). The 

reciprocal assay, immunoprecipitating with a Gemin2 antibody, confirmed these results (data 

not shown). Taken together, these data show that viral SMN can interact with the same 

cellular partners as endogenous SMN.  



 60 

 

 

 

 

 

 

 

Figure 3.5. SMN protein produced from adenovirus vectors localizes in the vicinity of 
Cajal bodies. A549 cells grown on glass cover slips were infected with Ad-U/SMN at an 
MOI of 10 or with PBS as an uninfected control. Eighteen hours later, the infected cells were 
fixed with 2% PFA and subjected to immunofluorescence treatment, identifying FLAG-tag 
(green) and p80-coilin (red). Heterochromatin was stained using Hoescht to identify the 
nuclei. Images were captured with confocal imaging.  
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Figure 3.6. Viral SMN has a similar sub-cellular distribution pattern as endogenous 
SMN and it interacts with SMN and Gemin2. A549 cells were infected with Ad-U/SMN, -
C/SMN, -RFP at an MOI 10 (or PBS) for 18 hours (Panel A). A549 cells were fractionated to 
obtain cytoplasmic and nuclear protein samples. The proteins were seperated by SDS-PAGE 
and immunoblotted for FLAG, SMN, and Gemin2. Probing for histone 3 (H3, nuclear) and 
tubulin (cytoplasmic) helped assess the quality of the fractionation procedure. Following the 
same infection protocol, Protein lysates were collected and subjected to co-
immunoprecipitation using the FLAG-tag (upper frames) or Gemin2 (bottom frames) 
antibodies (Panel B). The resulting protein extracts were analyzed by SDS-PAGE with 
antibodies against SMN, Gemin2 and FLAG. Gray arrows (!) denotes exogenous protein 
while the (!) marks endogenous protein. 
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3.2.6 Over-expression of Ad-SMN does not have a negative impact on the 

function of target gene promoters or splicing. 

  The data presented in Figure 3.1 initially led us to believe that the increases of 

exogenous SMN between MOI 10 and MOI 1000 infections in A549 cells were having a 

negative effect on the levels of endogenous SMN. We hypothesized that SMN protein was 

involved in a feed-back regulation loop in order to regulate it’s own protein levels. Using 

reporter plasmids containing the upstream regulator region of the SMN gene (Monani, 

McPherson, et al., 1999; Rouget et al., 2005), we attempted to understand whether high-level 

expression of the exogenous SMN could affect the endogenous promoter activity. As can be 

seen in Figure 3.7, the reporter plasmids behaved no differently whether they were exposed 

to high levels of control virus (Ad-RFP) or the therapeutic virus (Ad-C/SMN). No values 

reached a point of statistical significance (95% confidence) with a Student’s T-test. This 

observation holds true for both control promoters (PGK and EF1"). Thus, at this expression 

level and within these parameters, SMN is not involved in a regulation loop to control it’s 

own protein levels.  

 There is also evidence demonstrating that SMN can regulate gene expression and 

transcription of other genes (Strasswimmer et al., 1999; Zou et al., 2004). In order to verify 

whether SMN could act as a transcription factor, we modified a mammalian two-hybrid 

reporter assay. As can be seen in Figure 3.8A, co-transfecting with GAL4 linked to SMN 

(pBind-SMN) and the reporter construct pG5-luc, resulted in the same relative luminescence 

as pG5-luc alone or as co-transfecting pG5-luc with an empty GAL4 (pBind-empty). The 

only increase in activity observed was with pBind-VP16 (a positive control from herpes 
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virus), due to its inherently high transcriptional activity (315005±76180.9; p=0.003). 

Therefore, it does not appear that SMN can act as a transcription factor on its own.  

 As previously discussed, SMN can modulate the pre-mRNA splicing of its own 

transcript (Jodelka, Ebert, Duelli, & Hastings, 2010). When levels of SMN decrease, exon 7 

is skipped more often in the SMN2 gene, exacerbating the decrease in protein. We attempted 

to determine whether the opposite was also true: if SMN is over-expressed, will the 

proportions of SMN transcripts lacking exon 7 decrease. A549 cells were infected at varying 

MOI with Ad-RFP, -C/SMN, or –U/SMN and lysed 18 hours later. Total mRNA was 

extracted with TRIzol and cDNA was obtained by reverse transcription. A specific 3’UTR 

primer was used for the reverse transcription reaction in order to eliminate viral constructs 

from the analysis. The subsequent cDNA was then analyzed by PCR with primers flanking 

exon 7. This strategy allowed us to amplify both full-length endogenous SMN as well as 

endogenous SMN!7. As can be observed in Figure 3.8B, infections with Ad-U/SMN, 

regardless of the viral concentration, did not affect the ratio between the full-length construct 

and SMN!7. However, we can observe a change when cells were treated with increasing 

quantities of Ad-C/SMN. As the amount of virus is increased, the amount of SMN!7 

decreases. This is concomitant with an increase in full-length transcript. Unfortunately, the 

phenomenon is also observable when the cells are subjected to the same concentrations of 

control Ad-RFP virus. Thus, the change is likely caused by the presence of increasing 

quantities of virus as opposed to an increase in SMN protein.  

 Finally, the splicing pattern of ubiquitin specific peptidase like 1 (Uspl1) protein was 

analyzed following infections with increased concentrations of Ad-SMN. When SMN protein 

levels are reduced, the medium form (M) of Uspl1 is preferred over the small form (S)(H. 
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Liu et al., 2010). We chose to analyze this gene to represent general cellular splicing of other 

genes because the original change in splicing after SMN depletion was observed by our 

collaborators. We hypothesized that increasing the SMN protein levels would have the 

opposite effect, meaning that it would favor the S-form of Uspl1. A549 cells were infected at 

varying MOI with Ad-RFP, or -C/SMN. Whole protein extract were prepared from lysates, 

separated by SDS-PAGE and examined by immunoblot for Uspl1 No change from M to S-

form is observed when the concentration of Ad-C/SMN is increased in A549 cells (Figure 

3.8C). Thus, an increase in levels of exogenous SMN protein does not affect cellular splicing 

of a gene known to be affected in SMA.  
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Figure 3.7. Over-expression of Ad-SMN does not have a negative impact on the function 
of target gene promoters. A549 cells were transfected with luciferase reporter constructs 
controlled by two SMN promoter sequences (m46p125 or 4 kB), murine phosphoglycerate 
kinase (PGK) or elongation factor 1" (EF1"). The cells were infected with Ad-C/SMN or –
RFP (MOI = 10) the next day and analyzed for luciferase activity 18 hpi. Data represents the 
average and standard error (n=2).   
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Figure 3.8 Over-expression of Ad-SMN does not have a negative impact on splicing. 
A549 cells were transfected with a luciferase reporter plasmid containing five GAL4 binding 
domains (pG5-luc) in conjunction with plasmids expressing GAL4 DNA binding domain 
alone (pBIND-empty), or fused to SMN (pBIND-SMN), VP16 (pBIND-VP16) or SMN 
without GAL4 (pSMN) (Panel A). Cells were lysed 24 hours after transfected and tested for 
luciferase activity. Data represents the average and standard error (n=2; Panel B). A549 cells 
were infected with varying concentrations of Ad-U/SMN, -C/SMN, or –RFP. Eighteen hours 
later, RNA was extracted using TRIzol and cDNA was generated using a primer specific to 
the 3’ untranslated region (3’ UTR) of endogenous SMN. The other primer bound in exon 6 
of SMN. The PCR products were resolved using an agarose gel (1%) and visualized by 
ethidium bromide staining. The black arrow (!) represents transcripts incorporating exon 7 
while the gray arrow (!) represents those lacking exon 7. A549 cells were infected with 
varying amounts of Ad-C/SMN or Ad-RFP and 18 hpi mRNA was extracted using TRIzol, 
and converted to cDNA (Panel C). Uspl1 splicing variants were analyzed by RT-PCR and the 
amplicons were resolved on a 1% agarose gel, stained with ethidium promide. M: medium. 
S: Small 
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3.2.7 Over-expression of Ad-SMN does not negatively impact cell growth 

 In order to establish whether high levels of virally produced SMN could negatively 

impact the overall health of cells, cell growth was assayed by infecting A549 cells with Ad-

U/SMN, Ad-C/SMN or –RFP and monitoring the cells over a period of 4 days using crystal 

violet staining. No statistical differences were observed in the growth rates between cells that 

were left untreated or those treated with the viruses. However, we did observe a trend toward 

a slower growth rate when the cells were subjected to the therapeutic viruses (Figure 3.9). As 

none of the data points were statistically significant, we concluded that high levels of viral 

SMN protein did not affect the growth rate of cells.  
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Figure 3.9. Over-expression of Ad-SMN does not negatively impact cell growth. A549 
cells grown in 10 cm were infected (MOI 10, 100) with Ad-U/SMN, -C/SMN, -RFP or PBS 
(uninfected) and allowed to recover for three hours. Following recovery, the cells were 
trypsinized and split into 35 mm dishes at a density of 1x105 cells/dish. Every day, for four 
days, cells were fixed and stained with crystal violet. At the end, the crystal violet was re-
solubilized and the absorbance was read with a spectrophotometer. Each time-point was 
performed in duplicate. All data was normalized to day 1 (D1) and represents the average and 
standard error (n=3). 
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3.2.8 SMN from an adenovirus vector can increase intracellular gem counts 

 Several studies have shown that there is a positive correlation between the number of 

gems within the nucleus of a patient’s cells and the severity of their disease (Coovert et al., 

1997). In other words, more gems means a more positive outcome for the patients. We 

attempted to quantify whether infecting cells with increasing concentrations of Ad-SMN 

increased the number of gems. A549 cells grown on cover slips were infected with Ad-

U/SMN, -C/SMN or PBS and 18 hpi were subjected to the same immunostaining protocol as 

previously described. As can be seen in Figure 3.10A, there is a proportional increase 

between positive FLAG staining and the concentration of virus used to infect. We counted 

the number of gems, represented by a co-localization of p80-Coilin and FLAG, per cell (3 

representative field of views per slide) in order to quantify this increase (Figure 3.10B). The 

average uninfected A549 cell has 1.43(±0.10) gems per cell. When either virus is used at an 

MOI of 10, the number of gems per cell is unchanged. There is, however, a significant 

increase when moving to the higher viral concentrations. For Ad-U/SMN, the gem counts 

increased to 2.49(±0.46) at an MOI of 100 and 4.70(±0.57) at an MOI of 100, which 

represent p-values of 0.023 and 0.0007 respectively when compared to the same virus at an 

MOI of 10. The same trend holds true for Ad-C/SMN. The number of gems per cell 

increased to 2.00(±0.20; p=0.02) at 100 MOI and 4.62(±0.45; p=0.0003) at 1000 MOI. 

Overall, it appears that a ten-fold increase in viral concentration approximately doubles the 

number of visible gems per cell. 
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Figure 3.10. SMN from an adenovirus vector can increase intracellular gem counts. 
A549 cells grown on glass cover slips were infected with Ad-U/SMN, –C/SMN or PBS 
(uninfected) at an MOI of 10, 100, or 1000 (Panel A). Eighteen hours after infection, cells 
were fixed with 2% PFA and subjected to immunofluorescent treatment, identifying FLAG-
tag (green) and p80-coilin (red). DNA was stained using Hoescht to identify the nuclei. 
Images were captured using confocal imaging. Total number of gems per cell were counted 
for each infection (Panel B). Data represents the average and standard error (n=3). Statistical 
significance represents Student’s T-test: * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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3.3 Discussion 

 The infectivity of the viral constructs and their ability to mediate the expression of 

SMN was examined in common tissue culture cell lines. Several cell lines were used, 

including A549 cells and HeLa cells (non-permissive for Ad vector replication), 293 cells 

(permissive for Ad vector replication), and MN1 cells (primary motor neuron culture, non-

permissive). A pattern of expression was established in A549 (Figure 3.1A) cells and 

confirmed with HeLa and 293s. The amount of protein detected increased proportionately 

when the amount of virus used at infection was increased. The ability to control the 

correlation between the expression level of exogenous SMN and the amount of virus used is 

extremely important. As was demonstrated in Table 1.1, even slight increases in SMN 

protein can lead to significant ameliorations in disease severity. This concept was further 

illustrated in the differences in the results between two SMA rescue experiments (Foust et al., 

2010; Valori et al., 2010). In the study by Valori et al. (Valori et al., 2010), SMN-/-;SMN2 

mice were given a systemic injection of 1.0x1011 genome copies of a viral vector at P2. This 

treatment regimen helped increase the animal’s lifespan by 390%, from 13 days to more than 

190 days. On the other hand, Foust et al. (Foust et al., 2010), administered five times more 

viral genomes (5x1011), which led to an increased lifespan to 250 days. This suggest that 

there is a relationship between dose and efficacy, with higher doses providing a more robust 

therapeutic response. Our study has thus demonstrated that we can control exogenous SMN 

levels in cells by controlling the viral dose. As was previously discussed, a higher number of 

gems per cell correlate with better patient outcome (Coovert et al., 1997). Thus we 

established that an increase in Gems occurs proportionately to increases in viral dose (Figure 
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3.10). This result could explain in part the increases in lifespan seen in the previous rescue 

experiments (Foust et al., 2010; Valori et al., 2010). 

Furthermore, we observed a decrease in the loading control genes at MOI 1000 for all 

viruses used in this experiment (Figure 4.1). This is indicative of vector toxicity at high 

concentrations, which can be caused by background level expression of viral genes and 

active virus replication due to the high concentration of Ad vector used for these infections 

(Nelson & Kay, 1997). Despite the vector toxicity, it does not appear that the SMN construct 

is toxic since the decrease observed in Gemin2 and tubulin is the same for the control virus 

expressing RFP (Ad-RFP) as for those expressing SMN(Ad-C/SMN, -U/SMN).  

In order for a protein replacement therapy approach to be beneficial to the patients, it 

is important to demonstrate that the resulting protein is functional. Specific markers of 

functionality were chosen in order to elucidate the potential of virally produced SMN protein. 

First, the stability of the exogenous SMN was compared to that of endogenous SMN 

protein. After the initial infections, cells were treated with cycloheximide. The 

cycloheximide treatment inhibits de novo protein synthesis, thus the stability of a given 

protein can be examined by harvesting protein lysate over a pre-determined period of time. In 

this case, an 8-hour time-course was chosen based on the half-life of endogenous SMN of 

approximately 4 hours (B. G. Burnett et al., 2009). There were no observable differences 

between endogenous and exogenous SMN protein. Without fully elucidating protein half-life, 

the two forms of the protein appear to behave in a similar fashion 

 In the nucleus, endogenous SMN is one of the most important members of a 

multiprotein structure called gemini of coiled bodies or “gems” (Cauchi, 2010; Q. Liu & 
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Dreyfuss, 1996). These structures play a role in the assembly of RNA protein complexes and 

processing of pre-mRNA (Pellizzoni et al., 1998). Positive staining for p80-coilin, a protein 

component of Cajal bodies, which are closely associated with gems in the nucleus (Young et 

al., 2001; Young et al., 2000), is a commonly used marker for an important cellular 

interaction partner of gems. Exogenous SMN, found by positively staining for FLAG, was 

routinely detected in proximity to p80-coilin in the nucleus of infected cells (Figure 3.5 and 

3.10).   

 We attempted to establish the cellular distribution pattern for SMN in A549 cells, as 

this has not been previously published to the best of our knowledge. Cell fractionation was 

performed on infected and uninfected cells and we found that in untreated cells, SMN was 

evenly distributed between the cellular and nuclear compartments (Figure 3.6A). 

Interestingly, in the infected cells, we found that SMN protein levels were increased in both 

compartments equally. Additionally, overexpression of Ad-SMN does not affect the normal 

distribution of SMN-interacting proteins. These data, in conjunction with the 

immunofluorescence data, demonstrate that SMN produced from an Ad vector can localize in 

a manner similar to endogenous SMN.  

 Finally, the addition of tags to the SMN protein constructs could prevent normal 

protein-protein interactions, thus nullifying the positive aspects of treatment. In the formation 

of gems, SMN forms a homodimer before recruiting Gemins 2 through 8 as well as Unrip 

(Cauchi, 2010). SMN-Gemin2 is one of the most important protein interactions in the 

formation of gems. The ability of Ad-SMN to interact in vitro with endogenous Gemin2 was 

not affected by the addition of tags to the full-length SMN protein. Additionally, we also 

detected an interaction between exogenous SMN and endogenous SMN (Figure 3.6B), 
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demonstrating that the basic homodimer can in fact be a heterodimer formed by the 

interaction of a viral SMN protein and a cellular SMN protein.  

 When A549 cells were infected with increasing concentrations of Ad-SMN, we 

detected a FLAG signal at 50 kDA (Figure 3.1) that was not present in the cells infected with 

Ad-RFP. The therapeutic construct is expected to be approximately 40 kDa for Ad-U/SMN 

and –C/SMN. Small Ubiquitin-like Modifier (SUMO) proteins can be covalently bonded to 

proteins following transcription for many purposes, including transcriptional regulation and 

protein stability (Hay, 2005). Previous evidence demonstrated that SUMO-1 transiently 

colocalizes with SMN and Coilin in Cajal bodies (Navascues et al., 2008). Since SMN 

contains several putative SUMOylation sites, we investigated whether the 50 kDa species 

was covalently bound to SUMO-1 by co-immunoprecipitation. No evidence of SUMOylation 

of SMN was observed (Data not shown). 

Following the confirmation that the therapeutic protein was not SUMOylated, we 

elucidated the composition of the C-terminus of the 50 kDa construct. We had already 

determined, with positive FLAG epitope tag detection, that the amino-terminus corresponded 

with the expected layout of the experimental construct (Figure 3.1). Ad-U/SMN and Ad-

C/SMN do not however, have a tag at the C-terminus, thus, we created a third Ad vector that 

expressed a FLAG-SMN-Myc epitope tagged construct (Ad-U/SMNmyc; Figure 2.1). In 

essence, if the 50 kDa variant was a product of post-translational modification, both the N-

terminus and C-terminus would be detectable in the final protein. On the other hand, if the 

exogenous SMN transcript was aberrantly spliced into the Ad vector, the C-terminus of the 

protein would be lost. The construct did lose the Myc epitope tag in the 50 kDa variant 

(Figure 3.4). In conclusion, these experiments demonstrate that the 50 kDa protein is a result 
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of mis-splicing of the exogenous SMN transcript. It is unclear what is replacing the myc 

epitope from the original construct. It is likely that the C-terminus of the 50 kDa species 

contains down-stream regions derived from the viral genome. In fact, this phenomenon has 

been previously described in Ad vectors (Nakai et al., 2007). The results of that study 

demonstrated that even in Ad vector lacking the E1A region of their genome (thus, 

replication incompetent), the viral pIX capsid protein is significantly co-expressed with the 

transgene. In some cases, when the transgene cassette in inserted in the right direction, the N-

terminus of the transgene can be aberrantly spliced to form a fusion protein with pIX. 

Interestingly, pIX is approximately 14 kDA (Giberson, Davidson, & Parks, 2012). Thus, the 

50 kDa protein variant may in fact be an SMN-pIX fusion protein.  

A recent study has suggested that SMN can modulate its own promoter (Anderton et 

al., 2012). Whether this control was exercised directly or indirectly remains to be determined. 

The conclusion is, however, in keeping with the theory that SMN is regulated by feedback 

loops at several different checkpoints. In our experiments, we did not observe a change in the 

amount of endogenous SMN protein in the presence of the different Ad-SMN proteins 

(Figure 3.1). Furthermore, we did not observe a significant change at the transcript level 

(Figure 3.2). Despite these lack of changes, would high-level expression of the exogenous 

SMN affect the activity of the endogenous SMN promoter? Reporter constructs containing 

the upstream regulator region of the SMN gene (previously described (Monani, McPherson, 

et al., 1999; Rouget et al., 2005)) were obtained from collaborators and transfected in A549 

cells that were subsequently infected (24 hours post-transfection) with Ad-RFP or Ad–

C/SMN. As expected, the presence of exogenous SMN did not affect the luciferase 

expression controlled by the phosphoglycerate kinase (PGK) and elongation factor 1 alpha 
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(EF1") promoters (Figure 3.7). The luciferase activity was not different in the presence of 

Ad-SMN when its expression was under the control of the two SMN promoters. In the study 

by Anderton et al. (Anderton et al., 2012), exogenous expression of SMN protein led to an 

increase in SMN transcript, possibly by increasing the inclusion of exon 7. We did not 

observe the same results as the increase in SMN transcripts was solely due to viral 

expression, instead of exon 7 exclusion.  

 In addition to regulating its own activity, SMN has been implicated in the direct 

regulation of gene expression and transcription. Firstly, SMN directly binds to the 

papillomavirus E2 transcription activator, increasing its activity in reporter assays 

(Strasswimmer et al., 1999). Secondly, SMN can bind the mSin3A corepressor and once it is 

attached to DNA, can repress the expression of downstream reporter genes (Zou et al., 2004). 

In a general transcription assay, SMN did not regulate gene expression and transcription 

(Figure 3.8A). In the study by Strasswimmer et al. (Strasswimmer et al., 1999) it was 

established that SMN can act as a transcriptional activator by binding another protein, that is 

itself a transcription activator. Combining this observation with the results from our study 

demonstrates that although SMN can regulate gene expression, it cannot do so on its own. It 

needs to interact with another protein or protein complex to achieve this goal. Although this 

other factor was likely present in our experiments, it is possible that the addition of the BIND 

factor to the c-terminus of the SMN construct abrogated the oligomerization capabilities of 

SMN. This in turn would likely prevent the recruitment of any other necessary factor to 

influence transcription (Meister, Buhler, Pillai, Lottspeich, & Fischer, 2001; Paushkin et al., 

2002; Pellizzoni, Yong, & Dreyfuss, 2002). 
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 On a different level, SMN can modulate pre-mRNA splicing of it’s own transcript 

(Jodelka et al., 2010) as well as the splicing pattern of several other genes (Baumer et al., 

2009; H. Liu et al., 2010; Pellizzoni et al., 1998; Z. Zhang et al., 2008). Firstly, it was 

determined that reductions in the levels of SMN transcript actually increase the frequency of 

exon 7 skipping in the SMN2 gene (Jodelka et al., 2010; Ruggiu et al., 2012). As previously 

mentioned, the shorter version of SMN (lacking exon 7) is unstable and rapidly degraded. 

Thus, a reduction in SMN transcript levels led to a greater decrease of full-length protein. 

Secondly, it was determined that the reduced levels of SMN found in the SMN-/-;SMN2 

mouse model resulted in a change in the splicing pattern of the Uspl1 (ubiquitin specific 

peptidase like 1) pre-mRNA transcript (Baumer et al., 2009; H. Liu et al., 2010; Z. Zhang et 

al., 2008). A preference for the medium form of the Uspl1 transcript occurred in the presence 

of reduced levels of SMN (H. Liu et al., 2010). In order to establish the safety of the different 

viruses, we analyzed both of these parameters for changes when Ad-SMN is over-expressed. 

 In our study, over-expression of SMN does not appear to change the ratio of full-

length endogenous transcript and those missing exon 7. When cells are infected with Ad-

U/SMN or –C/SMN, regardless of the concentration, the ratio was not affected (Figure 3.8B). 

It is always a possibility that the relationship that occurred between the reduction in SMN 

transcripts and an increase in exon 7 in the study by Jodelka et al. (Jodelka et al., 2010) does 

not occur in a reverse order. Meaning that an increase in SMN transcript, caused by the 

presence of the viruses, does not affect the inclusion of exon 7.  

We used the transcript pattern of Uspl1 as an indicator of the health of general 

splicing in the cell when they are subjected to high levels of Ad-SMN. The splicing pattern 

of Uspl1 was analyzed by RT-PCR after reverse transcription of the mRNA. As can be seen 
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in Figure 3.8C, there was no change in the splicing pattern of Uspl1 in the presence of Ad-

SMN. These data once again demonstrate that over-expression of exogenous SMN does not 

adversely affect splicing under our controlled conditions. Once again, our results do not 

correlate previously published data (H. Liu et al., 2010). As with the ratio of full-length SMN 

transcript to SMN!7 transcript, the splicing of Uspl1 due to the lack of SMN may not occur 

in reverse in the presence of over-expressed SMN.  

To sum up, the data presented in Figure 3.8 helped us demonstrate that increasing the 

level of SMN in a cell does not appear to impact any of the gene regulation or transcription 

aspects with which it is normally implicated. It is important to note that as far as general 

cellular splicing is concerned, Uspl1 was used as an indicator of the overall health of the 

process although it may not be the best or only gene that is mis-spliced in the presence of low 

levels of SMN. On the other hand, the data help us take another step forward in verifying the 

safety of the viral therapeutics in demonstrating that none of these parameters are obviously 

affected under the tested conditions. 

The final step to show that Ad-U/SMN and Ad-C/SMN do not adversely affect the 

viability of cells, was to perform a cell growth assay and compare the growth rate between 

cells infected with the therapeutics and untreated cells. Several studies have shown that 

reducing the levels of SMN has a significant effect on cell function; whether these cells are 

motor neurons (Kariya et al., 2008; Kong et al., 2009; H. Liu et al., 2010; McGovern et al., 

2008; Pellizzoni et al., 1998; Z. Zhang et al., 2008), skeletal and cardiac muscle cells (Bevan 

et al., 2010; Gogliotti et al., 2012; Hayhurst, Wagner, Cerletti, Wagers, & Rubin, 2012; 

Martinez-Hernandez et al., 2009; Rudnik-Schoneborn et al., 2008; Shababi et al., 2012; 

Shafey et al., 2005), or even liver and pancreas cells (Bowerman et al., 2012; Hua et al., 
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2011). These effects were all characterized by disruption of cellular function and even death 

of the cells. We thus hypothesized that changes in levels of SMN, even increases, may 

disrupt cell viability and manifest itself as a decrease in growth rate. We did not observe any 

significant differences between the different cell treatments (Figure 3.9). Thus, we concluded 

that the therapeutic vectors were no more toxic than control Ad vectors.  

3.4 Future direction 

 Now that Ad-U/SMN and Ad-C/SMN have shown that they can effectively and safely 

increase the amount of SMN protein in vitro, we will test them in vivo. Using the SMN2B/- 

mouse model, we will investigate whether these vectors can help improve the lifespan and 

alleviate disease symptoms. Positive results will improve the animal’s life expectancy past 28 

days. Additionally, the treatments will positively influence physical traits of SMA, such as, 

the steadiness of gait, limb strength, and geotaxis.   

3.5 Conclusion 

In conclusion, we have shown that exogenous SMN delivered by adenovirus vectors 

is a safe and potentially useful therapeutic in the treatment of SMA. The levels of mRNA and 

protein of Ad-SMN correlate with the concentrations used at infection and the presence of 

over-expressed protein does not affect the gene regulation or transcription functions of 

endogenous SMN. Ad-SMN interacts with endogenous SMN as well as Gemin2, one of its 

normal cellular partners, despite the different tags attached to the constructs and it localizes 

to the same cellular areas as endogenous SMN. Furthermore, the high concentrations of Ad-

SMN do not adversely affect cell growth. Finally, we demonstrated that an increase in Ad-
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SMN correlates to an increase in Gem counts, opening the door for future therapeutic studies 

in phenotypic cells or animals.  
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Chapter 4 – Re-targeting of Adenovirus vectors by fiber modifications 

4.1 Introduction 

 Virus based gene therapy often utilizes recombinant adenovirus as a vehicle for gene 

transfer, specifically: the human serotype 5 adenovirus (Ad5)(Hitt, Addison, & Graham, 

1997). Binding of this serotype is mediated by the coxsackievirus and adenovirus receptor 

(CAR)(Bergelson et al., 1997; Bergelson et al., 1998; Tomko, Xu, & Philipson, 1997). 

Internalization of the viral capsid requires further interaction between the RGD motifs on the 

penton base and "v integrins on the cell surface (Huang, Endo, & Nemerow, 1995; Mathias, 

Wickham, Moore, & Nemerow, 1994; Nemerow & Stewart, 1999; Wickham et al., 1993). 

 A major hurdle faced by gene therapies concerns the delivery of the gene product to 

the cells that need it most. In SMA, the major targets are motor neurons as they are 

traditionally seen as most affected during disease progression. One cannot ignore, however, 

the growing evidence for the important role SMN plays in other tissues such as skeletal 

muscle and the pancreas (Bowerman et al., 2012; Martinez-Hernandez et al., 2009). As such, 

a successful gene therapeutic for SMA needs to target these tissues while avoiding 

unnecessary off-target gene transfers (Hua et al., 2011; Valori et al., 2010). Unfortunately, 

the widespread distribution of CAR and "v integrins precludes the use of wild-type Ad5 

capsid as a valid tool. Additionally, Ads cannot efficiently transduce mature muscle due to an 

apparent lack of the appropriate receptors CAR and/or integrins (Acsadi et al., 1994; Huard 

et al., 1995; Nalbantoglu et al., 1999). Hence, the modification of Ad tropism remains an 

important goal in order to overcome the shortcomings of the vector. 
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 There are currently three methods used in an attempt to circumvent CAR-dependant 

transduction of target cells. The first involves complexing the viral capsid with a bispecific 

antibody (Curiel, Agarwal, Wagner, & Cotten, 1991; Poulin et al., 2010; Wickham et al., 

1996) or peptide ligands (Curiel, 1994; Romanczuk et al., 1999).  A second method requires 

the modification of the knob portion of the Ad fiber. In this case, small targeting molecules 

are added to the H-I loop of the knob protein in order to change the natural Ad5 tropism 

(Bouri et al., 1999; Bramson et al., 2004; Jakubczak et al., 2001; Kirby et al., 2000; V. 

Krasnykh et al., 1998; Michael, Hong, Curiel, & Engler, 1995; Roelvink, Mi Lee, Einfeld, 

Kovesdi, & Wickham, 1999). Finally, a third strategy revolves around the different lengths of 

the shaft proteins between the Ad serotypes. It was postulated that the shorter shafts allow the 

capsid to directly interact with the appropriate cellular receptors, thus abrogating the need for 

fiber-dependant binding (Roelvink et al., 1996; Roelvink et al., 1998). Modification of the 

shaft length was demonstrated to be a successful strategy in several studies (Gall, Kass-

Eisler, Leinwand, & Falck-Pedersen, 1996; V. N. Krasnykh et al., 1996; Miyazawa et al., 

1999; Shayakhmetov & Lieber, 2000; Shayakhmetov et al., 2000). 

 In this study, we aim to combine knob and shaft modifications in order to create a 

new adenoviral vector for the potential treatment of SMA. In order to be successful, this 

vector needs to target skeletal muscle and motor neurons and be administered in a way that 

makes it available to the cells that require supplemental SMN. Additionally, we will test 

three different delivery methods in order to determine which will be optimal in the 

administration of targeted gene therapies.  
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4.2 Results 

4.2.1 Modified fiber viruses can infect A549 cells 

 The infective ability of the modified viruses was established in vitro before moving 

into animals. A549 cells were infected with the different viruses, 18 hours later were lysed 

and luminosity was assayed using a #-gal luminosity assay as previously described and 

values were normalized to the amount of protein found in the luminosity assay determined by 

Bradford assay. Normalized background luminosity was measured at 0.54(±0.007; Figure 

4.1). Ad5-LacZ and Ad5spk-LacZ increased relative luminosity 10000-fold to 

19697.50(±146.55) and 29853.53(±998.60) respectively. Furthermore, these two values 

proved to be significantly different (p=0.0006) from each other. Less significantly, 

luminosity was increased approximately 35-fold over background to 36.26(±2.66) with 

Ad5/35s-LacZ and approximately 200-fold to 220.47(±64.13) with Ad5s-LacZ. While 

significantly different than untreated cells, the values obtained with Ad5/35s-LacZ and Ad5s-

LacZ are not statistically different (p=0.0557). In conclusion, each virus can infect A549 

cells and express their LacZ constructs. This preliminary result was a proof of concept for the 

feasibility of the pilot project in mice.  
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Figure 4.1. Modified fiber viruses can infect A549 cells.  A549 cells were infected with 
modified fiber Ads expressing LacZ constructs. Eighteen hours after infection, cells were 
collected, lysed, and the crude cell extract was assayed for #-gal using the GalactoStar% 
System. Total protein in the crude cell extract was determined by Bradford assay. Relative 
luminosity units were normalized to the amount of protein found in the #-gal assay 
(RLU/ug). The logarithmic mean and standard deviation are graphed (n=2). Each letter 
represents a statistically different mean.  
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4.2.2 Wild-type (Ad5-LacZ) and polylysine modified wild-type knob (Ad5spk-

LacZ) viruses can be detected in the spinal cords and sciatic nerves of mice given 

intravenous injections 

 We tested whether the route of administration of the viruses affected the efficacy of 

infection as well as the types of targeted tissues. During the first set of experiments, the 

viruses were given by a bolus injection in the tail vein. Viral quantity was estimated by #-gal 

luminescence assay in the liver and diaphragm and standardized to the total protein found in 

the luminescence assay, as determined by Bradford assay. The presence of the virus in the 

spinal cord and sciatic nerves was detected by dissection and staining of the tissues. 

 As can be seen in Figure 4.2 (Panel A), all four experimental viruses were detected in 

the liver. The livers from mice treated with the wild-type (Ad5-LacZ), the wild-type with 

short fiber (Ad5s-LacZ) and the polylysine modified wild-type knob (Ad5spk-LacZ) viruses, 

displayed significantly more luminescence than the livers from uninfected mice 

(respectively: p= 0.016; p=0.044; p=0.142). There is an observable trend for significant 

detection in the liver of the mouse treated with Ad5/35s-LacZ. Unfortunately, two of the 

three mice given this formulation died as a result of the injection, thus leaving us with only 

one test subject. In the diaphragms of the mice given intravenous viral injections (Figure 

4.2B), there is no significant difference in the detection of the #-gal luminescence between 

the uninfected and infected mice. Positive #-gal staining was only observed in the spinal 

cords from mice treated with wild-type (Ad5-LacZ) viruses (Figure 4.2C; n=2). On the other 

hand, positive staining was detected in the left sciatic nerve (Figure 4.2D) of mice treated 

with wild-type (Ad5-LacZ; n=2) as well as Ad5spk-LacZ (n=2) viruses. 
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 In conclusion, shaft and knob modifications do not affect the amount of virus detected 

in the liver, but it appears that unmodified viruses are more easily detected in the spinal cord 

and neurons. Intravenous injections, although easy to adapt to human patients do not offer a 

good avenue for the delivery of these modified viruses. This is antithesis to our goals of 

improving targeting by modifying the virus fiber proteins.  
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Figure 4.2. Wild-type (Ad5-LacZ) and polylysine modified wild-type knob (Ad5spk-
LacZ) viruses can be detected in the spinal cords and sciatic nerves of mice given 
intravenous injections. C57Bl/6 mice were given an intravenous injection of modified fiber 
Ads expressing LacZ constructs. Twenty-four hours later, the mice were euthanized and 
liver, diaphragm, spinal cord, and sciatic nerve were collected. Whole protein extract was 
obtained from the liver (Panel A) and diaphragm (Panel B) and assayed for #-gal using the 
GalactoStar% System. Total protein in the crude cell extract was determined by Bradford 
assay. Relative luminosity units were normalized to the amount of protein found in the #-gal 
assay (RLU/ug). The logarithmic mean and standard deviation are graphed (n=1-3). Each 
letter represents a statistically different mean. The spinal cord (Panel C) and left sciatic nerve 
(Panel D) were dissected and stained for the presence of LacZ, represented by the blue 
staining.  
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4.2.3 Viral constructs with the wild-type or modified (Ad5spk-LacZ) knobs, can 

readily infect muscle when directly injected into the tissue itself. 

 One of the major symptoms of SMA is the degeneration of the hind limb muscles, 

which is followed, in the more severe cases, by all skeletal trunk muscles. This is also a 

hallmark of other neuromuscular diseases such as Duchenne’s Muscular Dystrophy (DMD). 

We postulated that the fiber modifications present in the viral constructs would affect the 

capability of the virus to infect muscle after an intramuscular injection. As with the tissues 

analyzed after intravenous injections, the luminescent values were normalized to the amount 

of protein used in the assay, as determined by Bradford assay. 

 The three viruses that are based on the Ad5 knob serotype: wild-type knob protein 

(Ad5-LacZ), wild-type knob combined with a short shaft (Ad5s-LacZ), and polylysine 

modified wild-type knob (Ad5spk-LacZ); were all detected in the injected Tibialis anterior 

muscle (Figure 4.3B). The level of detection for these three viruses was approximately 1000-

fold higher than the baseline luminescence muscle established in the muscle of uninfected 

mice (respectively: p=0.028, p=0.0076, p=0.0046). Furthermore, Ad5spk-LacZ was more 

abundant in the muscle than Ad5s-LacZ (p=0.0035). Ad5/35-LacZ was not detected above 

baseline levels of luminescence (p=0.20). On the other hand, there was no significant 

detection of luminescence in liver tissue following all the viral treatments (Figure 4.3A).  

 As in the manner of the mice given intravenous injections of the viral therapeutics, 

the spinal cord and sciatic nerve were dissected and stained for the presence of LacZ. None 

of the sections analyzed demonstrated positive staining (Data not shown). 
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 After intra-muscular injections, two of the modified viruses are detected with the 

same frequency as the wild-type virus in the muscle itself. It appears that the shaft length 

modifications have maintained the ability of the virus to infect mature muscle cells. This is 

important as intra-muscular delivery of a therapeutic bi-passes the liver and eliminates the 

problems of first-pass metabolism. Unfortunately, it appears that through this delivery 

method, none of the modifications tested improved the rate of infection above that of wild-

type Ad.  
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Figure 4.3. Viral constructs with the wild-type or modified (Ad5spk-LacZ) knobs, can 
readily infect muscle when directly injected into the tissue itself. C57Bl/6 mice were 
given an intramuscular injection into the Tibialis anterior of modified fiber Ads expressing 
LacZ constructs. Twenty-four hours later, the mice were euthanized and liver and Tibialis 
anterior muscle were collected. Whole protein extract was obtained from the liver (Panel A) 
and muscle (Panel B), and assayed for #-gal using the GalactoStar% System. Total protein in 
the crude cell extract was determined by Bradford assay. Relative luminosity units were 
normalized to the amount of protein found in the #-gal assay (RLU/ug). The logarithmic 
mean and standard deviation are graphed (n=2-3). 
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4.2.4 Addition of the polylysine tag to the knob protein improves infectivity 

when the virus is delivered by intra-peritoneal injection. 

 The third and final route of delivery tested was by intra-peritoneal injection. This 

method could be extremely important in potential DMD treatments if the therapeutic can 

easily infect the diaphragm, as this remains an important target. Twenty-four hours after the 

single injection, the mice were euthanized and the liver, diaphragm, Tibialis anterior, spinal 

cord, and sciatic nerve were collected. As before, the tissues were either analyzed for #-gal 

detection or LacZ staining. Spinal cord and sciatic nerve were collected and stained, but no 

positive results were obtained (Data not shown).  

 As can be seen in Figure 4.4 (Panel A), the virus with the polylysine tag added to it’s 

knob protein (Ad5spk-LacZ), is approximately 1000-fold more abundant than other viruses 

in the liver of the treated mice (p=0.013). The infectivity of Ad5s-LacZ also appears to be 

higher than the other regimens, but it lacks statistical significance when compared to the 

livers of uninfected mice (p=0.24). When analyzing the luminescence data from the 

diaphragms (Panel B), we observed that all the viruses could be detected. However, only 

Ad5spk-LacZ reached significance (p=0.037), while the values obtained for the other viruses 

were not statistically different than those obtained for the diaphragms of uninfected mice. 

Finally, these results are recapitulated in the Tibialis anterior muscle (Panel C). The 

luminescence measured in muscles from mice treated with Ad5spk-LacZ is approximately 

100-fold higher than those from all other treatment regimens (p=0.048; when comparing to 

uninfected controls).  
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 In the context of neurodegenerative diseases, the restoration of muscle function to the 

diaphragm is a major target of future therapies. Furthermore, intra-peritoneal injections are 

important therapeutic options for patients as they eliminate the pitfalls associated with first-

pass metabolism. With this injection method, these results show that the combination of a 

shortened shaft and the polylysine knob modification improved the ability of the virus to 

infect the diaphragm and hind limb muscle. Ad5spk-LacZ has thus demonstrated immense 

potential as a viral construct for a potential therapeutic.   
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Figure 4.4. Addition of the polylysine tag to the knob protein improves infectivity when 
the virus is delivered by intraperitoneal injection. C57Bl/6 mice were given an 
intraperitoneal injection of modified fiber Ads expressing LacZ constructs. Twenty-four 
hours later, the mice were euthanized and liver, diaphragm, and Tibialis anterior muscle 
were collected. Whole protein extract was obtained from the liver (Panel A), diaphragm 
(Panel B), and muscle (Panel C), and assayed for #-gal using the GalactoStar% System. 
Total protein in the crude cell extract was determined by Bradford assay. Relative luminosity 
units were normalized to the amount of protein found in the #-gal assay (RLU/ug). The 
logarithmic mean and standard deviation are graphed (n=1-3). 
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4.3 Discussion 

 Our long-term goal is the development of viral vectors based on the Ad5 serotype for 

the targeting of specific tissues for the treatment of neuromuscular diseases, namely, Spinal 

Muscular Atrophy. Our laboratory has previously undertaken such endeavors  (Poulin et al., 

2010). The original strategy genetically modified the pIX capsid protein. The modifications 

encoded either a single-chain (scFv) or a single-domain (sdAb) antibody for the targeting of 

cells presenting a specific epitope. This strategy proved to be unsuccessful in regards to scFv 

as the fusion peptide is improperly folded. In constrast, the sdAb was successfully 

incorporated into the virion capsid and led to higher targeting of the cells presenting the 

proper epitope. We thus concluded that, although this method works well, it will be subject to 

the whims and wishes of the sdAb.  A comprehensive understanding of all epitopes on the 

surface of different cell types, and the subsequent development of antibodies against those 

epitopes, is required for this method to become truly adaptable. For this study, we attempted 

to bypass these issues by using adenoviral protein sequences, from other viral subtypes, 

known to change the natural tropism of the virus, and incorporated them into the Ad fiber 

protein. If successful, this strategy would create viruses specifically curated to target a subset 

of tissues and/or cells. 

 Gene therapy is a promising approach for the treatment of incurable genetic diseases. 

It is important for the success of this method that viral vectors are delivered to specific 

tissues. Ad has long been considered an ideal vector for gene therapy due to its capability of 

packaging large transgenes and its relatively mild pathology. However, the tropism, or cell 

preference of wild-type Ad is not optimal for the treatment of SMA. This disease affects 

mainly "-motor neurons and skeletal muscle, and these cell types are not the primary targets 
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of Ad as they express very little CAR and "v-integrin receptors (Acsadi et al., 1994; Huard 

et al., 1995; Nalbantoglu et al., 1999). Additionally, Ad5 gene transfer is inefficient in a 

number of tissues, most importantly in the scope of this study: smooth muscle (Wickham et 

al., 1996) and brain tissue (Chillon et al., 1999). In conjunction with developing different 

vectors to target the appropriate cell types, we need to optimize the delivery method of the 

therapeutic. The most successful gene therapy strategy for SMA so far has been direct central 

nervous system (CNS) injections (Hua et al., 2011; Passini et al., 2011). Although it is 

feasible in mice, CNS injections are not a recommended method for use in human patients, 

especially if multiple injections are necessary. In this experiment, we chose to test three 

different methods. Each one has advantages and disadvantages that could all impact the 

efficacy of a future therapy.  

Intravenous injection in the tail vein was chosen as the first injection method. This is 

a standard method of injection in mice and allows for large volumes to be administered. 

Furthermore it has been very successful in gene therapy strategies against SMA (Glascock, 

Osman, et al., 2012). In this study, intravenous delivery of self-complementary adeno-

associated virus (sc-AAV) expressing SMN increased the lifespan of a severe mouse model 

(SMN-/-; SMN2+/+) 2-4 fold. The only difference with this study, and all others that were 

successful using intravenous injections, is that they used an scAAV9 vector instead of an Ad 

vehicle (Dominguez et al., 2011; Foust et al., 2010; Valori et al., 2010). In the case of an Ad 

injection, more than 80% of the virus is retained in the liver following this type of injection 

(Guo et al., 1996), but it will also be found in tissues expressing the appropriate CAR-

receptors and #v integrins (Beatty & Curiel, 2012). This accounts for the success of gene 

therapy products whose main target is the liver either to restore a functional deficiency to 
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hepatocytes, or to use the organ as a protein production factory to produce large amounts of 

secreted protein. The luminosity assay performed on the livers of mice given an intravenous 

injection confirmed the high degree of infectivity for this organ. The three viruses that can 

target CAR, regardless of the length of the fiber, were all detected in abundance. Even the 

construct that targets CD46 (Ad5/35-LacZ) had a significant presence in the liver tissue when 

compared to the untreated mice. This result echoed the findings of the previous studies that 

claimed that a majority of virus administered by intravenous injections end up in the liver 

(Valori et al., 2010).  

Acute toxicity of Ad5 based vectors is of significant concern for gene therapy 

strategies. Systemic injections of Ad5 serotypes can activate a severe innate immune 

response (Schnell et al., 2001), mediated by an interaction with epithelial cells (Lee et al., 

2010). All six mice treated intravenously with Ad5-LacZ and Ad5spk-LacZ seemed to be 

affected by a reaction to the bolus. Within five minutes of the injection, they became 

lethargic and had difficulty breathing. They all recovered within thirty minutes, 

demonstrating that although a serious reaction was activated, it was not fatal. Going forward, 

it is imperative that the mice be closely monitored following the injections. 

The second delivery method we tested was an intra-muscular injection. Along with 

affecting "-motor neurons, another important target of SMA are the hind limb muscles. 

Retrograde transport of the virus and/or gene product is a mechanism that would allow a 

therapy to treat both the muscles and the motor neurons in one injection. This method has 

been used before to introduce Brain-Derived Neurotrophic Factors (BDNF) to spinal neural 

cells (Uchida et al., 2012), by way of an intramuscular Ad injection. In our study, we 

identified significant gene transfer in the injected muscle from the viruses that interact with 
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CAR (Figure 4.3). Unfortunately, we were unable to observe any retrograde transport of the 

gene product into the sciatic nerve 24 hours after injection (data not shown). It is likely that 

the incubation time was too short. In the previous study by Uchidi et al. (Uchida et al., 2012), 

the gene product was detected in the cervical neurons only four weeks after the initial 

intramuscular injection.  

The final delivery method we chose is an intraperitoneal injection. According to 

Passini and Chang (Passini & Cheng, 2011), this method has not been successfully used in 

the development of a gene therapy SMA treatment strategy. It has, however, been used in the 

treatment of DMD. A single intraperitoneal injection of helper-dependant adenovirus (hdAd) 

containing the full-length dystrophin expression cassette, lessened respiratory distress in 

mice by restoring dystrophin levels in the diaphragm (Ishizaki et al., 2011). Thus, we added 

this injection method to our experiments to determine whether any of the viral constructs 

may eventually become fruitful in treating other diseases if they do not work for SMA. We 

found that adding the polylysine tag to the fiber knob dramatically increased the infectivity of 

the virus towards the diaphragm as well as the Tibialis anterior. This result is unprecedented 

with a vehicle based on an Ad serotype and is encouraging for therapies towards both DMD 

and SMA. Curiously, the hdAd used in the dystrophin study is also based on a gutted Ad5 

serotype vector (Miyake et al., 1996), and readily infected muscle. The Ad5-LacZ vector 

used in our study was wholly inefficient following the intraperitoneal injection. The vector 

was not detected above background levels in the liver, diaphragm, or the Tibialis anterior 

muscle. This result needs to be taken with a grain of salt, as two of the three mice given Ad5-

LacZ died shortly following the injection. As with the intravenous injection, they became 

lethargic and presented with obvious respiratory distress before dying. The mouse that 
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survived also became lethargic but recovered in a timely fashion. Following an autopsy, no 

apparent internal damage could be found to explain the observed symptoms. Unfortunately, 

the gene construct was not detected in either the spinal cord or the sciatic nerve twenty-four 

hours after injection. As is the case with the intra-muscular injections, it is possible that it 

would take up to four weeks for the construct to make its way into those tissues, especially 

through retrograde transport from the Tibialis anterior muscle.  

Clearance studies have established that Ad5 viruses have a half-life of less than 2 

minutes following an intravenous injection (Alemany, Suzuki, & Curiel, 2000). This 

phenomenon is caused by the sequestration of the virus by Kupffer cells in the liver (Kirn, 

Gut, & Gendrault, 1982). Since all our constructs are based on the serotype 5 Ad, we also 

found that a big fraction of the injected viruses were sequestered in the liver of the mice 

(Figure 4.2 A, 4.4A). This is likely a result of the fact that hepatocyte and blood factor X 

interactions were not ablated by the changes we made to the viral capsids in this study 

(Kalyuzhniy et al., 2008; Waddington et al., 2008). In these studies, the authors successfully 

prevented the uptake of the virus by the liver simply by changing the hypervariable region of 

the hexon capsid protein, from an Ad5 to an Ad48. 

In the original study performed by Shayakmetov et al. (2000) (Shayakhmetov & 

Lieber, 2000), the long shaft protein was more efficient at infecting three different cell types: 

293s, Y79 (human retinoblastoma), and K562 (human erythroleukemia). They used three 

different cell types in order to vary the amount of CAR and "v-integrin receptors on the 

surface of the cells. In essence, the researchers found Ad5-LacZ was more efficient than 

Ad5s-LacZ in vitro. In figure 4.1, we recapitulated the same results in a fourth cell line, 

A549.  
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 The Ad5/35 chimeric virus was first conceived by Shayakhmetov et al. 

(Shayakhmetov et al., 2000) in the hopes of targeting the vector towards cells that expressed 

the CD34 receptor. This receptor is generally associated with human hematopoietic stem 

cells (HSCs) (Shayakhmetov et al., 2000). The change in fiber increased the ability of the 

virus to infect CD34+ by approximately 50%, but only in the cells that also expressed "v-

integrin. In our study, the change in fiber did not target this virus to our desired cell types. In 

fact, the results obtained with Ad5/35s-LacZ were almost identical to the results obtained 

with the untreated mice. This was to be expected as the liver, diaphragm, hind limb, spinal 

cord, and sciatic nerve do not express the CD34 cell receptor.  

The addition of the pK tract to the knob of a small Ad9 fiber led to the highest 

increase of muscle targeting in this study (Figure 4.4B and C). This strategy meant that 

Ad5spk-LacZ was using both CAR-dependant and independant pathways for cellular 

internalization. The pK has been successfully added to viruses in the past in the hopes of 

targeting smooth muscle cells. In a study by Wickham et al. (Wickham et al., 1997), the 

addition of a 7 residues lysine moiety to the H-I loop of an Ad5 fiber, drastically improved 

the capability of the virus to infect muscle cells both in vitro and in vivo. The conclusions 

may not transfer adequately to this study as the authors used pigs as their test animals. In a 

second study, this time performed in mice, Bramson et al. (Bramson et al., 2004) increased 

the ability of the chimeric virus to infect muscle cells by adding a pK moiety to the fiber of 

an hdAd5 virus. As this virus is simply a traditional Ad5 that is completely gutted of it’s viral 

genes, this is easily comparable to the structure of Ad5spk-LacZ.  
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4.4 Future Direction  

 Despite the positive results discovered in this study, it is only a first step in the 

development of a proper targeting virus. A follow-up study will be undertaken to determine 

whether varying the concentration of the vectors in the injections can modulate the virus rate 

of infection. The injections will be repeated only with three of the viruses: wild-type (Ad5-

LacZ), short shaft protein (Ad5s-LacZ), and polylysine knob (Ad5spk-LacZ) viruses, as they 

proved to be the most successful. Furthermore, the results obtained with the intra-muscular 

injections were not satisfactory. Apart from good muscle tissue incorporation, we observed 

no transduction of the sciatic nerves or the spinal cord. In the scope of an SMA treatment, the 

motor neurons are the primary target (Goulet, Kothary, & Parks, 2013), thus the incubation 

period following intra-muscular injections will need to be extended in order to confirm these 

results. Additionally, our experiments did not allow us to detect the presence of the virus 

with the luminosity assay and stain at the same time. In other words, we know that the 

viruses can be detected in the diaphragm after intra-peritoneal injections, but we have no way 

to determine if the virus is evenly distributed or localized to certain cell-types. It will be 

important to verify this information before we can confirm that modifying the fiber proteins 

actually helps the virus to target certain tissues.  
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4.5 Conclusion 

 None of the fiber length and knob combinations tested helped in de-targeting the 

liver. The most significant result occurred following the intraperitoneal injections of Ad5spk-

LacZ. The combination of a short fiber and polylysine motif dramatically improved the 

ability of this virus to target muscles (diaphram and TA). This virus will garner significant 

interest going forward in the development of targeted therapy strategies for both DMD and 

SMA.  
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