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Abstract 

Spinal muscular atrophy (SMA) is an autosomal recessive disorder caused by reduced levels 

of the survival motor neuron (SMN) protein, which results in degeneration of motor neurons, 

leading to muscle weakness, and, ultimately, death. To provide an effective therapy for 

SMA, SMN expression must be restored in motor neurons. The goal of our research is to 

develop protein-based therapeutics for SMA. Protein transduction domain (PTD), from the 

human immunodeficiency virus-transactivator of transcription (HIV-TAT), mediates the 

transduction of any polypeptide to which they are fused. We produced bacterial expression 

cassettes of PTD-SMN. The PTD-SMN is able to transduce cells in vitro, reaching the 

nucleus and forming punctate structures similar to that of endogenous SMN. Internalization 

of PTD-SMN results in an increased nuclear-staining foci (gems) number. Importantly, this 

PTD-SMN co-localizes with coiled bodies, indicating PTD-SMN is able to localize to the 

correct region of the nucleus. However, we were unable to detect interaction of PTD-SMN 

with SMN known binding partners, suggesting that majority of PTD-SMN has low activity. 

Our results suggest that PTD-SMN produced from a prokaryotic source may be useful for 

SMA therapy, but optimization of protein production is required before this therapy can 

reach its full potential. 
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Chapter 1 - Introduction 

1.1 General Introduction 

Since the disclosure of the first draft of the human genome sequence in 2001, it has 

been estimated that our genome contains 25,000- 45,000 genes (Lander, et al, 2001; Pennisi, 

2003), of which 2,500 have been identified as disease- causing genes (McKusick, 2009). As 

pointed out by Leader et al, every gene coded by the 3 billion base pairs contained in the 

human genome can potentially mutate, resulting in several thousand disorders (Leader, et al, 

2008). Availability of the complete human genome sequence opens new possibilities for the 

development of novel therapeutics to target disease-causing genes. Unfortunately, there are 

still 1,500 known monogenic phenotypes for which the defective gene remains unknown 

(McKusick, 2009). 

Among the immensurable list of genetic disorders, inherited neuromuscular diseases, 

such as muscular dystrophies, amyothrophic lateral sclerosis, congenital myopathies, spinal 

muscular atrophies and others, comprise a group of diseases affecting skeletal muscle and 

motor neurons, which present unique challenges in the search for effective therapies 

(Arnett, et al, 2009a). From childhood to adulthood onset of the disease, patients are 

restricted in their motions, condemning them to a life of continuous limitations and, in the 

worst cases, to early death. Fortunately, with the advent of new technologies, there are new 

and promising treatment strategies for these disorders, such as stem cell and gene therapy, 

and RNA-modification therapy (Arnett, et al, 2009b; O'Connor, et al, 2006). Furthermore, a 

novel strategy that is gaining power in the pharmaceutical industry is protein therapy, which 

has proven effective in some diseases (Ashton, 2001; Ho, et al, 2003). 
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In the following thesis, I present a complete description of my project, which was 

focused on developing a new treatment for SMA, the number one killer of infants under the 

age of two; hoping to lessen the devastating symptoms of this neuromuscular disorder. 

1.2 Spinal muscular atrophy 

1.2.1 Introduction 

Spinal muscular atrophies comprise a group of genetically heterogeneous disorders, 

characterized by degeneration of lower motor neurons of the spinal cord and brainstem motor 

nuclei, resulting in symmetrical weakness and wasting of skeletal muscle (Dubowitz, 1991). 

The majority of patients present with an autosomal disorder with proximal manifestation in 

muscle weakness, leading to paralysis and ultimately death. With an incidence of 1 in 6,000 

to 10,000 live births (McAndrew, et al, 1997; Pearn, 1978; Roberts, et al, 1970), and a carrier 

frequency of 1:35 (Cusin, et al, 2003; Feldkotter, et al, 2002), SMA is considered one of the 

most common genetic disorders that leads to death in early childhood. 

1.2.2 Clinical features of SMA 

Based on the variable clinical manifestations, achieved motor abilities, and age of 

onset of the disease, the International SMA Consortium classified SMA into four categories, 

from type I to type IV (Table 1.1). Briefly, type I SMA is the most severe form, which 

manifests within the first 6 months of life; patients suffer from severe muscle weakness and 

hypotonia that result in death at a very early age. Type II SMA is a milder form, although it 

is considered an intermediate form, since patients lack the ability to walk, and life 
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expectancy largely depends on the degree of respiratory distress. Type III and IV SMA 

present symptoms during childhood and adulthood, respectively, do not usually present a 

limited life span, and patients are capable of performing tasks such as walking or standing 

(Sumner, 2006). In addition, reports of patients with very severe muscle weakness and 

respiratory distress at birth are considered type 0, associated with death at birth (Russman, 

2007). 
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Table 1.1. Clinical classification of SMA. 

SMA Type 
Development . . f 

Age of Onset Characteristics p p _ ^ ° 
° Death 

At birth Very severe muscle 
weakness 

At birth 

I (Werdnig-
Hoffmann) 

< 3-6 months Never able to sit or 
maintain posture 

< 2 years 

II (Intermediate 
form) 

> 6 months Able to sit, unable 
to walk or stand 

unaided 

Adolescence or 
adulthood 

III ( Kugelberg-
Welander) 

< 3 years > Able to sit and walk Lifespan is not 
reduced 

IV (Adult form) > 30 years Mildly affected Lifespan is not 
reduced 
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1.2.3 Molecular genetic basis of SMA 

By linkage analysis of several families suffering from type I, II and III SMA, the 

mutant gene responsible for the disorder was mapped to the 5ql2-ql3 region (Melki, et al, 

1990). Not only does this region harbor the gene for SMA, SMN, but also the neuronal 

apoptosis inhibitor protein gene (NAIP), the basal transcritption factor subunit p44 gene, and 

the H4F5t gene, which are all present in telomeric and centromeric copies in a large inverted 

duplication (Wirth, 2000) (Fig. 1.1). Due to repeated sequences, pseudogenes, and a retro-

transposable element located within this region, unequal rearrangements between highly 

homologous elements occur, generating deletions, duplications or gene conversion events 

(Tizzano, 2001). Nevertheless, it has been clearly demonstrated that the only causative gene 

for SMA is SMN. 

In humans there are two copies of the SMN gene, of which, the telomeric copy or 

SMN1 undergoes conversion events, homozygous loss, or mutations, resulting in SMA; 

whereas the centromeric copy of SMN or SMN2 is unaffected (Burghes, 1997; Lefebvre, et 

al, 1995). Deletions of exon 7 and 8 in SMN1 occurs in ~95% of patients; whereas nonsense, 

frameshift, or missense mutations have also been reported (Lefebvre, et al, 1995; Parsons, et 

al, 1998), demonstrating that the SMN1 gene is crucial for pathogenesis. SMN2, an almost 

identical gene to SMN1, fails to fully compensate for the lack of SMN1, due to a 

translationally silent mutation which changes a cytosine to a thymidine at position +6 of 

exon7, disrupting a putative exonic splicing enhancer, and resulting in the synthesis of an 

unstable protein not able to self-oligomerize or interact with other proteins (Lorson, et al, 

1999; Monani, et al, 1999). In support to the role of SMN as a disease determining gene, 
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deletion of SMN in mice, which only carry a single copy, leads to early embryonic lethality 

(Schrank, et al, 1997). 

Whereas the SMN1 gene produces 100% of the full length protein, SMN2 produces 

only 10% full-length with the remaining 90% lacking exon 7. Although 5-10% of the normal 

population lacks the centromeric copy of SMN, all patients with SMA retain the SMN2 gene 

(Sumner, 2006; Wirth, 2000) (Fig. 1.2). In fact, most patients with SMA type I carry one or 

two copies of SMN2, while more than 80% of type II SMA patients carry three SMN2 copies, 

and almost 100% of patients with type III SMA carry three or four SMN2 copies (Feldkotter, 

et al, 2002), demonstrating that SMN2 copy number has a very important modifying effect on 

disease severity. 

Furthermore, there exist asymptomatic individuals who lack SMN1 gene, but retain 

an increased SMN2 dosage (Mailman, et al, 2002; Prior, et al, 2004). Other genes such as 

NAIP modify the severity of SMA; mutations in NAIP lead to a more severe SMA 

phenotype, regardless of the SMN2 copy number (Jedrzejowska, et al, 2009; Watibayati, et 

al, 2009). 
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Figure 1.1: Schematic representation of the inverted duplication in the 5q region, containing 
4 duplicated genes, flanked by HRAD17 and TFNR. Adapted from Wirth, B., Human 
Mutation (2000), 15, 228-237. 
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Figure 1.2: Schematic representation of SMN1 and SMN2 genes. The two genes differ in five 
nucleotides, without translational consequences, except for the C to T transition in exon 7. 
SMN1 produces 100% of full length transcript, and SMN2 only produces 10%. Adapted from 
Wirth, et al, Seminars in Pediatric Neurology (2006), 13, 121-131. 
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1.2.4 The survival motor neuron protein 

The SMN gene codes for a 38 kDa protein that is ubiquitously expressed. The protein 

is diffusely localized in the cytoplasm; whereas, in the nucleus, SMN protein is concentrated 

in punctate structures, called gems, which are in close proximity to Cajal or coiled bodies 

(Liu, et al, 1996). Cajal bodies participate in the biogenesis of small nuclear 

ribonucleoproteins (snRNPs), including their maturation, storage, and transport (Matera, et 

al, 1998). In all fetal tissues, gems and coiled bodies are observed as separate structures 

(Young, et al, 2001), which reach complete co-localization by adulthood (Young, et al, 

2000). Interestingly, the number of gems is dramatically reduced in type I SMA patients, 

revealing an inverse correlation between the number of gems and severity of the condition 

(Coovert, et al, 1997). 

1.2.4.1 SMN in RNA metabolism. Initial immunocytochemistry complemented with co-

immunoprecipitation analysis of SMN, led to the discovery that SMN protein is part of a 

highly stable multiprotein complex that contains proteins involved in RNA metabolism (Liu, 

et al, 1997), Gemins2-8 (Baccon, et al, 2002; Carissimi, et al, 2006; Charroux, et al, 1999; 

Charroux, et al, 2000; Gubitz, et al, 2002; Pellizzoni, et al, 2002), and unrip proteins 

(Carissimi, et al, 2005). Currently, the best characterized function of SMN is related to the 

biogenesis of snRNPs. snRNPs are the major components of the spliceosome, the machinery 

that carries out pre-messenger RNA (pre-mRNA) splicing. Newly exported small nuclear 

ribonucleic acids (snRNAs) (Ul, U2, U4, U5, Ul 1, U12, and U4atac) in the cytosol, interact 

with 7 common Sm proteins, core components of snRNPS, and other proteins specific to 

each snRNAs to form snRNPs; which, after processing of the 5' and 3' end of the snRNAs, 
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are imported into the nucleus (Yong, et al, 2004). This complex is assembled through direct 

interaction of Sm proteins with snRNAs mediated by the SMN protein, providing specificity 

to the process (Fischer, et al, 1997; Meister, et al, 2001; Pellizzoni, et al, 2002; Yong, et al, 

2004). Taken together, these findings suggest that when SMN expression is decreased, 

snRNPs assembly is affected. 

Moreover, lower assembly and activity of snRNPs is directly proportional to the 

levels of SMN protein in SMV-deficient models (in vitro and in vivo) and SMA patients, 

demonstrating that there exists a strong correlation between levels of SMN protein and 

snRNP biogenesis (Zhang, et al, 2008; Gabanella, et al, 2007; Pellizzoni, et al, 1998; Wan, et 

al, 2005; Zhang, et al, 2008). Accordingly, SMN deficiency results in a different repertoire of 

snRNAs and messenger RNAs (mRNAs), leading to defects in pre-mRNA and a subsequent 

decrease in several transcripts, strongly suggesting that SMA might be a splicing disease, 

which not only affects motor neurons, but also other tissues (Anderson, et al, 2004; Zhang, et 

al, 2008). However, if clinical manifestations of SMA patients are a direct consequence of 

the detrimental splicing defects caused by the reduced levels of SMN, motor neurons should 

not be the only tissue affected. It is evident that further studies are required to elucidate the 

overall involvement of snRNPs in motor axon defects. 

1.2.4.2 SMN in motor neurons. Several studies have tried to understand why motor neurons 

are more susceptible than any other tissue to the loss of SMN. There is evidence of the 

presence of the SMN protein in axons and growth cones of motor neurons, which peaks 

during embryonic development, but decreases post-natal and remains unchanged during 

adulthood (Fan, et al, 2002; Jablonka, et al, 2001; Pagliardini, et al, 2000; Rossoll, et al, 
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2002). In line with the role of SMN in RNA processing, SMN has been found to interact with 

two heterogenous nuclear ribonucleoproteins (hnRNP), hnRNP-R and hnRNP-Q, which are 

proteins involved in mRNA editing, transport and splicing in motor neurons (Rossoll, et al, 

2002). Specifically, it has been reported that hnRNP-Q is a crucial component of the splicing 

machinery for pre-mRNA splicing, interacting only with wild type SMN but not the SMN 

mutant forms (Mourelatos, et al, 2001; Rossoll, et al, 2002). These studies strongly support 

an important role for SMN in RNA metabolism in this cell type. 

Studies of cultured forebrain neurons from chick embryos and rat spinal cord showed 

that SMN protein form granules which are actively transported in neuronal processes and 

growth cones, dependent on both microtubules and microfilaments, and that the SMN 

lacking exon 7 mutant leads to impaired granule formation and generation of shorter neurites 

(Zhang, et al, 2003). Growth cone motility, axon outgrowth, and guidance are partly 

governed by actin filaments, microtubules, and their associated proteins (Dent, et al, 2003). 

As a consequence, reduced axonal growth observed in SMA models in vitro and in vivo 

could be caused by the malformed distribution of actin proteins. For example, P-actin protein 

is concentrated in growth cones of PC 12 cells and primary motoneurons; whereas in SMN-

deficient motor neurons, P-actin is deficient in growth cones and distal parts of the axon 

(Rossoll, et al, 2003). P-actin protein localization to growth cones depends largely on the 

axonal transport of the P-actin mRNA (Kislauskis, et al, 1997). The hnRNP-R protein 

interacts with the 3' untranslated region (UTR) of the P-actin mRNA, which is important for 

P-actin transport; this interaction is mediated by SMN (Rossoll, et al, 2003). 

In addition to interacting with hnRNPs and actin, SMN also associates with profilin I 

and II isoforms, which are small actin-binding proteins and regulators of actin dynamics 
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(Bowerman, et al, 2007; Giesemann, et al, 1999; Sharma, et al, 2005). The proline-rich 

motifs at the carboxy terminus of SMN interact with both isoforms of profilin, but with 

higher affinity with profilin II, which is predominantly expressed in motor neurons 

(Giesemann, et al, 1999). Knockdown of profilin I and II inhibites neurite outgrowth of PC 12 

cells (Sharma, et al, 2005). Furthermore, it has been shown that deficiency in SMN leads to 

altered expression of profilin II, manifesting in upregulation of the RhoA/ROCK actin 

remodeling pathway and defects in neuronal integrity, such as shorter neurites and increase 

swelling along neurites (Bowerman, et al, 2007). These reports suggest that SMN deficiency 

compromises the cytoskeleton integrity of neurons. 

Altogether, not only is SMN important for the assembly of snRNPs, but also for 

motor neuron outgrowth and maintenance, as evidenced by several studies which 

convincingly showed the role of SMN in mRNA transport along the axons, as well as its 

interaction with actin-binding proteins (Sumner, 2006). 

Furthermore, based on the main features of the disease, which is weakness of the 

skeletal muscle, one can predict that skeletal muscle is also a target of the low levels of 

SMN. In order to gain more understanding of which organ is more affected, motor neurons 

or skeletal muscle, animal models represent an excellent tool to understand the phenomenon 

better. 
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1.2.5 Animal models of SMA 

The development of animal models of SMA not only has yielded important insights 

into the disease pathogenesis, but also it has provided essential in vivo systems for 

identifying and validating the efficacy of potential therapeutics. The SMN2 gene is unique to 

humans; most other organisms possess a single copy of the SMN gene (Monani, et al, 2000; 

Schmid, et al, 2007). Nematode, fly and mouse models with no functional SMN protein have 

a uniformly early embryonic lethal phenotype. To gain more insight into the characteristics 

of SMA and how defects in SMN lead to disease, several animal models have been designed, 

which have provided a better understanding of SMN biology. 

Strong evidence of the vital importance of SMN is the embryonic lethality of mice 

caused by depletion of the SMN gene (Schrank, et al, 1997). In these mice, the expression of 

the SMN gene is inactivated by placing a lacZ gene fused in-frame to the first 40 nucleotides 

of exon 2. The resulting embryos do not implant; however, they do reach the early morula 

stage due to the maternal SMN contribution, whose depletion coincides with the death of 

mutant embryos. This report confirms the requirement of SMN for survival as it has been 

suggested by previous studies. 

To better understand the SMA pathology, generation of mouse models that mimic 

SMA was performed by several scientists. Two research groups demonstrated independently 

that expression of human SMN2 in a null SMN background mice can correct the SMA-like 

phenotypes (Hsieh-Li, et al, 2000; Monani, et al, 2000). Specifically, SMN~/~;SMN2 mice 

carrying one copy of SMN2 die within the first 6h of birth; whereas, eight copies of SMN2 

allows survival longer than 10 months of age (Monani, et al, 2000). Moreover, expression of 

SMN2 protein is dramatically reduced in spinal cord compared to other tissues, suggesting 
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that there could be tissue-specific factors that modulate expression of the SMN2 gene, 

resulting in a pathological condition (Hsieh-Li, et al, 2000). At the same time, generation of 

milder forms of SMA corresponding to type II and III has been reported (Le, et al, 2005; 

Monani, et al, 2003). To illustrate, introduction of a transgene carrying a missense mutation 

in exon 1 of the SMN gene into the severe SMA genetic background, generates type III SMA 

mice which suffer from motor neuron degeneration, muscle atrophy and abnormal 

electromyography (EMG) patterns (Monani, et al, 2003). Additionally, transgenic expression 

of SMNA7, the major product of SMN2, on a severe SMA background, SMN ;SMN2 (1 

copy), increases lifespan from 5 to 13 days on average, agreeing with previous observations 

that expression levels of SMN is determinant for the severity of the condition (Le, et al, 

2005). 

SMA mouse models also provided useful information as to which tissue is more 

affected by the reduction of SMN protein. Using a Cre-LoxP system to delete exon 7 from 

specific cell types (Sauer, et al, 1988), it was demonstrated that the full-length SMN is 

essential for the survival of neurons (Frugier, et al, 2000) and muscle (Cifuentes-Diaz, et al, 

2001b). Conditional deletion of the murine SMN exon 7 targeted to neurons results in a SMA 

phenotype; severe motor defects associated with tremors are observed, and denervation of 

skeletal muscle (Frugier, et al, 2000). Similarly, deletion of SMN exon 7 targeted to skeletal 

muscle leads to muscle necrosis with a dystrophic phenotype causing muscle paralysis and 

death, suggesting a primary role of SMN in muscle (Cifuentes-Diaz, et al, 2001a). Despite 

the evidence that reduction of SMN expression in skeletal muscle generates severe muscular 

dystrophy, Gavrilina et al showed that rescue of severe SMA mice can be achieved through 
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up-regulation of SMN in neurons, but not in muscle, indicating that motor neurons are the 

primary target of deficient SMN expression (Gavrilina, et al, 2008). 

Drosophila has emerged as a useful model system to elucidate fundamental cellular 

mechanisms of neurodegenerataive diseases, due to similarities shared with humans (Marsh, 

et al, 2006). Missense mutations in the SMN gene of Drosophila melanogaster cause 

inability of the protein to self-associate (Chan, et al, 2003). Larvae mutants develop a 

progressive loss of motility and increased uncoordinated movement before death. In addition, 

rescue of phenotypes is only possible if SMN is overexpressed in muscles and neurons, 

suggesting that SMN is required at both sides of the neuromuscular junction (NMJ). 

Likewise, directed-5!MV ribonucleic acid interference (RNAi) in Drosophila leads to 

abnormal NMJ structure (Chang, et al, 2008). Specifically, reduction of SMN in muscle and 

neuron reveals a reduction in the number of synaptic boutons and a decrease of 

neurotransmitter receptors. Furthermore, screening of transposon insertions in the 

Drosophila genome identified a novel mutation which impairs jumping and flying, due to a 

specific SMN knockdown in the thorax muscle (Rajendra, et al, 2007). More importantly, it 

was observed that SMN mutant myofibers do not form thin filaments, and that SMN 

colocalizes with sarcomeric actin in myofibers. Based on these observations, this report 

provides evidence of the involvement of SMN in muscle and a likely muscle specific 

function. 

McWhorter et al developed a SMA zebrafish model system using antisense 

morpholino technology (McWhorter, et al, 2003). Zebrafish have a well-characterized 

nervous system and relatively simple neuromuscular organization. SMN mutant embryos 

developed motor-axon specific pathfinding defects, without altering other neuronal cell 

types, or affecting muscle development. Ubiquitous knockdown of SMN specifically targets 
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motor axon outgrowth causing a dramatic increase in motor axon branching, strongly 

suggesting that SMN reduction primarily affects motor neurons. However, a study done by 

Winkler et al suggests that motor axon defects are not a direct consequence of SMN 

reduction; for instead, depletion of Gemin2, a component of the SMN complex, mimics 

motor axon defects as described above, and that coinjection of snRNAs into SMN or Gemin2 

mutants equally ameliorate SMA-like phenotypes (Winkler, et al, 2005). Moreover, a more 

recent study has shown that transgenic zebrafish with human SMN driven by a motoneuron 

specific promoter ameliorates the phenotypes observed in NMJ formation at the pre-synaptic 

side, although survival is not improved (Boon, et al, 2009). SV2, a pre-synaptic protein at the 

NMJ, is dramatically reduced in SMN zebrafish mutants, suggesting SMN plays a role in 

NMJ formation, although it is unclear whether this is a direct or indirect consequence of 

SMN reduction. 

Despite the contributions that animal models have made in understanding SMA 

pathology, it is quite obvious that results obtained from these models are not consistent; in 

fact, some contradict. Therefore, as Burghes warns, it is crucial to critically analyze the 

results, and pay particular attention to the techniques of development of these animal models 

(Burghes, 2009). 
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Table 1.2. Characteristic of SMA animal models. 

Species Mutation Phenotype 

Drosophila 

Melanogaster 

Missense mutation in SMN gene Inability of SMN to 

self-associate 

RNA interference SMN knockdown Abnormal neuromuscular 

junction 

SMN mutation directed to thorax Lack of the ability to jump 

muscles or fly 

Zebrafish Ubiquitous SMN knockdown using 

antisense morpholines 

Motor axon defects 

Mouse 

r-A 
SMN 

SMN ;SMN2 

Conditional deletion of SMNexonl 
to neurons 

Conditional deletion of SMNexonl 
to skeletal muscle 

Embryonic lethality 

Number of copies of SMN2 
determines severity of the 

condition 

Denervation 

Muscle necrosis 
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1.2.6 Current treatment or disease management 

Even though intense research has led to insights of SMA pathology and biology, it 

has not found a cure for SMA. In order to ameliorate the conditions and prevent rapid 

progression of the disease, supportive care is crucial. Respiratory, nutritional, and orthopedic 

management are required to prevent or diminish insufficient respiratory muscle strength, 

undernutrition and obesity, and progression of scoliosis respectively (Burnett, et al, 2009). 

The most prevalent feature of a SMA patient is respiratory insufficiency, due to weakness of 

muscles involved in breathing. The use of ventilators has really made a difference in smaller 

patients. In addition, progressive development of scoliosis can be retarded by the use of 

braces, especially if applied early. Further, spinal fusion surgery is often recommended in 

order to prevent major deformities. Altogether, SMA physicians agree on an early treatment 

of patients before more dramatic symptoms appear, and rapid progression of disease is 

inevitable. 

1.2.7 Therapeutic prospects of SMA 

In spite of its devastating outcome, SMA has an advantage over other genetic 

diseases in that there is a duplicate of the SMN gene, which can be targeted for therapeutic 

purposes. A variety of strategies to treat SMA have been proposed in order to ameliorate the 

symptoms, or even cure the disease. Among these strategies include the up-regulation of the 

SMN gene by activating SMN2, stem cell technology, use of neuroprotective agents, gene 

therapy and protein replacement therapy. Briefly, I will discuss the most relevant studies 

about the above mentioned strategies. 

18 



1.2.7.1 Restoration of the SMN2 gene. Correction of the splicing mechanism of SMN2 can 

increase the expression of the full length SMN2 protein. As shown by Brichta, et al, 0.5 to 

500 uM of Valproic acid (VPA) increases the level of the FL-SMN2 2-4 fold. They report 

that this increase could be due to upregulation of the most important serine/arginine-rich 

splicing (SR)- like splicing factor, Htra2-pi; however, they also suggest that upregulation of 

the FL-SMN2 is due to higher transcriptional activators, such as SR proteins (Brichta, et al, 

2003). VPA is known to act as a histone deacetylase inhibitor which has gained the approval 

of the United States Food and Drug Administration (US FDA). Histone deacetylases 

(HDAC) inhibitors regulate the level of histone acetylation, a post-translational modification 

of nucleosomal histones that in most case enhances gene transcription (Jenuwein, et al, 

2001). Histone acetylation promotes gene transcription by relaxing chromatin structure and 

facilitating access to DNA by the transcriptional machinery, whereas histone deacetylation 

promotes a condensed chromatin state and transcriptional repression. HDAC inhibitors have 

the capacity to act on the promoter of SMN2, activating the gene, and increasing the levels of 

FL-SMN produced from SMN2 (Kernochan, et al, 2005). More specifically, by using 

chromatin immunoprecipitation (ChIP), it was learned that HDAC inhibitors activate the 

SMN2 promoter and modify histone acetylation of the SMN2 gene. Treatment of SMA 

patient fibroblasts showed a ~2-fold increase in acetylated H3 histone levels upon treatment 

with 2nM of VPA, strongly suggesting the role of acetylation in SMN2 expression regulation. 

1.2.7.2 Neuroprotective agents. Since one of the hallmarks of SMA is degeneration of 

motor neurons, methods to protect them have also emerged. Riluzole is a candidate drug that 

exhibits neurotrophic activity, promotes neuronal survival, and enhances axonal pathfinding; 

however, when riluzole was administered in mutant mice carrying a deletion of SMN exon 7 
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directed to neurons, a very modest increase in survival was observed as compared to control 

animals, and no improvement in motor neuron performance was observed (Haddad, et al, 

2003). In addition, positive effects of salbutamol have been reported in an open pilot study in 

patients with muscle disorders. Treatment of type II SMA patients with salbutamol, designed 

to establish tolerability and clinical response, showed an improvement in motor activity after 

6 and 12 months, although the authors claim that these results might be due to other factors 

than direct administration of salbutamol, considering the small study size and placebo effects 

(Pane, et al, 2008). 

1.2.7.3 Gene and Stem Cell Therapy. A strategy that could theoretically lead to the cure of 

SMA by replacing the defective gene is gene therapy. Delivery of the human SMN via 

infection with lentivirus equine infectious anemia virus (EIAV) pseudotyped with the rabies 

glycoprotein for retrograde axonal transport restored SMN expression in motor neurons of 

SMA mice (Azzouz, et al, 2004). Multiple injections of the pseudotyped EIAV in muscles 

involved in mobility, respiration, and feeding, reduced motor neuron death and resulted in a 

modest increase in survival by 3 days compared to the control-treated mice (Azzouz, et al, 

2004). Expression of human SMN using adenovirus vectors in primary fibroblasts derived 

from SMA patients led to an increase in SMN protein, restoring dramatically the number of 

gems, as well as relocalization of Gemin2 (DiDonato, et al, 2003). A more recent study with 

adeno-associated virus (AAV) demonstrated that delivery of human SMN1 utilizing AAV-

serotype 2/8 directly to the central nervous system (CNS) increased SMN expression up to 4-

fold (Passini, et al, 2009). Treated mice had a higher number of motor neurons compared to 

controls, although this increase was moderate. The authors showed that even with a low 

number of motor neurons, SMA-treated mice had dramatically improved motor activity, 
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increasing the lifespan to 50 days as compared to 15 days in untreated mutant controls, a 

233% increase. 

More invasive therapies include administration of stem cells with the hope of 

replacing degenerated motor neurons. Neural stem cell transplation in a SMA mouse model 

resulted in a small increase of motoneurons, improved neuromuscular function, increased life 

span, and improved motor unit pathology (Corti, et al, 2008). Currently, Keirstead, a member 

of a stem cell therapy research team funded by the Families of SMA Foundation, derived 

motor neuron progenitors from human embryonic stem cells with 95% purity for the 

treatment of spinal cord injury (Keirstead, 2009). This early study holds great promise for the 

replacement of motor neuron loss in SMA patients in the future. 

1.3 Protein Replacement Therapy 

1.3.1 Introduction 

Proteins are the most dynamic and diverse molecules in a cell, constituting more than 

50% of the dry mass of the cell. The highly complex activities that take place in the cell are 

accomplished by a plethora of proteins, which function in a specific and coordinated manner 

(Garrett, et al, 2005). However, once this balance is altered by a missing or deficient protein, 

clinical symptoms may be produced (Jimenez-Sanchez, et al, 2001). Hence, in order to 

counteract this event or ameliorate progression of a disease, various therapeutic approaches 

have become available. 
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1.3.2 Proteins as therapeutic agents 

Protein replacement therapy (PRT) is a strategy that consists of augmenting or 

replacing a defective or a missing protein. However, the benefits of PRT are not limited to 

restoring a deficient protein, since it can also be applied as medical tools for diagnostics of 

diseases (Leader, et al, 2008). As of mid-2002, the US FDA approved some 120 protein-

based therapeutic agents (Walsh, 2003b), placing protein-based therapeutics as the fastest 

growing compounds within the pharmaceutical industry (Walsh, 2003a). 

There are several reasons why proteins, which can be obtained from native sources 

and recombinant deoxyribonucleic acid (DNA) technology, are more advantageous than 

chemical compounds as therapeutics agents. To illustrate, proteins have an innate specific 

function which prevents them from interfering with an unrelated pathway. This feature 

prevents the occurrence of rapid and strong adverse-effects in a cell (Leader, et al, 2008; 

Russell, et al, 1999). At the same time, sequence homology is a key factor to determine 

immunogenicity, and through recombinant technology, proteins can be designed to be less 

immunogenic (Schellekens, 2002). Furthermore, recombinant proteins can be manipulated 

such that they become more effective and efficient than their native counterparts. For 

instance, Cerezyme, an analogue of the human enzyme P-glucocerebrosidase, differs from 

placental glucocerebrosidase, imiglucerase, by additional mannose sugars at the 

glycosylation sites, making this product specifically recognized by endocytic carbohydrate 

receptors on macrophages, the cells that accumulate lipids in Gaucher disease (Friedman, et 

al, 1999). Moreover, based on the number of protein-based drugs approved during the last 

decade, it seems that the field of biopharmaceuticals is advancing successfully over other 

areas, such as gene therapy, antisense-based technology, and tissue engineering products 
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(Walsh, 2003 a). For example, the clinical development and approval time was more than 1 

year faster for 33 protein therapeutics, approved between 1980 and 2002 than for 294 small-

molecule drugs approved during the same time period (Leader, et al, 2008). Finally, one of 

the greatest contributions of PRT has been to the treatment of rare "orphan" diseases 

(defined in the United States, as conditions that affect less than 200,000 individuals), such as 

cystic fibrosis, Crohn's disease, non-Hodgkin's lymphoma, and hemophilia (Ashton, 2001). 

1.3.3 Potential uses or PRT 

Application of proteins as effective medical treatments has been available for 

centuries. In fact, one of the greatest achievements in human history was the eradication of 

th 

smallpox infection. In the late 18 century, Dr. Edward Jenner inoculated people with scabs 

that contained the vaccinia virus in order to prevent a deadly infection. Today, with the 

introduction of biotechnology, many new proteins for therapeutic purposes have been 

introduced. These agents include (i) factors that influence hematopoietic cells and blood 

coagulation, namely erythropoietin, granulocyte colony-stimulating factor (G-CSF), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), clotting factors Vila, VIII, 

and IX, glycoprotein (GP) Ilb/IIIa inhibitors that affect platelet function, direct thrombin 

inhibitors, and antihemophilic factor; (ii) interferons and cytokines for anti-infective and 

cancer therapy; (iii) hormones and derivatives, in particular glucagon, somatotropin, 

calcitonin, somatostatin, thyroid-stimulating hormone, thyrotropin-releasing hormone, 

gonadotropin releasing hormone, leuteinizing hormone-releasing hormone, and oxytocin; 

(iv) enzymes and derivatives; and (v) recombinant proteins for vaccines (Ho, et al, 2003). 

Generation of these compounds confirms their validation as effective therapeutic agents. 
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Insulin, the most commonly used recombinant protein, became the first commercially 

available recombinant protein therapeutic approved by the US FDA in 1982. In 1922, insulin 

was first purified from bovine and porcine pancreas and used as a life-saving daily injection 

for patients with diabetes mellitus I (Banting, et al, 1991). Unfortunately, the challenges that 

the new therapy would encounter were soon realized. Among these include: first, the 

availability of animal pancreas for purification of insulin; second, the cost of insulin 

purification from animal sources, and third, the immune response of some patients to animal 

insulin. Nevertheless, these problems were soon overcome by producing human insulin by 

means of recombinant DNA technology, showing safety and hypoglycemic potency in 

healthy men (Keen, et al, 1980). 

Another important example of protein therapeutics is the treatment of Gaucher's 

disease. Gaucher disease is one of the more than 40 lysosomal storage disorders, caused by 

the defective activity of acid P-glucosidase, resulting in accumulation of glucosylceramide in 

macrophages of liver, spleen and bone marrow, resulting in hepatosplenomegaly, cytopenias 

and bony disease (Beutler, 2006). Over the past 15 years macrophage-targeted enzyme 

reconstitution therapy has dramatically altered the disease by reversing disease 

manifestations. 

Despite the efforts to generate safe and effective therapeutic proteins, enzyme 

reconstitution therapy has shown some adverse-effects. However, many of these have been 

controlled by decreasing the rate of infusions, along with administration of antihistamines or 

corticosteroids (Burrow, et al, 2007). In fact, the efficacy of the long-term effects of alpha-

galactosidase A in Anderson-Fabry patients has been proven (Imbriaco, et al, 2009), as well 

as the prevention of disease progression in Gaucher patients after sustained intake of 

imiglucerase (Weinreb, et al, 2002). 
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1.3.4 Recombinant protein production 

Another advantage of recombinant proteins is the capacity to choose a wide range of 

expression systems, from bacteria to transgenic plants (Table 1.3). Yet, when choosing an 

expression system, the desired features in the recombinant protein, mainly glycosylation of 

the final product, must be taken into consideration. 

1.3.4.1 Prokarvotic expression. The first biopharmaceutical that gained marketing approval 

in 1982 was the genetically engineered insulin, produced in E. coli. Among the advantages of 

using bacteria to manufacture proteins, include its well known molecular biology, high levels 

of expression, ease of culture, rapid cell growth, and purification is also possible using the 

plethora of commercial kits available (Walsh, 2003b). However, if a functional protein is 

required, prokaryotic systems become a problem, since most proteins become insoluble in 

inclusion bodies and are very difficult to recover as functional proteins (Villaverde, et al, 

2003). In addition, most, if not all, post-translational modifications are not available in 

bacteria, such as glycosylation, and thus the protein of interest may not be functional. 

Nevertheless, in several cases the lack of the carbohydrate component of glycoproteins does 

not limit their biological activity, confirmed by a series of recombinant proteins available in 

the market that have been produced by this means (Walsh, 2003b) (Table 1.4). 

1.3.4.2 Eukaryotic expression. On the other hand, mammalian cells, including the 

immortalized Chinese hamster ovary (CHO) cells, cells derived from mouse myeloma (NS0), 

baby hamster kidney (BHK), human embryonic kidney (HEK-293) and human retinal cells, 

have become the system of choice for the production of recombinant proteins, due to their 
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capacity for proper folding, assembly, post-translational modifications, and genetic stability 

(Wurm, et al, 1999; Wurm, 2004). As of 2004, approximately 60-70% of all recombinant 

proteins that reached the market were produced in mammalian systems (Wurm, 2004), using 

non-viral, as well as, viral expression vectors (Baldi, et al, 2007) (Table 1.4). In recent years 

the productivity of recombinant proteins has reached levels of up to 5 grams per liter (Butler, 

2005), indicating the effort that is being made to optimize production (Beutler, 2006). In 

spite of the advances in the production of recombinant protein from mammalian sources, 

there are still potential drawbacks of this approach. Specifically, slow growth, technical 

complexity, and more importantly, expense (Beutler, 2006). 
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Table 1.3. Expression systems employed for production of recombinant proteins. 

Species Most common cell lines used 

E. coli Strain K12 

Yeast Saccharomyces cerevisiae 

Fungi Aspergillus 

Animal cell culture CHO and BHK 

Transgenic animals Sheep and goat 

Plant-based expression 

systems 
Various 

Insect cell culture systems 
Bombyx mori and Spodoptera 

frugiperda cells 

Adapted from Walsh, G. 2003, Biopharmaceuticals, Biochemistry and Biotechnology. 
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Other expression systems have gained acceptance, including transgenic animals (Han, 

et al, 2009; Pollock, et al, 1999) and plants (Aviezer D., et al, 2009; Fischer, et al, 2004), 

which provide the advantage of high- yield production, proper folding, low production costs, 

and elimination of contamination from bacterial or human pathogens. Yet, these systems still 

remain in development and are largely scrutinized due to the immune responses that a 

recombinant protein can produce due to the different host sources (Schellekens, 2002). 

Yeast and baculovirus systems have been long investigated for the production of 

protein-based drugs. Specifically, Pichia pastoris expression systems confer several benefits 

including, economy, ease of manipulation, the ability to perform complex post-translational 

modifications, and high expression levels (Cereghino, et al, 2002); equally important, is the 

recent ability of glycoengineered yeast that allow for the generation of yeast strains capable 

of replicating the most essential glycosylation pathways found in mammals (Hamilton, et al, 

2007). Furthermore, baculovirus expression systems have emerged as a new alternative for 

the high level production of recombinant proteins since humanized glycosylation of proteins 

have become available (Jarvis, 2003). 

Nevertheless, although a number of attractive alternatives to generate recombinant 

proteins have been identified in the last years, bacteria E. coli and mammalian expression 

systems still remain the systems of choice; indeed, nine out of the 31 therapeutic drugs 

approved from 2003 to 2006 were produced in E. coli; whereas, 17 were obtained from 

mammalian cell lines (Walsh, 2006). 
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1.3.5 Current challenges of protein therapy 

Despite the great advances in the production of protein-based drugs in recent years, 

including high yield, improved glycosylation, better delivery of proteins, substantial 

disadvantages prevent protein replacement therapy to expand to other genetic diseases. In 

fact, delivery of proteins as therapeutics is cumbersome due to poor oral bioavailability, 

protein denaturation in the digestive system, acid hydrolysis in the stomach, enzymatic 

degradation, poor adsorption due to size and polar/charge distribution (Leader, et al, 2008). 

However, by far the factor that most limits the use of recombinant proteins for clinical use is 

the inability of the proteins to enter cells and be targeted to the appropriate intracellular site 

(Russell, 1999). 
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Table 1.4. Some commercially available recombinant proteins and their production source. 

Biopharmaceutical Product Source 

Tissue plasminogen activator (tPA) E. coli, CHO 

Insulin E. coli 

Interferon-a E. coli 

Interferon-y E. coli 

Interleukin-2 (IL-2) E. coli 

Granulocyte colony-stimulating factor (G-CSF) E. coli 

Human growth hormone (hGH) E. coli 

Follicle-stimulating hormone (FSH) CHO 

Interferon-p CHO 

Erythropoietin CHO 

Glucocerebrosidase CHO 

Factor Vila BHK 

Adapted from Walsh, G. 2003, Biopharmaceuticals, Biochemistry and Biotechnology. 

30 



1.4 Cell Penetrating Peptides (CPPs) 

1.4.1 Introduction 

There are certain diseases, such as cancer or neurodegenerative disorders, that require 

active compounds to be delivered intracellularly in order to exert their therapeutic effects 

(Sugita, et al, 2008). However, one of the restrictions for the efficient delivery of functional 

molecules is the innate hydrophobicity of the cell membrane, including the brain blood 

barrier (BBB), which prevents passage of large compounds (Egleton, et al, 1997; Lebleu, 

1996; Schwarze, et al, 1999). Furthermore, a number of techniques currently employed for 

gene transfer such as electroporation, microinjection, cationic lipids, and viral vectors, fail to 

achieve a high transfection level. This is mainly due to the restrictions imposed by the cell 

membrane; in addition to the complicated manipulations, prominent cellular toxicity or 

immunogenicity that these methods promote (Vives, et al, 1997). 

To circumvent membrane- related limitations for gene transduction, a series of small 

cationic peptides, called cell penetrating peptides (CPPs) or PTDs, have been shown to have 

the property to cross biologically active cellular membranes, a process commonly known as 

protein transduction (Schwarze, et al, 1999). This novel approach consists of tethering 

recombinant protein to PTDs covalently, to allow enhanced delivery of a protein to the 

cytoplasm and nucleus (Schwarze, et al, 2000). Among the most studied small peptides with 

transduction capacities are the third a-helix from Antennapedia homeodomain from 

Drosophila melanogaster (Derossi, et al, 1994), VP22 protein from herpes simplex virus 

(Elliott, et al, 1997), and the transactivator of transcription (Tat) protein of the human 

immunodeficiency virus type 1 (HIV-1). 

31 



1.4.2 PTD from HIV-1 TAT 

The human immunodeficiency retrovirus type 1, responsible for the acquired 

immunodeficiency syndrome (AIDS), encodes for Tat protein, a small nuclear transcriptional 

activator of viral gene expression, which is essential for the transcription of genes and viral 

replication (Jeang, et al, 1999). Upon infection, HIV-1 integrates into the host genome in a 

random fashion, followed by transcriptional activation of the provirus by the Tat protein 

through the interaction with a cw-acting RNA element at the 5'end of viral messenger RNAs 

(Fittipaldi, et al, 2005). Additionally, Tat protein performs other activities, such as 

immunosuppression through the induction of cytokines (Viscidi, et al, 1989), modulation of 

survival, proliferation, and migration of different cell types, and induction of neurotoxicity in 

the central nervous system (Tyagi, et al, 2001). Most importantly, in 1988, two independent 

studies led to the identification of Tat protein as a molecule able to translocate across the cell 

membrane of any cell type when added exogenously to culture medium (Frankel, et al, 1988; 

Green, et al, 1988). These initial reports led to a series of studies to determine the protein 

sequence responsible for transduction, as well as the mechanism behind the translocatory 

properties of Tat protein. 

Interestingly, the transductional property of the Tat protein does not depend entirely 

on the full sequence of the protein. In fact, previous studies have demonstrated that only a 

small sequence is required, which corresponds to a very basic region of the Tat amino acid 

sequence: Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg (Vives, et al, 1997). Targeting 

of PTD fusion protein to the nucleus is achieved through the nuclear localization signal 

(NLS) (Gly-Arg-Lys-Lys-Arg) present within this domain (Nagahara, et al, 1998; Vives, et 

al, 1997). 
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1.4.3 Mechanism of PTD Internalization 

Initial reports of PTD transduction were characterized by a general optimism with 

respect to the capacity of PTD fusion protein to cross the cell membrane of any tissue. High 

transduction efficiency into the cytosol and nucleus was claimed to occur in a temperature-

and energy- independent manner as early as 5min post-incubation, suggesting direct 

penetration of the cell membrane (Herce, et al, 2007; Vives, et al, 1997). However, 

subsequent studies reported that the observed localization of PTD fusion protein to the 

cytoplasm and nucleus was a consequence of fixation artifacts: the positive protein binds the 

cell surface and gains entry when the cells are permeabilized during fixation, as opposed to 

the intrinsic transduction properties of PTD (Leifert, et al, 2002; Lundberg, et al, 2003). 

Accordingly, in order to avoid misinterpretation, biological assays as well as pre-treatment of 

cells with trypsin before fluorescence-activated cell sorting (FACS) could provide more 

accurate information regarding the potential of PTD as a delivery vehicle (Richard, et al, 

2003). 

Several groups embarked on a race to unveil the mechanism of PTD internalization; 

yet, efforts to elucidate this process have failed to come to a general consensus. To illustrate, 

it has been reported that translocation depends on the presence of heparan sulfate 

proteoglycans at the cell surface (Tyagi, et al, 2001), whereas, others have reported that 

transduction is a energy-dependent process, which occurs through clathrin- or caveolin-

dependent endocytosis (Fittipaldi, et al, 2005; Mann, et al, 1991; Richard, et al, 2005), or that 

it involves a macropinocytotic pathway, which occurs on the cell surface of all tissues 

(Wadia, et al, 2004). The inconsistency in determining a unique mechanism for PTD 

internalization might suggest that there is not a unique mechanism that applies to all PTD 
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fusion proteins and, instead, internalization might depend on cell type as well as type of 

cargo (Sugita, et al, 2008). 

1.4.4 Biological activity of PTD fusion proteins 

Despite the skepticism of various groups regarding the intrinsic property of PTD to 

transduce cells, many other labs have provided compelling evidence of the therapeutic 

effects of PTD fusion proteins. Intraperitoneal administration of PTD fused to P-gal in a 

C57BL/6 mice showed presence of the protein as early as 20min (post-injection), and 

enzymatic activity at 4hr in all tissues, including brain and skeletal muscle (Schwarze, et al, 

1999). In addition, TAT-utrophin delivered to dystrophin-deficient mice improved muscle 

function (Sonnemann, et al, 2009). Systemic administration of TAT-mini utrophin (TAT-

uUtr), the truncated version of utrophin, resulted in transduction of most tissues examined, 

although the authors claim that there seems to be a predilection for certain tissues, since 

fluorescence-tagged TAT-uUtr was more prominent in a subset of organs. TAT-uUtr 

restored the dystrophin-glycoprotein complex, improved membrane stability and motor 

activity. TAT-caspase3 protein induced cell death specifically in HIV-infected cells, leaving 

uninfected cells unharmed (Vocero-Akbani, et al, 1999). Transduction of TAT-caspase3 

occurred in 100% of cells in vitro, reaching a maximum concentration in less than 20min, 

demonstrating that protein transduction is concentration dependent. Furthermore, delivery of 

a TAT fusion protein to hypoxic regions of tumours resulted in a decrease in tumour size in 

vivo (Harada, et al, 2002). Studies in culture showed that TAT-oxygen-dependent 

degradation-caspase-3 fusion protein transduced only to hypoxic regions of cells, as it was 

expected; whereas, intraperitoneal injections (i.p.) reduced the mass of tumours in tumour-
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bearing mice approximately in a 38% by day 3, with no apparent side effects. Ngb, a 

neuroglobin, which is upregulated following oxygen deprivation and protects neurons from 

hypoxia, fused to the domain responsible for the translocatory activity of the HIV-TAT 

protein, increases cell viability under hypoxic conditions in primary cultured cortical neurons 

(Zhou, et al, 2008). Furthermore, apoptosis was decreased; suggesting TAT-PTD may be a 

viable therapy for CNS diseases. 

Gene therapy has also benefited by the properties of PTD. To enhance adenovirus 

tropism, several research groups generated modified-adenovirus with the TAT peptide. For 

wild type virus, the interaction between the coxsackie and adenovirus receptor (CAR) and 

fiber protein of the unmodified human adenovirus type 5 (hAd5) mediates entry into cells. 

Genetic manipulation of the fiber protein of the hAd5 with the highly basic region of the 

TAT protein resulted in a higher transduction in cells lacking the CAR, such as blood cells, 

vascular smooth muscle cells, and subcutaneous tumours, which are refractory to 

conventional hAd5 infection (Han, et al, 2007; Kurachi, et al, 2007). Moreover, 

incorporation of the TAT motif into the HI loop or the 3' end of the fiber protein does not 

affect binding of TAT-modified hAd5 to CAR-positive cells, indicating that TAT binding is 

independent of CAR interaction. A more recent study has suggested that transduction of 

TAT-hAd occurs through cellular heparan sulfate proteoglycans and macropinocytosis, 

confirming that entry into cells is CAR-independent (Yoshioka, et al, 2008). 
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1.4.5 Cytotoxicity of PTD 

The most common toxic effects observed upon treatment with CPPs are (i) disruption 

of the cell membrane, and (ii) side-effect as a result of a direct interaction between the CPP 

fused protein with an unrelated molecule. CPPs from Drosophila and herpes simplex virus 

cause a greater degree of membrane disruption, as well as reduced cell viability as compared 

to PTD from HIV-1 Tat (Sugita, et al, 2008; Zorko, et al, 2005). In vitro studies suggest that 

a concentration of 100|uM of PTD should not be exceeded in order to prevent unwanted 

effects, such as cell death (Jones, et al, 2005). Full length TAT protein induces apoptosis, 

along with immunological responses, such as production of cytokines and cytokine receptors, 

and it would not be unexpected that the TAT PTD- domain could elicit the same type of 

responses (Westendorp, et al, 1994). Fortunately, it has been shown that PTD from the HIV-

Tat protein does not promote activation of the immune system (Leifert, et al, 2002), 

suggesting that PTD may not be suitable for vaccination purposes (Leifert, et al, 2002). 

1.4.6 Future prospects of PTD transduction 

Efficient delivery of recombinant proteins inside cells is hampered by the 

hydrophobic nature of the cell membrane. CPPs confer the possibility that a therapeutic 

protein could be targeted to the proper compartment. Despite several studies performed to 

date to prove the biological effect of PTD fusion proteins, it is quite evident that this 

technology is still in its infancy, and functional studies showing the therapeutic effects of 

PTD fusion proteins are limited. 
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1.5 Rationale 

Limited levels of the survival motor neuron protein below the threshold lead to 

development of spinal muscular atrophy. Studies in mouse models strongly suggest that 

reconstitution of higher levels of SMN leads to an increased survival and alleviation of 

symptoms. Protein replacement therapy represents a novel strategy to correct SMA 

phenotypes. Restoration of SMN levels requires the efficient delivery of SMN to the inside 

of cells which is hampered by the cell membrane. However, small protein transduction 

domains have the capacity to cross biologically active membrane, allowing a feasible protein 

therapy strategy. In the present study, I evaluated the capacity of a SMN recombinant protein 

fused to the PTD to transduce cells in vitro. 

1.6 Hypothesis 

Recombinant SMN protein fused to a PTD domain will be able to translocate across 

the cell membrane in culture. Furthermore, delivery of the fused PTD-SMN will correct the 

phenotypic deficiencies of SMA models in vitro. 

1.7 Objectives 

The immediate aims to prove my hypothesis are: (i) to design and construct PTD-

SMN protein, (ii) to express and purify PTD-SMN protein, and (iii) to prove efficient 

transduction of PTD-SMN into cells. 
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Chapter 2- Materials and Methods 

2.1 Construction of PTD-SMN and FLAG-SMN 

Using polymerase chain reaction (PCR) and other standard recombinant DNA techniques, 

we generated bacterial expression cassettes which code for PTD-SMN or FLAG-SMN 

recombinant proteins fused to FLAG and Myc tags. Briefly, PTD oligo 

(5' GGCCGCAATGTACGGAAGAAAAAAGAGAAGGCAAAGAAGGAGA 3', 

5' GGCCCCTCTCCTTCTTTGCCTTCTCTTTTTTCTTCCGTACATTG 3') was ligated to 

the 5' end of FLAG-SMN in pCD2-SMN vector (DiDonato, et al, 2003), which had been 

previously digested with NotI, generating pMRl. To incorporate Myc and 6xHistidine (His) 

tags onto the recombinant protein in a mammalian vector, pCD2-SMN was used as a 

template to amplify and clone the fragment of the FLAG-SMN 

(5' ATAGCGGCCGCCACCATGGATTAC 3', 5' 

GCGAAGCTTATTTAAGGAATGTGAGCACCTTC 3') into a pcDNA3 vector (Invitrogen, 

Carlsbad, CA)), creating pMR3. In order to create a bacterial expression cassette that 

expresses the cDNA of SMN, the Myc and 6xHis tags from pMR3 were incorporated into the 

pET-21d vector (EMD Biosciences, San Diego, CA), creating pMR7. Next, the Ncol-Bcll 

971-base pair fragment of pMR3 was cloned into pMR7 to make the FLAG-SMN-Myc-His 

construct, pMR9. The PTD-FLAG-SMN fragment obtained from pMRl, upon digestion with 

NotI and Bglll, was cloned into the pET-21d vector to create pMR12. To add the PTD 

domain to pMR9 construct, the BamHI-NotI fragment of pMR9, FLAG-SMN-Myc-His, was 

cloned into pMR12, generating pMR15. Representative structures of the constructs are 

shown in Fig. 2.1. 
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Both PTD-SMN and FLAG-SMN, cloned into the prokaryotic expression vector, pET 2Id, 

are fused to a polyhistidine tag for purification purposes. Plasmids were transformed in E. 

coli DH5a competent cells by heat shock method, and large scale preparation of DNA was 

performed by alkaline lysis with purification by cesium chloride (CsCl) buoyant density 

centrifugation (Sambrook, et al, 1989). Constructs were sequenced by StemCore Labs 

(Ottawa Hospital Research Institute, Ottawa, ON) to confirm their identity. 
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Figure 2.1: Schematic structures of plasmids to generate PTD-SMN bacterial expression 
cassette. The final product, PTD-SMN, encodes for the PTD domain, followed by a FLAG 
epitope tag, the sequence of the cDNA of the human SMN1, the Myc epitope tag, and lastly, 
six histidine residues. pMRl and pMR3 are mammalian vectors, which express the SMN 
gene under the regulation of the CMV promoter. pMR9, pMR12, and pMR15 express the 
SMN gene incorporated into the pET21-d bacterial expression vector. 
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2.2 Bacterial growth 

Transformed E. coli BL21 strain were allowed to grow in 25ml of Luria Broth (Thermo 

Fisher Scientific, Waltham, MA) media containing 50|xg/ml of carbenicillin (Novagen, 

Madison, WI), overnight at 37°C under constant agitation. Next day, a 500ml of Luria Broth 

media containing 50mg/ml of carbamicillin was inoculated with the overnight culture at a 

1:60 dilution until the bacteria reached an optical density (OD600) of 0.6, after which 

induction of recombinant protein took place. 

2.3 Fusion proteins purification 

The PTD-SMN and FLAG-SMN fusion proteins were purified from soluble bacterial protein 

under native or denaturing conditions using Nickel (Ni2+) columns, according to Qiagen 

protocols (Germantown, MD). Briefly, once bacteria reached an OD600 of ~ 0.6, recombinant 

proteins were overexpressed in E. coli strain BL21 upon induction with ImM of isopropyl 0-

D-1-thiogalactopyranoside (IPTG) for 4hr at 37°C. Bacterial pellets were lysed with lysis 

buffer (50mM NaFbPCM, 300mM NaCl, 20mM Imidazole, IX protease inhibitor cocktail 

[Roche, Basel, Switzerland]), lmg/ml lysozyme pH 8.0) for 30min at 4°C, followed by 

sonication 6 times for 10s each time, with 5s pauses between, in a Sonics & Materials 

sonicator (Newtown, CT). Next, bacteria lysates obtained from both purification procedures 

were harvested by centrifugation using a JA-25.50 rotor at 10,000g for 30min at 4°C in a 

Beckman J-25I centrifuge (GMI, Inc., Ramsey, MN). The purification procedure was 

performed using a vacuum system. Cleared lysates were applied to 1.5ml pre-washed 

columns. Under native condition, upon addition of lysate, columns were washed 2 times with 
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binding buffer (50mM NathPO, 300mM NaCl, 20mM imidazole). Eluate of recombinant 

proteins was obtained by gravity in elution buffer (50mM NathPO, 300mM NaCl, 250mM 

imidazole, IX protease inhibitor cocktail pH 8.0). Following purification, recombinant 

proteins were dialyzed overnight against phosphate buffer saline (PBS) (Sigma-Aldrich, St. 

Louis, MO) at 4°C. Recombinant protein expression and purification were evaluated by 

Coomassie blue staining of 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), and by Western blot analysis. For immunoblotting, proteins were separated on 

a 12% SDS-PAGE gel followed by electrophoretic transfer onto an Immobilon 

polyvinylidene difluoride membrane (PVDF, Millipore, Billerica, MA). The primary 

antibody used was mouse-anti-FLAG (1:15,000) or mouse-anti-Myc (1:10). In addition to 

native purification, bacteria cells were subjected to denaturing purification. Briefly, lysis of 

bacteria required the use of strong denaturant agents: upon induction, bacteria pellets were 

resuspended in buffer B (8M urea; 0.1M NataPCk; 0.01M Tris-Cl; pH 6.3) for lhr at r.t. The 

protein was then purified using a similar protocol as described above for native purification, 

except buffer B was used as the washing buffer, and buffer E (8M urea; 0.1M NatbPCk; 

0.01M Tris-Cl; pH 4.5), as the eluate buffer. 

2.4 Cell culture 

HeLa cells (human epithelium-derived adenocarcinoma; American Type Culture Collection 

[ATCC] CCL-2) were maintained in Dulbecco's modified Eagle's medium (DMEM) 

(Sigma-Aldrich), A549 (human lung epithelial carcinoma: ATCC CCL-185), and 293 cells 

(Graham, et al, 1977) were maintained in Minimum essential medium (MEM) (Sigma-

Aldrich), supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 1% 
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antibiotic/antimycotic (Invitrogen), and 1% Glutamax-1 (Invitrogen). Cells were grown in 

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

CO2 atmosphere in a SANYO incubator (SANYO, Wood Dale, IL). 

2.5 Protein Incubation with cells in vitro 

Semi-confluent (-80%) A549 or HeLa cells were incubated with various amounts of purified 

PTD-SMN or FLAG-SMN, ranging from 12 to 600nM, in PBS for 8hr at 37°C, after which 

cells were either lysed or fixed for immunoprecipitation or immunocytochemistry analysis 

respectively. 

2.6 Western blot analysis 

HeLa cells seeded at O.lxlO6 per well in a 12-well dish (Corning Incorporated, Corning, 

NY), allowed to grow to semi-confluency, and treated with protein as described above, were 

washed with PBS and lysed with ice-cold modified radioimmunoprecipitation (RIPA) buffer 

(50mM Tris-HCl [pH 7.4], 150mM NaCl, ImM EDTA, 1% Nonidet P-40 [NP-40], IX 

protease inhibitor cocktail) or SDS-PAGE buffer (2X Laemmli sample buffer [2% SDS, 20% 

glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue, 62.5mM Tris HC1 pH 6.8]). 

Lysates were separated by a 12% SDS-PAGE and transferred to an Immobilon membrane 

using a semidry blot apparatus. The membrane was incubated overnight or for lhr at 4°C in 

blocking solution ( 5% nonfat milk in TBST: 20mM Tris [pH 7.6], 137mM NaCl, and 0.1% 

Tween 20), rinsed in TBST, and then incubated in blocking solution with the corresponding 

primary antibody for lhr at r.t under constant agitation. The membranes were subsequently 
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washed 3X in TBST for 5min each. To detect the presence of recombinant proteins, 

membranes were probed with anti-FLAG antibody (1:15,000), and anti-tubulin antibody was 

used for loading control (1:15,000), which were detected using enhanced chemiluminescence 

(GE Healthcare, Uppsala, Sweeden) captured on film (Thermo Scientific, Waltham, MA). 

2.7 Cellular fractionation 

HeLa cells were seeded at 2.2xl06 in a 10-cm dish (Sarstedt) and allowed to grow to semi-

confluency. The cells were then incubated with PTD-SMN and FLAG-SMN for 8hr at 37°C 

and subjected to cytoplasmic and nuclear fractionation according to a modified nuclear 

extract protocol (Friedmann, et al, 2007). Briefly, cells were washed with ice-cold PBS, after 

which, cells were incubated in buffer A (lOmM HEPES pH 7.4, 1.5mM MgCk, lOmM KC1, 

0.5mM DTT, 0.1% Triton X-100, IX protease inhibitor cocktail), for lOmin at 4°C. Next, 

cells were dounce homogenized using a type A pestle (Kontes Glass CO., Vineland, NJ), 

followed by centrifugation at 800g for 5min at 4°C in a eppendorf microcentrifuge 5417 R 

(Westbury, NJ). The supernatant was retained as the cytoplasmic fraction. In order to obtain 

a clean nuclei sample, the pellet obtained from the above procedure was resuspended in 

buffer A and overlayed on 4% sucrose for centrifugation at 1400g for 20min at 4°C. 

Subsequently, the pellet was resuspended in buffer C (20mM HEPES pH 7.9, 25% glycerol, 

0.42M NaCl, 1.5mM MgCb, 0.2mM EDTA, 0.5mM DTT, IX protease inhibitor cocktail), 

and subjected to constant rocking for 30min at 4°C. Next, samples were centrifuged at 14000 

revolutions per minute (rpm) for lOmin at 4°C, after which nuclei extracts (supernatant) were 

separated on a 12% SDS-PAGE gel and transferred onto a PVDF membrane. To detect the 

presence of recombinant proteins, blots were probed with an anti-FLAG antibody (1:15,000). 
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2.8 Immunocytochemistry and imaging 

A549 or HeLa, were seeded at 0.1x106 in a 12-well, and allowed to grow to semi-confluency 

(80%) on coverslips. The cells were treated with protein as described above. Subsequently, 

cells were fixed in ice-cold 4% paraformaldehyde in PBS for 20min at room temperature 

(RT), permeabilized with 0.25% Triton-X 100 in PBS for 5min at r.t, blocked with 10% of 

bovine serum albumin (BSA) in PBS for 30min at 37 °C, and stained with the appropriate 

antibodies in 3% BSA at 37°C. When a double-staining procedure was carried out, a 

complete staining-procedure was performed before continuing with a different primary 

antibody. After staining, the cells were incubated with Hoescht, 864105, in PBS for 5min at 

r.t. The primary antibodies used were as follows: rabbit-anti-Myc (1:200), mouse-anti-Flag 

(1:500), mouse-anti-coilin (1:50), and mouse-anti-SMN (1:100); whereas, the secondary 

antibodies used were: goat anti-mouse TRITC (1:100) or goat anti-rabbit FITC (1:200). 

Immunofluorescent detection was performed using a Zeiss LSM510 confocal microscope 

(Carl Zeiss Canada Ltd., Toronto, ON). Images were captured by LSM software, version 4.2, 

and processed with Adobe Photoshop 7.0 software (Adobe Systems Incorporated, San Jose, 

CA). 

2.9 Construction of adenoviral vectors 

We designed and engineered an El/E3-deleted Ad vector, which expresses the 

complementary DNA (cDNA) of the human SMN linked to FLAG and Myc epitope tags 

under the regulation of the cytomegalovirus (CMV) promoter. To incorporate a six-histidine 

residue onto the carboxy terminus of the recombinant protein, the 980-sequence fragment 

obtained from the digestion of pMR3 with NotI and Bell, was ligated with the digested 
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pCD2-SMN with NotI an Bell, an Ad shuttle vector plasmid (DiDonato, et al, 2003), 

generating pMR6. The expression cassette of SMN was cloned into an adenovirus genomic 

plasmid, by bacterial recombination, as described by Chartier et al (Chartier, et al, 1996)). 

The resulting plasmid, pMR8, was propagated using 293 cells and purified using cesium 

chloride (CsCl) gradient centrifugation, and titered by standard techniques (Friedmann, et al, 

2007). 
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Figure 2.2: Schematic structure of El/E3-deleted Ad-SMN encoding SMN. (A) Ad-SMN 
contains the SMN gene under the regulation by the murine cytomegalovirus immediate early 
promoter enhancer (CMV). We have included an N-terminal FLAG epitope and a carboxy-
terminal Myc-His tag on SMN to aid in detection. Ad5 inverted terminal repeats (ITR) and 
packaging signal (v|/) are also shown. (B) Expression of Ad-SMN in 293 cells at different 
MOIs. Cells were lysed 24hr-post infection with SDS-PAGE buffer. SMN protein produced 
from the Ad vector was identified using mouse-FLAG antibody, and tubulin was identified 
using mouse-anti-tubulin antibody. 
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2.10 Co-immunoprecipitation 

HeLa cells were seeded at 2.2x106 in a 10-cm dish (Sarstedt) and allowed to grow to semi-

confluency. The cells were incubated with PTD-SMN for 8hr at 37°C or infected with Ad-

SMN or Ad-control for 18hr at 37°C, and subsequently lysed with ice-cold modified RIPA 

buffer. The cell lysates were pre-cleared with 20ul of 50% protein G slurry (Millipore) for 

30min at 4°C. Co-immunoprecipitations were performed by incubating 250ug of total 

cellular protein in modified RIPA buffer with lug of a rabbit polyclonal Myc antibody, 

under constant rocking. Next, complex was mixed with 20ul of 50% protein G slurry for 2h 

at 4°C. Samples were washed 5X in modified RIPA buffer and denatured in SDS-PAGE 

buffer. Samples were separated on a 12% SDS-PAGE and transferred to PVDF membranes. 

Membranes were probed with anti-FLAG (1:15,000), anti-gemin2 (1:1000), or anti-SMN 

(1:12,500) antibodies. 

2.11 Antibodies 

Murine monoclonal antibodies to human SMN and p80 coilin (BD Bioscience, Franklin 

Lakes, NJ) were kindly provided by Dr. Rashmi Kothary (Ottawa Hospital Research Institute 

[OHRI]). The mouse monoclonal (M2) antibody to the FLAG epitope was purchased from 

Sigma-Aldrich. The mouse monoclonal anti gemin2 and rabbit polyclonal to Myc were 

obtained from Abeam (Cambridge, MA). The mouse monoclonal Myc clone 9s 10 was a kind 

gift of Dr. Michael Rudnicki (OHRI). The mouse monoclonal alpha-tubulin antibody was 

purchased from Calbiochem (Gibbstown, NJ). The secondary antibodies goat anti mouse and 

goat anti rabbit IgG HRP conjugate used for immunoblotting were from Bio Rad (Hercules, 

CA). The secondary antibodies goat anti mouse TRITC and goat anti rabbit FITC, used for 
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immunocytochemistry, were obtained from Jackson Immunoresearch Laboratories (West 

Grove, PA). 



Chapter 3 - Results 

3.1 Construction of PTD-SMN 

To correct SMA phenotypes in SMA models in vitro and in vivo, the expression of 

SMN needs to be increased, which could be achieved by different strategies. In the present 

project, we constructed a SMN bacterial expression cassette that produces a SMN protein 

with the capacity to cross biologically active membranes. To allow efficient transduction of 

the SMN protein in vitro, we employed the basic eleven-amino acid PTD sequence, 

responsible for the translocatory properties of the HIV-TAT protein (Schwarze, et al, 2000; 

Vives, et al, 1997). The PTD domain was fused in -frame to cDNA of SMN1, producing the 

PTD-SMN fusion protein. The construct was cloned into the pET21d vector as described in 

Materials and Methods. To aid in assessing expression and incorporation of the PTD-SMN 

protein, the fusion protein was linked to a FLAG epitope tag at the N-terminus and a Myc 

epitope tag at the carboxy terminus. Additionally, the construct PTD-FLAG-SMN-Myc was 

incorporated upstream of a six-histidine domain. The presence of histidine residues allowed 

purification of recombinant proteins by Ni2+ affinity chromatography columns. This 

construct will be referred to simplify as PTD-SMN. To confirm the functionality of PTD-

SMN protein, we engineered another SMN recombinant protein for use as a control. FLAG-

SMN fusion protein lacks the PTD domain, but retains the FLAG, Myc epitope tag and the 

histidine residues. Figure 3.1 shows a schematic representation of the constructs. 
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Figure 3.1: Schematic representation of the PTD-SMN and FLAG-SMN fusion proteins. The 
construct PTD-SMN harbors the PTD motif cloned in-frame with the cDNA of hSMN; 
whereas FLAG-SMN lacks the PTD domain, and is used as a control. The proteins also 
contain an N-terminal FLAG epitope tag and a carboxy Myc epitope tag SMN to facilitate 
detection. Six histidine residues were linked to the carboxy terminus of the constructs for 
purification purposes using Ni2+ affinity chromatography columns. 
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3.2 Expression of PTD-SMN 

The expression of the PTD-SMN protein in E.coli BL21 strain was analyzed by 

examining induced bacteria lysates by means of coomassie blue staining of SDS-PAGE gels. 

Figure 3.2A shows the expression of PTD-SMN fusion protein obtained from total cell 

lysates upon addition of IPTG at Ohr; IPTG-induced cultures revealed a novel band with an 

apparent molecular mass of 42kD. Furthermore, the intensity of the band corresponding to 

PTD-SMN increases with longer induction time. This result is consistent with the presence 

of a protein with a similar size of the PTD-SMN protein, suggesting that the full length PTD-

SMN fusion protein can be bacterially produced. 

We also examined the effect of PTD-SMN fusion protein expression on bacterial cell growth 

in order to determine if PTD-SMN might have any toxic effects, which could limit 

recombinant protein yields. As shown in Figure 3.2B, induced-bacteria cultures grew with a 

shorter exponential phase than the non-induced samples, and unlike control bacteria, they 

reach the stationary phase as early as lhr post-induction, remaining stable for up to 5hr; 

strongly suggesting that expression of the fusion protein is toxic to cells. However, it is 

important to mention that addition of IPTG, required for the induction of the recombinant 

protein, might contribute negatively on bacteria growth, independent of PTD-SMN 

expression. 

Analysis of protein cell lysates and bacterial growth indicates that even though PTD-

SMN expression is toxic to bacterial cells, production of protein is not halted. For example, 

although the bacteria stop growing after induction (Fig. 3.2B), there is a continual increase in 

protein isolated at latter time points (Fig. 3.2A). In fact, this observation agrees with previous 

studies on the influence of bacterial growth rate on recombinant gene expression, stating that 
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expression level of a recombinant protein does not necessarily correlate with cell growth 

(Woestenenk, et al, 2004). 



Figure 3.2: Time-course expression of bacterially produced PTD-SMN recombinant protein. 
(A) Coomassie blue staining analysis of bacteria lysates expressing PTD-SMN upon 
induction with ImM of IPTG. Loaded cell lysates correspond to non-induced bacteria at Ohr 
and induced bacteria up to 5hr. Amount loaded represent 1/20 part of total lysate. (B) 
Bacterial growth curve of non-induced versus induced bacteria. Bacteria were grown at 
37°C, and OD600 was measured spectrophotometrically at 1-hour intervals. The graph is 
representative of 2 independent experiments. 
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3.3 Purification of PTD-SMN 

Following the induction of expression, PTD-SMN and FLAG-SMN were purified by 

Ni2+ affinity chromatography under native conditions. Bacteria were allowed to grow to an 

OD600 of 0.6 before induction of expression of recombinant SMN by addition of ImM of 

IPTG. Bacteria were then incubated for an additional 4hr before harvesting the cells, 

reaching an OD600 of approximately 1.1. Bacterial samples obtained from the different 

fractions during the native purification process were examined by means of coomassie blue 

staining of SDS-PAGE gel and Western blot. Figure 3.3A indicates that the PTD-SMN 

fusion protein is present in the soluble fraction; however, Western blot analysis showed that 

most of the fusion proteins were localized to the insoluble fraction, possibly in inclusion 

bodies (Fig. 3.3B). Furthermore, it was observed that the fraction corresponding to the 

purified recombinant protein is highly contaminated by bacterial proteins, which could affect 

the therapeutic effects of PTD-SMN. Western blot analysis of the purification process 

indicates that a fraction of PTD-SMN is degraded during the purification process, as 

additional bands of low molecular weight are present; although, degradation was not a 

feature observed on a regular basis (Fig. 3.3B). 

55 



Figure 3.3: Purification of PTD-SMN. Four hours post-induction, bacteria were lysed for 
purification purposes at an OD600 of 1.1 (1.62xl010 cells) (A) Coomassie-blue staining 
analysis of PTD-SMN purification procedure. Following expression in a 500ml culture 
volume of E.coli, PTD-SMN was purified using Ni2+ chromatography columns under native 
conditions (lysis and wash at 20mM imidazole; elution at 200mM imidazole). On this gel, 
cleared lysate represent 1/3000 part of total lysate; washes represent 1/1000 part of total 
volume, and eluate represent 1/600 part of the total volume of elution. 1& 2: cleared lysate; 
3: flow through; 4: wash; 5: eluate. (B) Immunoblot analysis of PTD-SMN purification 
procedure. 1: cleared lysate; 2: flow through; 3& 4: first and second wash; 5 & 6: first and 
second eluate ; 7: bacterial pellet. PTD-SMN was detected with a mouse monoclonal Myc 
antibody. 

56 



Marker 1 

37 kD-
* * W * w -f*ift uMiW 

< } = PTD-SMN 

B. 

1 2 3 5 6 

37 kD-! 
PTD-SMN 

a-Myc 



3.4 Determination of PTD-SMN concentration 

Protein concentrations were initially determined using Bradford assay and SDS-

PAGE gel analysis. However, Bradford analysis overestimated protein concentrations due to 

the presence of bacterial proteins in our protein purified samples; therefore, a sample of the 

purified protein was compared to serial dilutions of BSA by gel electrophoresis followed by 

coomassie staining (Fig. 3.4). From a 500ml culture of bacteria, our approximate recovery of 

PTD-SMN and FLAG-SMN was 120ug and 450ug, at a concentration of 20^g/ml and 

70|j.g/ml respectively. The amount of PTD-SMN recovered represents 8% from the total 

amount of protein in the preparation. 
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Figure 3.4: Determination of PTD-SMN concentration. Band intensities of a dilution series 
of BSA was compared to lOul of the purified PTD-SMN protein. A 1/600 part of the total 
elution volume of PTD-SMN was loaded on a gel. 
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3.5 Attempts to improve yield and purity of PTD-SMN 

Low yields and bacterial proteins contaminants could compromise functional studies 

of PTD-SMN. Hence, we attempted to improve the purification conditions for the 

recombinant proteins in order to obtain higher yields and cleaner protein preparations. To 

circumvent these deficiencies, a series of steps were taken; which included denaturing 

purification procedure, reduction of the temperature during bacterial growth, and variation in 

imidazole concentrations during the nickel column wash steps. Previous studies reported that 

delivery of denatured TAT- recombinant protein to mice resulted in a broad expression of the 

p-galactosidase protein (Schwarze, et al, 1999). Therefore, we purified recombinant proteins 

under denaturing conditions, using strong denaturing agents such as urea, according to the 

manufacturers protocol (Qiagen). Western blot analysis of fractions from the denaturing 

procedure showed little to no recovery of purified protein as compared to native purification 

(Fig. 3.5A and 3.5B). Considering the complexity of the denaturing purification procedure, 

we chose to continue the purification procedure under the native methodology. Likewise, 

changes in temperature and imidazole did not improve the yield and purity of the protein. 
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Figure 3.5: Native vs denaturing PTD-SMN purification. (A) Immunoblot analysis of PTD-
SMN purification using Ni2+ chromatography columns under native conditions (lysis and 
wash at 20mM imidazole; elution at 200mM imidazole) from a 25ml culture volume. 1: 
bacterial pellet; 2 & 3: cleared lysate; 4: flow through; 5, 6, & 7: sequential washes; 8: eluate 
Cleared lysate and washes represent 1/60 part of total volume of cleared lysate and washes 
respectively, and eluate represent 1/30 part of the total volume of elution. PTD-SMN was 
detected with a mouse FLAG antibody. (B) Immunoblot analysis of PTD-SMN purification 
using Ni2+ chromatography columns under denaturing conditions (8M urea; elution at pH 
5.9) from a 25ml culture volume. 1: bacterial pellet; 2: cleared lysate; 3: flow through; 4, 5, 
& 6: sequential washes; 7: eluate. PTD-SMN was detected with a mouse FLAG antibody. 
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3.6 Optimization of PTD-SMN construct 

Another factor that might contribute to the poor yield of PTD-SMN is the loss of 

protein during the first passage of the cleared lysate through the column (flow through). To 

increase the amount of protein bound to the chromatography columns, we investigated 

whether placing the His-tag at the amino-terminus could reduce protein elution during the 

first steps of purification, and thus increase protein concentration. The His-tag, originally 

placed at the carboxy-terminus of the construct, could be inaccessible due to the 

conformation of the recombinant protein. As shown in Figure 3.6B, expression of PTD-SMN 

with His-tag at the amino terminus did not seem to improve the yield of PTD-SMN, since 

much of the fusion protein is still lost during early steps of the procedure. Therefore, it was 

decided to continue using the initial construct, which had the six histine residues at the 

carboxy terminus. A schematic representation of the construct is shown in Figure 3.6A. 

Despite the fact that PTD-SMN recombinant protein was contaminated with bacteria 

proteins, we began to characterize the function of the protein in tissue culture. 
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Figure 3.6: Purification of PTD-SMN containing an amino-terminal His tag. (A) Schematic 
representation of the PTD-SMN construct with the His tag at the amino terminus. (B) 
Immunoblot analysis of samples from 1: bacterial pellet; 2: cleared lysate; 3: flow through; 5, 
6, & 7: sequential washes; 8: eluate. PTD-SMN was detected with a mouse monoclonal 
FLAG antibody. 
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3.7 Association-rate of PTD-SMN in vitro 

To begin to examine the transduction capacity of the PTD-SMN fusion protein, we 

tested the binding capacity of the recombinant protein to cells in culture. PTD-SMN was 

added directly to cultured A549 cells at a final concentration of 82nM for 8hr at 37°C. 

Treated cells were harvested and lysed at the indicated time points. The amount of protein 

bound to cells was determined by immunoblot analysis, which showed that the recombinant 

protein was able to associate with the cells in a time dependent manner (Fig. 3.7). 

Specifically, as the incubation time increases, more protein is bound to cells; consequently, 

we observed that the amount of protein in the media is reduced as the amount of cell-

associated protein increases. This data suggests that the binding capacity of PTD-SMN to 

cells in vitro is time-dependent. 
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Figure 3.7: Association-rate of PTD-SMN with cells in culture. Semi-confluent A549 cells 
were incubated for increasing time with 82nM of PTD-SMN. Immediately after the 
incubation period, the cells were washed extensively with PBS, lysed with Laemmli buffer, 
and an aliquot representing 1/10 of total lysate was separated by SDS-PAGE and 
immunoblotted for the Myc epitope tag on PTD, or tubulin (loading control). 
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3.8 Binding of PTD-SMN to cell surface 

To further evaluate the cellular transduction of PTD-SMN in vitro, PTD-SMN and 

FLAG-SMN were added to the culture media of HeLa cells for 8hr at 37°C, at a final 

concentration of 40nM and 600nM respectively. After the incubation period, the cells were 

lysed with RIPA or SDS-PAGE buffer (2x Laemmli buffer), and the quantity of transduced 

protein associated with the cells determined by Western blot analysis. In this experiment, 

cells that were lysed with RIPA buffer had been previously incubated with IX trypsin, in 

order to detach the cells from the culture dishes. Fig. 3.8A shows the bands corresponding to 

PTD-SMN and FLAG-SMN were found in the SDS-PAGE buffer lysates (L), whereas, 

RIPA lysates (R) from treated HeLa cells do not show any band corresponding to the 

recombinant proteins. This data is interesting; failure to observe PTD-SMN in RIPA lysates 

suggests that the fusion protein did not successfully cross the cell membrane, and may have 

been degraded by the treatment with trypsin. To further support this piece of information, we 

incubated HeLa cells with 12nM of PTD-SMN and 400nM of FLAG-SMN under conditions 

similar as the previous experiments. However, for this experiment, cells were not trysinized. 

As shown in Fig. 3.8B, recombinant protein is not found in the RIPA lysate but rather in the 

pellet. This pellet fraction contains the cell membrane and intact nucleus. Taken together, 

these data suggest that the majority of PTD-SMN is not taken up by the cells, but remains 

strongly attached to the cell surface. 
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Figure 3.8: PTD-SMN remains primarily bound to the cell surface. (A) Immunoblot analysis 
of HeLa cells incubated with PBS, PTD-SMN, or FLAG-SMN. HeLa cells were incubated 
with 40nM of PTD-SMN or 0.6|JM of FLAG-SMN for 8hr, after which cells were washed 
extensively with PBS and lysed with RIPA or Laemmli buffer (SDS-PAGE buffer). Prior to 
RIPA lyses, cultured cells were incubated with 200|Jl of IX trypsin for 2min at 37°C in order 
to detach cells from the tissue culture dish. Four ug of PTD-SMN and SMN, representing 
11% and 34% of the total cellular protein obtained from RIPA lysates respectively, and 
1/12.5 part of total lysate from Laemli lyses were applied to gel. PTD-SMN and FLAG-SMN 
were identified using mouse-FLAG antibody, and tubulin was identified using mouse-anti-
tubulin antibody. (B) Immunoblot analysis of HeLa cells incubated with PBS, PTD-SMN, or 
FLAG-SMN. HeLa cells were incubated with 12nM of PTD-SMN or 0.4MM of FLAG-SMN 
for 8hr, after which cells were washed extensively with PBS, and lysed with RIPA buffer. 
Forty ug of total cellular protein obtained from RIPA lyses were applied to the gel. 1: PBS-
treated cells; 2: PTD-SMN-treated cells; 3: FLAG-SMN-treated cells. R=RIPA; L= laemli. 
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3.9 Cytoplasmic fractionation of PTD-SMN cultured cells 

Although the majority of PTD-SMN appeared to remain bound to the cell membrane, 

and did not transduce to the interior of the cell, we undertook additional experiments to 

determine if a fraction of the protein was entering the cell. To this end, we performed cell 

fractionation experiment which would achieve two tasks. First, this procedure would 

concentrate the protein fractions, allowing us to more easily visualize small amounts of the 

protein by immunoblot. Secondly, we could determine the cellular location of the protein 

(nucleus versus cytoplasm). HeLa cells were incubated with PTD-SMN and FLAG-SMN for 

8hr at 37°C, at a final concentration of 12nM, and subcellular fractions were prepared as 

described in the Materials and Methods section. Western blot analysis revealed a prominent 

PTD-SMN band in the cytoplasmic fraction of the PTD-SMN treated HeLa cells, which is 

absent from the nuclear fraction (Fig. 3.9). Importantly, recombinant FLAG-SMN protein 

fails to appear in the cytoplasmic and nuclear fraction. In addition, pellets obtained from the 

fractionation procedure were also analyzed. In agreement with previous experiments, we 

observed that majority of PTD-SMN and FLAG-SMN are largely present in the pellets, 

supporting previous observations that PTD-SMN is tightly bound to the cell membrane. 

Together, these data suggest that the vast majority of recombinant protein remains bound to 

the outside of the cell, and only a small fraction reaches the cytoplasm. 
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Figure 3.9: Cell fractionation of PTD-SMN-transduced cells. HeLa cells were incubated with 
12nM of PTD-SMN or FLAG-SMN for 8hr, after which the cells were washed extensively 
with PBS. Aliquots of cytoplasmic and nuclear fractions were separated by SDS-PAGE. 
1/12.5 parts of total cytoplasmic fraction, and 1/5 parts of the nuclear fraction were applied 
to the gel. PTD-SMN and FLAG-SMN were identified using mouse-FLAG antibody, and 
tubulin was identified using mouse-anti-tubulin antibody. C: cytoplasmic fraction; N: nuclear 
fraction 
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3.10 Transduction of PTD-SMN in culture 

To visualize internalization of PTD-SMN in culture, immunocytochemistry analysis 

of cultured cells incubated with PTD-SMN was performed by confocal microscopy, which 

would allow us to distinguish between protein present on the surface or within the cell. A549 

and HeLa cells were incubated with 160nM of purified protein for 8hr, and then processed 

for immunocytochemistry with a FLAG antibody. As observed in Fig. 3.10, incubation of 

cells with PTD-SMN results in significant fluorescent signal in both the cytoplasm and 

nucleus of the cells. Moreover, at least some of the protein in the nucleus was located in 

distinct punctate structures, reminiscent of gems; thus we will refer to them as "gem-like" 

structures. Consistent with this observation, fluorescence signal is not present surrounding 

the cell surface, as a halo, which might indicate that PTD-SMN was trapped at the cell 

membrane. Furthermore, transduction of PTD-SMN is observed in two different cell lines, 

suggesting that translocation of recombinant PTD-SMN fusion protein occurs independently 

of the cell line; although there are some reports that have claimed that TAT transduction 

might depend on the host cell type (Yang, et al, 2002). Overall, addition of a PTD to SMN 

protein allows for uptake of the protein by cells in tissue culture and entry into the nucleus. 
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Figure 3.10: Internalization of PTD-SMN by tissue culture cells. A549 or HeLa cells were 
incubated with PBS (control) or 160nM of PTD-SMN for 8hr, washed extensively, fixed and 
prepared for immunofluorescence analysis using an anti-FLAG antibody (red) and DAPI 
(blue) to stain the nuclei. Confocal images clearly show that PTD-SMN is within the cell, 
both in the cytoplasm and in localized dots in the nucleus. PTD-SMN localizes to the nucleus 
and form "gem-like" structures. Gem-like structures are indicated with arrows. 
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3.11 Distribution and effect of PTD-SMN in vitro 

Full characterization of PTD-SMN includes determining whether PTD-SMN behaves 

as its endogenous counterpart protein. In order to evaluate this, we compared the distribution 

pattern of PTD-SMN with endogenous SMN. HeLa cells were incubated with PTD-SMN for 

8hr at 37° at a final concentration of 12nM, and the localization of endogenous SMN and 

PTD-SMN was examined by immunofluorescence. Fig. 3.11 shows that the distribution 

pattern of PTD-SMN differs from endogenous SMN in that endogenous SMN is equally 

distributed along the cytoplasm, whereas PTD-SMN concentrates in aggregates throughout 

the cytoplasm. We also observed that PTD-SMN is localized to the nucleus, forming gem­

like structures, as previously shown. Double-staining of PTD-SMN cultured cells for PTD-

SMN and SMN fail to reveal any important information because we cannot distinguish 

between endogenous SMN and PTD-SMN. 

To evaluate if PTD-SMN had any effect on the total number of gems, we quantified 

the number of gems in non-treated and treated cells. We observed that upon PTD-SMN 

treatment, there is a slight increase in the number of gems as compared to PBS treated cells 

(Table 3.11). Taken together, the majority of transduced PTD-SMN forms aggregates in the 

cytoplasm, whereas a very small portion of PTD-SMN reaches the nucleus, forming gem­

like structures, as previously shown. It is believed that uptaken of PTD-SMN by the cells 

promotes formation of gems, as evidenced by gem counts. 
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Figure 3.11: Distribution and effect of PTD-SMN in vitro. HeLa cells incubated with PTD-
SMN at a final concentration of 12nM were fixed and processed for immunocytochemistry 
analysis for PTD-SMN (green) and endogenous SMN (red). Confocal images show that 
PTD-SMN reaches the nucleus, forming gem-like structures, but fails to distribute in the 
cytoplasm as the endogenous SMN. Cells were double-stained for PTD-SMN and 
endogenous SMN using mouse-anti-SMN and rabbit-anti-Myc antibody. 
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Table 3.11. Quantitation of the number of gems in cells treated with PTD-SMN. 

Treatment # cells # cells 
with \ 
gems g e m 

Mock 150 95 14 

PTD-SMN 172 116 12 

#of cells with: # gems Gems/ 

~ 2 3 4 E 5 ~ 1 0 ° 
gems gems gems gems c e ^ s 

25 27 13 16 279 190 

16 28 31 29 417 240 



3.12 Localization of PTD-SMN to Caial bodies in culture 

Figure 3.10 suggests that a small fraction of PTD-SMN was able to cross the cell 

membrane. We wanted to investigate whether the internalized PTD-SMN was localized to 

the right structure within the cell. To determine if the punctate staining in the nucleus was 

due to correct localization of the exogenously added protein to gems, we treated Hela cells 

with PTD-SMN for 8hr at 37°C at a final concentration of 500nM and examined whether the 

protein co-localized with p80-coilin, a protein present in Cajal bodies which are quite often 

adjacent to gems (Young, et al, 2000). As shown in Fig. 3.12, we observed co-localization of 

PTD-SMN with p80-coilin, although we also observed additional discrete staining of both 

proteins. Therefore, a portion of the PTD-SMN that is internalized in cells correctly localizes 

within the nucleus. These data also suggest that the presence of the various tags on the amino 

and carboxy terminus of the SMN does not affect this localization. 
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Figure 3.12: Cells treated with PTD-SMN show co-localization of the protein with p80-
coilin. HeLa cells on cover slips in 35mm dishes were treated with 500nM of PTD-SMN for 
8hr, washed extensively, fixed and subjected to immunofluorescence analysis for p80-coilin 
(red) and PTD-SMN (green) by confocal immunocytochemistry. In the cell, SMN-containing 
gems frequently overlap or are in close proximity to coiled bodies. Arrows indicate PTD-
SMN that co-localizes with p80-coilin. 
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3.13 Interaction of PTD-SMN to SMN partners 

The next objective of our project was to assess the ability of PTD-SMN to interact 

with SMN's normal cellular partners, such as Gemin2 or endogenous SMN. To this end, we 

performed co-immunoprecipitation studies of HeLa cells incubated with PTD-SMN at a final 

concentration of 25nM, or infected with an Ad vector which expresses the human SMN at a 

MOI of 3. As a control we used AdCA35, and E1/E3-deleted Ad encoding lacZ, as 

previously described (Addison, et al, 1997). The Ad vector was used as positive control in 

our experiment since protein produced from the virus has already been shown to interact 

with Gemin2 in the cell (DiDonato, et al, 2003). Immunoprecipitations were carried out with 

an anti-Myc antibody, and subsequently, immunoprecipitated proteins were resolved by 

SDS-PAGE, transferred to nylon membrane, and probed with antibodies that would 

recognize SMN protein partners. As shown in Fig. 3.13, the FLAG antibody specifically 

recognizes the PTD-SMN protein, as well as SMN produced from the Ad vector (Ad-SMN), 

indicating that pull down of the recombinant proteins was successful. However, Gemin2 and 

endogenous SMN do not precipitate along with PTD-SMN, as shown by the Western blot. In 

contrast, Gemin2 and endogenous SMN do interact with Ad-SMN, demonstrated by the 

positive signals on the corresponding membranes. Thus, at least at the detection level of this 

assay, PTD-SMN does not interact with SMN's normal cellular binding partners. 
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Figure 3.13: PTD-SMN does not interact with endogenous SMN or Gemin2 in cells. HeLa 
cells incubated with 25nM of PTD-SMN for 8hr at 37°C or infected with Ad-SMN at MOI 
of 3 for 18hr were lysed with RIPA buffer. Cellular extracts were immunoprecipitated with a 
rabbit-anti-Myc antibody. Bound proteins were analyzed by SDS-PAGE and by 
immunoblotting with antibodies that recognize (A) FLAG tag, (B) Gemin2 or (C) 
endogenous SMN. Western blot analysis of immunoprecipitates show that PTD-SMN does 
not interact with some of the SMN protein partners, Gemin2 and endogenous SMN. 
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3.14 Interaction of PTD-SMN to SMN partners in a free-membrane environment 

Although we were unable to observe interaction of PTD-SMN with Gemin2 or 

endogenous SMN in our immunoprecipitation studies, we decided to take another approach 

to investigate whether our recombinant protein can associate with other proteins. We 

assumed that the cell membrane is a negative factor in PTD-SMN transduction; thus, we 

asked whether PTD-SMN could interact with its normal partners in a cell-free system. Non-

treated Hela cells were lysed with modified RIPA buffer, and cleared lysates were incubated 

with 12nM of native or denatured PTD-SMN for lhr or 16hr at 4°C, followed by co-

immunoprecipitation procedure as described in Materials and Methods. The purpose of using 

denatured PTD-SMN, which was boiled for 5min prior to addition to the cell lysate, was to 

include a negative control, since it should be denatured and incapable of interacting. Fig. 

3.14 indicates that we were able to immunoprecipitate PTD-SMN, but this protein did not 

interact with Gemin2 or endogenous SMN. Moreover, we observed that these two proteins 

are largely present in the unbound fraction, strongly suggesting that they do not interact with 

PTD-SMN. 
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Figure 3.14: PTD-SMN does not interact with endogenous SMN or Gemin2 in a cell-free 
system. Total cellular proteins (250ug) of HeLa cells incubated with 12nM of native or 
denatured PTD-SMN (boiled at 100°) for lhr at 4°C were immunoprecipitated with a rabbit-
anti-Myc antibody. Bound proteins were analyzed by SDS-PAGE and by immunoblotting 
with antibodies that recognize (A) FLAG tag, (B) Gemin2 or endogenous (C) SMN. Western 
blot analysis of immunoprecipitates show that PTD-SMN does not interact neither with 
Gemin2 nor endogenous SMN. 
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3.15 Summary 

In summary, we have expressed and purified bacterially produced PTD-SMN that 

corresponds to the expected molecular weight. Our protein is able to bind to cells in vitro in a 

time-dependent manner at 37°C. However, majority of PTD-SMN does not internalize into 

the cells, and only a small portion of the protein reaches the nucleus forming "gem-like" 

structures and localizes to coiled bodies. Furthermore, the PTD-SMN that reaches the 

nucleus promotes a slight increase in gem counts. Unfortunately, prokaryotic PTD-SMN 

protein does not efficiently interact with SMN's normal partners, revealing its limitation for 

therapeutic purposes. 
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Chapter 4 - Discussion & Future Directions 

Spinal muscular atrophy, which is caused by homozygous deletion of the SMN1 gene, 

is the number one killer of infants under the age of two. Although, much information has 

been accumulated since the discovery of the disease-causing gene, the question of why motor 

neurons specifically degenerate is still unanswered. However, motor neurons can be spared 

by increasing the cellular levels of the SMN protein. Thus, an effective treatment for SMA is 

to enhance or increase SMN expression. 

Current management of SMA involves aggressive supportive care in order to prevent 

rapid disease-progression (Burnett, et al, 2009). In the search for a cure to SMA, several 

research labs have explored a variety of strategies to up-regulate SMN levels. Activation of 

SMN2 gene transcription, application of embryonic stem cell and gene therapy, and use of 

neuroprotective agents are among some of the therapeutic prospects for SMA treatment. 

Although each approach is promising, there are important limitations with respect to their 

long term application. 

In line with most prevailing strategies for the treatment of SMA, we aimed to develop 

protein therapeutics for SMA. Protein therapeutics, or protein replacement therapy, is 

designed to increase the levels of a defective or a missing protein. A well known therapy for 

lysosomal disorders, protein therapeutics have been demonstrated to be safe and effective, 

based on clinical, immunological, and therapeutic responses (Desnick, 2004). The 

administration to a patient of a purified protein to augment the levels of a missing or a 

deficient protein could correct disease phenotypes. 

The production of recombinant proteins can be achieved by a plethora of systems 

available. Among them, the two most widely used are the mammalian and prokaryote 
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systems. For the development of our project, we employed bacteria as the manufacturer of 

our recombinant protein, since it offers important advantages over other expression systems, 

such as low cost, high expression levels of recombinant protein, and ease of manipulation. 

Once the purified protein is obtained, it needs to be delivered to its site of action; in 

the case of SMN, this is inside the cell. However, the intrinsic characteristic of a lipid 

membrane impedes the transport of most cargo, limiting the efficiency of protein delivery. A 

novel approach to deliver therapeutic compounds to the inside of the cell consists of linking 

the recombinant protein to short peptides that can translocate through the cell membrane. 

Amid the various protein domains with translocatory capacity so far identified, an eleven-

amino acid sequence from the HIV-TAT protein, PTD, has been shown to be very effective. 

For the purpose of this project, we designed and engineered a recombinant SMN protein 

fused to the PTD domain to confer the capacity to traverse cell membranes. 

The present study aimed at establishing whether protein therapy is suitable for 

treatment of SMA. Our efforts addressed whether the PTD-SMN fusion protein conserves 

the properties of the PTD domain and the SMN protein; that is, PTD-SMN has translocatory 

capacity and PTD-SMN behaves as endogenous SMN. 

4.1 Bacteria can be used to generate PTD-SMN 

Our study of the expression of the recombinant PTD-SMN fusion protein showed that 

PTD-SMN protein can be produced from bacteria. SDS-PAGE analyses of PTD-SMN 

revealed that this protein is mostly present in the insoluble fraction of the bacterial cell, most 

likely in inclusion bodies (Wadia, et al, 2004), restricting its availability for purification 

under native conditions. Furthermore, we observed that bacterial expression of the 42kD 
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protein could be toxic to bacterial cells (Fig. 3.2B), affecting their growth rate. Yet, it seems 

that reduced growth does not affect protein expression (Fig. 3.2A), suggesting that variation 

in cell growth does not correlate with the expression level of a recombinant protein 

(Woestenenk, et al, 2004). Despite obtaining a low yield of the recombinant protein, we were 

able to purify sufficient amounts of protein for our subsequent experiments. The low cost and 

ease of scalability still suggest that bacteria are a good choice for production of PTD-SMN. 

4.2 Bacterially produced PTD-SMN binds to cells, but remains primarily bound to the 

cell membrane. 

At first, we focused on evaluating whether PTD-SMN has retained the translocatory 

properties of the PTD domain. The first assay demonstrated that PTD-SMN exhibits in full 

the cell binding capacity of PTD. As observed in our Western blot analysis, PTD-SMN 

binding to cells is observed as early as 2hr and it maximizes at 8hr, indicating that PTD-

SMN interaction is time-dependent (Fig. 3.7). Consistent with this observation, Tyagi et al 

showed internalization of glutathione S-transferase (GST) - TAT peaked at lOhr (Tyagi, et al, 

2001). However, from our assay we were not able to determine whether transduction of the 

protein into the cell had occurred. Thus, a series of subsequent studies performed would 

disclose the functional capacity of PTD-SMN. 

Western blot analysis of treated-cell lysates and cellular fractionation clearly 

demonstrated that the majority of PTD-SMN remains tightly bound to the cell surface 

(Fig.3.8 and 3.9). This is not unexpected, given the fact that internalization of PTD from 

HIV-TAT is mediated by heparin sulphate proteoglycans on the cell surface (Tyagi, et al, 

2001), which are highly present in a wide variety of human, rodent and simian cell lines 
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(Fittipaldi, et al, 2005). Moreover, this interaction, which can be highly specific to relatively 

nonspecific, is not only determined by the ionic composition of the protein, but also requires 

conformational structure recognition (Fittipaldi, et al, 2005; Maccarana, et al, 1993); that is, 

PTD needs to be properly folded in order to interact with heparin sulphate proteoglycans for 

translocation to occur. TAT-fusion proteins are often localized to bacterial inclusion bodies 

(Wadia, et al, 2005). We have shown that bacterially produced PTD-SMN largely 

accumulates in inclusion bodies (Fig. 3.3B); which might be a consequence of its delay to 

reach a native conformation or to interact with folding modulators in the bacteria, resulting in 

the improper folding of the protein (Baneyx, et al, 2004). Therefore, if the vast majority of 

the produced PTD-SMN aggregates in inclusion bodies, only a small portion of the protein, 

present in the soluble fraction, would be properly folded. This would result in a limited 

transduction of the protein. 

4.3 Some PTD-SMN reaches the nucleus and co-localized with Cajal bodies 

Endogenous SMN is found diffusely throughout the cytoplasm, and in nuclear bodies 

called Cajal bodies, which overlap with gems in adults (Liu, et al, 1996; Young, et al, 2000). 

We observed that transduction of PTD-SMN in cultured cells resulted in localization of the 

fusion protein to the nucleus, forming small aggregates, which are reminiscent of gems (Fig. 

3.10). Further assessment of internalization revealed that PTD-SMN co-localizes with p80-

coilin, a marker of coiled bodies (Fig. 3.12). Targeting of SMN to Cajal bodies is mediated 

by the self-association of the SMN protein, which is dictated by the sequences encoded by 

exons 2b, 3 and 6 of SMN (Morse, et al, 2007). Access of PTD-SMN to the nucleus and 

localization to Cajal bodies suggests that PTD-SMN conserves the functional characteristics 
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of the endogenous SMN protein. These data indicate that the PTD domain and the SMN 

protein from PTD-SMN are fully functional: while PTD allows for uptake and internalization 

of the recombinant protein to the nucleus, the functionally active domains of the SMN 

protein enable targeting to Cajal bodies. 

In addition, we evaluated the therapeutic effects of PTD-SMN. We observed that 

application of PTD-SMN caused a moderate increase in the number of gems (Table 3.11). 

These results indicate that ectopic expression of SMN and its localization to nuclear bodies 

promotes formation of gems. Likewise, DiDonato et al showed that overexpression of SMN 

levels in SMA patient fibroblast using Ad vectors leads to a corresponding increase in the 

number of gems (DiDonato, et al, 2003). Gem counts can be used as an indicator of disease 

severity, since the number of SMN-positive foci is correlated with SMA disease severity in 

fibroblasts from SMA patients (Coovert, et al, 1997). Therefore, an increase in gem 

formation could indicate that SMN protein levels are restored. The above result is indicative 

that PTD-SMN might be a viable strategy for the treatment of SMA. 

In spite of the strong binding capacity of PTD-SMN to cell surface, we have shown 

that the small portion of PTD-SMN that is taken up by the cells has a positive impact in gem 

counts. This result suggests that in order to correct SMN deficiencies, only a very small 

amount of protein is required. However, we were aware that outcomes of the 

immunofluorescence assays could not be conclusive to evaluate the functionality of PTD-

SMN; thus, we needed to further analyze the functional capacity of PTD-SMN. 
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4.4 Most bacterially-produced PTD-SMN cannot interact with normal cellular 

partners. 

To evaluate whether PTD-SMN is able to interact with SMN cellular partners, 

immunoprecipitation studies were performed. The results revealed that the vast majority of 

PTD-SMN fails to interact with Gemin2 or endogenous SMN: we were not able to detect 

association between PTD-SMN with either of the two tested proteins (Fig. 3.13 and Fig. 

3.14). However, to confirm whether bacterially produced PTD-SMN is unable to interact 

with SMN cellular partners, more sensitive assays would need to be conducted in order to 

detect the small amount of PTD-SMN that reaches the nucleus of the cell. 

With this respect, the amount of protein used for each experiment is determinant for 

the outcome of the experiment. For instance, the concentration of PTD-SMN used for each 

assay varied considerably (i.e. 12nM- 500nM). Transduction of PTD-SMN and 

colocalization experiments needed 160nM and 500nM of PTD-SMN respectively. On the 

other hand, when investigating interaction of PTD-SMN with SMN cellular's partners, it was 

used a concentration of 25nM. There exists the possibility that a higher concentration of the 

recombinant protein is required in order to observe interaction and transduction of the protein 

in vitro. 

Overall, PTD-SMN can be produced in bacteria, but only a low percentage retains 

biological activity. The small amount that does enter the cell is capable of reaching the 

nucleus, increasing the number of gems, and co-localizing with p80-coilin. These data 

suggest that PTD-SMN maybe viable therapeutic, but better production methods are required 

to obtain protein with higher biological activity. 
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4.5 Future Directions 

Immediate future directions which could be addressed are to explore other strategies 

to improve PTD-SMN production in bacteria; for instance, genetic manipulation of the 

construct and host cell could improve the production of PTD-SMN (Ho, et al, 2003). 

Engineering of a SMN-Gemin2 fusion protein could promote the expression of a functional 

SMN protein: fusion to Gemin2 may allow for folding of SMN in the bacteria, since gemin2 

is part of the SMN-complex, and it binds tightly to SMN (Lorson, 2009). Furthermore, 

expression of the PTD-SMN fused with thioredoxin, a heat-stable protein, would allow the 

release of the protein into the media by osmotic shock, facilitating its purification (Ho, et al, 

2003). Also, it is possible that the presence of the FLAG tag (strong negative charge) 

immediately adjacent to the PTD (strong positive charge) affects the efficiency of uptake, as 

it has been previously reported (Jiang, et al, 2004). Thus, analysis of PTD-SMN in the 

absence of the FLAG tag should be pursued to determine if this molecule has enhanced 

translocatory capacity. 

Even though nonviral gene transfer is the preferred approach to generate stable cell 

lines for manufacturing purposes, viral vectors for the expression of recombinant proteins in 

mammalian cells confers many advantages. Specifically, Ad vectors can be easily produced 

at high titers, and its biology is very well known (Altaras, et al, 2005). Previous studies on 

Ad vectors expressing SMN, demonstrated that the expressed SMN has functional activity 

(DiDonato, et al, 2003). In preliminary studies, we determined that purified SMN protein 

from E1/E3 deleted Ad remains tightly bound to endogenous SMN and Gemin2 (data not 

shown), strongly implying that even after the purification process, SMN remains active. This 

observation suggests that PTD-SMN produced in mammalian cells is an excellent alternative 
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that should be pursued in the future. In addition, insect cell-based system for the generation 

of PTD-SMN is an alternative, since it is commonly used to produce a wide range of 

recombinant proteins (Walsh, 2003). 

Together, these future studies will aim to obtain a recombinant PTD-SMN that is 

fully functional in order to improve its therapeutic value. 

4.6 Conclusion 

In this study we developed a novel therapeutic strategy for the treatment of SMA. We 

designed and constructed a bacterial SMN protein with capacity to cross the cell membrane. 

Our results demonstrated that PTD-SMN is able to cross the cell membrane, increasing the 

number of gems, and localizing to Cajal bodies; although, most of the bacterially produced 

PTD-SMN remains bound to the cell surface. Future prospects are addressed to improve 

production methods and explore other recombinant protein expression systems. Validation of 

a proof-of-concept has shown that SMN protein replacement therapy could emerge as a 

novel therapy for SMA patients. 
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