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Abstract

The autosomal recessive disorder spinal muscular atrophy (SMA) causes motor neuron
degeneration and muscle wasting, progressing to paralysis and death in severe cases. The disease
is caused by deficiency of survival motor neuron protein (SMN) due to deletion or mutation of the
SMN1 gene. We seek to develop a protein-based therapy for SMA using an adenoviral vector
which encodes a secretable form of SMN fused to a protein transduction domain (PTD) derived
from the trans-acting activator of transcription (TAT) from HIV. We generated secretable GFP
proteins using transient transfection in mammalian cells and determined that the secretory peptide
was inefficient when paired with the native PTD. We generated TAT-GFP proteins in bacteria and
observed that the variant TAT3 most reliably tranduced cells in vitro. We did not observe uptake
of the therapeutic protein following infection with an adenoviral vector and subsequent secretion

of the protein from infected cells.
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Chapter 1 - Introduction

1.1: Spinal muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive disease which affects as many
as 1 in 6000 live births and has a carrier frequency as high as 1 in 40 people [1-3]. The disease is
characterized by degenerative loss of a-motor neurons in the brain stem and spinal cord, which
progresses to chronic weakness of trunk and limb muscles and eventually paralysis [3-5].
Thoracic cage deformation and respiratory muscle weakness cause respiratory distress which
frequently results in death, particularly in severe cases [6]. Though most patients experience a
brief improvement in motor functions and muscular strength following diagnosis, in all cases the
disease progresses within 2-3 years following this initial period and never arrests [7]. Severe SMA
causes the death of more infants than any other genetic disorder and is currently incurable [1,4].
Appropriately, this disease is the focus of numerous disease pathology and therapeutic research

labs all over the world.

1.2.: Genetics and SMA

1.2.1: Genetic basis

Though there are numerous variations of spinal muscular atrophy, including X-linked
SMA [8], distal SMA [9], and scapuloperoneal SMA [10], the most common and most lethal form
is termed spinal muscular atrophy 5q13, so named due to its characteristic deletion of the entire
survival motor neuron 1 (SMNI) gene, which is found on chromosome 5q in band 13 [11,12].

Homozygous deletion of this gene occurs in approximately 95% of SMA 5q13 patients [12], with



the remainder displaying a heterozygous state in which one SMNI allele is deleted and the other
contains a non-synonymous mutation, or more rarely two SMNI alleles which both contain
intragenic mutations [13]. The functional loss of SMNI results in a deficiency of survival of motor
neuron protein (SMN), however the protein is not completely absent in affected patients due to
the presence of SMN2, a second SMN gene present on 5q13 which differs from SMNI by five
nucleotides [11]. Only one of these point mutations occurs in a coding region: the cytosine found
at position +6 of exon 7 in SMNI is mutated to thymidine in SMN2 [14]. Though this is a silent
mutation in terms of the amino acid encoded, the change to thymidine at this position results in
exclusion of exon 7 from ~90% of SMNZ2 transcripts [15]. The protein generated from this
incomplete transcript, termed SMNA7, is missing 16 amino acids [14,16] which form a domain
that is essential for the self-oligomerization of the protein which normally occurs in vivo [16,17].
Exclusion of this exon also generates a strong degradation signal at the carboxy terminus of
SMNAT7 that targets the truncated protein to the proteasomal degradation pathway [18]. The
instability and vulnerability to degradation renders SMNA7 unable to fulfil the functional roles of
SMN. A relatively small amount of full-length SMN protein is generated from the 10% of SMN2
transcripts that include exon 7 [15]. No patients have been identified who have deletions or
functional loss of both SMNI and SMN2 [11], suggesting that loss of both genes results in
embryonic lethality [19,20]. In the absence of SMNI, the full-length SMN generated from SMN2
is sufficient to prevent embryonic lethality but not sufficient to prevent the degeneration of a-
motor neurons and the subsequent presentation of SMA.

Multiple hypotheses exist regarding the exclusion of exon 7 caused by the cytosine to
thymidine mutation at position +6 of the exon. Because this exon features weak splicing sites at
both the 3' and 5' ends [21], proper inclusion of the exon is dependent on cis elements — RNA

regions which are recognized by trans-acting splicing proteins and thereby enhance the inclusion



or exclusion of a given element in a transcript. These elements include intronic splicing enhancers
(ISEs), intronic splicing silencers (ISSs), exonic splicing enhancers (ESEs), and exonic splicing
silencers (ESSs). At least one cis element from each category is believed to be involved in
splicing of exon 7 in SMN2. Hofmann et al established that exon 7 contains an ESE which binds
to the protein Htra2-f1, a positive selector for inclusion [22]. This splicing protein forms a
complex with hnRNP-G, hnRNP-Q, and SRP30C which ultimately promotes the inclusion of
exon 7 [23]. However, this ESE is not disrupted by the point mutation in SMN2 and therefore does
not fully explain the difference in splicing between the two human SMN genes.

Interestingly, a second ESE was identified in the SMN genes by Cartegni and Krainer,
whose model suggested that the point mutation in SMN2 disrupts an ESE which is normally
associated with the positive splicing protein SF2/ASF [24]. Considering the weak splicing sites
present on the exon and its subsequent reliance on cis-elements, the loss of an ESE provides a
possible causal link between the point mutation and the exclusion of the exon. The actual
consequence of this mutation is controversial, however, as a second model proposed by Kashima
and Manley suggests that the point mutation actually creates an ESS in that region of the exon
[25]. The newly introduced ESS binds hnRNP-A1, a protein-RNA complex which acts as a
negative splicing signal. A similar model is presented by Pedrotti ef al, in which the multifactorial
RNA-binding protein Sam68 binds to the mutated region on the pre-mRNA transcript generated
from SMN2 and causes skipping of this exon during transcription (26). Though the exact
mechanism is presently unknown, the C to T transition in SMN2 appears to influence the
exclusion of exon 7 from ~90% of transcripts either by disrupting an enhancer site or by
generating a new site for the binding of a silencing element on the DNA or the pre-mRNA.

Though the putative changes to cis elements caused by the point mutation most intuitively

explain the difference in exon 7 splicing between SMNI and SMN2, many cis elements have been



identified on the surrounding introns which may also affect the splicing of the exon. One ISS is
present toward the 3' end of intron 6 [27], and another at the 5' end of intron 7 [28]. Three ISEs
are present following the ISS on intron 7 [27,29]. Interestingly, an additional ISS is present
following these ISEs in SMN2 only [30], located at position +100 of intron 7. An A to G point
mutation generates a new ISS at this site which also binds hnRNP-A1, the same negative splicing
protein complex implicated by Kashima and Manley's model for the effect of the C to T transition
in exon 7 [30]. Taken together, these observations suggest that intronic cis elements in close
proximity to exon 7 may also affect its splicing, particularly in the case of cis elements newly
introduced by point mutations in SMN2.

The knowledge amassed to date regarding the genetic basis of SMA has identified
potential therapeutic targets and informed the development of SMN2-targeting therapeutics. The
discovery of multiple cis elements in close proximity to exon 7 warrants further investigation.
Identifying SMNI deletion as the causal origin of the disease has also allowed genetic counsellors

and families to make informed family planning decisions after the birth of an affected child.

1.2.2: Genetic testing and carrier screening

SMA is a common genetic disease with a very high carrier frequency. Therefore, the
prospect of neonatal or even prenatal screening is a topic of debate among clinicians and
researchers concerned with SMA. Though the merit of such early screening is controversial, and
the necessity of universal screening is debated, carrier screening is presently performed for
parents of an affected child in an attempt to predict the prospective disease severity in the next
child, if affected [31].

The autosomal recessive nature of SMA necessitates that two unaffected parents who give



birth to an affected child must both be heterozygous carriers of an SMN! deletion (or intragenic
mutation), except for the rare possibility of a spontaneous mutation in the child which disables
SMNI1, most likely in a child exhibiting heterozygosity for functional SMNI. Parents of an
affected child are subjected to carrier screening to confirm their carrier status and to assess gene
dosage of SMN2. If the parents are indeed carriers, their next child has a 25% chance of being
afflicted with SMA. Carrier screening is performed by detecting deletions in SMNI [32];
however, this presents opportunities for false negatives, as a carrier presenting a loss-of-function
intragenic mutation in SMNI would be identified as a non-carrier by this screen. Further, a raw
quantification of SMN1 gene incidence can yield a false negative in the case of carriers exhibiting
a deletion of SMNI on one chromosome and a duplication on the other [32]. Though it is not
possible to directly assess disease severity in a presymptomatic patient, the compensatory nature
of SMN2 results in less severe disease in patients with multiple copies of this gene (discussed
below) [33]. Therefore, the parents can be screened for SMN2 copy number in an effort to predict
the severity of SMA in an affected child. Presently, screening of the parents of an affected child
will confirm carrier status in most cases, but further refinement to account for false negatives is
warranted. SMN2 gene dosage information from the parents may also allow for early
establishment of the prognosis for an affected child and allow the parents to prepare accordingly.
Neonates born to confirmed carriers are currently screened for SMNI deletion. The most
suitable screening method among current technologies for hospital-based testing is likely
restriction fragment length polymorphism (RFLP) analysis, in which DNA from the patient is
used as a template in a polymerase chain reaction (PCR) using a mismatched reverse primer that
introduces a recognition site for the restriction enzyme Dral in the PCR product of SMN2, but not
SMNI. This allows for an unambiguous detection of SMNI deletion as the digested fragment

corresponding to the SMN2 PCR product is smaller than the fragment produced by the full-length



SMN1 PCR product, if present. The absence of the larger band indicates an SMNI deletion [34].
This method is appropriate as a diagnostic measure as it does not require specialized equipment
and can be performed in one day. However, this method does not detect point mutations resulting
in functional loss of SMNI, and therefore other diagnostic measures are necessary when the
carriers are known to exhibit such mutations. An emerging technology which would allow
consideration of SMNI point mutations and also assess gene dosage of SMN2 is high resolution
melting analysis (HRMA), in which PCR is performed using an unlabelled SMNI-specific probe
which complements the guanine present at position -45 of intron 6 in SMN/ (adenine in SMN2)
[35]. This PCR will amplify both SMNI and SMN?2 if present, but the probe causes the SMNI
product to be longer and therefore the duplex has a higher melting temperature. High throughput
melting curves are then performed on 96-well plates and characteristic curves are generated for
patients with SMN1 deletions, patients with SMN2 deletions, and for normal patients exhibiting
homozygous presence of both genes. Intermediate curves generated for a patient can be used to
estimate gene dosage of SMN2. This method also permits the detection of intragenic mutations in
SMN1 as mismatches will affect the melting temperature of the duplex [35]. The ability of HRMA
to detect deletions and mutations in SMNI, ability to estimate gene dosage of SMN2, short
duration and high throughput capabilities make this assay suitable for population screening.

There is some opposition in the field regarding whether or not genetic screening for
autosomal recessive SMA should be performed, primarily due to the limitations of carrier
screening and the incurable status of the disease. Opponents of population-based SMA screening
cite the significant costs of widespread screening [36], the potential for false negatives in carrier
testing [37], and the concern that carrier status testing is only relevant for couples preparing to
conceive a child together. SMA carrier status does not affect the health of the individual, and

knowing that one is a carrier might render a person hesitant to reproduce without sufficient



education regarding the genetics of the disease. As part of a widespread genetic screen, a carrier
might not understand the significance of carrier status when they eventually seek to conceive a
child or might not disclose their carrier status to their partner. The prospect of widespread
screening is also given pause by the absence of a cure for the disease, particularly in the case of
neonatal and prenatal screening. Screening for SMN violates the second of ten criteria adopted by
the World Health Organization (WHO) in 1968 (the Wilson-Jungner criteria), which states that in
order for a genetic screen to be warranted, “there should be an accepted treatment for patients
with recognized disease” [38]. The American College of Obstetricians and Gynecologists
(ACOG) cautions against such screening particularly in the prenatal case, as improper
understanding of the variability in disease phenotype may lead to poorly informed terminations of
pregnancy [39].

On the other hand, due to the high carrier frequency and clinical severity of the disease,
the American College of Medical Genetics (ACMG) recommends population-based SMA carrier
screening in addition to screening of affected families [2]. While it is true that no accepted
treatment for SMA currently exists, the criteria established by Wilson and Jungner were not
intended to be dogmatic, but rather to provide a framework for fruitful discussion regarding the
ethics of genetic screening [40]. The Wilson-Jungner criteria were written in 1968, long before
current screening technologies had been developed which could identify disease in patients before
the symptomatic stage. Even in the absence of a cure, early detection of SMN by a neonatal
screen could improve quality of life for the patient by allowing the parents to anticipate his or her
needs and prepare for the proper care of the affected child [41]. A recent reassessment of the
Wilson-Jungner criteria published by the WHO recognized the benefits of genetic screening for
disease which lack an accepted treatment and synthesized a new set of tentative criteria based on

this consideration and on other new developments in genomics [40]. This proposed set of criteria



does not require a specific established treatment for a disease, but instead requires an established
need for the screen, a clear target population, and the integration of patient education in the
screening program, none of which are obstacles to SMA screening [40]. Further, in vivo studies of
SMA therapeutics suggest that early detection is instrumental in affecting phenotypic rescue in
mice [42-44]. The therapeutic window for SMA is believed to be early and narrow, therefore early
detection is essential to identify candidates for the many therapeutics currently approaching or
entering the clinic [3,37]. Though SMA is currently incurable, neonatal screening will be a crucial

component of the development of treatments and possibly a cure.

1.3: Variable severity and disease types

The reason that genetic screening of a neonate assists in preparing the family for the care
of an affected child is that gene dosage of SMN2 affects severity of the SMA phenotype. Patients
exhibiting duplications of SMN2 experience milder disease and have a greater life expectancy
than those without duplications or with SMN2 deletions [33]. In patients with increased SMN2
copy number, an additive effect occurs in which the combined full-length transcript derived from
each copy of the gene brings the patient closer to the levels of SMN present in an unaffected
person. This results in a less severe disease phenotype, as the level of SMN present in a patient is
inversely correlated with the severity of symptoms [45,46]. Variability in SMN2 copy number
among patients in turn causes variability in time of disease onset, peak motor function achieved,
and life expectancy. These three criteria are used to categorize patients into one of five types of
SMA (Table 1.1) [47]. Type O is characterized by onset prior to birth, respiratory distress at birth,
and very low life expectancy. This type of SMA is fatal if the patient does not receive respirator

support upon birth. Type 1, also known as Werdnig-Hoffmann disease, presents before six months



of age. Type 1 patients are unable to sit under their own power and are expected to live for less
than two years [48]. In type 2, onset typically occurs between 6 and 18 months of age but may
occur sooner. These patients are able to sit independently but never achieve the ability to walk and
have life expectancies between 10 and 40 years. Type 3 patients experience disease onset after 18
months and ultimately achieve the ability to walk without assistance. Patients with type 4 SMA
first present symptoms at 5 years of age or later and retain the ability to walk. Types 3 and 4 are
not associated with a reduced life expectancy [10].

Russman et al observed that highest motor function achieved by an SMA patient was
more closely correlated to prognosis than age of onset [49]. Among patients with similar ages of
onset, those who achieved the ability to sit or to walk independently lived longer than those who
did not [49]. This appears to be confounded by a brief period of improvement experienced by
most patients following symptom onset [7], during which motor skills may improve before
regressing again. However, briefly gaining the ability to walk and then losing it again was still
associated with a prognostic advantage over those who never walked [49]. A patient with an
earlier age of onset but higher maximum motor function than another patient can be expected to
have a greater life expectancy, as the degree of disease progression appears to be more accurately
predicted by motor function inhibition.

Quantitative PCR analysis performed by Feldkétter er al determined the SMN2 copy
number of 375 SMA patients of known type. The authors generated percent ratios representing the
distribution of SMN2 copy number within each SMA type. Interestingly, the authors also
generated percentage ratios that approximate the likelihood of each SMA subtype when the SMN2
copy number is known (Table 1.1) [50]. The likelihood of an affected child with only one copy of
SMN?2 acquiring type 1 SMA is greater than 99.9%. With two copies of the gene, the probability

of type 1 SMA is 97.26% , while the probabilities of type 2 and type 3 are 2.7% and 0.04%,



Table 1.1: Clinical types of spinal muscular atrophy.

Type | Age of Onset

Characteristic Motor
Function

Life
Expectancy

0 Before birth
1 < 6 months

2 6-18 months
3 >18 months
4 > 5 years

Reduced movement in utero
Sitting,with support
Independent sitting
Independent walking

Normal walking

Fatal at birth
< 2 years
10-40 years
Normal
Normal

A A dashed line indicates that data was not collected for this type.

10

Probability by copy
number of SMN2 (%)

1 2 3 4

_A - - -
>99.9| 973 | 7.2 1.6
<0.01| 2.7 | 82.8 | 14.8
<0.01 | 0.04 | 10.0 | 83.6




respectively. With a copy number of three, type 1 SMA is expected to develop in only 7.2% of
cases, with type 2 the most likely at 82.8% and type 3 having a probability of 10%. Finally, in
patients with four copies of SMN2 the expected ratios are 1.6% type 1, 14.8% type 2, and 83.6%
type 3 [50]. These ratios present SMN2 copy number as an imperfect predictor of phenotypic
severity, particularly if the screen used does not account for intragenic mutations within some
copies of SMN2 or incomplete duplications. The study also did not include patients with SMN
type 4 and could not include type O patients due to their short life expectancy. Neonatal screening
for SMN2 copy number could serve to prepare parents of an affected child for the necessary care
of the child and inform their expectations regarding motor function and life expectancy. However,
clinical evaluation following symptom onset will provide a more accurate answer for such

concerns.

1.4: SMIN protein and putative functions

1.4.1: The SMN complex

The survival motor neuron protein is a 38 kDa protein which is ubiquitously expressed
and is found in both the cytoplasm and the nucleus [51,52]. Full-length SMN self-oligomerizes
via association of a 30-amino acid domain encoded by exon 6 [16]. The self-association appears
to be dependent on the presence of amino acids that follow this domain, which are absent in the
product of most SMN2 transcripts [16]. Following self-oligomerization, nuclear SMN is recruited
into a macromolecular complex containing gemin proteins. The formation of this complex appears
to have a stabilizing effect, and failure to self-oligomerize or to be recruited into these complexes
may explain the reduced half-life of SMINA7 compared to the full-length protein [17]. The SMN

complex is composed of SMN and Gemins 2 through 8 [53]. The name for the associated
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proteins is derived from Gemini, as the nuclear structures resembled twins of other previously
identified coiled bodies in the nucleus [51]. The cellular localization of the complex appears to be
influenced by its interaction with unr-interacting protein (Unrip), which directs localization to the

cytoplasm and is absent in nuclear gems [54].

1.4.2: snRNP assembly and pre-RNA splicing

The SMN complex is known to play a role in the assembly of small nuclear
ribonucleoproteins (snRNPs) [55], which are complexes composed of small nuclear RNA
(snRNA) and Sm proteins which combine to form spliceosomes [56,57]. Gemin 5 has been found
to be essential to this function of the SMN complex [58]. This protein features 13 tryptophan-
aspartic acid (WD) repeats at its N terminus which cause it to bind the 3' end of snRNA molecules
[58]. Splicing-associated Sm proteins bind directly to other proteins in the SMA complex and are
combined with the snRNA to generate snRNPs [53,57,59]. The tudor domain of SMN appears to
function in snRNP assembly by binding Sm proteins required in the snRNPs [57]. Depletion of
SMN in a given cell results in a corresponding decrease in the cell's ability to assemble snRNPs
[55], suggesting that the role of SMN in binding Sm proteins and as a structural element of this
complex are important for snRNP assembly and, ultimately, splicing. This raises the question of
why such a general function performed by a ubiquitous protein results in the degeneration of only
a-motor neurons. Since the establishment of snRNP assembly as a functional role of SMN, much
research has been undertaken to elucidate how this function may relate to the disease phenotype
and to determine other functions of the protein. Gabanella et al observed a correlation between
snRNP assembly impairment and disease severity in SMA mice [60]. In contrast, a study

performed in zebrafish by Carrel er al depleted SMN in the animals using morpholinos and
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injected RNA corresponding to numerous SMN mutants and observed their effect on motor axon
phenotype [61]. The authors observed that some of their mutant RNAs restored self-
oligomerization and snRNP assembly, but failed to correct the motor axon phenotype [61]. These
results suggest that the SMA disease phenotype is not caused by decreased snRNP assembly but
by loss of some other function of SMN.

The role of SMN in snRNP assembly may have direct consequences for pre-mRNA
splicing. The association between SMN and splicing was first observed by Pellizzoni et al, who
demonstrated that a dominant negative SMN mutant inhibited pre-mRNA splicing in vitro, versus
wild-type SMN which enhanced splicing [62]. The authors also assayed SMN mutants derived
from SMA patients and found that these proteins failed to stimulate pre-mRNA splicing [62].
These observations generated interest in assessing splicing defects as a pathway for SMA
pathogenesis. Zhang et al depleted SMN in cells using an inducible shRNA system and observed
the effect on snRNP assembly and the specific snRNP profile generated. When SMN levels were
reduced to approximately 15% of normal, snRNP levels were significantly reduced in a manner
that did not affect all snRNPs equally and was characteristic for each cell type [63]. The authors
hypothesized that such cell-specific snRNP disruption might have tissue-specific consequences to
splicing. Brain, spinal cord, and heart samples recovered from SMA mice displayed significant
reduction in the minor spliceosomal snRNPs [63], consistent with the findings of Gabenella and
colleagues [60]. Interestingly, samples from brain, spinal cord, and kidney of SMA mice
displayed widespread aberrant splicing at the peak of disease progression in which genes
containing multiple introns were frequently spliced incorrectly [63]. These observations provide a
possible link between a general function of SMN and a tissue-specific disease. However, exon-
array analysis of SMA mice across three time points — pre-symptomatic, early symptomatic, and

post-symptomatic — indicated that little aberrant splicing occurred until the post-symptomatic
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stage [64]. Though the possibility remains that the few transcripts that show incorrect splicing at
earlier time points may be important for SMA pathogenesis, no causal link has been established
for these transcripts. Therefore, splicing defects appear to be a secondary effect of SMN
deficiency. Such defects may prove to be clinically important in later phases of the disease but do

not appear to be the causative pathway.

1.4.3: Active transport and axon outgrowth

With no clear connection between the housekeeping functions of SMN and the disease
pathogenesis, some researchers began to focus on other putative functions of SMN which may
explain the specific degeneration of a-motor neurons. Fan and Simard established that SMIN
localized in growth cones during differentiation of murine embryonal teratocarcinoma cells into
neurites [65]. This localization was later determined to be exon 7-dependent, further implicating
axon growth abnormalities in SMA pathogenesis [66]. Cytoplasmic SMN complexes are found in
actively transported granules and contain the gemin proteins, but not Sm proteins [67], indicating
that this function of SMN is independent from its role in snRNP assembly. Instead, SMN appears
to associate with heterogeneous nuclear ribonucleoprotein (hnRNP) R, which in turn binds B-actin
mRNA [68,69]. The interaction between hnRNP R and B-actin RNA is dependent on the
association of SMN with the RNP [68]. Ting et al recently observed that cytosolic SMN is
associated with the coatamer protein Cop-a and is found in Golgi-associated secretion vesicles
[70]. Together, these observations suggest that SMN granules associated with hnRNP R and B-
actin mRNA are secreted from the Golgi and travel to the growth cones of axons. Trafficking of -
actin mRNA to growth cones allows for B-actin synthesis and subsequent extension of the axon.

This model is supported by the observation of decreased levels of hnRNP R and B-actin along the

14



axons and in growth cones of SMN-depleted cells [68]. In theory, disruption of this trafficking
function would cause incomplete extension and improper polarization of neuronal axons. Indeed,
disruption of Golgi-mediated granule secretion in vitro caused growth cone defects similar to
those observed in SMN knockdown cells [70]. Recent work by Fallini ef al suggests that the tudor
domain of SMN interacts with HuD, a poly(A) mRNA binding protein, and SMN may thereby
participate in transporting other mRNAs to axons [71]. Depletion of SMN was found to inhibit
motor axon outgrowth and pathfinding in a zebrafish model of SMA [61,72], though no such
axonal defects were observed in post-symptomatic SMA mice [73]. Thus, the data from animal
models appear to conflict regarding whether or not axonal transport defects contribute to disease

pathogenesis.

1.4.4: Translational regulation

In addition to regulating protein expression at the mRNA level, SMN may also have a role
in translational repression. Sanchez et al observed up-regulation of the arginine methyltransferase
CARMI in the spinal cords of SMA mice and in patient-derived fibroblasts [74]. Consistent with
a previously established regulatory pathway in motor neurons [75], SMN appears to inhibit
translation of CARM1 mRNA, likely via its interaction with HuD, as a point mutation in the
Tudor domain completely eliminated the translational repression capability of SMN [74]. The
identification of an mRNA which is translationally regulated by SMN expands the scope of

pathological implications of SMN deficiency.
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1.4.5: Cytoskeletal integrity and the neuromuscular junction

In addition to its role in active transport to axons, SMN appears to have important
functions in the cytoskeletal integrity of neurons [76,77] and in proper formation of the
neuromusuclar junction [5,78,79]. SMN depletion causes increased availability of profilin Ila, a
protein which normally interacts with SMN in neurons. The increase in profilin Ila availability
results in abnormally high levels of the ROCK/profilin Ila complex, which in turn activates the
RhoA/ROCK actin remodelling pathway [76]. The improper activation of this pathway causes
cytoskeletal instability; however, depletion of profilin Ila in phenotypic neurons does not correct
the phenotype, suggesting that other actin remodelling pathways are involved [77]. At the
neuromuscular junction (NMJ), synapses of neurons come within close proximity of motor
endplates of muscle fibres to allow the passage of vesicles from the neuron to the muscle fibre
across the synaptic cleft [80]. In severe SMA mice (Smn”; SMN2), many motor endplates were
found to have abnormal morphology and to be denervated or only partially innervated [78]. A
similar study in a less severe mouse model of SMA (Smn®") verified that the apparent
denervation occurred following the formation of synapses and was not due to a failure in synaptic
growth and is independent from defects in axonal growth [79]. While developing a Drosophila
model for SMA, Chang et al observed localization of SMN in the motor endplates of muscle
fibres [81], suggesting that there may a role for SMN in motor endplate maturation. Therefore,
multiple functions have been identified for SMN which may explain why deficiency of this
protein results in a neuromuscular disease. Further investigation is underway to determine which
of these functions is responsible for SMA pathogenesis so that therapeutic targets can be

1dentified.
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1.4.6: Roles for SMN in peripheral tissues

The ubiquitous expression of SMN implies that deficiency of the protein may have other
consequences that are not immediately obvious in severe SMA patients due to their short life
expectancy. SMN starts to be expressed in mouse embryos 5.3 weeks into gestation and is found
at high levels in most tissues including skeletal muscle, spinal cord, spleen, heart, kidney, liver,
and lungs [82]. The expression pattern of SMN is similar across all stages of embryonic
development [82]; however, expression in tissues other than the brain and spinal cord decreases
substantially after embryogenesis in rats [83], which suggests that SMN is less important in these
tissues once embryogenesis has completed. The ubiquitously high levels of SMN expression
during development may indicate an important function for SMN during development in
peripheral tissues. Deficiency of SMN in these tissues may have consequences that are not
immediately apparent in patients with severe SMA. The contribution of SMN2 to the pool of full-
length SMN was observed to be greater in muscle and kidney compared to the spinal cord [84],
suggesting that SMN2 is more effective at preventing disease phenotype in peripheral tissues than
in a-motor neurons. Considering that peripheral tissues appear to have lesser need for SMN,
SMN2 may be able to compensate for the deletion of SMNI in these tissues, particularly in
patients with a higher SMN2 copy number. In patients with fewer copies of SMN2, symptoms in
peripheral tissues may not manifest due to the early mortality of the disease.

Congenital heart defects are closely associated with severe SMA [85]. A clinical study by
Rudnik-Schoneborn et al sought to establish whether or not congenital heart defects previously
reported in SMA type 0 (one copy of SMN2) patients were coincidental. The authors observed
congenital heart defects in three of four type O patients (75%). The probability of a congenital
heart defect and type 0 SMA occurring in the same individual by chance alone is less than 1 in 50

million, implicating a role for SMN in proper development of the heart [85]. This observation is
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supported by in vivo studies in which structural and functional abnormalities were found in the
hearts of mice from two SMA models across three different labs [86-88]. A retrospective analysis
of 37 SMA patients exhibiting type 2 or type 3 disease revealed that all but two patients had
normal heart function as measured by several parameters. The remaining two patients had dilation
of the left ventricle caused by coronary heart disease and hypertension [89]. These observations
suggest that compensation by SMN2 is sufficient to prevent defects in the heart in patients with
higher copy numbers, but insufficient in patients with only one copy of the gene. This presents an
apparent disease characteristic caused by SMN deletion in a tissue outside of the central nervous
system (CNS) and highlights the possibility that others may exist.

In addition to its effect on the central nervous system, deficiency of SMN may also have
consequences for the autonomic nervous system (ANS). Some of the observed cardiac defects
such as bradycardia and blood pressure fluctuations appear to be the result of ANS dysfunction
[90,91]. While examining defective hearts of SMA mice, Heier et al noted reduced innervation of
the heart in SMA mice compared to age-matched littermates [88]. Other conditions observed in
SMA patients which implicate ANS damage include unusual vasodilation responses to cold and
necrosis of fingers and toes [91,92]. These ANS abnormalities have been observed in type 1 SMA
patients, suggesting that compensation by SMN2 in the ANS may be poorer than in cardiac tissue.
Like cardiac tissues, the ANS appears to be largely unaffected in patients with type 2, type 3, or
type 4 SMA. The prospect of ANS damage caused by SMN deficiency suggests that SMN may be
essential to other neurons as well, if in lesser quantities.

Some evidence suggests that SMN deficiency affects skeletal muscle directly in addition
to causing its denervation. Martinez-Hernéndez et al compared skeletal muscle from type 1 SMA
patients to age-matched controls and found that the myotubes in the SMA patient samples were

smaller and less organized. These observations suggest that muscular growth and maturation is
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delayed in severe SMA [93] and are consistent with a prior in vitro study in which SMN-depleted
C2C12 myoblasts generated malformed myotubes and had difficulty fusing [94]. Interestingly, the
effect of SMA on skeletal muscle does not appear to be uniform [95]. The most severely affected
muscles in the SMNA7 mouse model are analogous to the most clinically relevant muscles in
humans. However, this specificity appears to be due to NMJ defects rather than abnormal
muscular growth, as these muscles are fully innervated at postnatal day 1 but become largely
denervated by postnatal day 4 [95]. Therefore the loss of function of these specific muscles
appears to be caused by loss of the synapse at the NMJ rather than improper development of the
muscle or the NMJ [79,95]. However, it is possible that abnormal muscle growth occurs in SMA
in addition to denervation of skeletal muscle. Recently, Hayhurst et al extracted muscle-resident
stem cells known as satellite cells from severe SMA mice and their wild-type littermates. The two
populations of satellite cells displayed similar proliferative potential and survival, but the satellite
cells derived from the SMA mice encountered difficulty during differentiation resulting in
inefficient myotube formation [96]. This suggests that SMN deficiency directly harms skeletal
muscle formation. Thus, the skeletal muscle phenotype of SMA appears to be a primary symptom
which is compounded by the death of motor neurons and defects in the NMJ.

The SMN protein may also play a role in metabolism. A clinical study by Crawford et al
compared the plasma levels of the fatty acids dodecanoic acid and tetradecanoic acid among
severe SMA patients to healthy controls and to infants with similarly debilitating denervation
disorders [97]. The plasma levels of these fatty acids were significantly higher in severe SMA
patients than in either control group, indicating that the aberrant fatty acid metabolism is not due
to denervation or muscular atrophy alone. Severe SMA patients also exhibited dicarboxylic
aciduria when fasted, and yielded urine fatty acid profiles similar to those observed in patients

with mitochondrial disorders. Autopsy of some severe SMA patients revealed fatty vacuolization
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of the liver, which is characteristic of fatty acid oxidation disorders [97]. Therefore, aberrant fatty
acid metabolism in SMA appears to be independent of motor neuron loss and muscular wasting.
SMA patients with less severe disease exhibited normal fatty acid metabolism [97]. Recent work

% model, specifically an excess of

by Bowerman et al reported pancreatic defects in the Smn’
glucagon coupled with decreased levels of insulin [98]. Examination of the pancreatic islets
revealed an abnormally high level of glucagon-producing a cells and a diminished representation
of insulin-producing £ cells, resulting in fasting hyperglycemia and glucose resistance in the mice
[98]. The abnormalities observed in the murine pancreata were reflected in autopsy samples from
severe SMA patients, some of whom had a recorded history of glucose resistance [98]. These two
studies indicate that SMN deficiency may have far-reaching consequences for metabolism.

As more functions for SMN are discovered across a wide variety of tissues, interest grows
in the restoration of SMN to all tissues rather than strictly to the CNS. A study of transgenic mice
with doxycyclin-induced SMN expression revealed that long-term, neural tissue-specific
induction of SMN beginning at postnatal day 1 rescued the phenotype, but 70% of the mice died
within a month once the induction was ceased after 28 days. The neuromuscular junctions of these
animals appeared to be normal at the time of death, which implies that the absence of SMN in
another tissue was ultimately the cause of death [99]. Underscoring the importance of SMN in
peripheral tissues is a study by Hua et al in which an antisense oligonucleotide designed to correct
the aberrant splicing in SMN2 transcripts was injected into the CNS, subcutaneously, and/or
systemically. Systemic injection yielded much greater phenotypic rescue than injection of the

CNS [100]. Thus, restoration of SMN in peripheral tissues in addition to the CNS may prove

instrumental in the development of a cure for SMA.
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1.5: Emerging therapy for SMA

1.5.1: Introduction

The genetic basis and phenotypic effects of SMA allow for three areas of focus for
therapeutic development. The first is to attempt to correct the aberrant splicing of the SMN2 gene
product or to stabilize the A7 protein. Alternatively, the downstream damage caused by SMN
deficiency can be addressed by protecting affected tissues from toxicity and ultimately from
death. The third approach is to reintroduce the missing SMNI gene or its gene product using a
therapeutic vector. Within each of these strategies there exists a wide variety of therapeutics in

development, some of which have entered clinical trials.

1.5.2: SMIN2-targeting agents

Targeting the splicing defect in SMN2 is an avenue which capitalizes on the presence of
workable genetic material within the patient and may amplify the effect of the therapeutic in
patients with higher SMN2 copy number. Therapeutics of this nature seek to overcome the
obstacles present within SMN2 which lead to frequent excision of exon 7. The histone deacetylase
(HDAC) inhibitor sodium butyrate was found to increase the production of full-length SMN in
vitro and increased lifespan in SMA mice [101]. Decreased deacetylation of histones appears to
alter the splicing pattern of the SMN2 transcript rather than simply increasing SMN output [101].
Another HDAC inhibitor, valproic acid (VPA) has a similar effect on SMN2 splicing [102,103].
Presently in use to treat epilepsy, VPA was shown to increase the level of SMN in phenotypic
fibroblasts by activating SMN2 transcription and correcting exon 7 excision [102,103]. Treatment

with VPA increased the levels of splicing factors Htra2-1, SF2/ASF and Srp20, which may partly
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explain the correction of the splicing defect and may have implications for the use of VPA in other
splicing-related disorders [103]. A clinical study in which SMA type 3 and type 4 patients were
treated with VPA for 8 months reported increased muscle strength [104]. An open label study in
SMA type 2 patients conducted by Swoboda et al concluded that VPA could ameliorate motor
function defects, however nearly all patients who exhibited a significant response were under 5
years of age [105]. A double-blind, placebo controlled followup of this study reported no
significant improvement in patients who were treated with VPA for 6 to 12 months [106]. The
variation between these two studies was later attributed to the existence of responders and non-
responders to VPA treatment: increased expression of the fatty acid translocase CD36 appears to
nullify the effectiveness of VPA in a large fraction of patients [107]. Nonetheless, early clinical
success with VPA indicates that further investigation into therapeutic HDAC inhibitors is
warranted.

HDAC inhibitors are not the only drugs that increase levels of full-length SMN. Early
studies in SMA type 2 patients indicated that the B-adrenergic agonist salbutamol enhanced
muscle performance when administered orally every day for 12 months [108]. A similar study
also observed significantly increased levels of full-length SMN2 transcript in patient leukocytes
after 6 to 12 months of treatment [109]. Treatment with the hormone prolactin was also shown to
increase the levels of SMN protein and partially rescue phenotype in a mouse model of SMA by
activating the STATS pathway [110]. Interestingly, systemic administration of prolactin also
increased SMN expression in the brain and spinal cord of wild-type mice [110]. Though
salbutamol requires long-term dosing and prolactin carries the risk of reproductive side effects
[110], these drugs present new mechanisms by which the SMA phenotype may be alleviated.

Considering the presence of ISS elements in close proximity to exon 7 [27-30], and the

possibility that the point mutation in SMN2 exon 7 may disrupt an ESE [24] or introduce an ESS
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[25], many oligomer-based therapeutics are in development which interact with these elements to
correct SMN2 splicing. One such strategy uses bifunctional oligonucleotides in which the
midsection consists of a sequence of nucleotides that is antisense to part of the SMN2 gene while
each end contains ESE motifs to promote inclusion of the exon [111]. Treatment of SMA mice
with these oligonucleotides resulted in significantly improved weight gain, muscle function, and
lifespan over untreated littermates; however, the oligonucleotide was introduced via germline
transgenesis, raising questions regarding its clinical applicability [111]. Another strategy employs
trans-splicing of virally-introduced RNA corresponding to part of intron 6 and the complete exon
7 from SMNI1, with two hemagglutinin epitopes and a polyadenylation signal at the 3' end. The
RNA binds to intron 6 of SMN2 pre-mRNA via complementary base-pairing and is spliced into
the SMN?2 transcript, resulting in a transcript that contains exon 7 [112,113]. Though the trans-
spliced transcript lacks exon 8, its presence still extended survival in severe SMA mice by
approximately 70% [113]. More recent iterations of these RNAs have included an antisense
section that blocks the downstream splice site of exon 7 and a section encoding the neurotrophic
factor insulin-like growth factor 1 (IGF-1), which has been shown to reduce neuron and muscle
cell death in SMA mouse models (discussed below) [86]. These enhanced trans-splicing
oligonucleotides significantly increased SMN expression in the brain and spinal cord when
injected intracerebroventricularly and increased both the lifespan and body mass of severe SMA
mice [86]. A third antisense olignucleotide-based approach targets the ISS in intron 7 [114].
Masking of this ISS using a complementary DNA oligonucleotide results in a high degree of exon
7 inclusion [114]. A followup study using an optimized antisense oligonucleotide delivered by
infusion to a lateral cerebral ventricle induced increased exon 7 inclusion and prevented tail and
ear necrosis in severe SMA mice [115]. Intracerebroventricular injection of the oligonucleotide

was shown to increase full-length SMN levels in motor neurons of SMA mice [116]. These
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oligonucleotide-based therapeutics present a promising strategy as they continue to progress
toward clinical study. An antisense oligonucleotide therapeutic developed by Isis Pharmaceuticals
and Biogen Idec has entered clinical study, beginning with a phase I trail in 28 patients [3]. The
agent was well tolerated and appeared to improve motor function in some of the treated patients
[3,117].

Though the SMN protein is unstable when exon 7 is excluded [16-18], elevated levels of
SMNAT7 protein extend the lifespan of SMA mice, evidenced by the increased longevity of the
SMNAT7 mouse line [118] This mouse line is similar to the severe SMA model in that the mice are
homozygous for deletion of murine Smn and contain two copies of human SMN2, but the addition
of homozygous SMNA7 expression in these mice extends average lifespan from 5.2 to 13.3 days
[118]. Therefore, elimination of the strong degradation signal found at the carboxy terminus of
SMNAT7 [18] and the presence of amino acids following exon 6, an apparent requirement for self-
oligomerization [16], may yield stable protein capable of performing functions of SMN even in
the absence of exon 7. Aminoglycosides, a class of drugs that affect translation, have been used
with success to extend translation of the A7 transcript beyond the stop codon, resulting in a more
stable SMNAT7 protein [119]. Two of these drugs have entered in vivo study in SMA mice: TC007,
which increases ventral horn cell number and lifespan when introduced directly to the CNS
[120,121]; and G418, also known as geneticin, which improved motor function when injected
intraperitoneally, but did not increase lifespan due in part to drug-related toxicity [119]. These
read-through drugs present an interesting case for the stabilization of the carboxy terminus of
SMNATY as a therapeutic strategy; however, the importance of exon 7 in cytoplasmic localization

of SMN [66] means that complete amelioration of symptoms with such a therapeutic is unlikely.
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1.5.3: Non-SMN targets

Therapeutics with non-SMN targets may help to rescue the disease phenotype with or
without restoration of SMN. Neuroprotective therapeutics have proven effective in amyotrophic
lateral sclerosis (ALS), another incurable disease of motor neurons [122]. Specifically, a class of
drugs known as B-lactam antibiotics has been shown to protect neurons from glutamate toxicity
by increasing the amount of the glutamate transporter GLT1 [122]. Glutamate toxicity is believed
to contribute to progressive motor neuron loss in ALS [123] and thus may have a role in neuron
degeneration in SMA. Nizzardo et al administered the B-lactam antibiotic ceftriaxone to SMNA7
mice by intraperitoneal injection and observed a marked improvement in body mass, motor
neuron count, NMJ condition, and muscle strength in treated animals versus control littermates
[124]. The authors concluded that the neuroprotective effect appeared to be multi-mechanistic, as
they observed increased levels of not only GLT1 but also the transcription factor Nrf2 and,
interestingly, SMN protein [124].

IGF-1, a protein implicated in proliferation, survival, and growth [125], is emerging as a
protein of interest for SMA therapeutics. Hua et al observed that neonatal SMA mice exhibited
decreased expression of IGF-1 binding protein, acid-labile subunit (IGFALS), in the liver,
resulting in a decrease in circulating IGF-1 compared to control mice and thereby establishing a
tentative role for IGF-1 in SMA pathology [100]. The inclusion of IGF-1 in the enhanced trans-
splicing RNA mentioned previously [86] appeared to improve the corrective effect of that
therapeutic, but the effect that can be attributed to IGF-1 alone is difficult to determine from these
results [86]. Tsai and colleagues injected viral vectors enclosing human IGF-1 cDNA into the
dorsal cochlear nucleus of severe SMA mice [126]. The treated mice displayed a significant
reduction in motor neuron cell death compared to controls, but this did not translate to improved

motor function [126]. SMNA7 mice featuring a muscle-specific rat IGF-1 transgene displayed
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increased muscle mass over control littermates, but again this reduction in cell death did not result
in improved motor function [127]. The commercial drug IPLEX (recombinant human IGF-1
complexed with human recombinant IGF binding protein 3) appears to improve motor function,
increase muscle size, and decrease the amount of neuronal degeneration in SMNA7 mice when
injected IP starting at P1 [128]. However, IPLEX administration did not increase lifespan or body
weight, and the restoration of motor function was far from complete [128]. Taken together, these
results suggest that IGF-1 may be effective in preventing cell death in the spinal cord and skeletal
muscle, but reducing cell death in these tissues is not sufficient to improve motor function. IGF-1
may be a useful component of a therapeutic construct but does not appear to rescue the SMA
phenotype on its own.

In response to their observation that the RhoA/ROCK actin remodelling pathway is
overactive in SMA [76,77], Bowerman et al assessed the efficacy of two ROCK inhibitors — Y-
27632 [129] and fasudil [130] — in the Smn*®" model. The authors observed that both ROCK
inhibitors extended lifespan, increased muscle fibre size, and improved the condition of NMlJs via
a mechanism independent from SMN restoration [129,130]. Though effective in the intermediate
model, Y-27632 did not extend survival in a model of severe SMA, suggesting that ROCK

inhibitors may be better suited for less severe cases of the disease (129).

1.5.4: Replacement of SMN1

An intuitive approach for correcting a disease caused by deletion of a gene is to
reintroduce that gene or its product. In the context of SMA, many groups have developed
therapeutic strategies that seek to reintroduce SMNI using stem cell transplantation or viral

vectors. Transplantation of neural stem cells derived from the spinal cord into the intrathecal
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space of SMA mice resulted in improvements in lifespan and function [131]. The stem cells
exhibited appropriate migration and generated a small number of mature motor neurons. The
improvements in phenotype were too great to be attributed to the transplanted neurons alone, and
it appears that the transplantation caused a widespread shift in SMN expression toward the wild-
type pattern, changes in RNA processing, and increased actin stability [131]. A second study by
the same group assessed the effect of embryonic stem cell-derived neural stem cell administered
in the same manner [132]. These stem cells demonstrated similar success in improving the SMA
phenotype, in part by secreting neuroprotective factors such as tumour growth factor (TGF)-a,
glial cell-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF)
[132]. Together, these data present a promising strategy to SMA treatment using stem cells from
multiple sources.

Viral vectors allow for the introduction of SMNI and other transgenes while utilizing
interesting viral properties such as retrograde transport. Azzouz et al designed a gene therapy
vector based on the lentivirus equine infectious anemia virus (EIAV) that contained a human
SMNI1 transgene and injected it into various muscles of SMNA7 mice [133]. The authors observed
improvements in body mass, lifespan, SMN expression in neurons, and motor neuron
preservation. Retrograde delivery of the vector was verified by the detection of gems in the
nucleus of spinal cord motor neurons which were not detected in control treated littermates [133].
Another gene therapy vector that has had success in vivo is self-complementary adeno-associated
virus (scAAV) 8 [116]. Self-complementary AAVs are so named for their double-stranded DNA
genome which allows for earlier expression of the transgene compared to AAVs with single-
stranded genomes [3]. SMNA7 mice were injected at birth with a scAAVS8 containing a human
SMN transgene in their cerebral lateral ventricles. SMN expression was enhanced substantially

throughout the spinal cord, and treated mice exhibited improved muscle strength, lifespan, body
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mass, and NMJ architecture [116]. A similar vector, scAAV9, was equipped with an SMNI
transgene and delivered intravenously to SMINA7 mice at postnatal day 1, 5, or 10. Intervention at
postnatal day 1 resulted in significant improvement in lifespan and body weight, and nearly
identical motor performance compared to wild-type littermates. Injection at postnatal day 5
resulted in only partial rescue of the phenotype, with virtually no effect discernible in mice treated
later than postnatal day 5 [43]. These results highlight the early and brief therapeutic window in
mice which likely requires similarly early treatment in humans. The same vector was shown to
improve lifespan and disease phenotype in a more severe model of SMA when introduced at
postnatal day 1 [44], suggesting that perinatal or perhaps even prenatal gene therapy may be
effective in severe SMA patients. In addition to the temporal restrictions to their effectiveness,
there is concern that sScAAV vectors may not be viable for use in older patients with less severe
SMA because antibodies against AAV capsids are quite common in human populations, with
~40% of healthy adults seropositive for anti-AAV8 IgG antibodies and ~45% seropositive against
AAV9, two of the more promising AAV serotypes [134]. In the context of perinatal treatment of
SMA, these vectors are still likely to be effective as the newborn patient is unlikely to have
encountered any AAV serotypes prior to treatment [43]. Therefore, virally-mediated gene therapy
remains an interesting option for treatment of severe SMA.

Direct replacement of SMN protein is rarely considered when designing SMN
therapeutics because the protein does not normally cross plasma membranes, presenting an
obstacle to therapeutic delivery. Therefore, effective delivery of exogenous SMN to motor
neurons and other tissues would require fusion of SMN to a cell-penetrating peptide (CPP). CPPs
are highly basic, arginine-rich domains which signal a protein for uptake by macropinocytosis
[135,136]. The cell penetration capability of the trans-acting activator of transcription (TAT)

protein from the HIV virus was first reported 25 years ago [137], and was later attributed to a
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short CPP rich in basic amino acids [138]. This basic domain was required for the rapid uptake of
truncated TAT proteins, allowing transduction of the viral protein into the cell and accumulation
in the nucleus [138]. For this reason, these domains are also called protein transduction domains
(PTDs). Fusion of therapeutic proteins to the PTD from HIV TAT became an area of interest for
protein therapeutics, even for particularly large therapeutic proteins. Using the TAT PTD,
Schwarze et al succeeded in delivering B-galactosidase, a 120 kDa protein, across the blood-brain
barrier (BBB) [139], when delivery across the BBB was previously thought to be limited to
molecules with a molecular weight of 500 Da or less [140]. The success of this study spurred
interest in the use of TAT PTD to treat diseases of the CNS. Cao et al employed a fusion of TAT to
Bcl-xL, a known death-suppressing molecule, in a mouse model of ischemic brain injury [141].
Neurons in the treated mice were transduced by the fusion protein within two hours of
intraperitoneal injection and protected against apoptosis in ischemic neurons [141]. In a muscular
disease context, TAT was successfully used to delivery full-length and truncated versions of
utrophin, a dystrophin analogue, in a mouse model of Duchenne muscular dystrophy [142].
Fusions of TAT and the truncated utrophin successfully transduced all the tissues collected for
analysis and alleviated motor dysfunction and muscle cell degeneration [142]. Successful delivery
of TAT fusion proteins across the BBB and to a variety of tissues including skeletal muscle makes
TAT-SMN an appealing prospect for SMA therapy.

Another limitation on the effectiveness of protein therapy is the frequent dosing required
to maintain sufficient protein levels. One approach to circumvent this limitation is to modify cells
within the patient to express and secrete the therapeutic protein. Flinterman et al demonstrated
that TAT-GFP generated in a producer cell population could be secreted by those cells and
subsequently taken up by recipient cells, when appropriate modifications were made to the TAT-

GFP [143]. Responding to concern that cleavage of the TAT PTD would occur during secretion
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via the ER/Golgi pathway, the authors modified the PTD to remove two furin recognition sites
without compromising the protein transduction capability of the domain [143]. The protein was
also attached to a signal peptide which marks it for secretion. Efficient GFP uptake was observed
in recipient cells co-cultured with producer cells expressing the secreted form of the fusion
protein, but not in recipients co-cultured with cells producing the non-secreted control [143]. The
results of this study and of the previously mentioned studies using TAT fusion proteins suggest
that a TAT-SMN fusion could be secreted from a producer cell population in vivo and transduce o-

motor neuron and peripheral tissues, possibly rescuing the disease phenotype.

1.6: Rationale

SMA is a disease of SMN deficiency. Restoration of SMN protein levels in a-motor
neurons and in peripheral tissues has been shown to ameliorate the disease phenotype and extend
lifespan in SMA mice. Further, treatments reported to increase SMN levels in vitro have improved
motor function and muscle strength in human patients. Protein therapy can reintroduce proteins to
deficient individuals. In order to cross cell membranes, proteins can be fused to the TAT PTD. To
effect long-term production of a therapeutic protein, a producer cell population can be modified to
generate a secreted therapeutic protein. The producer cells can express the fusion protein and
secrete it, allowing for systemic delivery of the therapeutic protein. Systemically delivered TAT
fusion proteins can cross the BBB and be taken up by neurons. In the present study I sought to
develop a protein therapy approach in which hepatocytes are infected with an attenuated

adenovirus encoding a secreted TAT-SMN protein.
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1.7: Hypothesis

A furin-resistant, secreted TAT-SMN fusion protein encoded by an adenovirus can be

secreted by producer cells and transduce uninfected recipient cells.

1.8: Objectives

The specific aims designed to test this hypothesis are: (i) to assess secretory peptide
function using transient transfection of SP-GFP fusions, (ii) to compare TAT PTD variants by
treating cells with bacterially generated TAT-GFPs, and (iii) to generate adenoviral vectors

delivering a secretable TAT-SMN fusion.
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Chapter 2 — Materials and Methods

2.1: Constructs

Plasmids encoding TAT-GFPs intended for expression in mammalian or bacterial systems
and plasmids encoding TAT-SMNs were generated using standard DNA recombination techniques
using inserts generated by polymerase chain reaction (PCR). The plasmids expressing TAT-GFP in
mammalian cells are derived from pJB100, which is the result of inserting sequences encoding
enhanced green fluorescent protein (eGFP) with a 6xHis tag and a streptavidin tag on the C
terminus into the commercial plasmid pcDNA3.1 (Invitrogen, Carlsbad, CA) and is under the
control of a cytomegalovirus (CMV) promoter. Amplicons encoding three variants of the TAT
PTD were inserted at the N terminus of the eGFP between an Nhel restriction site and an Agel
restriction site. Constructs which encode a secretory peptide had an amplicon inserted either at the
N terminus of the eGFP or at the N terminus of the TAT PTD (at the Nhel site), if one was
present. TAT-GFP constructs for the bacterial system feature the same sequences of interest as
their mammalian counterparts but inserted into the commercial plasmid pET21-d (Millipore,
Billerica, MA) and expression is controlled by a T7 promoter. Plasmids encoding TAT-SMN are
derived from pCl-neo (Promega, Fitchburg, WI). TAT-SMN amplicons were inserted between an
Nhel site and an Mlul site, and the SP sequence, if present, was inserted at the N terminus of the
TAT PTD or at the N terminus of SMN if no TAT PTD is present. A set of GFP-tagged SMN
constructs was generated by cloning a 1.6 kb sequence encoding a CMV promoter-controlled
SMN into the eGFP-containing plasmid pJB100, generating an SMN-GFP fusion. An
Spel/BamHI fragment was excised from the N-terminus of the SMN-GFP construct and replaced
with a fragment encoding SP, SP-TAT3, or SP-TATk to generate secretable TAT-SMN-GFP

constructs. The SMN-GFP plasmids also encoded a non-secreted RFP which was separate from
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the fusion protein and controlled by a separate CMV promoter. All constructs were confirmed

through sequencing (Stemcore, OHRI). Important constructs are highlighted in Table 2.1.

2.2: Mammalian cell culture methods

2.2.1: Cell culture

293 (human embryonic kidney) cells which express the adenoviral E1 proteins were
maintained in minimal essential media (MEM, Gibco, Carslbad, CA) supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich), 1% Glutamax (Gibco), and 1% anti-biotic anti-mycotic
(Gibco) in a 5% CO, environment at 37°C in a Sanyo incubator (Sanyo, Wood Dale, IL). A549
cells (human lung epithelial carcinoma, American Type Culture Collection CCL-185) were

maintained using the same media and conditions as the 293 cells.

2.2.2: Expression of TAT-GFPs in mammalian cells

Five micrograms of each TAT-GFP plasmid containing a CMV promoter was added to a
15 mL conical tube containing 300 pL of serum-free media with 10 pL of Superfect transfection
reagent (Qiagen, Germantown, MD) for 10 minutes. Following this incubation, 1.8 mL of serum-
free media was added to each tube to terminate the complex formation reaction. Thirty-five
millimetre plates confluent with 293 cells (1.2 x 10° cells) were washed with phosphate-buffered
saline (PBS) prior to the addition of the transfection mixtures. The cells were incubated for 3
hours at 37°C in the transfection mixtures before this media was removed and replaced with fresh
10% FBS media and incubated at 37°C overnight. Twenty-four hours post-transfection the cells

were visualized using fluorescence microscopy (Zeiss Axiovert 200M, Zeiss, Jena, Germany).
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Table 2.1: List of DNA constructs used in the present work. Intermediate constructs or
constructs which were ultimately not used are excluded.

Construct Name System Parental Plasmid Inserts
pJB100 mammalian pcDNA3.1 GFP
pJB101 ! : TAT-GFP
pJB102 ! " TAT3-GFP
pJB103 : : TAT«-GFP
pJB104 ) ) SP-GFP
pJB105 bacterial pET21-d GFP
pJB106 ) ) TAT-GFP
pJB107 ! ! TAT3-GFP
pJB108 " ) TAT«k-GFP
pJB109 mammalian pcDNA3.1 SP-TAT-GFP
pJB110 " ) SP-TAT3-GFP
pJB111 ! ! SP-TAT«x-GFP
pJB121 ! pCl-neo SP-SMN
pJB122 ! ! SP-TAT3-SMN
pJB123 ! ! SP-TATx-SMN
pJB124 ! pcDNA3.1 SMN-GFP, RFP
pJB125 ! pCl-neo SP-SMN-GFP, RFP
pJB126 ! ! SP-TAT3-SMN-GFP, RFP
pJB127 ! ! SP-TATx-SMN-GFP, RFP
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The media was then removed and the cells were washed with PBS prior to being collected in 200
puL of 2x Laemmli buffer (8% Tris-HCI pH 6.8, 25% glycerol, 5% p-mercaptoethanol, 2% SDS,

0.01% bromophenol blue).

2.2.3: Transduction of mammalian TAT-GFPs

293 cells which had been transfected with constructs encoding mammalian TAT-GFPs
were collected in 1 mL of PBS and frozen at -20°C. The following day the samples were thawed
and centrifuged at 16,000xg for 5 minutes. The supernatant was collected and applied to A549
cells which were incubated at 37°C for 4 hours. After incubation, the supernatant was removed
and the cells were washed with PBS, then with trypsin to remove any GFP or TAT-GFP that had
adhered to cells but not transduced the cells. Media containing 10% FBS was added to the cells
immediately after removing the trypsin and cells were visualized by fluorescence microscopy. The
media was then removed and the cells were washed once more with PBS before being collected in

Laemmli buffer.

2.2.4: Cell transfer using TAT-SMN-GFPs

293 cells were transfected with 5 pg of constructs encoding an SP-TAT-SMN-GFP fusion
protein and a separate RFP. The day after transfection, the expression of the fusion protein was
verified using fluorescence microscopy and the cells and/or media was collected and applied to a
second plate containing untransfected 293 cells. For cell transfer experiments, 10% of the
transfected cells were added to confluent plates of untransfected cells. In media transfer
experiments, all of the media (2 mL) from the transfected cells was applied to the untransfected

cells. In both cases the cells were incubated overnight at 37°C and visualized by fluorescence
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microscopy 24 hours later.

2.2.5: Recovery of secreted proteins from media

All media from each plate (2 mL) was collected 24 hours after transfection or 18 hours
following infection. The media was centrifuged at 16,000xg for 5 minutes to pellet any cell debris.
The supernatant was then passed through a 0.45 pm filter (Corning) using a syringe. One millilitre
of the filtrate was treated with 250 uL. of 100% w/v trichloroacetic acid (TCA, Sigma-Aldrich)
and incubated on ice for 30 minutes. The resulting suspension was centrifuged at 16,000xg for 5
minutes, after which the supernatant was discarded and the pellet washed with 200 pL of 100%
ethanol. The samples were centrifuged again at 16,000xg for 5 minutes. The supernatant was

removed and the precipitates were resuspended in 100 pL of 2x Laemmli buffer.

2.3: Bacterial methods

2.3.1: Bacterial culture

Escherichia coli of the DH5a strain were transformed with ligated constructs to generate
plasmids for transfection into mammalian cells. The bacteria were transformed with a plasmid
containing an ampicillin resistance gene and incubated overnight at 37°C on agar plates (Thermo-
Fisher Scientific, Waltham, MA) containing 50 pg/mL ampicillin. Colonies were picked from the
plate on the following day and incubated overnight at 37°C in Luria broth (Thermo-Fisher) with
constant agitation. One millilitre of each bacterial suspension was used to generate plasmid
minipreps (Sigma GenElute Kit, Sigma-Aldrich. St. Louis, MO), which were subsequently

subjected to restriction digest screening. Colonies whose minipreps yielded the expected
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restriction digest profile were used as inoculum to generate large-scale preparations of their
plasmids. A second strain of E. coli, BL21, was used to generate large-scale protein preps. These
bacteria were transformed with a TAT-GFP plasmid and incubated at 37 °C overnight on agar
plates containing ampicillin. Colonies were picked from each plate the following day and added
to 200 mL of LB amp+. On the third day, 5 mL of the 200 mL culture was added to 45 mL of LB
amp+ along with 50 pL of isopropyl B-D-1-thiogalactopyranoside (IPTG, Promega, Madison, WI)
to induce protein expression. The resulting suspension was incubated for 6 hours at 37°C with
agitation. The suspension was then centrifuged at 8000xg at 4°C for 30 minutes. The supernatant
was discarded and the pellet was resuspended in 6.7 mL of lysis/binding buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8) to which 700 pL of lysozyme (10 mg/mL,

Sigma-Aldrich) was added. The bacterial suspensions were frozen at -20°C until purification.

2.3.2: Purification of bacterial TAT-GFPs

Lysates of IPTG-induced BL21 cultures containing TAT-GFPs were thawed and
centrifuged for 30 minutes at 8,000xg at 4°C. The supernatants were collected and passed through
a 0.45 um syringe filter (Corning, Tewksbury, MA) into a 15 mL conical tube. These filtrates were
applied to a Ni-NTA Superflow column (Qiagen) and purified according to the manufacturer's
instructions. A small amount of the filtrates was retained for use as an input sample while
assessing the effectiveness of the columns. Flow-through, two washes, and the final eluate were
collected for analysis. Once the presence of the desired protein was confirmed in the eluate
through Western blotting, the eluates were dialyzed against 10 mM Tris-HCL (pH 8) overnight,

with one change of the Tris-HCL occurring 4-6 hours into the dialysis. The amount of protein
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present in the dialyzed eluate was determined by loading the eluates onto a polyacrylamide gel
alongside a range of BSA standards (0.5 - 0.01 mg/mL) and performing electrophoresis. The gel
was then stained with Coomassie Blue dye (50% methanol, 10% acetic acid, 0.05% bromophenol
blue in dH,0) for 30 minutes and washed with destain solution (50% methanol, 10% acetic acid
in dH,O) multiple times before destaining overnight at 4°C. The stained gel was placed between
two acetate sheets and an image was obtained using an EPSON GT-1500 scanner (EPSON,

Markham, ON).

2.3.3: Transduction of bacterial TAT-GFPs

The relative amount of protein present in the dialyzed eluates was determined via Western
blotting. Two hundred microlitres of eluate (or an appropriate dilution of eluate in PBS) was
applied to A549 cells in a 24-well plate (Corning). The cells were incubated for 4 hours at 37°C,
washed with PBS, then with trypsin. After the trypsin wash, 10% FBS media was added to the
cells and they were visualized under a fluorescence microscope. The media was removed and the

cells were washed once more with PBS prior to collection in 100 pL. of Laemmli buffer.

2.4: Adenoviral methods

2.4.1: Adenovirus production

A 2.0 kb Spel/Notl fragment from pJB118, pJB119, or pJB120 was cloned into the
pRP2645 Ad left-end shuttle plasmid [144], generating pJB128, pJB129, pJB130. These shuttle

plasmids were then recombined into pRP2014, an Ad genomic plasmid [144], using bacterial
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RecA-mediated recombination [145], generating pJB131, 132 and 133. These three plasmids were

transfected into 293 cells and rescued into viruses using standard techniques [146].

2.4.2: Infections

A549 cells were seeded onto 35 mm plates and grown to confluency. Adenoviruses were
applied at a multiplicity of infection (MOI) of 100 or 10 diluted in PBS to a final volume of 100
pL and the cells were incubated at 37°C for 1 hour with rocking once every 15 minutes. Following
this incubation, 2 mL of 10% FBS media was added to each plate and the cells were incubated for

an additional 17 hours at 37°C.

2.4.3: Treatment with conditioned media

Media (2 mL) was collected from plates 18 hours after infection with viruses encoding
SP-TAT-SMNs and centrifuged at 16,000xg for 5 minutes. The supernatant was passed through a
0.20 pm syringe filter (Corning) and then applied to a 100 kDa size exclusion column (Amicon
Ultra, Millipore) and centrifuged at 16,000xg for 10 minutes to exclude virus particles. The filtrate
was then applied to A549 cells which were subsequently incubated for 2 hours at 37°C. Following
incubation, the conditioned media was removed and the cells were washed with PBS, trypsin,

10% FBS media, and PBS again prior to being harvested in 100 pL of 2x Laemmli buffer.

2.5: Western blot

Following separation of proteins by 12% SDS-PAGE, the gels were transferred to an
Immobilon membrane (Millipore) using a semi-dry transfer apparatus (Bio-Rad, Hercules, CA).

Following transfer, the membrane was incubated overnight at 4°C or for 1 hour at RT in blocking
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solution (5% skim milk in TBST 20mM: Tris-HCI pH 7.6, 137 mM NaCl, and 0.1% Tween 20).
Next, the appropriate primary antibody was added to the blocking solution and the membrane was
incubated for either 1 hour at RT with constant agitation or overnight at 4°C (Table 2.2). The
membranes were washed with TBST three times for 5 minutes each before blocking solution was
added again containing a secondary antibody conjugated to horseradish peroxidase (HRP) which
targeted the species of the primary antibody. Membranes were incubated in secondary antibody
for 1 hour at RT with constant agitation. The membranes were rinsed again three times in TBST
for 5 minutes each and then treated for 5 minutes with ECL substrate (Pierce ECL Western
Blotting Substrate, Thermo-Fisher), which acts as the substrate for the activity of HRP. The
resulting chemiluminescent reaction was detected using X-ray film. The presence of a band on the

X-ray film thereby indicates the presence of the protein of interest on the membrane.
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Table 2.2: List of antibodies used in the present work. Dilution of secondary antibodies varied by

experiment.
Antibody Species Dilution Source
a-GFP rabbit 1:5000 Life Technologies, Eugene, OR
o-tubulin mouse 1:10000 Millipore (Calbiochem)
o-SMN mouse 1:5000 BD Biosciences, Franklin Lakes, NJ
a-FLAG mouse 1:5000 Rockland, Gilbertsville, PA
o-mouse (HRP) goat 1:10000 or 1:5000 Bio-Rad
a-rabbit (HRP) goat 1:10000 or 1:5000 Bio-Rad
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Chapter 3 — Results

3.1: Transient transfection in mammalian cells

3.1.1: Generation of fusion proteins

To facilitate comparison of the relative transduction capability of three TAT PTD variants,
eGFP with a 6x histidine tag and a streptavidin tag at the carboxy terminus was inserted into the
commercial plasmid pcDNA3.1. One of three TAT PTD variants was inserted in frame at the
amino terminus of the GFP: the native sequence of the protein transduction domain [139],
denoted as TAT; a mutant featuring a reduction in basic amino acid residues denoted as TAT3
which was previously found to exhibit superior transduction capability [147]; and a mutant
similar to TAT3 designed to resist cleavage by furin, denoted as TAT«k [143]. The amino acid
sequence of TAT3 also renders it resistant to furin cleavage. To assess the viability of a secreted
therapeutic protein, a secretory peptide derived from the V-J2-C region of murine Ig k-chain was
inserted into the plasmids at the N-terminus of the TAT PTD or the GFP if no PTD was present. A
schematic representation of these constructs is found in Figure 3.1A.

To investigate the performance of the TAT PTDs and the SP in an SMN fusion, SMN with
an N-terminal FLAG tag was first inserted into the commercial plasmid pCI-neo. One of the three
TAT-PTD variants was inserted at the N terminus of SMN and the SP, if present, was inserted at
the N terminus of the TAT PTD or, if no TAT PTD was present, at the N terminus of SMN.
Another set of SMN constructs was generated for visualization of fusion SMNs by fluorescence

microscopy. These constructs featured a GFP fused in frame to the carboxy terminus of SMN in
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Figure 3.1: Schematic representations of constructs for transient transfection. A representative
construct from each category is presented here. Panel A: All GFP constructs feature a motif of six
repeated histidine residues to allow for Ni** column purification and a streptavidin tag for further
purification. Panel B: SMN constructs feature a FLAG tag for detection and differentiation from
endogenous SMN by immunoblot.
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addition to the amino terminus modifications found in the other SMN constructs. The SMN-GFP
constructs also featured an RFP on a separate CMV promoter to allow differentiation between
cells which express the plasmid and cells which have received protein via secretion and

transduction. Schematics of the SMN constructs are found in Figure 3.1B.

3.1.2: Expression of TAT-GFPs in mammalian cells

Once the constructs had been generated, the expression capability of the mammalian TAT-
GFP constructs was assessed in vitro. 293 cells were seeded onto 60 mm plates and grown to
confluency. The cells were transfected with 5 pg of a plasmid encoding GFP, TAT-GFP, TAT3-
GFP, TATk-GFP, SP-GFP, SP-TAT-GFP, SP-TAT3-GFP, or SP-TATk-GFP and incubated for 3
hours at 37°C. Following this incubation, the transfection media was removed and replaced with
10% FBS MEM. Cells were lysed and collected in Laemmli buffer 24 hours post-transfection and
subjected to SDS-PAGE and Western blotting (Figure 3.2). The signals generated when the blot
was probed with an a-GFP antibody suggest that all of the constructs are expressing, but that there
is variation in the degree to which each is expressed. TAT-GFP expresses less strongly compared
to its TAT3 and TAT«k counterparts, and all three SP-TAT-GFPs express relatively weakly, though
they display a similar degree of expression to one another. The a-tubulin controls indicate that an
approximately equal amount of each lysate was applied to the gel, so the variations in GFP signal
strength may be due to differences in transfection efficiency or protein stability. Two bands are
present in the lanes corresponding to all of the fusions which contain a TAT PTD. This is likely
caused by the presence of the original start codon in the GFP sequence: translation initiation at the
downstream, native ATG would result in unmodified GFP being expressed in addition to the

fusion protein. The presence of a TAT PTD caused a shift in band size of approximately 5 kDa for
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Figure 3.2: Expression of mammalian TAT-GFP constructs. 293 cells were transfected with 5 pg of a
GFP construct (or 5 pL. of dH>O in the mock transfection) for 3 hours. Media was changed and the
cells were incubated overnight. Cell lysates were collected and subjected to electrophoresis on a 12%
polyacrylamide gel. This Western blot suggests that all constructs were successfully expressed but that
the constructs varied in regard to protein yield. The tubulin control suggests that the variation in GFP
signal strength was not caused by uneven loading of cell lysates. In a second iteration of this
experiment the variability of GFP protein yield appeared to be less extreme.
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the fusion protein in which one was present. Thus, the TAT-GFP constructs expressed well in

mammalian cells, though unmodified GFP protein was also expressed.

3.1.3: Transduction of TAT-GFPs in vitro

Transduction capability of the mammalian TAT-GFPs was assessed by applying lysate
from cells transfected with TAT-GFP constructs to new, untransfected 293 cells and incubating for
4 hours. Lysates from the second population of cells were analyzed by immunoblotting (Fig. 3.3).
GFP was detected in the cells treated with GFP only in the absence of a TAT PTD, which suggests
that GFP alone may be crossing cell membranes in the treated population, or the trypsin wash is
not eliminating all GFP. The signal observed in Fig. 3.3 in the first four lanes is the expected size
of a normal GFP, not a TAT-GFP fusion protein, which suggests that the TAT PTD does not confer
an enhancement in transduction capability. A preliminary experiment suggested that the TAT PTD
did in fact enhance transduction (not shown), but this finding proved inconsistent using this
experimental approach. The methods used for this experiment were designed to allow us to
compare transduction capability of the TAT PTD variants independent of secretion, but this
method yields only a small amount of TAT-GFP, and it is difficult to normalize the amount of
protein with which each plate of recipient cells is treated. These results indicated that we needed
to generate a larger amount of protein in order to compare the capabilities of the three TAT

variants.

3.1.4: Secretion of SP-TAT-GFPs in vitro

Though the mammalian system proved challenging for the assessment of transduction
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Figure 3.3: Transduction of mammalian TAT-GFP proteins. 293 cells were transfected with 5 pg of
DNA constructs encoding GFP or a TAT-GFP. The following day the transfected cells were lysed using
a freeze-thaw cycle and the lysates were centrifuged. Supernatants were applied to new 293 cells for 4
hours. The lysate-treated 293 cells were washed with PBS and then with trypsin to remove GFP that
had adhered to the cell surface but had not transduced the cells. MEM containing 10% FBS was added
to quench the activity of trpysin and the cells were rinsed once more with PBS. The cells were then
lysed in Laemmli buffer and subjected to electrophoresis and immunoblotting.
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capability, we were able to observe secretion of the fusion proteins in vitro. Plasmids encoding
SP-GFP or an SP-TAT-GFP were transfected into 293 cells in 60 mm dishes, which were
incubated at 37°C overnight. Following this incubation the media (2 mL) was removed from each
plate and filtered, and 1 mL from each media sample was subjected to protein precipitation using
TCA. The cells were washed with PBS and then collected in Laemmli buffer. Resuspended
protein precipitates were subjected to SDS-PAGE along with the cell lysates and the presence of
GFP or TAT-GFP was detected using an a-GFP Western blot. The signals in Figure 3.4 suggest
that the SP-GFP and SP-TAT3-GFP are being secreted effectively, and TAT«-GFP is likely
secreted to a lesser extent. No GFP signal is present in the TAT-GFP media precipitate lane,
suggesting that the SP is ineffective when fused to the native TAT PTD. A faint signal in the
control GFP lane (in the absence of an SP) suggests that there may be some leakage of
unmodified GFP. The media precipitates were also probed with an a-tubulin antibody to
determine whether GFP release into media was caused by cell death. The absence of tubulin
signals in these lanes suggests that cell death was not the mechanism by which the GFPs escaped
the cell. Ultimately we were able to observe secretion of the SP-fused proteins in vitro for most of

the GFP constructs we transfected into mammalian cells.

3.1.5: Secretion and transduction of SMN-GFPs

In order to assess secretion and subsequent uptake of secreted TAT-SMN, we generated
constructs which encoded SMN-GFP fused to SP and/or a TAT PTD to allow for visualization of
our fusion SMNs by fluorescence microscopy. The constructs also encoded RFP under a separate
promoter so that we could visualize cells that were expressing the plasmid and compare them with

those that contained the fusion proteins. Cells in which our GFP-tagged proteins were detected
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Figure 3.4: Secretion of SP-GFP proteins. 293 cells were transfected with plasmids encoding SP-GFP
or an SP-TAT-GFP. Protein was precipitated from the media using TCA and the resuspended
precipitates were subjected to SDS-PAGE with lysates of the transfected cells. The Western blot was
probed a-GFP to detect the proteins of interest in the precipitates and lysates, then a-tubulin to act as a
loading control for the lysates and to assess the contribution of cell death to the release of GFP into
media.

53



but no RFP was being expressed would indicate that the fusion proteins are being secreted by
transfected cells and are subsequently transducing untransfected cells. A primary population of
293 cells was transfected with 5 pg of a plasmid encoding SMN-GFP, SP-SMN-GFP, SP-TAT3-
SMN-GFP, or SP-TAT«-GFP and incubated overnight at 37°C. Following incubation, 1/ 10" of the
transfected cells were transferred to a secondary population of untransfected 293s and incubated
for 24 hours at 37°C. A rare example of a cell displaying green fluorescence but not red
fluorescence is shown in Figure 3.5. In most cases any cells in which the SMN-GFP was found
also expressed the RFP found on the plasmid. In an attempt to eliminate the effect of cell division
or miscalls regarding the absence of RFP we performed similar experiments in which only the
media from transfected cells were transferred, but these yielded no positive results. Taken
together, these data suggest that this approach lacks the sensitivity necessary to accurately

evaluate secretion and uptake of SMIN.

3.1.6: Conclusion

The data presented in Figure 3.3 indicates that a greater amount of protein is needed to
compare the transduction efficiency of the three TAT PTD variants. Further, the results of Figure
3.5 suggest that transient transfection of these constructs into mammalian cells does not generate
enough protein to allow evaluation of secretion and uptake of the SMN fusions. Therefore, we
moved into a bacterial system to generate large amounts of TAT fusion proteins (Section 3.2 of the

present work) and developed an adenovirus-based system to evaluate secretion (Section 3.3).
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Figure 3.5: Secretion and transduction of SMN-GFP proteins. A primary population of 293s was
transfected with constructs encoding SMN-GFP, SP-SMN-GFP, SP-TAT3-SMN-GFP, or SP-TAT«k-
GFP and incubated overnight. The transfected cells were diluted 1:10 and 1/10" of the solution was
added to a secondary population of 293 cells. The combined population was visualized by
fluorescence microscopy after 24 hours of co-culturing. Red fluorescence indicates the presence of the
transfected construct within the cell. Green fluorescence indicates the presence of the fusion protein of
interest. In this image an untransfected cell containing fusion protein was found adjacent to a cell
which had been had been transfected with the SP-TAT3-SMN-GFP construct. Panel A: Cells
photographed at 500 ms exposure colourized by software. Panel B: Image from Panel A enhanced by
software to highlight green fluorescence. Panel C: Overlay of fluorescent signals on cells
photographed using a halogen lamp.
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3.2: TAT-GFP production in E. coli

3.2.1.: Bacterial constructs

To address the problem of low TAT-GFP yield in the mammalian system, we generated
constructs encoding our TAT-GFPs for expression in E. coli. These constructs were derived from
the commerical plasmid pET21-d and contain GFP with a 6x histidine tag and a streptavidin tag,

with or without TAT PTD fused to the N terminus of GFP (Figure 3.6).

3.2.2: Production of bacterial TAT-GFPs

To generate large preparations of the three TAT-GFPs (and a control GFP), we first
transformed the constructs into BL21 bacteria which were subjected to ampicillin selection.
Ampicillin-resistant colonies were picked and used to generate 200 mL cultures, from which 5 mL
was added to 45 mL of LB amp+ in the presence of 50 pL of IPTG. Inducing the bacteria in this
manner during an exponential growth phase results in the production of TAT-GFP, which is shown
in Figure 3.7A. This panel compares column eluates and inputs of induced (+) and non-induced
cultures containing the TATk-GFP plasmid alongside parental plasmid controls. No GFP is
observed in the lanes corresponding to the non-induced TAT«-GFP culture or either of the control
plasmid cultures regardless of induction. GFP is present in the induced TAT«-GFP culture only.
The induced cultures were lysed and centrifuged, and the supernatant was applied to a Ni** gravity
flow column. Figure 3.7B shows a representative example of input, flowthrough, wash, and eluate
fractions from these columns, in which a large amount of TAT3-GFP is recovered, though the
additional band of lower molecular weight indicates that a significant amount of regular GFP (i.e.

no TAT PTD) was also present in the eluate. The eluates from the nickel columns

57



17

pJB105

7
TAT GFP His Str

pJB106

58



Figure 3.6: Schematic representation of bacterial TAT-GFP constructs.
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Fig. 3.7: Production of TAT-GFP proteins using BL21 E. coli. Bacteria were transformed with
plasmids encoding GFP or TAT-GFPs and subjected to ampicillin selection. Transformed cultures were
induced with 1 mM IPTG during the exponential growth phase and collected after 6-8 hours. Induced
cultures were lysed and centrifuged and the supernatant was applied to a gravity flow nickel column.
Panel A: Induced cultures (indicated by +) yielded signal on immunoblots using an a-GFP antibody,
and non-induced cultures did not. Panel B: Immunoblots of the input (In), flowthrough (F), wash (W),
and eluate (E) fractions show that a significant amount of TAT-GFP is recovered in the eluate, but that
non-TAT tagged GFP is still present. Panel C: Following dialysis, the amount of protein present in
each of the three TAT-GFP eluates is comparable to the others, but the control GFP eluate consistently
contained less protein. Panel D: Performing SDS-PAGE using dialyzed eluates and BSA standards
(0.5 - 0.01 mg/mL) and staining with Coomassie blue dye allowed for quantification of the GFP and
TAT-GFPs in the dialyzed eluates. BSA standards and dialyzed eluates were loaded in equal volumes
(15 pL) to allow direct comparison of protein concentration.
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were dialyzed prior to their use in GFP transduction experiments. A comparison of the relative
amount of protein in each dialyzed eluate is found in Figure 3.7C, alongside the dialyzed eluate of
a culture transformed with a control GFP. The amount of protein in each of the three TAT-GFP
eluates is comparable to the others, but yield was consistently lower for the control GFP. For
transduction experiments, the amount of protein applied had to be normalized, so we quantified
the dialyzed eluates using a range of BSA standards in a Coomassie blue stain (Figure 3.7D). The
amount of protein observed in each eluate varied each time these proteins were prepared, however
in this instance the concentrations were estimated to be 1x10™* mg/mL for GFP, 1x10”° mg/mL for

TAT-GFP, and 0.01 mg / mL for TAT3-GFP and TAT«-GFP.

3.2.3: Transduction of bacterial TAT-GFPs

Dialyzed eluates were normalized by diluting eluates with higher TAT-GFP concentration
in PBS to generate treatment aliquots that were approximately equivalent in concentration. A549
cells were seeded on a 24-well plate and grown to confluency. The cells were treated with 200 pL
of GFP or TAT-GFP eluate for 4 hours at 37°C. A control well was treated with PBS. After 4 hours
the protein treatments were removed and the cells were washed with PBS, and then with trypsin
to remove attached proteins that had not been internalized. MEM containing 10% FBS was added
to neutralize the trypsin and the cells were visualized by fluorescence microscopy. Figure 3.8
shows that TAT3-GFP and TAT«k-GFP appear to cross cell membranes more readily than TAT-
GFP, when the relative concentration of each TAT-GFP is the same, however all three appear to
show enhancement in membrane transduction compared to the control GFP. Some faint
fluorescence can be observed in the image for the control GFP, which may be caused by GFP

adhering to cellular debris or this may indicate that the trypsin wash is not completely effective in
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Figure 3.8: Visualization of bacterial TAT-GFP transduction. A549 cells were treated with dilutions of
the dialyzed protein samples for 4 hours and then visualized by fluorescence microscopy using a 20X
objective. Raw green fluorescence images were taken with a camera (500 ms exposure) and coloured
using software, shown alongside phase contrast images of the same visual field.
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removing GFP that has adhered to the surface of cells. After microscope images were taken, the
media was removed and the cells were washed once more with PBS before being lysed in
Laemmli buffer. Cell lysates were subjected to SDS-PAGE and Western blotting alongside
dialyzed protein inputs (Figure 3.9). The inputs appear to separate differently from the lysates and
the protein ladder in Figure 3.9, possibly because the inputs are purified protein in 1mM Tris-HCL
rather than cell lysates collected in 2x Laemmli buffer. However, the bands in the input GFP lane
in panel A are not the expected size for GFP. TAT-GFP and TAT3-GFP consistently yielded signals
on Western blots probed with a-GFP. TATk-GFP yielded signal in some iterations of this
experiment (Figure 3.9A), but not in others (Figure 3.9B), suggesting that transduction of this
protein is inconsistent. The lower band representing GFP without a TAT PTD which is often
present in treated cell lysates was not present in the TAT3-GFP input or treated cell lysate,
suggesting that this protein might have less contamination by unmodified GFP compared to the

other TAT PTDs.

3.2.4: Conclusion:

The data suggests that all three TAT variants facilitate transduction; however, the apparent
inability of TAT-GFP to be secreted presented in Figure 3.4 suggests that the native TAT PTD is
not appropriate for our secreted therapeutic protein. The inconsistent transduction capability
demonstrated by TAT«k in Figure 3.8 raises questions about its reliability in therapeutic use.

Therefore, TAT3 appears to be the best option for our purposes.
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Figure 3.9: Transduction of bacterial TAT-GFP proteins in vivo. Treated cells were lysed and
separated by electrophoresis with samples of the GFP and TAT-GFP aliquots used to treat the cells and
subjected to immunoblotting using a rabbit a-GFP antibody. Western blots from two experiments
(Panels A and B) show the consistency of TAT-GFP and TAT3-GFP and the inconsistent nature of
TAT«x-GFP, which is present in the lysate of treated cells in Panel A but absent in Panel B.
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3.3: Adenoviral constructs and SP-SMN secretion

3.3.1: Introduction

Transient transfection of constructs encoding SP-TAT-SMNs did not allow for clear
assessment of secretion and subsequent uptake of these proteins (Figure 3.5). We developed an
adenovirus-based system in which cells infected by the Ad vector produced and secreted large
quantities of the fusion proteins. Conditioned media from the infected cells was used to assess
secretion efficiency via protein precipitation or filtered and applied to uninfected cells to observe
cellular uptake of the secretion proteins. Figure 3.10 presents schematic representations of the

SMN-encoding fragments inserted into the adenoviral genome.

3.3.2: Expression of AdSP-TAT-SMNs

Having generated data suggesting that at least two of the TAT PTDs (TAT3 and TATx)
could be used effectively with the secretory peptide, and that the secretory peptide was functional
in GFP fusions, we transitioned into an adenoviral system to investigate the secretion of SP-SMN
fusions. We first generated three El-deleted adenoviruses: JB131, which encodes SP-SMN;
JB132, encoding SP-TAT3-SMN; and JB133 which encodes SP-TATk-SMN. The SMN in all
three constructs features a FLAG tag so that exogenous SMN can be distinguished from the
endogenous SMN found in cell cultures by immunoblot. A549 cells were plated in 35 mm dishes
and grown to confluency, then infected with the viruses at an MOI of 100 (~1.2 x 10® pfu) in PBS
at a total volume of 100 pL for 1 hour at 37°C. After 1 hour, 2 mL of 10% FBS media was added
and the cells were incubated for 17 hours. Cells were washed with PBS and then lysed and

collected in 2x Laemmli buffer. Lysates were separated using 12% SDS-PAGE and subjected to
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Figure 3.10: Schematic representation of adenoviral constructs. These DNA fragments were inserted
into the Ad genome by RecA-mediated recombination in place of the deleted E1 proteins. ITR refers
to the inverted terminal repeats at either end of the adenoviral genome. y denotes the viral packaging
element.
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Western blotting. Expression of the viral SMN was assessed using an a-FLAG antibody (Figure
3.11). Addition of a TAT PTD caused an upward shift of about 5 kDa in our GFP fusions, so the
expected size of TAT-SMNs was approximately 43 kDa. Appropriate bands are found in Figure
3.11 in the AdSP-TAT3-SMN and AdSP-TATk-SMN lanes, however there are also bands at the
expected size of an unmodified FLAG-tagged SMN (~38kDa). This may indicate the retention
and activity of the start codon located immediately before the FLAG sequence. Translation
initiating at this ATG would generate a FLAG-SMN without an SP or a PTD. SMN signals
present at 50 kDa in the AASMN lanes may be caused by a missplicing event which incorporates
peptides downstream of SMN in the viral genome, described previously by our laboratory [148].
The fusion proteins appear to be expressed at comparable levels following infection with equal

concentrations of virus.

3.3.3: Secretion and transduction of virally delivered SP-TAT-SMNs

In addition to cell lysates, media was collected from the dishes of infected cells and
filtered using syringe filters. Filtered media was either subjected to TCA precipitation or passed
through a 100 kDa size exclusion column to remove any residual virions prior to use in
subsequent transduction experiments. Media precipitates were loaded alongside infected cell
lysates for SDS-PAGE and Western blot analysis. The presence of SMN in the AdSP-SMN,
AdSP-TAT3-SMN, and AdSP-TAT«k-SMN media precipitates in Figure 3.12A suggests that the SP
is functional in the viral vectors. However, the intensity of these signals is low compared to the
signal yielded from the cell lysates, which may suggest that the SP is less efficient in these
constructs than it was in the SP-GFPs.

To assess the transduction capability of the fusion SMNs after secretion, we applied media
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Figure 3.11: Expression of adenoviral SP-SMN and SP-TAT-SMN proteins. Cells infected with AdSP-
SMN, AdSP-TAT3-SMN, AdSP-TAT-SMN, or an AdRFP control virus at an MOI of 100 were
incubated for 18 hours at 37°C. After SDS-PAGE and Western blotting, of the infected cell lysates, the
membrane was probed a-FLAG to detect expression of the viral SMN construct. An a-SMN antibody
was used to verify the expected size difference between TAT-SMNs and endogeonous SMN. Asterisks
indicate the expected size of the fusion protein.
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Figure 3.12: Secretion and transduction of virally delivered SP-SMN and SP-TAT-SMN proteins.
Panel A: Cell lysates and media were collected after infections with AASP-SMN, AdSP-TAT3-SMN,
AdSP-TATk-SMN, and AdRFP at an MOI of 100 for 18 hours. Asterisk indicates the correct band for
tubulin, as the secondary antibody recognized a previously applied antibody after stripping. Panel B:
The Western blot indicates that SMN is present in the media precipitates. Infected cell lysates were
electrophoresed with media precipitates and lysates from media-treated cells. Panel C: Media
precipitates from unfiltered and filtered media were electrophoresed together and subjected to
immunblotting. Comparable signals were obtained for all viruses under both conditions when probed
a-SMN. Panel D: Cells were infected with AASP-SMN and lysates were collected in Laemmli buffer
(untreated) or treated with TCA prior to being collected in Laemmli buffer (TCA) along with
uninfected cell lysates (ctrl). Comparable a-FLAG signals suggest that TCA does not affect detection
of the tag.
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which had been filtered and passed through a size exclusion column to a new population of A549
cells for 2 hours at 37°C. Following washes with PBS, trypsin, 10% media, and PBS once more,
the treated cells were lysed and collected in Laemmli buffer. SDS-PAGE and Western blot
analysis of lysates from the initially infected cells, protein precipitates from the post-incubation
media, and lysates of the media-treated cells (Figure 3.12B) suggests that none of the TAT-SMN
fusion proteins successfully transduces the media-treated cells. While there appears to be no TAT-
SMN in the media precipitates when probed with a-FLAG, this was consistent with an ongoing
difficulty to detect secreted protein using this antibody. The presence of SMN in the media is
verified by Figure 3.12C, which also addresses our concern that the filtration and/or size
exclusion process was causing excessive loss of the secreted protein. The amount of SMN present
in the media before and after the filtration process is approximately equivalent. Therefore, the
TAT-SMN fusion proteins are absent in the media-treated cells, but this is not caused by protein
loss during filtration of the media.

As described above, we experienced difficulty with detecting secreted FLAG-tagged
proteins by Western blot using an a-FLAG antibody. In Figure 3.12D we addressed the concern
that treatment with TCA might alter the FLAG tag such that it is not recognized by the antibody.
A549s were infected with AASP-SMN for 18 hours, after which the infected cells were collected
in Laemmli buffer or treated with 200 pL of 100% w/v TCA for 2 minutes, then washed with PBS
and collected in Laemmli buffer. The TCA-treated and untreated lysates were subjected to SDS-
PAGE and Western blotting. Figure 3.12D indicates that there is no significant difference between
the a-FLAG signals of the TCA-treated lysates versus those of the untreated lysates, though the

first duplicate of the TCA-treated lysates yields a weaker a-tubulin signal than the other samples.
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3.3.4: Recovery of SMN from media of uninfected cells

During many experiments in which we precipitated proteins from media, we were able
to detect SMN in media from untreated cells, suggesting that it may be released naturally
from the cell. An experiment designed to reproduce this observation is presented in Figure
3.13A. A549 cells were grown to confluency in a 6-well plate. Once the cells were confluent,
the cells were washed with PBS and fresh 10% FBS media was applied. The cells were
incubated in the new media for 24 hours at 37°C. The media was collected from the cells and
subjected to protein precipitation using TCA. All six samples in Figure 3.11A yielded a faint
band of approximately 38 kDa when probed with an a-SMN antibody. None of these
precipitates yielded a band when probed with a-tubulin, which suggests that the SMN signal
is not due to cell death. To address the possibility that the a-SMN antibody was cross-reacting
with protein in the FBS, we applied three dilutions of FBS (1x, 0.1x, 0.01x) in PBS to a 12%
SDS-PAGE gel and performed an immunoblot using the same a-SMN antibody (Figure
3.13B). The absence of a clear band in any of the serum lanes suggests that the SMN signal
yielded from untreated media precipitates is not caused by cross-reactivity with serum
proteins. The bands which appear on the 1x and 0.1x serum lanes in Figure 3.13B are not
likely to be real bands as they are not the expected width or shape for a band derived from a
10-well acrylamide gel. These bands were not present at all in a second replicate of this
experiment. We also investigated whether this secretion occurs in cells derived from Smn®*”
mice and wild-type littermates. In the Smn*®” model, affected mice have one allele of Smn
knocked out and the other contains a mutation in an ESE in exon 7 of Smn, which causes this

exon to be preferentially excluded from the transcript [77,149]. These mice exhibit an
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Figure 3.13: Recovery of SMN from media of untreated cells. Six wells of A549 cells were subjected
to a media change and incubated for 24 hours at 37°C. The media was collected from each and
precipitated using TCA. Panel A: Following 12% SDS-PAGE, the Western blot was probed a-SMN.
Faint bands in each lane corresponding to the numbered A549 replicates (A549 #1-6) suggest that
SMN is present in the precipitate. The two lanes marked with an underscore were left blank to
minimize signal bleeding from the AdRFP-infected positive control. For this latter treatment, we are
only detecting endogenous protein inside the cell. Panel B: Three dilutions of FBS (1x, 0.1x, and
0.01x) were separated by SDS-PAGE and subjected to Western blotting. Panel C: Media used to
culture mouse embyronic fibroblast (MEF) cells derived from wild-type (WT) or intermediate SMA
mice (2B/-) was collected and subjected to TCA protein precipitation. The protein precipitates were
separated by SDS-PAGE and analyzed by immunoblot.
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intermediate SMA phenotype which manifests after post-natal day 10 and has a median lifespan
of 28 days [77]. Therefore, if secretion of endogenous SMN occurs, we expected to see less SMN
in the media of cells derived from Smn**" mice compared to their wild-type littermates. Media
used to culture mouse embryonic fibroblasts (MEFs) derived from wild-type or Smn®®” mice was
precipitated using TCA and subjected to SDS-PAGE and Western blotting. Probing with a-SMN
resulted in two bands in the lanes corresponding to the WT MEFs and only one in the SMA
ME-Fs. It is possible that the band of lower molecular weight, which is absent in the SMA MEFs,
represents endogenously secreted SMN, though the band common to all lanes more closely
matches the expected 38 kDa size of the protein. Taken together, these data suggest that the

secretory peptide may not be necessary for SMN to escape the cell, and endogenous SMN may be

released from the cell under normal circumstances.

3.3.5: Conclusion

The data presented in Figure 3.12 suggests that the secreted proteins are not transducing
the recipient cells, but protein loss during filtration is not the cause of this, nor is insufficient
expression of the fusion proteins (Figure 3.11). Curiously, secretion of endogenous SMN may

occur in the absence of the signal peptide or any kind of exogenous construct (Figure 3.13).
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Chapter 4 — Discussion and Future Directions

Spinal muscular atrophy is a frequently lethal disease that exhibits early onset in its most
common and most severe form. Early intervention appears to be essential in alleviating the
disease phenotype [42-44], which manifests not only in a-motor neurons but also in peripheral
tissues. Restoration of SMN protein levels in the CNS or in peripheral tissues has been shown to
rescue phenotype in vivo [100]. In the present work we sought to develop a secretable TAT-SMN
fusion protein delivered by an adenovirus. In theory, the adenovirus would infect the liver when
delivered intravenously. Hepatocytes would express and secrete the TAT-SMN protein which
would be taken up from the blood by peripheral tissues and would cross the blood-brain barrier
using the TAT PTD. This therapeutic would allow for widespread restoration of SMN protein
levels while avoiding the dosing concerns of direct protein injections to the CNS. In the present
work we used GFP fusions to compare the efficacy of TAT-PTD variants and to test the function
of the secretory peptide in combination with these PTDs. We developed adenoviral vectors
encoding SP-TAT-SMNs to investigate the functionality of these peptides with an SMN fusion

and began to assess functional rescue using these vectors.

4.1: TAT-GFPs can be generated in mammalian and bacterial cells with varying yields.

We were able to generate all of the TAT-GFP and SP-TAT-GFP proteins we sought to
generate in both mammalian cells and in E. coli; however, the amount of protein generated by
transfection or transformation of 5 pg of plasmid varied considerably among plasmids within the
same system. There is an apparent difference in Figure 3.2 between the yield of TAT-GFP versus

TAT3-GFP, TATk-GFP, and the control GFP plasmid in the mammalian system. Also, the SP
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fusion proteins which contain a TAT PTD yielded considerably weaker signals than the SP-GFP.
The tubulin signals in Figure 3.2 suggest that the differences are not due to variations in the
number of cells present or the amount of sample loaded, but rather in the transfection efficiency of
each plasmid or in the degree to which each construct was expressed following transfection. It is
possible that different amounts of each construct were transfected if the quantification of the
large-scale plasmid preparations was incorrect, however these concentrations were determined by
spectroscopy and are believed to be accurate.

In the bacterial system we initially encountered inconsistency in the expression of JB107
following IPTG induction and the original GFP and TAT-GFP constructs were not expressed at all.
We generated new constructs by replacing TAT«k in the functional TATk-GFP construct with the
other TAT variants or removing it. The new plasmids were consistently expressed following
induction, but the yield of the control GFP was much lower than the TAT-GFPs in all instances in
which we prepared these proteins. This meant that we had to dilute the purified TAT-GFP proteins
in order to perform experiments with a comparable amount of all proteins. The diluted TAT-GFPs
still allowed us to observe and compare transduction of the fusion proteins, however it is possible
that the proteins may have behaved differently at higher concentrations or that one TAT PTD
would be more obviously superior to the others if the experiments were performed using

higher concentrations.

4.2: All three TAT PTDs appear to be functional, but TAT3 appears to be best suited for our

therapeutic protein.

After verifying the expression of the TAT-GFP fusion proteins in mammalian cells, we

initially attempted to compare the transduction capability of the three TAT PTD variants in the
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same system using a simple freeze-thaw lysis of transfected cells and treatment of new 293 cells
using these lysates (Fig. 3.3). However, we found that this approach yielded inconsistent results
between replicates and presented challenges in controlling the amount of protein applied during
the treatment. In some cases the TAT-GFP concentration was so low in the transfected lysates that
it was not visible on the Western blot. We began working with a bacterial system in order to
produce large pools of protein that could be diluted to be approximately equivalent to one another
in concentration. Though we successfully generated TAT-GFPs using IPTG-induced constructs
(Fig. 3.7A), the bacteria also consistently expressed “unmodified” GFP (GFP without a TAT PTD
or an SP), likely starting at the eGFP start codon which was still present in the plasmid. Purifying
the protein preparations using nickel columns removed some, but not all contaminating proteins,
and the unmodified GFP remained bound to the column until the elution stage because the 6x
histidine tag is present at the C terminus regardless of which start codon is used (Fig. 3.7B).

After normalizing the concentrations of TAT-GFPs, we treated A549 cells with the
proteins to determine whether or not they were capable of transduction and to compare their
relative transduction efficiency. In the initial experiments we used 293 cells, but we found these
cells too readily detached from the plate during treatment or during the trypsin wash. A549 cells
do not detach as easily and were substituted for the majority of these experiments. Trypsin was
included in the wash in order to remove any GFP that might have adhered to the surface of the
treated cells but had not penetrated the cell membrane; however, this measure appears to be
ineffective as we still observed bands corresponding to the unmodified GFP in some of the
protein-treated cell lysates (Figure 3.9). Faint fluorescence can be seen in the microscopy image
for GFP (Fig 3.8) as well, which we observed following most treatments, particularly in areas
containing detaching cells and other debris. The length of incubation in trypsin may not have been

long enough or trypsin may be ineffective for detaching these proteins from cell surfaces.
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The microscopy images suggest that all three TAT-GFPs penetrate cell membranes to a
greater degree than the control GFP. The punctate pattern of green fluorescence was a preliminary
indication that the TAT-GFPs may also be localizing in the nucleus, which would be expected
considering the inherent nuclear localization properties of TAT [138]; we attempted to stain the
protein-treated cells with Hoechst stain to determine whether or not this occurred but this
approach was not successful. Though TAT-GFP was generally produced in the largest quantity,
after normalization it appeared to be less effective than TAT3-GFP and TAT«-GFP.

We supported the microscopy data using Western blots (Fig. 3.9) to allow for a more
direct comparison between the TAT PTD variants and to perform a secondary check for
transduced protein if none was visibly apparent by microscopy. The Western blots supported the
observation that the three TAT-GFPs appeared to penetrate the cell membranes, however the trend
in efficiency was reversed regarding TAT-GFP and TAT3-GFP, as TAT3-GFP appears to be
slightly less efficient than the others on the Western blots. Curiously, TAT«x-GFP did not yield any
GFP signal at all in treated cell lysates in some of the Western blots after minimal fluorescence
was observed by microscopy. This suggests that TAT«x-GFP is unreliable regarding its ability to
cross cell membranes, though it appears to be the most effective TAT variant of the three when
transduction succeeds. At this point we decided we would continue working with all three TAT
PTD variants, as all three appear to have at least some transduction capability though our TATk

PTD may be problematic at a later stage.

4.3: Viral SP-SMNs are expressed following infection with similar yields.

When we infected A549 cells at MOI 100, the fusion SMN encoded by each of the three

adenoviral vectors appear to be expressed to a comparable degree (Fig. 3.7). Curiously, the
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endogenous SMN in the AdRFP lane of Figure 3.7 appears to be similar in size to the fusion
SMNss in the first three lanes. This appears to be isolated to this figure, as the SMN in AdRFP-
infected lysates appears to be the same size as endogenous SMN (~38 kDa) in Figure 3.12A and

Figure 3.13A.

4.4: Secretory peptide appears to be functional in SP-TAT-GFPs but may not function in

viral vectors.

Following transfection with the SP-GFP and SP-TAT-GFP plasmids, we were able to
precipitate GFPs and TAT-GFPs from the media of cells transfected with all constructs except for
SP-TAT-GFP (Fig. 3.4). The absence of tubulin in the media precipitates indicates that the
presence of GFP in media is unlikely the result of cell lysis. Though we were concerned that the
TAT PTD of this fusion protein would be cleaved by furin during secretion, cleavage of the PTD
should not affect recognition of the protein by the a-GFP antibody. Therefore, we suspect that the
combination of the native TAT PTD and the secretory peptide may cause improper localization as
the nuclear localization tendency of the PTD conflicts with the Golgi secretion signal of the SP.
Though TAT«k-GFP could be consistently recovered from media, the yield of this protein was less
than that of TAT3-GFP. Combining our observations regarding TAT PTD transduction capability
and recovery of secreted proteins from media suggests that TAT3 is likely the most effective PTD
for our purposes.

Due to the inability to recover SP-TAT-GFP from media, we chose to forgo the use of the
native TAT PTD in our adenoviral constructs. We generated viruses encoding SP-SMN, SP-TAT3-
SMN, or TATx-SMN tagged with FLAG and verified the expression of the fusion proteins in

infected cells (Fig. 3.11) prior to assessing the presence of secreted SMN in the media of infected
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cells. Our initial experiments suggested that the SP was functioning in these constructs, though at
a diminished capacity compared to that observed in the SP-GFP proteins. SMN was recovered
from the media of infected cells, but in concentrations that yielded faint signals which deviated
from the expected size of the fusion protein as observed in infected lysates (Fig 3.12A).

While investigating media precipitates for the presence of our fusion SMN proteins we
found that the proteins could not be detected when we performed immunoblots using an a-FLAG
antibody. Initially we were concerned that the protein precipitation protocol may alter the FLAG
tag such that the antibody cannot recognize it. Specifically, we sought to investigate the effect of
TCA treatment on o-FLAG signal by harvesting cells which had been infected with AdSP-SMN
with or without a brief TCA treatment (Fig. 3.12D). The a-FLAG signals were equally strong in
all four samples, suggesting that TCA treatment does not render the FLAG tag unrecognizable by
the antibody. The loss of a-FLAG signal we observed following secretion may be consistent with
recent work by Schmidt et al which indicated that the functionality of the FLAG tag was lost
following secretion in insect cells [150].

Data generated during the SP-GFP phase of this work suggested that the secretory peptide
was functional in most of the SP-GFP and SP-TAT-GFP fusion proteins. Preliminary assessments
of the virally delivered fusion proteins suggested that the SP was functional in those proteins as
well, however the inability to detect the FLAG tag in protein precipitates and data from later

experiments began to cast doubt on the efficacy of the secretory peptide in our viral vectors.

4.5: Transduction of SP-TAT-SMNs does not occur following secretion.

Although our data suggest that the viral proteins are expressed (Fig. 3.11) and are secreted

into media following infection (Fig. 3.12A), we were unable to detect our fusion protein in cells
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treated with media from cells infected with the adenoviral vectors. In Figure 3.12B we observe no
FLAG signal in the treated cell lysates, despite the indication that SMN is present in the media
precipitates (Fig. 3.12C) before and after application to the 100 kDa size exclusion column. The
media precipitates in Figure 3.12B are the same samples analyzed in Figure 3.12C, and the
absence of tubulin signals in these lanes in panel B suggests that the SMN signals in panel C are
not the result of cell death and lysis releasing SMN into media. Though the difference was not
quantified, there appears to be minimal loss of SMN protein during the size exclusion
purification. Curiously, the strength of the SMN signals in the AASP-SMN and AdSP-TAT3-SMN
lanes are similar to that of the AdRFP lane. This suggests that the SP was not enhancing the
secretion of the fusion proteins in this instance. The presence of SMN signal in the AARFP media
precipitates may be the result of the apparent secretion of unmodified endogenous SMN
suggested by Figure 3.13. If this is the case, then it is likely that the majority of the SMN found in
any of the lanes in Figure 3.12C is endogenous SMN, and that the secretory peptide was not
functioning.

Attempting to visualize the secretion and transduction of GFP-tagged TAT-SMNs yielded
similar results (Fig. 3.5). We sought to identify cells that contained GFP but not RFP: the SP-TAT-
SMNs were fused to a GFP, and RFP was present on the same plasmid that encoded the fusion
proteins. Therefore, the presence of RFP in a cell indicates that it had been transfected and any
GFP-tagged fusion SMNs present were most likely synthesized within that cell. The presence of
GFP in the absence of RFP would indicate that the cell was not transfected and could not generate
the fusion proteins, but had received the fusion proteins via secretion from a transfected cell and
subsequent transduction of the proteins across its cell membrane. Examples like the one shown in
Figure 3.5 were rare, and in all cases the green cell was adjacent to a cell which was both red and

green. Therefore, we cannot dismiss the possibility that the transfected cell simply divided after
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expressing the fusion protein. The fact that experiments involving the transfer of conditioned
media rather than transfected cells yielded no green cells supports this explanation. This
methodology did not allow us to determine whether the issue lies with the TAT PTD or the SP;
however, these observations combined with those from Figure 3.12 suggest that the secretory
peptide may not be functional in the SMN fusions.

Our data suggest that the vectors as designed do not succeed in delivering their therapeutic
proteins in vitro. Though our data seem to indicate that the secretory peptide is not functional in
these proteins (or does not function consistently), based on the experiments performed to date we
cannot conclude whether or not the TAT PTDs are functional in these proteins either. Recent work
by Shen et al indicated that the transduction capability of an SP-TAT-Cherry fusion was
significantly diminished following ER/Golgi secretion [151]. The same fusion protein could
efficiently transduce cells if it was released via cell lysis rather than secretion, suggesting that the
TAT PTD may be modified in some way during secretion such that its transduction capability is
severely inhibited. This observation was not limited to Cherry protein fusions, as the group
repeated the experiment replacing Cherry with a double V5 tag and this SP-TAT-V5V5 protein
displayed the same reduction in transduction efficiency following secretion [151]. Therefore, we
must consider the possibility that our TAT-SMN fusions will have diminished transduction
capability following secretion and may not have been secreted in large enough amounts in our
experiments to observe any transduction into the treated cell population. The transduction
capability alone of the therapeutic proteins will need to be assessed in future work concurrent

with further testing or redesign of the secretory peptide.
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4.6: SMIN may be secreted in the absence of a secretory peptide.

While we were analyzing the media of transfected and infected cells for the presence of
secreted fusion proteins, we observed SMN in the media of untreated control cells such as those
in Figure 3.13A. The absence of tubulin in these precipitates suggests that the SMN did not enter
the media via cell lysis. We were initially concerned that these signals might be the result of
cross-reactivity of the a-SMN antibody with a protein in FBS; however, the Western blot of a
range of concentrations of FBS probed a-SMN shown in Figure 3.13B suggests that this is not the
case. These signals appear to be representative of real SMN in the media.

Our analysis of SMN using SignalP 4.1 (Technical University of Denmark, Brede,
Denmark) suggested that the protein was poorly suited for ER-Golgi secretion, though recent
work by Ting et al indicated that SMN is found associated with Golgi secretion vesicles [70].
While interaction with the a-coatamer (Cop-a) was previously known [152], a direct connection
between SMN and the Golgi apparatus had not been established. Ting et al determined that global
disruption of Golgi-mediated secretion resulted in axonal defects similar to those observed in
SMN knockdown neurons. Further, they observed that the interaction between SMN and Cop-a
appears to regulate secretion of SMN granules from the Golgi [70]. Considering this previously
unknown association between the Golgi and SMN granules and an apparent mechanism for
regulating SMN granule secretion, it is possible that such secretion also occurs as a pathway for
extracellular transport of SMN. Further investigation is necessary to determine if this is the case.
If true, this could allow for new therapeutic strategies such as overexpression of secretion-
optimized SMN in peripheral tissues rather than direct treatment of the CNS, or in restoring or
enhancing the secretion capability of endogenous SMN. Secretion of endogenous SMN may also
present a new facet to understanding the pathology of the disease.

Interestingly, while we consistently observed SMN in the media of A549 and MNI1 cells,
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preliminary experiments in 293s suggested that the tentative secretion of endogenous SMN does
not occur in those cells. It is presently unclear whether the apparent secretion is cell-specific and

coincidentally occurs in both A549s and MN s, or the lack of secretion is specific to 293s.

4.7: Future directions

Nuclear localization of the TAT-GFP fusion proteins can be verified using fluorescence
microscopy and nuclear staining or with confocal microscopy. The results of such microscopy
might reveal previously unseen differences in the nuclear localization capability of the three TAT
variants.

The capability of the SP-TAT-SMN fusion proteins to be secreted by a producer cell
population and taken up by a separate recipient population may be more efficiently investigated
by culturing the two cell populations in the same well separated by a semi-permeable membrane.
The membrane would allow for transmission of the secreted proteins to the recipient population
while keeping the cell populations separated. This approach might allow for longer expression of
the introduced construct and sustained treatment with the secreted protein. Transfer of SP-TAT-
GFPs in this manner could be visualized by fluorescence microscopy and verified by immunblot,
though the SMN fusion proteins could only be detected by immunoblot in this assay.

To verify restoration of SMN function and to provide another method to verify protein
transfer we are continuing to seek an assay which clearly indicates the presence of functional
SMN. This would provide us with a clear metric for the effectiveness of our therapeutic SMN
proteins in vitro. Using this assay we could identify the best candidate vectors for the transition
into in vivo experiments.

The observation that the secreted TAT-SMNs are not taken up by recipient cells following

infection of producer cells with our Ad vectors may be explained by post-translational
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modifications made to TAT during secretion that diminish its cell-penetrating capability [151].
Investigation into such modifications will reveal if this is the case and if further modifications can
be made to the TAT PTD to prevent the loss of functionality.

Finally, to address the apparent secretion of endogenous SMN, we can treat untransfected,
uninfected cells with brefeldin A to inhibit ER/Golgi protein secretion [153] and observe whether

the apparent secretion persists.

4.8: Conclusion

In the present work we have compared the transduction capability of three TAT PTD
variants and assessed the efficacy of a secretory peptide when fused to GFP. We selected the two
most viable TAT PTDs and generated Ad vectors encoding secreted TAT-SMN fusion proteins.
Our data suggest that TAT3 is the most suitable of the TAT variants for our therapeutic protein.
The secretory peptide appeared to be functional in GFP fusions but may not be functional in the
Ad vectors. The fusion protein expressed following infection with the Ad vectors is not taken up
by recipient cells. Further investigation is warranted to determine whether this is due to post-

translational modification of the TAT PTD during secretion that renders it ineffective.
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