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Abstract

Spinal muscular atrophy is caused by mutation of the SMN/ gene resulting in the
selective loss of spinal cord motor neurons. HuD has been shown to interact with SMN
and to localize to RNA granules along axons. In conditions where SMN is decreased, like
in SMA, HuD’s localization to RNA granules affected. Overexpression of HuD in an
SMA cell culture model was shown to rescue SMA-like axonal defects. Here, existence
of a signaling pathway downstream of PKC leading to the activation of HuD was
investigated in MN-1 cells. Stimulation of this pathway using a pharmacological agonist
of PKC increased HuD levels and enhanced its binding to GAP-43 and Tau mRNAs. An
scAAV0O viral expression system to overexpress HuD in vivo was established, laying the
foundation for the next phase of the study. Overall, modulating HuD expression and
activity would be beneficial and could constitute an attractive therapeutic approach for

SMA.
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Chapter 1. Introduction

1.1 Spinal muscular atrophy (SMA)

Spinal muscular atrophy (SMA) is a severe autosomal recessive disorder
characterized by the degeneration of lower motor neurons in the anterior horn of the
spinal cord. Clinically, loss of these cells results in progressive, symmetric muscular
weakness and leads to paralysis of the proximal voluntary muscles. In the more severe
cases, death occurs within two years due to respiratory failure (Crawford et al., 1996).
This early-onset neuromuscular disease affects approximately 1 in 6000 to 1 in 10 000
live births and is one of the leading genetic causes of infant mortality (Crawford et al.,

1996).

1.1.1 Survival of motor neuron gene

In 1990, two groups (Melki et al., 1990a, Melki et al., 1990b, Brzustowicz et al.,
1990) mapped the SMA gene locus to chromosome 5q11.2-q13.3, a highly polymorphic
region of the genome. A few years later, Melki’s team determined that this region
presents a large 500kb element duplication containing at least four genes including p44,
NAIP, and SMN and identified the survival of motor neuron 1 (SMNI) gene as the
causative gene for SMA (Lefebvre et al., 1995). Indeed, they found that SMNI was
missing, interrupted, or mutated in patients presenting with all forms on the disease
spectrum (Lefebvre et al., 1995, Brahe et al., 1996). The centromeric copy, SMN2, is
almost identical to SMNI except for five nonpolymorphic nucleotide changes. One of

these, a single base substitution at position 6 in exon 7 (C6T), alters the splicing pattern



of SMN2 (Lefebvre et al., 1995) and predominantly yields transcripts lacking exon 7 that
translate into a truncated and unstable protein (SMNA7) (Figure 1A) (Lorson et al.,
1999, Monani et al., 1999). This truncated protein is unable to oligomerize properly and
is rapidly degraded (Lorson et al., 1998b, Burnett et al., 2009). The remaining pool of
stable SMN protein produced by SMN2 allows for embryonic development and survival.
However, it is not sufficient for normal function and long-term survival of the vulnerable
a-motor neurons (Lefebvre et al., 1995, Coovert et al., 1997). The SMN2 copy number
and thus the amount of functional SMN protein being produced is generally inversely
correlated with disease severity (Coovert et al., 1997, McAndrew et al., 1997, Lefebvre et
al., 1997). In humans, the number of SMN2 copies usually varies between 1 and 6 and is
reflected by a large phenotypic heterogeneity in SMA patients. Moreover, it was recently
uncovered that not all SMN2 genes are equivalent. Indeed, a natural mutation in exon 7 of
the SMN2 gene, c859G>C, was identified in patients with mild SMA (Prior et al., 2009).
This mutation is thought to disrupt an hnRNP A1 binding site and to create an exonic
splicing enhancer (ESE), thus increasing FL-SMN amounts and resulting in a milder

phenotype (Prior et al., 2009, Vezain et al., 2010).

1.1.2 Clinical classification

1.1.2.1 Types of SMA

Clinicians, geneticists, and researchers generally agree that SMA patients can be
classified into three types based the on age of onset, highest motor milestone achieved,
and life expectancy (Munsat, 1991, Munsat et al., 1992, Russman, 2007). Type I SMA is

the most severe and common form of the disease. It is also referred to as Werdnig-
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Figure 1. Simplified schematic representation of SMA genetics. 4. The 5q13.2 locus
houses the SMN genes. SMN1 gives rise to 100% full-length transcripts that get translated
into fully functional proteins. On the other hand, SMN2 has a mutation at position 6 in
exon 7 that results in production of a majority of transcripts lacking exon 7. SMNA7
transcripts are translated into an unstable, truncated protein that is unable oligomerize
properly. SMA arises when SMN2 cannot produce enough SMN protein to compensate
for the loss of SMNI. B. The SMN protein has 8 coding exons. Major interaction domains
are indicated under the protein. C. Mutations found in SMA patients. When exon 7 is
excluded (SMNA?7), the first four amino acids of exon 8 get translated. Disease-linked
mutations in the Tudor and the tyrosine-glycine-rich domains are indicated over the
protein.



Hoffman disease, after the two neurologists who recorded the first clinical descriptions of
the disease at the end of the 19th century (Werdnig, 1891, Hoffmann, 1893, Werdnig,
1894, Hoffmann, 1897, Hoffmann, 1900). Infants with type I SMA can have 1, 2, or 3
SMN?2 copies. They start to show symptoms in the first few months of life, are never able
to sit unaided, and rarely live past 2 years of age (Munsat, 1991, Munsat et al., 1992).
Fortunately, type I patients born in the more recent years tend to live longer thanks to
more proactive clinical care (Oskoui et al., 2007). Children with type II or intermediate
SMA can have up to four SMN2 copies. They usually start presenting symptoms between
the ages of 6 and 15 months and are able to sit independently (Munsat, 1991, Munsat et
al., 1992). All live past the age of two and 68.5% make it past 25 years of age (Zerres et
al., 1997). Type II1, also known as Kugelberg-Welander disease (Kugelberg et al., 1956),
refers to juvenile patients with 3 or 4 copies of SMN2, with disease onset before 3 for
type Illa and after age 3 for type IlIb. Both type Illa and b are able to walk independently
and live well into adulthood (Munsat, 1991, Munsat et al., 1992). Two additional types
have gained recognition since the consensus classification was established in the early
1990’s. Type 0 usually refers to in utero onset and a need for respiratory support at birth.
These infants cannot survive with ventilation and die soon after birth (Dubowitz, 1999).
Finally, type IV SMA is very rare and refers to individuals with 4 or 5 copies of SMN2,
symptom onset after 20 years of age, and a normal life expectancy (Pearn et al., 1978,

Brahe et al., 1995, Zerres et al., 1995, Moulard et al., 1998).



1.1.2.2 Disease modifiers

In addition to SMN2 copy number, a few disease modifiers have been identified in
the recent years. Among them, Plastin 3 (PLS3), an actin-binding and -bundling protein,
was found to be elevated in unaffected SMNI-deleted females in families where siblings
had the same genetics but presented with different phenotypes (Oprea et al., 2008).
Indeed, Stratigopoulos and colleagues established that high expression of PLS3 inversely
correlated with disease severity and positively correlated with SMN2 copy number and
gross motor function in postpubertal females (Stratigopoulos et al., 2010). However, a
subsequent study determined that this correlation was not valid for all discordant families
(Bernal et al., 2011). Work in the zebrafish revealed that overexpression of PLS3 in
motor neurons was able to rescue axon length and motor function but had little effect on
survival (Oprea et al., 2008, Hao le et al., 2012, Lyon et al., 2014). Work in mouse
models unveiled increased profilin Ila levels and decreased PLS3 levels in the
intermediate 2B” mouse model (Bowerman et al., 2009). Although it was not sufficient to
rescue the phenotype, knocking-out profilin II induced an increase in PLS3 in an SMN-
dependent manner, thus supporting a role for mis-regulation of neuronal actin dynamics
in SMA pathology (Bowerman et al., 2007, Bowerman et al., 2009, Bowerman et al.,
2010). McGovern and colleagues determined that PLS3 had no beneficial effect on SMA
phenotype in the SMNA7 model. Indeed, survival, weight, and electrophysiology of the
neuromuscular junction were not rescued when human PLS3 was overexpressed in motor
neurons, indicating that PLS3 does not offer protection when SMN levels are too
dramatically reduced (McGovern et al., 2015). Moreover, Dr. Wirth’s team was not able

to rescue a severely affected mouse model by overexpressing PLS3 but observed



significant improvements when doing so in a milder model (Ackermann et al., 2013).
Using a suboptimal ASO dose combined with PLS3 overexpression, they then were able
to rescue survival, endocytosis, increase NMJ size and ameliorate motor abilities
(Hosseinibarkooie et al., 2016). Finally, the Lorson laboratory showed that PLS3 was
able to extend survival and reduce disease severity in milder SMA models, indicating that
a certain SMN threshold might be required for PLS3 to be protective (Kaifer et al., 2017).

Recently, Neurocalcin delta (NCALD), a neuronal calcium sensor protein, was
identified as a second disease modifier through genome-wide linkage and transcriptome
analysis (Riessland et al., 2017). Dr. Wirth’s team showed that low NCALD levels are
protective in unaffected SMNI-deleted individuals. Downregulation of NCALD
ameliorated neurite outgrowth in SMN-deficient cells, corrected phenotype in Smn-
deficient zebrafish, and improved axonal outgrowth and NMJ size in a severe mouse
model of SMA. Overall, NCALD depletion restored endocytosis and synaptic vesicle

recycling impairment associated with SMA pathology (Riessland et al., 2017).

1.1.3 Select mouse models of SMA

In contrast to humans, mice have only one Smn gene (DiDonato et al., 1997,
Viollet et al., 1997). Homozygous deletion of Smn is embryonic lethal; therefore, the
disease does not exist naturally in mice (Schrank et al., 1997). To overcome this

limitation, two groups used the human SMN2 gene to create similar but distinct mouse

models (Hsieh-Li et al., 2000, Monani et al., 2000, Le et al., 2005).



1.1.3.1 The Taiwanese model

Hung Li’s group based in Taiwan introduced a 115-kb genomic fragment which
encompasses SMN2 gene locus, the small EDRK-rich factor 1 (SERFI) gene, and part of
the centromeric neuronal apoptosis inhibitory protein (NAIP) gene onto the Smn™
background (Hsieh-Li et al., 2000). They reported having SMA-like mice with varying
disease severity born within the same litter: ‘type I’ pups surviving up to 10 days, ‘type
I’ living 2-4 weeks, and ‘type III’ animals having an almost normal lifespan. Varying
severity has not been reported anywhere else and is uncommon in SMA families (Monani
et al., 2000, Monani et al., 2003, Le et al., 2005). They later backcrossed their mice to
obtain a mild model with motor neuron degeneration starting around 6 months (Tsai et
al., 2006). This mild model can be backcrossed to FVB/N mice to obtain a phenotypically
more severe model using a breeding scheme described by Gogliotti ef al. (Gogliotti et al.,
2010). This severe Taiwanese model has a survival comparable to the delta7, i.e. around
16 days. However, contrary to the delta7 model that will be presented in the next section,
the Taiwanese model does not overexpress high levels of SMNA7 protein and control and

mutant pups are born at a ratio 1:1 (Gogliotti et al., 2010).

1.1.3.2 The Burghes models

Arthur Burghes’ team used a similar strategy and rescued the embryonic lethality
by inserting a 35.5kb fragment the entire human SMN2 gene onto the Smn”~ (Monani et
al., 2000). Burghes’ severe model carries two SMN2 copies and lives on average 5.2 + 0.2
days (Monani et al., 2000). By generating and comparing low vs high Smn™;SMN2 copy

animals, they showed that additional SMN2 copies rescue SMA features and confirmed



that disease severity correlates with SMN2 copy number and that it acts as a disease
modifier.

A few years later, the Burghes lab developed a mouse model with a slightly
milder phenotype nicknamed the delta7 model (Smn";SMN2;SMNA7) (Le et al., 2005).
This mouse lives on average 13.3 = 0.3 days, suggesting that SMNA7 retains some
beneficial function and is not completely detrimental. At postnatal day 5, a weight
difference is already apparent and the SMA pups have difficulty righting themselves up
after being placed on their back. By day 10, they display difficulty to walk and often fall
over. Moreover, they have significantly fewer lumbar MN than non-affected littermates
as well as a higher proportion of non-innervated and/or partially innervated NMJs.
Overall, they recapitulate some of the major neuronal defects found in SMA (Le et al.,
2005). It is now arguably the most widely used and well-characterized mouse model for
studying SMA and the development of therapeutic strategies. All mouse models
mentioned here have been transferred to and are now maintained by Jackson Laboratories

and are available to the SMA community.

1.1.4 The Survival of motor neuron protein

The survival of motor neuron protein is composed of 294 amino acids and has a
molecular weight of 38kDa (Lefebvre et al., 1995). This ubiquitously expressed
multidomain protein has 8 coding exons (Figure 1B) (Biirglen et al., 1996). The N-
terminal harbors a conserved Gemin2-binding domain, essential to SMN’s role in snRNP
assembly (Liu et al., 1997, Fischer et al., 1997). In vitro binding studies revealed that

exon 2 encodes a nucleic acid binding domain (Lorson et al., 1998a). Exon 2b and exon 6



are involved in dimerization of the protein (Young et al., 2000). Furthermore, it was
shown that missense mutations found in the tyrosine-glycine-rich motif (YG box in exon
6) in patients with severe SMA result in poor oligomerization of SMNA7 with itself
(Lorson et al., 1998b). Exon 3 encodes a Tudor domain, a ~60 amino acid conserved
domain that recognizes arginine methylation on proteins (Brahms et al., 2001). SMN’s
Tudor domain consists of five -strands forming an aromatic cage with a preference for
symmetrically dimethylated arginine (sDMA)-containing RG motifs (Selenko et al.,
2001, Coté et al., 2005). The domain was shown to be essential for SMN’s spliceosome
assembly function (Biihler et al., 1999, Cété et al., 2005). Moreover, SMA-causing
mutations in the Tudor domain (G95R, A111G, E134K) do not disrupt its structure but
change the charge distribution, thus affecting electrostatic interactions (Figure 1C)
(Selenko et al., 2001, Sun et al., 2005b, Tripsianes et al., 2011, Han et al., 2012). These
Tudor domain mutants display greatly reduced binding to SmB, SmD1, SmD3 proteins,
leading to inefficient U snRNP biogenesis (Selenko et al., 2001, Sun et al., 2005b).
Reduced or abolished capacity to interact with methylated arginine-harboring proteins
has been linked with SMA pathology (Coté et al., 2005, Tadesse et al., 2008, Hubers et
al., 2011).

Evolutionary conserved from yeast, SMN is expressed in all cells and tissues, with
high levels in the nervous system (Lefebvre et al., 1995, Battaglia et al., 1997, Hannus et
al., 2000). At the cellular level, the SMN protein is present both in the cytoplasm and the
nucleus. SMN is part of a large macromolecular complex that also includes Gemins 2-8
and Unrip. The classical function of this complex is in the cytoplasmic assembly of Sm

proteins and U small nuclear RNAs into small nuclear ribonucleoprotein particles



(snRNPs), the core component of the splicing machinery (Liu et al., 1996, Liu et al.,
1997, Fischer et al., 1997, Pellizzoni et al., 1998). After remodelling, the Sm core-
assembled snRNPs and the SMN complex are imported into the nucleus for further
maturation of the snRNPs within Cajal bodies (CB) (Matera et al., 2006). The core SMN
complex also accumulates in closely related nuclear bodies termed Gems (Gemini of
coiled bodies) in certain cell types (Liu et al., 1996). Immunocytochemistry analyses
revealed that Gems are reduced in type I SMA patient-derived fibroblasts and the number

of Gems generally inversely correlates with disease severity (Coovert et al., 1997).

1.1.4.1 SMA: A defective snRNP biogenesis and pre-mRNA splicing disease

It remains unclear how a deficiency in SMN protein causes the selective
degeneration of alpha motor neurons observed in SMA given that assembly of a
functional splicing machinery should be equally essential for all cell types. Two schools
of thought have emerged about this question. On one side, there is evidence supporting
that disruption of SMN’s main function in snRNP assembly causes SMA. Indeed, it was
shown that low SMN protein levels result in decreased snRNP biogenesis and in an
altered snRNP repertoire (Pellizzoni et al., 1999, Wan et al., 2005, Gabanella et al.,
2007). Motor neurons are more sensitive to reduced snRNA levels and an altered snRNP
repertoire leads to deficits of fully assembled snRNPs (Gabanella et al., 2007, Zhang et
al., 2008). In turn, spliceosomal defects cause aberrant splicing of numerous mRNAs in a
cell type-specific manner (Faustino et al., 2003, Zhang et al., 2008). Consequently,
splicing of one or more genes that support important motor neuron function(s) might be

inefficient, thus explaining the cell-specificity of SMA (Faustino et al., 2003, Eggert et
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al., 2006). Notably, a negative feedback loop regulating splicing of SMN2 was recently
uncovered (Jodelka et al., 2010). More specifically, changes in the relative abundance of
Ul snRNP worsen SMN2 exon 7 skipping, leading to even more reduced functional SMN
protein levels (Jodelka et al., 2010). Together, these defects could contribute to the

specificity of the pathophysiology but the causal link remains to be clearly established.

1.1.4.2 SMA: A motor neuron-specific role for the SMN protein

Alternatively, the second hypothesis supports the idea that SMN plays (an)
additional function(s) specific to the highly specialized cells that are motor neurons.
Indeed, there is growing evidence that SMN is involved in the transport, regulation, and
local translation of mRNA in MN axons. First, in addition to its presence in the nucleus
and the cytoplasm, SMN was found to localize to the leading edge of neurites and at the
neuromuscular junction, indicative of a potential neuron-specific function (Battaglia et
al., 1997, Béchade et al., 1999, Pagliardini et al., 2000, Jablonka et al., 2001, Fan et al.,
2002). Zhang and colleagues showed that SMN localizes to granules exhibiting rapid,
bidirectional, cytoskeletal-dependent movements in axons and growth cones and that,
contrary to the full-length protein, SMNA7 accumulates in the nucleus, is absent from
processes, and gives rise to shorter neurites when expressed in neurons (Zhang et al.,
2003). McWhorter and colleagues confirmed that decreased SMN levels caused defects
in motor axons outgrowth and pathfinding in vivo (McWhorter et al., 2003). More recent
studies showed that SMN is found in neuronal RNA granules along axons, where it
associates with cytoskeletal filament systems and interacts with a number of methylated

RNA-binding proteins (RBPs) including hnRNP R/Q, FMRP, KSRP, and HuD (Rossoll
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et al., 2002, Rossoll et al., 2003, Zhang et al., 2003, Piazzon et al., 2008, Tadesse et al.,
2008, Hubers et al., 2011, Akten et al., 2011, Fallini et al., 2011). Interestingly, these
complexes sometimes contain Gemins 2 and 3 but always lack Sm proteins and
coilin/p80 (Sharma et al., 2005, Zhang et al., 2006). Using a zebrafish model, Carrel and
colleagues showed that SMN’s potential function in motor axon was independent of its
role in snRNP biogenesis. Indeed, SMN mutants A111G and Q282A failed to rescue
motor axon defects and longevity when overexpressed in embryos but retained the
properties needed for proper snRNP assembly (i.e. oligomerization and Sm binding)
(Carrel et al., 2006). They later showed that overexpressing A111G at high levels was
able to rescue motor neuron axonal defects in mutant zebrafish (Workman et al., 2009).
SMN-interacting RBPs that localize to RNA granules interact with mRNAs to mediate
their translocation along axons (Rossoll et al., 2003, Hubers et al., 2011, Fallini et al.,
2011, Akten et al., 2011). SMN deficiency results in reduced axonal levels of these SMN-
associating RBPs (Helmken et al., 2003, Tadesse et al., 2008, Fallini et al., 2011, Fallini
et al., 2014) and in the mislocalization of their mRNA cargo (Rossoll et al., 2003, Fallini
et al., 2011, Akten et al., 2011). Microarray analyses revealed that a large number of
transcripts associated with axonal growth and synaptic activity are mislocalized due to
decreased SMN levels, suggesting widespread defects possibly contributing to
pathogenesis (Rage et al., 2013, Saal et al., 2014). Importantly, interaction with most of
these RBPs is abolished by disease-linked mutations in the Tudor domain as well as in
the YG box of SMN, implying that this function in mRNP assembly and transport may be
impaired in SMA patients (Rossoll et al., 2002, Piazzon et al., 2008, Hubers et al., 2011,

Fallini et al.,, 2011). Essentially, low SMN levels result in misregulation of mRNA
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transport and local translation which would then lead to impaired motor neuron function,

culminating in motor neuron degeneration and pathogenesis.

1.2. Embryonic lethal abnormal vision-like (ELAVL) proteins

For the past years, our laboratory has focused on neuronal RNA granules and their
role in the transport, localization, and stability of specific mRNAs along axons (Tadesse
et al., 2008, Hubers et al., 2011, Sanchez et al., 2013). Among other things, we showed
that SMN is implicated in neurite outgrowth and mediates the proper translocation of
HuD and its mRNA targets into axonal RNA granules (Hubers et al., 2011). HuD is a
member of the Hu family of genes, homologs of the Drosophila melanogaster embryonic
lethal abnormal vision (elav) gene and closely related in structure and function to sex
lethal (sxl), found in neurons (fne), and RNA-binding protein 9 (rbp9) genes (Bell et al.,
1988, Robinow et al., 1988, Kim et al., 1993, Good, 1995, Good, 1997, Samson et al.,
2003, Colombrita et al., 2013). Deletion of this RNA is lethal in fruit flies where it is
required for proper nervous system maintenance (Campos et al., 1985, Robinow et al.,
1988). Hu proteins are regulatory factors involved in differentiation, maintenance, and
plasticity of neurons. These RBPs preferentially bind to AU-rich RNA elements (AREs)
in the 3’-untranslated regions (UTRs) of transcripts (Deschenes-Furry et al., 2006,
Deschenes-Furry et al., 2007, Tadesse et al., 2008). Unlike other ARE-binding proteins
such as K homology splicing regulatory protein (KSRP), tristetraprolin (TTP), butyrate-
response factor 1 (BRF1), and AU-rich element binding factor 1 (AUF1), Hu proteins
prevent their mRNA targets from degradation. This increases their stability and prolongs

their half-life, thus promoting protein expression (Lu et al., 2004, Deschenes-Furry et al.,
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2007, Bird et al., 2013). Hu proteins have been shown to both compete with destabilizing
factors and microRNAs and to cooperate with other RBPs for binding to common
mRNAs to regulate their expression (Atlas et al., 2004, Kim et al., 2009, Tominaga et al.,
2011, Young et al., 2012, Sosanya et al., 2013, Bird et al., 2013, Yoo et al., 2013, Kim et
al., 2015).

Hu proteins were first identified as the targets of autoantibodies found in the sera
of patients with paraneoplastic encephalomyelitis and sensory neuropathy (Dalmau et al.,
1990). In mammals, the family comprises four highly homologous members. The
expression of HuB (aka Hel-N1), HuC, and HuD is restricted almost exclusively to the
nervous systems, whereas the fourth member HuR, also known as HuA, is expressed

ubiquitously (Ma et al., 1996).

1.2.1 ELAVL4/HuD

1.2.1.1 HuD protein structure

HuD was the first member of the ELAVL family to be characterized and is
conceivably the best-characterized neuronal RBP (Szabo et al., 1991). Its expression is
first detectable in neurogenic precursors at the point of withdrawal from the mitotic cycle,
and expression persists in mature neurons (Okano et al., 1997, Clayton et al., 1998,
Deschenes-Furry et al., 2003). In humans, the gene is located on chromosome region
1p34 and covers approximately 146kb of DNA (Figure 2A) (Muresu et al., 1994, Sekido
et al., 1994, Inman et al., 1998). It is divided into seven coding exons (E2 to E8) and was
thought until recently to have three alternative noncoding leading exons (Inman et al.,

1998). Indeed, using bioinformatics and 5’ rapid amplification of cDNA ends (RACE)
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Figure 2. Neuronal ELAVL4/HuD gene, transcript, and protein. 4. HuD gene locus
is located on chromosome 1p34 and spans 146kb of DNA. B. HuD has 8 different leading
exons and is subjected to alternative splicing of exons 6 and 7. C. This results in the
production of three major isoforms, HuDpro and HuD being the most abundantly
expressed in the CNS. PKC phosphorylation and CARM1 methylation sites are indicated
by black arrowheads.



analyses, the Jasmin laboratory uncovered that there are actually eight conserved El
variants all containing an in-frame translation initiation codon, potentially producing
different HuD N-termini (Figure 2B) (Bronicki et al., 2012). HuD and the other Hu
family members have a molecular weight of ~40kDa and share three ~90 amino acid-
long RNA recognition motifs (RRMs) (Inman et al., 1998). RRM1 is encoded by exons 2
and 3, RRM2 by exons 4 and 5, and RRM3 by exon 8 (Figure 2C) (Inman et al., 1998).
The first and second RRMs bind to cis-acting elements in the 3°UTR of mRNAs (Chung
et al., 1996, Chung et al., 1997, Ma et al., 1997, Park et al., 2000, Wang et al., 2001).
Interestingly, a 2010 study revealed that only a minority of HuD targets actually harbor
AREs (Bolognani et al., 2010). Instead, most mRNAs bound by HuD in the mouse
forebrain have one of three novel binding motifs. These U-rich and C-rich motifs localize
predominantly to the 3’UTR but can occasionally be found in the coding region or the 5’
UTR of mRNAs (Bolognani et al., 2010). The third RRM binds to poly(A) tails and
stabilizes RBP-mRNA complexes (Ma et al., 1997, Park et al., 2000, Beckel-Mitchener et
al., 2002). Moreover, it was shown that HuD has a higher affinity for longer poly(A)
sequences (Ma et al., 1997, Beckel-Mitchener et al., 2002). The third RRM also interacts
with other proteins, including other Hu family members (Kasashima et al., 2002). Fukao
and colleagues showed that the interaction of HuD with e[F4A promotes cap-dependent
translation (Fukao et al., 2009). More precisely, HuD competes with miRNAs for binding
to elF4A, thus stabilizing the interaction between elF4AI&Il and mRNA targets and
enhancing protein synthesis (Fukao et al., 2014). RRM3 was also shown to be essential
for HuD association with polysomes and for its interaction with actively translating

mRNAs (Atlas et al.,, 2007, Fukao et al., 2009). HuD co-localization with poly(A)-
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binding protein (PABP) and the cap-binding protein eukaryotic translation initiation
factor 4E (elF4E) supports a potential role for HuD in translation regulation
(Tiruchinapalli et al., 2008). A hinge region encoded by alternatively spliced exons 6 and
7 separates the second and third RRMs and encodes a nuclear export signal (NES) as well
as a potential nuclear localization signal (NLS) (Inman et al., 1998, Kasashima et al.,
1999). The linker region harbors serine/threonine and arginine residues that are subjected
to protein kinase C (PKC) phosphorylation and to coactivator-associated arginine
methyltransferase 1 (CARMI1) methylation, respectively (Figure 2C) (Fujiwara et al.,

2006, Lim et al., 2012).

1.2.1.2 HuD in neuronal differentiation

HuD expression is mainly cytosolic, with relatively low abundance in the nucleus
(Kasashima et al., 1999, Anderson et al., 2001). It is found in growth cones of developing
neurons and in axons, dendrites, and synaptic terminals of mature neurons (Aranda-
Abreu et al., 1999, Aronov et al., 2002). As mentioned above, HuD localizes to granules
along neurites where it interacts with mRNP components, including SMN, mRNAs,
motor proteins, and other RBPs (Aronov et al., 2002, Smith et al., 2004, Anderson et al.,
2006, Hubers et al., 2011, Akten et al., 2011, Fallini et al., 2012). Through the years,
HuD has been found to be involved in almost all aspects of mRNA metabolism in
neurons, including nucleocytoplasmic shuttling (Kasashima et al., 1999, Saito et al.,
2004, Carmody et al., 2009), mRNA transport and localization (Smith et al., 2004, Atlas
et al., 2004, Akten et al., 2011, Yoo et al., 2013, Sosanya et al., 2013, Sosanya et al.,

2015), stability (Liu et al., 1995, Chung et al., 1997, Tsai et al., 1997, Anderson et al.,
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2000, Mobarak et al., 2000, Beckel-Mitchener et al., 2002, Aronov et al., 2002, Lim et
al., 2012), and local translation at growth cones and synapses (Kullmann et al., 2002,
Fukao et al., 2009, Lee et al., 2012). In addition, evidence indicates that HuD plays a role
in alternative splicing and alternative polyadenylation. Indeed, it has been shown that
HuD can promote either exon exclusion (Zhu et al., 2006, Bellavia et al., 2007, Zhu et al.,
2008, Ratti et al., 2008, Hinman et al., 2008, Zhou et al., 2011) or inclusion, including of
its own exon 6 (Wang et al., 2010, Ince-Dunn et al., 2012). It can also regulate alternative
polyadenylation of select transcripts like HuR and Calcitonin (Soller et al., 2003, Zhu et
al., 2006, Mansfield et al., 2012, Dai et al., 2012). Through its interaction with its target
transcripts, HuD is involved in all facets of neuronal development and plasticity; the
protein products of these mRNAs regulate cell proliferation (c-fos, n-myc, c-myc) (Liu et
al., 1995, Chagnovich et al., 1996, Ross et al., 1997, Joseph et al., 1998), cell cycle arrest
(p21) (Joseph et al., 1998), neuronal growth and survival (NGF, BDNF, NT-3) (Lim et
al., 2012), neurite elongation (GAP-43, Tau) (Mobarak et al., 2000, Anderson et al.,
2000, Anderson et al., 2001), synaptogenesis (Neuroserpin, NOVA-1), synaptic
transmission (AChE) (Deschenes-Furry et al., 2003) as well as spatial learning and

memory (Quattrone et al., 2001, Bolognani et al., 2004, Pascale et al., 2004).

1.2.1.3 Post-translational control of HuD

As mentioned above, HuD is subject to post-translational modifications, notably
to phosphorylation by PKC. The PKCs are a family of 10-15 serine/threonine kinases
categorized into three subfamilies based on the structure of their N-terminal domain

which determines secondary messenger specificity (Mellor et al., 1998). Conventional
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PKC (cPKC) subfamily members include PKCa, Bi, Pu, v and require calcium (Ca™),
diacylglycerol (DAG), and a phospholipid for activation (Parker et al., 1986, Coussens et
al., 1986, Coussens et al., 1987). Novel PKC (nPKC) members include PKC39, €, n, 6 and
require DAG but not Ca’' to be activated (Ono et al., 1987, Osada et al., 1990, Osada et
al., 1992). Finally, atypical PKC (aPKC) isoforms PKCt and  require neither Ca®" nor
DAG for activation (Ono et al., 1989a). When activated, PKC enzymes auto-
phosphorylate and translocate from the cytosol to the plasma membrane, where binding
of regulatory domains releases the pseudosubstrate from the active site and allows for
substrate binding and catalysis (Newton, 2001). PKC activity can be pharmacologically
modulated using the phorbol ester tetradecanoylphorbol acetate (TPA), also commonly
known as phorbol 12-myristate 13-acetate (PMA), or using the agonist bryostatin. Both
act via the same binding site located within the regulatory C1 domain (Smith et al., 1985,
Ramsdell et al., 1986). Two of the three PKC subfamilies have C1 domains; therefore,
only cPKC and nPKC are sensitive to phorbol esters and bryostatin (Ono et al., 1989b,
Kaibuchi et al., 1989). Bryostatins are a family of macrocyclic lactone first isolated from
the marine organism Bugula neritina for its antiproliferative properties in 1968 (Pettit et
al., 1982, Ramsdell et al., 1986). The most studied compound, Bryostatin-1, was
chemically characterized in 1982 and its most well-established property is the modulation
of PKC activity (Pettit et al., 1982). Bryostatin is structurally unrelated to phorbol esters
but competes with it and diacylglycerols for binding to cysteine-rich domains of the C1
region of conventional and novel PKC isoforms. It has been used in many preclinical and
clinical trials to evaluate its efficacy at preventing tumor invasion, tumor growth, and

angiogenesis (see Kollar et al.,, 2014 for review). It has also been investigated as a
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treatment option for brain injury (Tan et al., 2013, Mizutani et al., 2015, Lucke-Wold et
al., 2015), Alzheimer’s disease (Lim et al., 2014, Schrott et al., 2015, Marchesi et al.,
2016), and depression (Sun et al., 2005a, Alkon et al., 2017) and has been shown to be
successful at rescuing hippocampal synapses and spatial learning and memory in adult
fragile X mice (Sun et al., 2014). However, high concentrations of drug and/or prolonged
exposure of PKC to bryostatin triggers PKC downregulation, ubiquitination, and
degradation by the proteasome (Mutter et al., 2000).

PKCs play important roles in diverse signaling cascades and their biological
functions include receptor desensitization, transcription regulation, immune response
mediation, cell growth regulation, and learning and memory (Amadio et al., 2006).
Among others, PKC alpha (PKCa) was shown to regulate HuD’s recruitment and
stabilizing activity (Pascale et al., 2005). Indeed, PKCa activation in human
neuroblastoma SH-SYSY cells using phorbol esters or bryostatin promoted its interaction
with HuD, led to nuclear export of HuD, and increased HuD protein at the level of the
cytoskeleton. In turn, this resulted in stabilization of GAP-43 mRNA and in an increase
in GAP-43 protein levels, again only in the cytoskeletal fraction (Pascale et al., 2005).
Mobarak and colleagues showed that this PKC-HuD-GAP-43 pathway is essential for
neurite outgrowth. In rat pheochromocytoma PCI12 cells where HuD was knockdown,
GAP-43 mRNA and protein levels were decreased and NGF or phorbol ester treatment
failed to induce neurite outgrowth (Perrone-Bizzozero et al., 1993, Mobarak et al., 2000).
Using mass spectrometry, the Alkon laboratory demonstrated that bryostatin activation of

PKCa and PKCeg resulted in phosphorylation of HuD on nine residues (Lim et al., 2012).
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Another known pathway that regulates HuD expression and function involves
protein arginine methyltransferase 4 (PRMT4)/CARMI1. The PRMTs are a family of
enzymes that catalyze the transfer of a methyl group from S-adenosyl methionine to a
guanidine nitrogen atom of arginine residues (Gary et al., 1998). They are divided into
three categories based on the type of methyl mark they leave on arginine residues. All
PRMTs catalyze monomethylated intermediates (©-N°) (Gary et al., 1998). Type I
PRMTs (i.e. PRMTI1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6, PRMTS) can add a
second methyl group to the same terminal nitrogen atom of the guanidino group to form
asymmetrically dimethylated arginines (aDMA) (Gary et al., 1998). Type II PRMTs
(PRMTS) add a second methyl mark on the other terminal nitrogen atom thus forming
symmetrically dimethylated arginines (sDMA) (Gary et al., 1998). Finally, PRMT7 is
only able to catalyze the formation of monomethylarginines and is the sole type III
PRMT identified so far (Zurita-Lopez et al., 2012, Feng et al., 2013). Arginine
methylation plays a role in diverse cellular functions including signal transduction, DNA
repair, transcription, protein subcellular localization, and RNA processing (Bedford et al.,
2005, Bedford et al., 2009). CARM1 was found to methylate HuD on Arg”® (Arg**® in
the mouse) in PC12 cells. Upon CARM1 knockdown, HuD exhibits a higher binding
capacity to p21 mRNA. In turn, p21 is protected from degradation, thus leading to higher
p21 levels, cell cycle exit, and neurite outgrowth (Fujiwara et al., 2006, Hubers et al.,
2011). Therefore, CARMI 1is a negative regulator of HuD-mediated neuronal
differentiation in PC12 and motor neuron-derived MN-1 cells (Fujiwara et al., 2006,
Hubers et al., 2011). Interestingly, CARM1 methylation activity can be inhibited by

phosphorylation of Ser®” (Ser’® in the mouse) (Higashimoto et al., 2007, Feng et al.,
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2009, Lim et al., 2012). More precisely, PKCa and PKCe can directly phosphorylate
CARMI, inhibit its enzymatic activity, and thus reduce CARMI1 methylation of HuD
(Lim et al,, 2012). This PKC-dependent inhibition of CARMI1 and direct PKC
phosphorylation of HuD were found to be important for HuD’s mRNA-binding activity
and its subsequent effect on dendrite arborisation in hippocampal neurons (Lim et al.,

2012).

1.3 Current therapeutic strategies

Increasing full-length SMN levels has been at the centre of most therapeutic
approaches developed in the last twenty years, either via enhancing SMN2 exon 7
inclusion, increasing SMN transcription, stabilizing SMN protein, or via gene therapy

using a viral approach.

1.3.1 Therapeutic strategies targeting SMN2

1.3.1.1 Increasing SMN2 transcription

The genetic context of SMA makes SMN?2 the ideal therapeutic target. Not only is
it found in all patients, but it can be modulated to produce a full-length SMN protein. One
way to enhance protein production is to chemically inhibit histone deacetylases (HDAC)
from removing acetyl groups from the lysine residues on active chromatin. HDAC
inhibitors like phenylbutyrate (PBA) (Andreassi et al., 2004, Hauke et al., 2009), valproic
acid (VPA) (Sumner et al., 2003, Brichta et al., 2003, Tsai et al., 2006, Hahnen et al.,
2006, Hauke et al., 2009, Harahap et al., 2012), trichostatin A (TSA) (Avila et al., 2007,

Narver et al., 2008), and suberoylamilidehydroxamic acid (SAHA) (Riessland et al.,

22



2006, Hahnen et al., 2006, Hauke et al., 2009) showed promise in animal studies and in
patient-derived cell lines, but only modest results in clinical trials (Brahe et al., 2005,
Piepers et al., 2011, Swoboda et al., 2010, Darbar et al., 2011). These approaches might
not be sufficient to rescue fully the SMA phenotype by themselves but could be
beneficial in combination with other drugs or small molecules, Spinraza™ for example

(see below).

1.3.1.2 Correcting SMN?2 splicing

Modulation of endogenous SMN2 pre-mRNA to produce FL-SMN protein is an
attractive strategy because it allows for a better control of SMN levels, limiting total
SMN protein to physiological levels (Goulet et al., 2012). SMN exon 7 splicing regulation
has been extensively studied (reviewed in Singh et al., 2011, Singh et al., 2015, Singh et
al., 2017) and identification of a 15nt-long intronic splicing silencer N1 (ISS-N1) in 2006
by the Singh laboratory opened the door to antisense oligonucleotide (ASO)-based
therapies for SMA (Singh et al., 2006). ASOs are short DNA or RNA sequences designed
to anneal to a complementary sequence on a gene of interest. They usually mediate
splicing by blocking the binding of trans-acting factors that lead to exon inclusion or
exclusion. In the case of SMN2 exon 7 splicing, ASOs targeting the master checkpoint of
SMN2 exon 7 splicing regulation ISS-N1 enhance exon 7 inclusion by a complex
mechanism. It involves the disruption of an internal stem loop termed ISTL1 (for internal
stem loop through long-distance interaction 1), an inhibitory structure formed by a long
distance interaction between the first position of ISS-N1 and a deep intronic sequence

designated as ISS-N2 (Singh et al., 2013). ISTL1 also sequesters a portion of the weak 5’
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splice site (5’ss) of exon 7. Therefore, ASOs targeting ISS-N1 or ISS-N2 interfere with
ISTL1 and make the 5’ss of exon 7 accessible to the spliceosome machinery (Singh et al.,
2013). The Krainer group, lonis Pharmaceuticals, and Biogen developed Spinraza™, an
18nt-long ASO with a 2°-O-methoxyethyl (MOE) backbone (also known as Nusinersen,
IONIS-SMNRrx, ISIS-SMNgrx) targeted at ISS-N1 (Hua et al., 2007, Hua et al., 2008, Hua
et al., 2010, Passini, 2011). They received US Food and Drug Administration (FDA) and
European Medicines Agency (EMA) approvals for their oligonucleotide in December
2016 and April 2017, respectively, making it the first FDA-approved drug for SMA
(Ottesen, 2017, Scoto et al., 2017). Its efficacy has been tested mostly in symptomatic
type I and II patients and is now being evaluated in pre-symptomatic infants diagnosed

with SMA-causing mutations (Finkel et al., 2016).

1.3.1.3 Inducing translational read-through and increasing protein stability

As mentioned previously, exon 7 exclusion leads to the production of a truncated
protein that is unable to compensate fully for the reduced levels of the full-length protein.
It has been reported that SMNA7 has a turnover rate 2-fold faster than FL-SMN (Burnett
et al., 2009). One explanation is the fact that FL-SMN oligomerizes properly and gets
stabilized when incorporated into complexes (Burnett et al., 2009). Thus, if SMNA7
cannot oligomerize or self-associate correctly and does not get recruited into complexes,
all downstream events get disrupted. Therefore, stabilizing SMNA7 protein could be a
beneficial therapeutic intervention. One way to achieve this is by using aminoglycoside
antibiotics. Aminoglycosides work by supressing the accurate recognition of translation

stop codons. In the case of the SMNA7 protein, these drugs induced the native stop codon
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to be read-through and instead use a stop codon situated 18nt downstream from the first
one in exon 8. SMA patient-derived fibroblasts treated with tobramycin and amikacin
showed an increase in SMN protein levels and Gems, showing that addition of just five
extra amino acids could further stabilize the SMNA7 protein (Wolstencroft et al., 2005).
Moreover, CNS delivery of aminoglycoside-derivative TC007 resulted in SMN induction
in the brain and spinal cord, increased lifespan, and increased cell number in the ventral
horn (Mattis et al., 2009). These findings and others (Mattis et al., 2009, Heier et al.,
2009, Osman et al., 2017) suggest that read-through inducing compounds could be a
potential therapeutic approach.

Another way to increase SMNA?7 stability is to modulate its degradation. Hsu and
colleagues identified ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) as a regulator of
SMN expression through ubiquitination (Hsu et al., 2010). UCHLI is significantly
increased in type I SMA fibroblasts and directly interacts with SMN in P19 and NSC-34
cells. Overexpression of UCHLI1 reduced SMN levels whereas knockdown or inhibition
of UCHLI1 resulted in increased SMN levels and Gem numbers (Hsu et al., 2010).
Similarly, Han and colleagues reported that the ubiquitin-specific protease 9x (Usp9x)
modulates SMN levels (Han et al., 2012). In this case, Usp9x interacts directly with SMN
but not SMNA7 and deubiquitinates it, thus preventing degradation by the proteasome.
They showed that knockdown of Usp9x promotes the degradation of SMN and impairs
the formation of Gems. Nothing further has been done so far but identification of small
molecules able to modulate the activity of these enzymes could be exploited to derive a

therapy.
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1.3.2 SMN1 gene replacement therapies

In recent years, several preclinical studies have taken advantage of self-
complementary adeno-associated viruses (sSCAAVs) as a tool to efficiently overexpress a
gene of interest. Among the different serotypes available, serotype 9 stands out for its
efficacy at targeting the CNS (each serotype has a different tropism) (Foust et al., 2009,
Bevan et al., 2011, Bucher et al., 2013, Robbins et al., 2014). The Kaspar laboratory
showed that AAV9 systemic delivery crosses the blood-brain barrier (BBB) and
transduces mostly lower motor neurons (LMN) and dorsal root ganglia (DRG) in the
spinal cord as well as neurons and astrocytes in the brain of neonatal mice (Foust et al.,
2009). Interestingly, they found the transduction pattern to be strikingly different in the
adult CNS. Tail vein injection of scAAV9-GFP in adult mice led to transduction of
astrocytes almost exclusively, with very limited signal in spinal cord LMN (Foust et al.,
2009). They were able to correct early heart failure in the delta7 mouse by early postnatal
IV injection of scAAV9-SMN (Bevan et al., 2010). They also established that the
therapeutic window is very limited especially in severe animal models (Foust et al.,
2010), as confirmed by another team (Valori et al., 2010). In a dose-response study in the
delta7 mouse, they later established that 1.8x10"vg/kg is the lowest concentration of
scAAV9-SMN to use to fully rescue the SMA phenotype (Meyer et al., 2015).

Work from the Barkats laboratory looked at the influence of different routes of
administration on spinal cord transduction in neonatal mice and determined that
intravenous (IV) delivery is superior to intraperitoneal (IP) and intramuscular (IM)
administration for spinal cord gene transfer (Duque et al., 2009). In the same study, they

revealed that IV delivery of scAAVO resulted in spinal cord transduction in adult mice,
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confirming that scAAV9 is able to cross the BBB even long after birth (Duque et al.,
2009). Also, using a codon-optimized SMN and the strong PGK promoter for more
robust expression and better translation efficiency, they were able to get a better
phenotypic rescue with a much lower dose than Foust and Valori (Dominguez et al.,
2011). The team also found that IM injection of sScAAV9-SMN in the delta7 mouse led to
MN transduction via retrograde axonal transport and, unexpectedly to systemic
expression (Benkhalifa-Ziyyat et al., 2013). Lastly, combining ICV and IV routes, they
showed that ICV delivery is very efficient for CNS transduction while IV mostly targets
peripheral organs (Armbruster et al., 2016).

The Lorson laboratory was able to decrease disease severity in the Burghes severe
model (Smn”;SMN2) but concluded that it was too severe for a complete rescue
(Glascock et al., 2012a). However, they were able to rescue motor coordination in a
slightly less severe model, the delta7? mouse, with both IV and ICV routes of
administration (Glascock et al., 2012b) and confirmed once again that therapeutic
window in the delta7 mouse is very limited and that the earlier the treatment, the better
the rescue (Robbins et al., 2014).

Finally, scAAV9-SMN has made its way into clinical trials thanks to AveXis Inc.,
Sophia’s Cure Foundation, and a team at the Nationwide Children’s Hospital in
Columbus, Ohio. They developed a self-complementary AAV9 carrying the SMN gene
under the control of a hybrid CMV enhancer/chicken-b-actin promoter
(scAAV9.cba.SMN). The biological agent known as AVXS-101 is now being tested for

safety and tolerability after a single intravenous injection in severe SMA patients.
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1.3.3 Non-SMN therapeutic strategies

There is now abundant evidence that tissues, organs, and systems other than o-
motor neurons and NMJs are intrinsically affected in SMA (Vitte et al., 2004,
Shanmugarajan et al., 2009, Shababi et al., 2010, Heier et al., 2010, Michaud et al., 2010,
Bowerman et al., 2012b, Bowerman et al., 2012a, Schreml et al., 2013, Bowerman et al.,
2014, Gombash et al., 2015, Szunyogova et al., 2016, Sintusek et al., 2016, Thomson et
al., 2017, Ottesen et al., 2016, Deguise et al., 2017). SMN-independent strategies and
combinatorial therapies (i.e. combining SMN-dependent and SMN-independent
approaches) have gained popularity in recent years. Physical exercise has been shown to
be beneficial in severe SMA mouse models (Grondard et al., 2005, Biondi et al., 2008,
Biondi et al., 2010). More specifically, the Charbonnier group has shown that running
reduced motor neuron cell death in the anterior horn of the spinal cord, enhanced SMN2
exon 7 inclusion, and improved muscle phenotype (Grondard et al., 2005). They
determined that physical exercise enhanced NMDA receptor expression and that
pharmacological activation of NMDA receptors resulted in improved motor unit
maturation, decreased cell death in the spinal cord, and increased SMN expression
(Biondi et al., 2008, Biondi et al., 2010). Furthermore, some SMN-independent
compounds have made their way into pre-clinical and clinical trials. Among them,
Roche’s Olesoxime (TRO19622) is currently being tested for long-term tolerability and
safety (Bertini et al., 2017) (see also ClinicalTrials.gov: NCT01302600, NCT02628743).
This orally active neuroprotectant prevents motor neuron cell death by interacting with
outer mitochondrial membrane proteins and modulating permeability transition pore

opening in response to oxidative stress. Importantly, Olesoxime crosses the BBB to target
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the CNS (Bordet et al., 2010). Moreover, CK-2127107, a fast skeletal muscle troponin
activator (FSTA) from Cytokinetics is being tested for a pharmacodynamic effect on
measures of skeletal muscle function or fatigability in SMA patients (see
ClinicalTrials.gov: NCT02644668). This compound slows down calcium release from
fast skeletal muscle troponin, which results in an increased skeletal muscle contractility
and improved physical performance (Hwee et al., 2015). Taken together, these findings
highlight the importance of better understanding the molecular events leading to
pathogenesis and of developing therapies targeting tissues and organs outside of the CNS

in order to provide better, more complete care for patients.

1.4 Rationale, Hypothesis, and Objectives
1.4.1 Rationale

Recently, our laboratory showed that CARMI1 regulates HuD’s RNA-binding
activity through methylation, which in turns regulates cell cycle exit. More precisely,
CARMI methylation of HuD on Arg** reduces its affinity for p21 mRNA and promotes
cell proliferation (Hubers et al., 2011). Since CARMI1 levels are drastically down-
regulated during motor neuron differentiation, this results in the pool of HuD becoming
hypomethylated. In turn, HuD’s affinity for p21 mRNA is increased, leading to its
stabilization and promotion of cell cycle exit. In parallel, CARMI also regulates the
interaction between HuD and SMN, which takes place within the Tudor domain of SMN
(Hubers et al., 2011). This methylation sensor domain serves as a protein-protein
interaction module. Importantly, Tudor domain mutations in type 1 SMA patients result

in the loss of its methyl sensor capacity (Coté et al., 2005, Hubers et al., 2011). However,
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this phenomenon seems to act more prominently at the level of HuD axonal translocation
regulation. In a recent paper, we showed that SMN represses translation of CARMI1
(Sanchez et al., 2013). Thus, our current working model is that since CARMI1 levels are
higher in SMA due to low level of SMN, motor neuron-derived MN-1 cells might have a
defect and/or delay in their normal differentiation process.

As mentioned above, we previously demonstrated that increasing HuD protein
levels in a cell culture model of SMA allowed for complete rescue of SMA-like neuronal
defects. More specifically, HuD overexpression induced neuronal differentiation, as
assessed by p21 mRNA upregulation and neurite extension (Hubers et al., 2011).
Therefore, increasing the pool of HuD in motor neurons to rescue differentiation defects

associated with low SMN expression appears like a promising therapeutic strategy.

1.4.2 Hypothesis

Based on these findings, I propose that RNA-binding protein HuD is a potential
therapeutic target for treating SMA. Stimulation and/or overexpression of HuD in cell
culture and animal models of SMA will rescue the neuronal defects observed in the

pathology.

1.4.3 Objectives
My objectives are to i) determine if HuD activity can be stimulated using a
pharmacological approach and ii) establish an scAAV9 viral expression system to

evaluate the benefits of HuD overexpression in vivo.
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Chapter 2. Materials and methods

2.1 Cell culture

Motor neuron-derived MN-1 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco Cat. #11965-092) supplemented with 10% Premium Fetal
Bovine Serum (Wisent Multicell Cat. #080-150), and 1% Penicillin-Streptomycin 100X
solution (GE Healthcare HyClone Laboratories Cat. #SV30010). Cells were kept at 37°C
with 5% CO, and passaged in 100mm plates twice a week at 15% confluency. Cells were
seeded for experiments approximately 24h before treatment. Immediately before
treatment, cells were washed with 1X PBS and then treated with Bryostatin-1 (Sigma
Cat. #B7431) and/or PKCa inhibitor Ro 32-0432 (Santa Cruz Biotechnology, Inc. Cat.
#sc-3549) reconstituted in dimethyl sulfoxide (DMSO) (Fisher Scientific Cat. #D139-1)
at the indicated concentrations and for the indicated times. SMN knockdown cells were
generated using a pGIPZ lentiviral shRNA targeting the sequence 5’-
AAGCTTTTATCAATGCTGT -3° in mouse Smn (Dharmacon Cat. #RMM-4431-

200990831).

2.1.1 IncuCyte

For the IncuCyte experiments, MN-1 cells were seeded in 6-well plates at a
density of 125 000 cells/well one day prior to treatment. On treatment day, cells were
washed once with 1X PBS before bryostatin medium [DMEM, 2% FBS, 1-1000pM
Bryostatin] was added to the wells. Immediately after, plates were placed inside the

IncuCyte device equipped with a 20X objective and 16 pictures/well were taken every 2h
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for 72h. Neurite outgrowth was measured automatically in real time using the

NeuroTrack software.

2.1.2 Transfection

For the overexpression experiments, MN-1 cells were seeded in 6-well plates at a
density of 150 000 cells/well one day prior to transfection. On day of transfection,
Lipofectamine® 2000 (Invitrogen Cat. #11668-019) in Opti-MEM® I Reduced Serum
Media (Gibco Cat. #31985-070) was added to DNA in Opti-MEM® at a ratio of 1:1.66
DNA:Lipofectamine®. The DNA-Lipofectamine® mixture was added to fresh
maintenance media after a 5S-minute incubation at room temperature. About 6 hours later,
cells were washed once in 1X PBS and then induced to differentiate with 16uM retinoic
acid (RA) (Sigma-Aldrich Cat. #R2625) and 10ng/mL glial cell-derived neurotrophic
factor (GDNF) (PeproTech Cat. #450-10) in DMEM supplemented with 2% FBS.
Twenty-four hours after inducing differentiation, plates were imaged (5
pictures/condition/experiment) at 20X magnification using a Canon Powershot G6
camera. Percentage of cells with neurites was calculated by dividing the number of cells
presenting neurites measuring at least twice the size of the cell body by the total number

of cells in a frame.

2.2 SDS-PAGE and Western blotting
At time point, cells were lysed on ice in radioimmunoprecipitation assay (RIPA)
lysis buffer [10mM Tris pH7.4, 100nM NaCl, ImM EDTA (Fischer Scientific Cat.

#S311-500), 1% NP-40, 0.5% NaDOC, 0.1% SDS] supplemented with 10ug/mL
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Phenylmethanesulfonyl fluriode (PMSF) (MP Biomedicals Cat. #02195381) and
cOmplete, EDTA-free Protease Inhibitor Tablets (Roche Cat. #04693132001). After a
15-minute incubation on ice with periodic vortexing, samples were spun at 13200rpm for
15 minutes at 4°C. Supernatant was transferred to a labeled 1.5mL tube and pellet was
discarded. Protein concentration was determined using the DC Protein Assay Reagent
package (Bio-Rad Cat. #500-0116).

After quantification, an equal amount of each sample was combined with 5X
Laemmli dye [250mM Tris, pH 6.8, 10%SDS, 50% Glycerol, 1.43M B-mercaptoethanol,
0.5M DTT] and heated at 95°C for 8 minutes. Proteins were resolved on a 10%
acrylamide gel [30% Acrylamide/bis-acrylamide 29:1 (Bio-Rad Cat. #161-0156), 10%
APS (Fischer Scientific Cat. #BP179-100), 10% SDS, TEMED (Bio Basic Cat.
#TB0508)] alongside a molecular weight ladder [MW powder (Sigma-Aldrich Cat.
#SDS7B2), 4M Urea (Sigma-Aldrich Cat. #U-5378), 1X Laemmli dye)] in 1X SDS
running buffer [0.1% SDS, 0.2M Glycine, 25mM Tris-base]. Proteins were then
transferred onto an 0.45um Immobilon-P polyvinylidene difluoride (PVDF) membrane
(EMD Millipore Cat. #IPVH00010) in 1X transfer buffer [0.01% SDS, 0.2M Glycine,
25mM Tris-base, 20% Methanol]. Membranes were blocked in 5% non-fat milk in PBS-
T [137mM NaCl, 2.7mM KCI, 10.5mM Na,HPO4-(H;0), 1.75mM KH,PO4, 0.05%
Tween-20 (Fischer Scientific Cat. #BP337-500)] and then incubated in primary antibody
diluted in 5% non-fat milk in 1X PBST for 1h at room temperature or overnight at 4°C.
After incubation, membranes were washed three times for 5 minutes in 1X PBST,
incubated in secondary antibody diluted in 5% non-fat milk in 1X PBST for 1h at room

temperature before being washed again three times in 1X PBST. After a 2-minute
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incubation with Luminata Forte Western HRP substrate (EMD Millipore Cat.
#WBLUFO0500), bands were detected on HyBlot CL autoradiography films (Denville
Scientific Inc. Cat. #E318). Antibodies include mouse anti-HuD (Santa Cruz
Biotechnology, Inc. Cat. #sc-48421 and #sc-28299), mouse anti-PKCoa (Santa Cruz
Biotechnology, Inc. Cat. #sc-208), mouse anti-o-tubulin (Sigma-Aldrich Cat. #T6199),
rabbit anti-flag (Cell Signaling Technology Cat. #2368), mouse anti-myc, rabbit anti-
phospho-Akt (Serd73) (Cell Signaling Technology, Inc. Cat. #9271), goat anti-Akt (Santa
Cruz Biotechnology, Inc. Cat. #sc-1618), rabbit anti-phopsho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (20G11) (Cell Signaling Technology, Inc. Cat. # 4376), mouse anti-Erk
(BD Transduction Laboratories™ Cat. #610123), HRP-conjugated goat anti-mouse
(Jackson ImmunoResearch Laboratories, Inc. Cat. #115-035-174), HRP-conjugated

mouse anti-rabbit (Jackson ImmunoResearch Laboratories, Inc. Cat. #211-032-171).

2.3 Immunoprecipitation (IP) and RNA immunoprecipitation (RIP)

At time point, cells were washed once and scraped in 1X PBS. After a 1-minute
spin at 13200rpm at 4°C, supernatant was aspirated and cells were lysed on ice in 1% NP-
40 lysis buffer [1% NP-40, 150mM NaCl, 50mM 1M Tris pH7.5, 10ug/mL
Phenylmethanesulfonyl fluriode (PMSF) (MP Biomedicals Cat. #02195381), cOmplete,
EDTA-free Protease Inhibitor Tablets (Roche Cat. #04693132001), 12.5ul. Recombinant
RNasin® Ribonuclease inhibitors (Promega Cat. #N251B)] for 30 minutes. Samples
were spun three times at 13200rpm at 4°C for 15 minutes. After each spin, supernatant
was transferred to a new tube. After the third spin, samples were pre-cleared with 20ul

Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, Inc. Cat. #sc-2003) by
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tumbling at 4°C for 30 minutes. Samples were subsequently quantified by Bradford assay
and an equal amount of protein (500-1000ug) was added to IgG and IP tubes. Next, 4ug
of primary antibody and corresponding control IgG was added to the respective tubes
before tumbling samples overnight at 4°C. The next morning, 20uL. of bead slurry was
added and tubes were tumbled again at 4°C for 60 minutes. Beads were spun down at
6600rpm at 4°C for 1 minute and washed 5 times in 1mL RIPA lysis buffer at 3000rpm at
4°C for 3 minutes. For the IP protocol, 20uL of RIPA buffer and 5X Laemmli were added
to each sample after the last wash. Samples were then boiled at 95°C for 8 minutes and
resolved by SDS-PAGE (see section 2.2 for details). For the RIP protocol, ImL of
TRIzol Reagent (Ambion Cat. #15596018) was added to each tube before proceeding to
RNA extraction, reverse transcription, and polymerase chain reaction (PCR) (see section

2.4 below).

2.4 RNA extraction, reverse transcription, and polymerase chain reaction (PCR)

Total RNA was extracted using TRIzol Reagent (Ambion Cat. #15596018)
following the manufacturer’s protocol. In short, after a 5-minute incubation at room
temperature in TRIzol, 200uL of chloroform was added to each tube. Samples were spun
for 15 minutes at 12000rcf at 4°C. After transferring the aqueous phase to a new tube,
500uL isopropyl alcohol and 2uLL GlycoBlue were added and the tubes were incubated at
room temperature for 10 minutes. Tubes were then spun for 15 minutes at 12000rcf,
washed in 75% ethanol, and spun again for 10 minutes at 7600rcf at 4°C. Finally, pellets

were air dried for 5 minutes before being resuspended in double distilled water.
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To generate complementary DNA (cDNA), 100ng RNA was incubated with 1uM
oligo-DT (5’-tttttttttttttttttt -3°) for 10 minutes at 65°C, followed by reverse transcription
using 10U AMV Reverse Transcriptase enzyme (Promega Cat. #MS510F), 20U
Recombinant RNasin® Ribonuclease Inhibitors (Promega Cat. #N251B), and 0.5mM
dNTP Mix (Promega Cat. #U151B) in AMV RT 5X buffer (Promega Cat. #M515A) for
l1h at 42°C.

cDNA was amplified exponentially by PCR using the following primers: p21 F:
5’- cagcgatatccagacattcaga -3’; p21 R: 5°- ctcagacaccagagtgcaagac -3°; GAP-43 F: 5°-
tttgtttcttggtgttgttatgge -3°; GAP-43 R: 5°- gaacggaacattgcacacaca -3°; Tau F: 5°-
ggtcgaagattggctctactg -3’; Tau R: 5°- gccaaggaagcagacacttc -3°; 18S F: 5°-
gtaacccgttgaaccccatt -3’; 18S R: 5’- ccatccaatcggtagtagcg -3°; GAPDH F: 5'-
accacagtccatgccatcac -3'; GAPDH R: 5' -tccaccaccctgttgetgta -3'. PCR products were

visualized on a 1% agarose gel in 1X TBE buffer with ethidium bromide.

2.5 DNA plasmids, vectors, subcloning, and mutagenesis
2.5.1 Gibson Assembly®

Gibson assembly® was used to subclone HuD-flag and mGFP into the scAAV
vector. HuD-flag and mGFP were amplified from their respective vectors of origin using
primers designed with the help of the NEBuilder® Assembly tool from New England
BioLabs Inc. followed by gel purification (1% agarose gel at 175V) using the Wizard®
SV Gel and PCR Clean-Up System (Promega Cat. #A19282). Primers: scAAV-HuD-flag
GibF: 5’- ttgtacccgeggecgatccaccggtaccatgttcatacctettatcttce - 3°; scAAV-HuD-flag

GibR: 5’- tctagtcgacggtatcgataagcttttatttatcgtcgtcatccttataate -3°; scAAV-mGFP GibF:
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S'-ttgtacccgeggecgatccaceggtaccatgagegggggcgaggag  -3'; scAAV-mGFP  GibR:  5'-
tctagtcgacggtatcgataagcttttatctgagtecggacctgtacage -3' (PCR conditions: 95°C for 2min,
25 cycles of 95°C for 15sec, 59.5°C for 2sec, and 72°C for 20sec, followed by a final
extension at 72°C for 600sec). The scAAV-SMN vector, a gift from Dr. Christian Lorson,

was cut open with Agel (NEB Cat. #R0552S) and HindIII-HF (NEB Cat. #R3104S)
restriction enzymes. DNA fragments were assembled at 50°C for 30 minutes using 2X
Gibson Assembly Master Mix [Isothermal Start Mix (PEG8000 (EM Science Cat.
#6510), 1M Tris-HCI, pHS8.0, 2M MgCl,), 1M DTT (Promega Cat. #V3155), 25mM
dNTPs (Promega Cat. #U151B), NAD+ (NEB Cat. #B9007S), T5 exonuclease (NEB
Cat. #M0363S — 10 units/uL), Phusion High Fidelity DNA Polymerase (NEB Cat.
#MO0530S — 2units/ul), Taq Ligase (NEB Cat. #M0208S — 40units/uL)], 150ng of insert,

75ng of backbone vector in a final volume of 20uL.

2.5.2 Transformation

Following assembly, the new vectors were transformed. Escherichia coli
Subcloning Efficiency™ DH5a Competent Cells (Invitrogen Cat. #18265-017) were
taken out of the -80°C freezer and thawed on ice for approximately 10 minutes. 3uL of
each plasmid vector was added to 150ul of bacteria into a 15mL falcon tube and
incubated on ice for 30 minutes. After a 30 seconds heat shock at 42°C, competent cells
were incubated on ice for another 2 minutes. After adding S00uL of Lysogeny broth (LB)
medium [1% NaCl (Wisent Multicell Cat. #600-082-1K), 0.5% Yeast extract (Bio Basic
Cat. #G0961), 1% Tryptone (Fischer Scientific Cat. #BP1421-2)] samples were agitated

for 1h at 225rpm at 37°C. Bacteria was grown overnight on LB-Agar plates [4% LB-Agar
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(Fischer Scientific Cat. #BP1425-500), 100ug/mL Ampicillin (Sigma-Aldrich Cat.
#A9518)]. The next morning, individual colonies were picked and grown in 3mL LB
medium. DNA was purified using the PureYield™ Plasmid Miniprep System (Promega
Cat. #A1222) and/or using the HiPure Plasmid Maxiprep kit (Invitrogen Cat. #K210007)
after a subsequently 16h growth period in 250mL LB medium.

Max Efficiency™ Stbl2 Competent Cells (Invitrogen Cat. #10268-019) were used
to amplify the AAV vectors for virus production. Transformation protocol was similar,
except for the duration of the heat shock (25sec instead of 30) and the medium used
(S.0.C. Medium [2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM

MgCl2, 10 mM MgS04, and 20 mM glucose] (Invitrogen Cat. #15544-034)).

2.5.3 Mutagenesis

Following sequencing analysis, single nucleotides were mutated using
PrimeSTAR polymerase (Takada Cat. #R040A) and the following primers: g3184a F: 5°-
acactcctgtgacttgatcaaccaggattcgtgag -37; 2319%4a F: 5’-
ctcacgaatcctggttgatcaagtcacaggagtgt -3’; a3763g F: 5°- ccgttgaggcetggcgatggecatggee -37;
a3763g R: 5’- ggccatggecatcgecagectcaacgg -3’ (PCR conditions: 95°C for 2min, 18
cycles of 95°C for 20sec, 60°C for 10sec, and 68°C for 384sec, followed by a final

extension at 68°C for 300sec). Reactions were treated with Dpnl (NEB Cat. #R0176S) for

8h before transformation. Mutations were validated by sequencing at the McGill

University and Génome Québec Innovation Centre.
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2.6 Animal work
2.6.1 Animals

All animal procedures were performed in accordance with the Canadian Council
on Animal Care standards and were approved by the University of Ottawa Animal Care
Committee  (protocols #CMM-2046 and #CMM-2259). Delta7  breeders
(SMNA7",SMN2*""; mSmn™") on an congenic FVB/N background were obtained from
Dr. Alex MacKenzie (originally purchased from The Jackson Laboratory, stock
#005025). Mice were housed up to 5 animals per cage, with ad libitum access to food
(Envigo, 2018 Teklad global 18% protein rodent diet) and water. Animals were
maintained on a 12h light/dark cycle. Pups were weighed, tattooed, and genotyped on day
on birth (P0). Injections and behavioral tests were done in the morning, between 7:30 and

10:30am.

2.6.2 Genotyping

Tail tips were collected in the morning and digested for 1h at 55°C. DNA was
extracted using the E.Z.N.A® Tissue DNA Kit (Omega Bio-tek Cat. #D3396-02). PCR
reaction: GoTaq® Green Master Mix (Promega Cat. #M712), SuL of eluted DNA, and
the following primers: mSmn WT F: 5’ -tctgtgttcgtgcgtggtgacttt-3” ; Rev: 5 -
cccaccacctaagaaagectcaat-3” ; LacZ F: 57 -ccaacttaatcgecttgcageaca-3” ; Rev: 57 -
aagcgagtggcaacatggaaatcg 3 ; mSmn F: 5’ -gtgtctgggctgtaggcattge-3™ ; Rev: 5° -
ggctgtgccttttggcttatctg-3”  (PCR conditions: 95 °C for 5 min, 35 cycles of 94°C for

30sec, 58°C for 30sec, and 72°C for 30sec followed by a final extension at 72°C for 5

min). PCR reactions were visualized on a 1% agarose (Invitrogen Cat. #16500-500) gel
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made in 1X TBE buffer [0.05M Tris (Wisent Multicell Cat. #600-125-IK), 0.05M Boric
acid (Calbiochem Cat. #2720), 0.8mM EDTA (Fischer Scientific Cat. #S311-500)]

containing ethidium bromide (Sigma-Aldrich Cat. #E8751).

2.6.3 Virus production

After subcloning, scAAV-cba-SMN, -HuD-flag, and -mGFP vectors were sent to
the Canadian Neurophotonics Platform at Laval University in Québec City for virus
production. Stocks [scAAV9-cba-SMN: 1E13 GC/mL; scAAV9-cba-HuD-flag: 4E12
GC/mL; scAAV9-cba-mGFP: 4E12 GC/mL] were shipped to the University of Ottawa
on dry ice and stored at -80°C upon receiving. At a later date, viruses were diluted in 1X

PBS, aliquoted, and stored again at -80°C.

2.6.4 Facial vein injection

One day after birth, pups received either saline or 2x10' vg (i.e. 1.33x10" vg/kg
for a 1.5g pup) scAAV-SMN serotype 9 in a final volume of 20uL. Virus aliquots were
kept at -80°C and thawed on ice right before injection. Pups were anesthetized using
isoflurane for 60 seconds and placed on top of a WeeSight™ Transilluminator for facial
vein visualization. Injection was performed using a 31G 3/10cc 5/16” insulin syringe
(CarePoint Vet Cat. #12-7653). Pups were put on a heating mat for recovery and returned

to their home cage once all pups in a litter were awake.
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2.6.5 Righting reflex test

Time to right was measured every other day from P2 to P12. Pups were put on
their back and time to return to their four paws was recorded. The test consisted of 3 trials
with a maximum time of 60 seconds per trial and 5 minutes of rest in between trials. Pups
were put back in their home cage during rest periods. See Treat-NMD Neuromuscular
Network SOP #MD M.2.2.002 - Behavioral Phenotyping for neonates: Righting reflex

for details (DiDonato et al., 2011).

2.6.6 Hind limb suspension test (tube test)

Proximal muscle strength and fatigue was measured every other day from P2 to
P12. Pups were put head first in a standard 5S0mL Falcon tube held straight up. Time
spent hanging, number of pulls, and hind limb suspension score (position of the legs and
tail) were recorded in 2 consecutive trials. This test was administered at least 10 minutes
after the righting reflex test. See Treat-NMD Neuromuscular Network SOP
#SMA M.2.2.001 - Behavioral Phenotyping for neonates: Hind Limb Suspension Test

(a.k.a. Tube Test) for details (El-Khodor, 2011).

2.6.7 Pen test

Balance and coordination were evaluated every other day starting at P14. In this
test, mice were lowered onto a 1cm-wide pen held 20cm above a table. Time spent on the
pen was measured 3 times with 5 minutes of rest in between repetitions. See Treat-NMD
Neuromuscular Network SOP #SMA M.2.1.001 - Use of pen test (balance beam) to

assess motor balance and coordination in mice for details (Kothary, 2010).
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2.7 Statistical analysis
Data was analyzed using ImageJ, GraphPad Prism v7.0c, and Microsoft Excel.
Unpaired, two-tailed Student t-test was performed on data sets with 3 or more replicates.

Significance is indicated * p<0.05 and **p<0.01.
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Chapter 3. Results

3.1 Effect of bryostatin on motor neuron-derived MN-1 cells

It has previously been reported that a PKC-HuD-mRNA pathway exists in
neuronal cells (Mobarak et al., 2000, Pascale et al., 2005, Lim et al., 2012, Lim et al.,
2014). Additionally, this pathway can be modulated using bryostatin, a PKC activator
currently under investigation as a potential therapy for various pathological conditions
affecting the CNS (see Chapter 1). One objective of this study was to determine if such a
pathway exists in motor neurons and what are the potential effects of modulating HuD

activity using bryostatin in MN-1 cells.

3.1.1 PKCa and HuD interact in motor neuron-like MN-1 cells

In order to determine if a PKC-HuD-mRNA target pathway exists in motor
neuron-derived MN-1 cells, a potential interaction between PKCo and HuD was
assessed. Endogenous PKCo was immunoprecipitated from MN-1 cells and the
immunoprecipitated proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed by western blotting. Antibodies against
HuD (Figure 3A, lanes 1-3) and PKCa (lanes 4-6) were used to detect the presence of
HuD in the PKCoa immunoprecipitate, and to confirm the immunoprecipitation PKCa.,
respectively. Absence of signal in the IgG lane confirmed that the enrichment detected in
the IP lane was specific. The reverse co-IP was attempted but detection of PKCa in the

HuD immunoprecipitate was unsuccessful (results not shown). This indicates that the two

43



X
A &

o\
MW (kD) N O
%0 aPKCa

58 —
19G

HC

48.5—

- aHuD
36.5— :

26.6—

N N
B K RS N
O \lS) o\o 0 {_O
o0 S R NSNS
— 4 1‘ R
b . "~ aPKCa
aHuD

-y 2 3 4 5 8 7 8 9 10 M 12

DMSO Bryo Ro 32-0432 Ro + Bryo

Figure 3. PKCa and HuD co-immunoprecipitate in motor neuron-like MN-1 cells. 4.
Endogenous PKCo was immunoprecipitated (IP) from MN-1 cells and the
immunoprecipitated proteins were resolved by SDS-PAGE and analyzed using antibodies
against HuD (left panel) and PKCa (right panel). B. The same experiment was performed
with pre-treatment of the cells with 5nM Bryostatin (PKCa activator) for 30 minutes,
with 2uM Ro 32-0432 (PKCa inhibitor) for 2h or with both (2h30min).
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proteins likely interact in MN-1 cells and that HuD could be a potential substrate of
PKCa. Next, we wanted to assess whether the interaction between HuD and PKCa can
be modulated using PKCa activator bryostatin or PKCa inhibitor Ro-320432. The same
experiment was performed again, this time subjecting the cells to four different
conditions: DMSO control, 5SnM bryostatin for 30 minutes, 2uM Ro-320432 for 2 hours,
and 2uM Ro-320432 pre-treatment followed by 5nM bryostatin treatment. Endogenous
PKCa was then immunoprecipitated in these four different conditions and the
immunoprecipitated proteins were resolved by SDS-PAGE followed by western blotting.
(Figure 3B). Based on the literature, it would be expected that the interaction between
PKCa and HuD be increased following activation with bryostatin and be decreased
following treatment with the inhibitor Ro 32-0432. Here, treatment with bryostatin did
not increase the amount of HuD protein co-immunoprecipitated (lane 6, bottom panel)
but it decreased the amount of PKCa protein that was immunoprecipitated (lane 6, top
panel). Treatment with the Ro 32-0432 inhibitor diminished considerably the amount of
both PKCa and HuD proteins in the immunoprecipitate (lanes 9 and 12), to the point
where PKCa was almost undetectable in the immunoprecipitate when cells were treated
with Ro 32-0432 alone or with Ro 32-0432 and bryostatin. This was the case in all
attempts at modulating the PKCa-HuD interaction, making quantification of the relative
interaction challenging. Therefore, it could not be determined whether the interaction
between HuD and PKCa in MN-1 cells can be modulated using a PKCa activator or
inhibitor.

While co-immunoprecipitation of HuD with PKCa was detected endogenously, it

does not indicate that HuD is a substrate of PKCa in MN-1 cells. It is possible that the
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two proteins are simply part of the same complex but not interacting directly. Thus, in an
effort to determine whether HuD is a substrate of PKCo in MN-1 cells, the
phosphorylation and methylation statuses of HuD were investigated by SDS-PAGE and
western blotting using phospho-serine PKC substrates, phospho-threonine, and CARM1
methyl-specific antibodies on HuD immunoprecipitates from MN-1 cells treated with
either bryostatin, Ro 32-432, or both. Unfortunately, it proved difficult to obtain efficient
HuD immunoprecipitations and no signal could be detected at the size of HuD in the IP
lanes when blotting with the different modification-specific antibodies (results not
shown). The phosphorylation status of CARMI1 was also assessed using the same

paradigm but did not yield any conclusive results (see discussion).

3.1.2 HuD is upregulated in motor neuron-like MN-1 cells upon treatment with bryostatin

Next, we wanted to determine the effect of PKCa activation with bryostatin on
HuD protein levels. It was previously shown that bryostatin activation of PKCa induced
HuD up-regulation in cell culture and in vivo (Pascale et al., 2005, Lim et al., 2012,
Marchesi et al., 2016). To determine the effect of bryostatin on HuD protein levels in our
cell line, motor neuron-derived MN-1 cells were treated with increasing concentrations of
the drug for 15 minutes. After cell lysis, proteins were resolved by SDS-PAGE and, once
again analyzed by western blotting (Figure 4A). Densitometry analysis of the blots
revealed a significant ~1.5-fold increase in HuD protein levels when cells were treated
with 1pM bryostatin (Figure 4B). HuD levels were also elevated in cells treated with 10
and 100pM bryostatin, although it did not quite reach statistical significance. Since there

was a trend in HuD protein levels increasing with bryostatin concentration, cells were
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Figure 4. HuD is upregulated following PKC stimulation with bryostatin in motor
neuron-like MN-1 cells. 4,C. MN-1 cells were treated for 15 minutes with increasing
concentrations of PKC activator bryostatin. Representative Western blots of HuD and
tubulin. B,D. Densitometry analysis of the blots revealed a trend in HuD levels increasing
with bryostatin concentration. Data are mean = SEM (1-100pM n=5; 1-50nM n=6),
normalized to tubulin and relative to DMSO, two-tailed t-test **p<0.01.
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exposed to even higher doses of the drug (Figure 4C). The trend was still present when
cells were treated with 1, 10, and 50nM bryostatin but the increase in HuD levels was not
statistically significant (Figure 4D). These findings suggest that one of bryostatin’s
effects in MN-1 cells is HuD protein upregulation. However, increasing the amount of

bryostatin did not seem to promote higher induction of HuD levels.

3.1.3. Bryostatin activates PKC downstream signaling in motor neuron-derived MN-1
cells.

Next, we wanted to determine whether bryostatin activation of PKCa can also
modulate other known downstream target(s) of the kinase and what other pathways are
potentially activated/inactivated by the pharmacological agent. The serine/threonine
kinase Akt/PKB is involved in diverse cellular processes including cell growth and
proliferation (Dudek et al., 1997, Franke et al., 1997, Kennedy et al., 1997, Eves et al.,
1998, Downward, 1998). TPA-induced activation of PKC has been reported to induce
both Akt activation and inactivation, depending on context (Kawakami et al., 2004, Wen
et al., 2002, Liu et al., 2006, Fan et al., 2008). Erk/MAPK, also a serine/threonine kinase,
is part of the MAPK/Erk signaling cascades involved in cell proliferation, differentiation,
and apoptosis among others (reviewed in Shaul et al., 2007, McCubrey et al., 2007,
Krishna et al.,, 2008, Mebratu et al., 2009). Although the effects mediated by Erk
signaling are highly context-specific, Erk activation is generally associated with phorbol
esters and/or bryostatin-induced PKC stimulation (Racke et al., 1997, Wall et al., 2001,
Choe et al., 2002, Matsumoto et al., 2006). Therefore, it would be expected for Erk

phosphorylation to be increased following bryostatin treatment. Here, MN-1 cells were

48



treated with 10nM bryostatin for 30 minutes. Following treatment, proteins were
collected and resolved by SDS-PAGE to assess the phosphorylation status of Akt and
Erk. Western blotting analysis revealed a decrease in Akt Ser473 phosphorylation upon
bryostatin treatment but no change in total Akt, thus resulting in ~50% decrease in the
pAkt/total Akt ratio (Figure 5SA,B). In contrast, bryostatin induced a strong increase in
Erk Thr202/Tyr204 phosphorylation while total Erk remained unchanged, resulting in a
2-fold increase of the pErk/total Erk ratio (Figure 5C,D). The bryostatin-induced PKC-
dependent activation of Erk found here is consistent with the literature (Racke et al.,
1997, Wall et al., 2001, Choe et al., 2002, Matsumoto et al., 2006). These findings
confirm that bryostatin is indeed active in MN-1 cells and that it activates PKCa,

resulting in the downstream modulation of important signaling pathways.

3.1.4 Bryostatin alters HuD binding to its mRNA targets in motor neuron-like MN-1 cells

If the PKC-HuD-pathway is conserved in MN-1 cells, then activation of PKC and
upregulation of HuD using bryostatin would be expected to have an effect on the target
transcripts of HuD. To assess whether bryostatin treatment of MN-1 cells influences the
binding of HuD to some of its mRNA targets, HuD RNA immunoprecipitation (RIP) was
performed after treatment with 10nM bryostatin for 30 minutes in MN-1 cells.
Endogenous HuD was immunoprecipitated (Figure 6A) and total RNA was extracted.
Following reverse transcription (RT), polymerase chain reaction (PCR) amplification was
used to assess the relative levels of three HuD mRNA targets that are involved in

neuronal differentiation. Surprisingly, bryostatin treatment significantly reduced HuD
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Figure 5. PKCa downstream signaling is activated following a short bryostatin
treatment in motor neuron-like MN-1 cells. 4,B. MN-1 cells were treated with either
DMSO or 10nM for 30 minutes and proteins were resolved by SDS-PAGE. Bryostatin
treatment reduced Akt phosphorylation. Densitometry analysis of the blots revealed a
50% decrease in the pAkt/Akt ratio. C,D. Erk phosphorylation is enhanced by the
bryostatin treatment. Densitometry analysis of the blots revealed a 2-fold increase in the
pErk/Erk ratio. Data are mean = SEM (n=3), normalized to tubulin and relative to
DMSO, two-tailed t-test *p<0.05.
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Figure 6. HuD binding to mRNA targets is altered following bryostatin treatment in
motor neuron-derived MN-1 cells. A. Endogenous HuD was immunoprecipitated from
MN-1 cells treated with either DMSO or 10nM bryostatin for lhr. B. p21, GAP-43, and
Tau binding to HuD was assessed by RT-PCR and GAPDH was used as a negative
control. C. Bar graph shows a significant decrease in p21 mRNA levels bound to HuD
following bryostatin treatment. HuD binding to GAP-43 and Tau mRNA is increased
with bryostatin treatment. Data are mean = SEM (p21: n=6; GAP-43: n=3; Tau: n=5),
normalized to precipitated HuD protein and relative to DMSO, two-tailed t-test *p<0.05.
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binding to p21 mRNA but enhanced binding to GAP-43 and Tau mRNAs (Figure 6B,C,
lane 6). Based on previous findings from our laboratory, it was expected that HuD
binding to p21 and GAP-43 mRNAs would be enhanced and binding to Tau unchanged,
following PKC-induced activation and phosphorylation of HuD and inactivation of

CARMI. This will be discussed in later sections.

3.1.5 Bryostatin has poor neuronal differentiation induction capabilities in motor
neuron-like MN-1 cells

Since HuD binding to targets involved in neuronal differentiation was altered
upon bryostatin treatment, we next wanted to assess the effect of bryostatin on this
process in MN-1 cells. In order to be able to evaluate the extent of bryostatin-induced cell
differentiation, HuD overexpression was first used as a positive control for neurite
extension. As abovementioned, our laboratory has shown in the past that overexpressing
HuD induces MN-1 cell differentiation and neurite extension. Here, MN-1 cells were
transfected with either an empty myc-pcDNA vector, a low, or a high amount of HuD
DNA. Forty-eight hours after transfection, populations overexpressing HuD had 8-12%
of cells exhibiting neurites measuring at least twice the length of the cell body, compared
to 1-2% for cells overexpressing an empty vector (Figure 7A,B). Western blotting was
used to confirm HuD overexpression in MN-1 cells (Figure 7C, lanes 3 and 4).
Densitometry analysis of the blots revealed a ~6-fold increase in HuD protein levels in
cells transfected with low and high amounts of DNA, compared to endogenous levels

expressed in cells transfected with the empty vector (Figure 7D).
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Figure 7. HuD overexpression in motor neuron-derived MN-1 cells induces
differentiation and neurite extension. 4. Cells transfected with pcDNA3-myc-HuD
exhibit a differentiated phenotype 48h post-transfection in comparison to control cells
transfected with an empty vector. Scale bar: 100um. B. Bar graph shows the percentage
of cells with neurites measuring at least twice the size of the cell body. C. Cell extracts
from empty vector (myc-pcDNA) or myc-HuD transfections were used for
immunoblotting with either anti-HuD, anti-myc, or anti-tubulin antibodies. D. Bar graph
shows the fold increase in HuD protein levels normalized to tubulin and relative to
pcDNA3. Data are mean + SEM (n=3), two-tailed t-test **p<0.01.
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The same experiment was repeated to assess whether longer exposure to low and
high levels of HuD would result in the differentiation of an even larger proportion of the
cell population. Seventy-two hours after transfection, cells overexpressing low and high
amounts of HuD DNA presented significantly more neurites than cells transfected with
the empty vector (Figure 8A,B). Again, there was a positive correlation between the
amount of HuD DNA and the number of cells exhibiting a differentiated phenotype. HuD
overexpression was confirmed by western blotting analysis (Figure 8C,D).

In a second step, MN-1 cells were treated with increasing concentrations of
bryostatin for 48h and 72h. After a 48-hour treatment with low concentrations of
bryostatin (0-5nM), most of the cells exhibited an undifferentiated phenotype (Figure
9A). Indeed, only about 1.5-2.5% of cells treated with 0.5, 1, 1,5, 2, or 5nM bryostatin
harboured neurites at least twice the length of the cell body (Figure 9B). Although
statistically significant at 5SnM, this increase in the number of cells with neurites did not
reflect neuronal differentiation and is likely not biologically meaningful. In comparison,
these numbers were around 15% in cells overexpressing HuD at the same time point
(Figure 7A,B). The same analyses were performed after 72h of treatment with the same
low concentrations of bryostatin to determine if a larger proportion of the cells would
show a differentiated phenotype (Figure 10A). On average, about 2-4% of the cells
extended long neurites (Figure 10B), confirming that low concentrations of bryostatin
only have a very modest impact on neuronal differentiation initiation in MN-1 cells.

Since there seemed to be a tendency for the number of cells with neurites to
increase with the drug concentration, MN-1 cells were treated with higher concentrations

of bryostatin for 48 (Figure 11) and 72h (Figure 12). Again, the number of differentiated
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Figure 8. HuD overexpression in motor neuron-derived cells induces differentiation
and neurite extension. A. Cells transfected with pcDNA3-myc-HuD exhibit a
differentiated phenotype 72h post-transfection in comparison to control cells transfected
with an empty vector. Scale bar: 100um. B. Bar graph shows the percentage of cells with
neurites measuring at least twice the size of the cell body. C. Cell extracts from empty
vector (myc-pcDNA) or myc-HuD transfections were used for immunoblotting with
either anti-HuD, anti-myc, or anti-tubulin antibodies. D. Bar graph shows the fold
increase in HuD protein levels normalized to tubulin and relative to pcDNA3. Data are
mean = SEM (n=3), two-tailed t-test *p<0.05; **p<0.01.
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Figure 9. Bryostatin-1 treatment of motor neuron-derived cells has a limited very
effect on neuronal differentiation initiation. 4. Cells treated with low concentrations of
bryostatin for 48h remained mostly undifferentiated. Scale bar: 100um. B. Bar graph
shows the percentage of cells with neurites measuring at least twice the size of the cell
body + SEM (n=4), two-tailed t-test *p<0.05.
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Figure 10. Bryostatin-1 treatment of motor neuron-derived cells has a limited
impact on neuronal differentiation initiation. 4. Cells treated with low concentrations
of bryostatin for 72h remained mostly undifferentiated. Scale bar: 100um. B. Bar graph
shows the percentage of cells with neurites measuring at least twice the size of the cell
body + SEM (n=4), two-tailed t-test *p<0.05.
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Figure 11. High concentrations of Bryostatin-1 have a very limited effect on
neuronal differentiation induction in motor neuron-derived cells. A. Cells treated
with higher concentrations of bryostatin for 48h remained mostly undifferentiated. Scale
bar: 100um. B. Bar graph shows the percentage of cells with neurites measuring at least
twice the size of the cell body + SEM (n=5), two-tailed t-test *p<0.05.
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Figure 12. Prolonged exposure of motor neuron-derived MN-1 cells to high
concentrations of Bryostatin-1 results in poor neuronal differentiation initiation. A.
Cells treated with higher concentrations of bryostatin for 72h remained mostly
undifferentiated. Scale bar: 100um. B. Bar graph shows the percentage of cells with
neurites measuring at least twice the size of the cell body = SEM (n=4), two-tailed t-test
*p<0.05.
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cells following treatment with 5, 10, and 15nM bryostatin did not compare to the results
obtained by HuD overexpression at the same time points. Even higher concentrations of
the pharmacological agent were tested (up to 25nM), but it only caused the cells to form
aggregates and die (results not shown). These results indicate that prolonged exposure to
the range of bryostatin concentrations tested here does not induce neuronal differentiation
in MN-1 cells to the same extent as HuD overexpression.

Finally, to gain more insight on the effect of bryostatin on cell
proliferation/differentiation, MN-1 cells were treated with a broad range of bryostatin
concentrations and placed in an IncuCyte device for 72h. The IncuCyte is a live-cell
analysis system that acquires images and information that can be used to assess cell
death, invasion, migration, and differentiation among other applications. Here, pictures
were taken every 2 hours to accurately (and objectively) track neurite outgrowth over a
period of 72h. More specifically, two sets of metrics were analyzed: cell body clusters
and neurite length. Cell body cluster area is an estimation of the number of cell bodies in
an image and is thus a readout for cell proliferation. Cells treated with 1, 10, 100, and
1000pM followed the same curve as mock treated cells (Figure 13A). Although this is
only one replicate, there seemed to be a small dose-dependent effect since there was a
visible difference in the area covered between DMSO and 1000pM bryostatin treated
cells after 72h. Neurite length, i.e. the sum of all neurites extending from cell bodies in an
image was plotted. It increased over the first 24h and remained relatively stable at 48 and
72h (Figure 13B). However, an increase in neurite length does not necessarily represent
an increase in neurite outgrowth since the number of cell bodies is not taken into

consideration. Therefore, a more accurate measure of cell differentiation is the ratio of
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Figure 13. Effect of a 72-hr bryostatin treatment on motor neuron-derived MN-1
cell morphology. A. Cell-body cluster area increases steadily over time for all
conditions. Scale bar: 100um. B. Neurite length increases over the first 24 hours and
stays relatively stable afterward. C. Neurite length per cell-body cluster area increases
rapidly in the first 6 hours but then decreases slowly over the next 3 days. D. Morphology
of MN-1 cells treated with either DMSO (mock) or 1000pM (1nM) bryostatin does not
change over the 72-hour treatment. Data are mean = SEM (16 pictures per condition per
time point; n=1).
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Figure 13. Continued
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neurite length per cell body cluster area. Neurite length per cell body cluster area metric
analysis revealed a small peak at 6h but a slow decrease thereafter, confirming that cell
differentiation was not induced after 24, 48, or 72h for all bryostatin concentrations tested
(Figure 13C). The slightly slower growth of cells treated with 1000pM (1nM) bryostatin
can be visually assessed by looking at pictures of the two conditions side by side (Figure
13D). At each time point, there were fewer cells in the bryostatin-treated wells than in the
control condition. Overall, these data show that only minimal morphological changes
could be documented in MN-1 cells treated with a wide range of bryostatin

concentrations for 72h.

3.2 Establishment of an scAAV9 viral expression system

3.2.1 Generation of scAAV-HuD-flag and scAAV-mGFP vectors

3.2.1.1 Generation of the scAAV-HuD-flag vector

Our lab had previously shown that overexpressing HuD rescues SMA-like
neuronal defects in a cell culture model of SMA (Hubers et al., 2011). One objective of
this project was to determine whether upregulation of HuD in SMA motor neurons can
also have positive effects in vivo. The first step in this process was to subclone HuD from
the pAAV-HuD-FH plasmid into the self-complementary adeno-associated vector
(scAAV) using Gibson Assembly® (Figure 14). This method is based on homologous
recombination between multiple DNA fragments (Gibson et al., 2009). The scAAV-cba-
SMN vector (abbreviated to scAAV-SMN) — which is used as a control throughout the
whole project — was used as backbone. It was cut open with Agel and HindIII restriction

enzymes (Figure 14A). A flag-tagged HuD was amplified from the pAAV-HuD-flag
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Figure 14. HuD subcloning into the scAAV vector. A. The scAAV-cba-SMN vector is
digested open with Agel and HindIlII restriction enzymes. B. In parallel, a PCR is run on
the pAAV-HuD-FH vector using Gibson primers, indicated by black arrows. The
amplified PCR product has 20-nt overlaps (in red) that are identical to the open ends of
the open scAAV-cba vector. C. The DNA fragments are joined through homologous
recombination in a single isothermal reaction at 50°C.
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vector using Gibson primers designed with the help of the NEBuilder® Assembly tool
available on the New England BioLabs Inc. website. These primers generate a PCR
fragment with 20-nucleotide overlaps at both ends that are identical to the ends of the
linearized vector (Figure 14B). The backbone and the insert were then incubated with a
mix of three enzymes to ligate the DNA fragments together (Figure 14C). In this single
isothermal reaction, an exonuclease chews back from the 5’ end to create 3’ overhangs
thus allowing complementary DNA fragments to anneal to each other. Then, a DNA
polymerase fills in the gaps with the corresponding nucleotides. Finally, a DNA ligase
covalently joins the DNA fragments. Before using the newly synthesized scAAV-cba-
HuD-flag (abbreviated to scAAV-HuD) vector in vitro or in vivo, its integrity was
verified. Sequencing revealed that the HuD ORF in the pAAV-HuD-FH vector ordered
from Vigene Biosciences was actually a clone (BC036071) of transcript variant 2
(NM _001144774.2) containing 4 single nucleotide mutations (Figure 15A). Two of
them, at positions 497 and 1024, were missense mutation and could have had detrimental
effects, whereas the other two were silent and thus did not change the amino acid
sequence. Using site-directed mutagenesis and the QuickChange® primer design tool
from Agilent Technologies, the two missense mutations were corrected back to wild-type
to ensure that they did not affect HuD’s function. Then, before sending the vector for
virus production, expression of the scAAV-HuD vector was tested MN-1 cells. Forty-
eight hours after transfection, proteins were collected and both HuD and the flag tag were
successfully detected by western blotting (Figure 15B), confirming once again the
integrity of the sequence and giving us assurance that the protein can be expressed in

mammalian cells.

65



HuD (cDNA clone MGC:33705)

Ser > Ser Gly > Asp Pro > Pro Thr > Ala
N (N N ([N
| | | |
| | | I
378bp 497bp 687bp 1024bp
N
QI
B 5 L X
0 ’
+ Qév S

@oo & & %o??

e g aHuD (light exposure)

36.5—
6.5 . - SSP@E® oHuD (dark exposure)
36.5— - amyc, aflag

58—

e e 0 Tubulin
48.5—
1 2 3 4

Figure 15. Correction of SNPs and confirmation of scAAV-HuD expression in motor
neuron-derived MN-1 cells. 4. Sequencing revealed that the HuD ORF in pAAV-HuD-
FH was actually a clone of transcript variant 2 (NM_001144774.2) containing 4 single
nucleotide mutations (BC036071). B. After correcting the 2 missense mutations back to
wild-type, the vector was overexpressed in MN-1 cells. Both HuD and the flag tag (lane
4) are detectable by immunoblotting.
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3.2.1.2 Generation of the scAAV-mGFP vector

Similar to HuD, mGFP was subcloned into the scAAV backbone by Gibson
Assembly® (Figure 16). mGFP was first amplified by PCR from the pLenti-C-mGFP-
PRMT7 vector using Gibson primers designed using the NEBuilder® Assembly tool
(Figure 16B). It was then ligated into the open backbone (Figure 16C), amplified, and
purified. It was sent along with the HuD vector to be sequence-verified by Genome

Quebec (not shown) before being used in cell culture or in vivo.

3.2.2 Overexpression of scAAV-HuD-flag and scAAV-mGFP vectors in MN-1 cells

As mentioned above, our lab had previously shown that overexpressing HuD in
SMN knockdown cells rescues the neurite extension delay/defect associated with the
pathology. Hence, a rescue experiment was performed in shSMN MN-1 cells to validate
that the new scAAV-HuD plasmid can rescue SMA-like neuronal defects. pGIPZ
scramble and shSMN MN-1 cells were transfected with either scAAV-mGFP or scAAV-
HuD. Surprisingly, cell morphology remained mostly unchanged in both undifferentiated
pGIPZ and shSMN cell lines transfected with scAAV-HuD (Figure 17A, top 6 panels).
Neurite analysis revealed that only about 3-4% of pGIPZ and shSMN cells presented
neurites measuring at least twice the length of the cell body 32h after transfection (Figure
17B). In contrast, 13-17% of pGIPZ and 7-11% of shSMN transfected cells treated with
retinoic acid (RA) and GDNF for 24h extended long neurites (Figure 17A, bottom 6
panels and B). Statistical analysis confirmed that RA+GDNF treatment induced
differentiation, which as expected was less efficient in shSMN cells, but that expression

of HuD did not seem to have any statistically significant effects on the process.
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Figure 16. mGFP subcloning into the scAAV vector. A. The same scAAV-cba-SMN
vector is digested with Agel and HindIII enzymes. B. Similar to HuD subcloning, a PCR
is run on the pLenti-C-mGFP vector using Gibson primers, indicated by black arrows.
The PCR product has 20-nt overlaps identical to the open ends of the linearized vector. C.

The fragments are joined through homologous recombination to generate scAAV-cba-
mGFP.
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Figure 17. mGFP and HuD overexpression in pGIPZ and shSMN motor neuron-
derived MN-1 cells. A. pGIPZ cells treated with RA and GDNF showed a differentiated
phenotype after 24h. HuD overexpression failed to induce neurite extension in pGIPZ
and shSMN MN-1 cells after 24h. Scale bar: 100pm. B. Bar graph indicates the
percentage of cells with neurites measuring at least twice the length of the cell body +
SEM (n=3), two-tailed t-test *p<0.05; **p<0.01. C. Cell extracts from mock-, mGFP-,
and HuD-transfected pGIPZ undifferentiated (lanes 1-3), shASMN undifferentiated (lanes
4-6), pGIPZ differentiated (lanes 7-9), and shSMN differentiated (lanes 10-12) cells were
used for immunoblotting with anti-HuD and anti-tubulin antibodies. Bar graphs show the
corresponding fold increase in HuD protein levels normalized to tubulin and relative to
mock. Data are mean = SEM (n=3).
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HuD protein levels were assessed by western blotting to determine whether transfection
was successful (Figure 17C, top panels). Densitometry analysis of the blots did not
reveal a significant increase in HuD levels in HuD-transfected conditions (Figure 17C,

graphs). These experiments will need to be repeated to confirm HuD overexpression.

3.2.3 SMN overexpression in the delta7 mouse model

In order to evaluate and compare HuD’s effect in vivo, it was first necessary to
establish a baseline using an already validated dose of scAAV9-SMN (Glascock et al.,
2012b). Thus, eleven SMA pups received 2x10'’vg of scAAV9-SMN systemically via
facial injection at postnatal day (P1). Eleven wild-type (WT) littermates received an
equal volume of saline as control. The mice were followed until endpoint and motor
functions were tested every other day starting on P2. It should be noted that all data past
P28 is only n=1 for both WT and SMA mice. Data is not available yet for untreated,

mGFP-, and HuD-injected SMA pups.

3.2.3.1 Survival and body mass

The first phase of our study focused on the effect of overexpressing SMN in SMA
pups on their survival and weight gain. The majority of SMA pups injected with
scAAV9-SMN survived past the expected 13-14 days for untreated SMA pups (Le et al.,
2005). Kaplan-Meier plot revealed that SMN-injected pups had a median survival of 21
days (Figure 18A). Only one mouse lived past 40 days. In comparison, IV treated SMA
mice from the 2012 study by the Lorson laboratory had a median survival of 34 days,

with 2 mice (out of 6) living past 200 days (Glascock et al., 2012b).
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Body mass was recorded daily at the beginning of each session (Figure 18B).
Wild-type pups gained weight regularly, sometimes more than a gram per day. In
comparison, SCAAV9-SMN-injected SMA pups gained a lot less weight and their body
mass peaked at P11. The weight difference between WT and SMN-injected SMA pups

was statistically significant as early as P3 (Figure 18B, inset).

3.2.3.2 Behavioural phenotyping in the delta7 mouse model

To evaluate the benefits of the treatment on the SMA phenotype, select functional
tests were performed from P2 to endpoint. The objective here was to establish these tests
in our laboratory and acquire experience at administering the functional tests to get an
accurate and consistent readout throughout the next phases of the study. First, the righting
reflex test measures the time needed by a mouse to return unto its four paws after being
place on its back. It evaluates general body strength and the maximum time allowed in
this study was 60 seconds. At first, sScAAV9-SMN-treated SMA pups had difficulty right
themselves up whereas control littermates improved quickly over the first few days and
were able to get their four paws flat on the table almost instantly at P8 (Figure 18C).

Starting on P14, mice were subjected to the pen test. It evaluates motor balance
and coordination to assess how these functions are impaired in SMA models and/or
ameliorated following treatment. In this test, mice were lowered onto a 1cm wide pen
held 20cm above a table and time spent balancing was recorded. In the beginning, SMN-
injected SMA pups were often too weak to stay balanced more than a few seconds. They
did show improvement, but never reached the maximum of 60s allowed per repetition. In

comparison, WT mice quickly learned to balance on the pen and eventually reached the
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Figure 18. Phenotypic assessment of SMA mice treated with scAAV-SMN. A.
Kaplan-Meier survival curve of scAAV-SMN-injected SMA pups and WT controls. B.
Daily weights were measured starting from day of birth (P0). Weight difference between
SMN-injected SMA pups and WT was statistically significant as early as P3 (inset). C.
Time to right was evaluated every other day starting at P2. D. Motor balance and
coordination were evaluated every other day starting at P14 using the pen test. Data are
mean = SEM (wild-type: n=11; SMA: n=11), two-tailed t-test *p<0.05.
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time limit (Figure 18D). It should be noted that not enough data was collected past P22
to perform statistical analysis.

Finally, the hind-limb suspension test (also known as tube test) was used to
evaluate muscle strength, weakness, and fatigue in proximal hind-limb muscle. In this
test, pups are suspended head first over the rim of a 50mL Falcon tube. The test consists
of two consecutive trials and is designed to capture fatigue. Three parameters were
evaluated: latency to fall, the number of pulls, and the hind-limb score (HLS), a score
based on the distance between the hind paws and the positioning of the tail. Until P8,
SMN-injected SMA pups performed similarly to WT littermates in terms of latency to
fall (Figure 19A). From P10 onward, SMA pups spent significantly less time hanging of
the rim of the tube than control pups. They also attempted to pull themselves fewer times
(Figure 19B). Lastly, SMA pups scored lower than WT pups on the HLS from P4
onward and their score worsened with disease progression (Figure 19C). Overall, it is
impossible to fully interpret these behavioural phenotyping findings in the absence of
data for uninjected and/or mGFP-injected pups on these tests. Together, these in vivo data
helped establish a routine protocol for the administration of functional tests to evaluate

the extent of the rescue achieved following the injection of scAAV-HuD in delta7 mice.
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Figure 19. Proximal hind-limb muscle strength and fatigue assessment in delta7
pups treated with scAAV-SMN. A. Time spent hanging was significantly shorter for
SMA pups starting at P10 compared to control pups in both trials. B. Number of pulls for
WT pups increases over time whereas SMA pups fail to improve. The difference is
statistically significant starting at P4. C. Hind-limb suspension (HLS) score is lower in
SMA mice starting at P4 and worsens with time. See Treat-NMD SOP #SMA M.2.2.001
for details (El-Khodor, 2011). Data are mean £+ SEM (wild-type: n=11; SMA: n=11),
two-tailed t-test *p<0.05.
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Chapter 4. Discussion

4.1 Summary

In this study, existence of a PKCa-HuD-mRNA target pathway was investigated
in motor neuron-derived MN-1 cells. The data presented here suggest that PKC signaling
is present in MN-1 cells and can be modulated by the activator bryostatin. Indeed,
bryostatin-induced PKC activity increased HuD’s expression level and modulated HuD’s
binding to selective mRNA targets. Bryostatin treatment in MN-1 cells also led to the
activation of Erk and inhibition of Akt kinases, confirming that the drug is active in
motor neuron-like cells and that it can be used to modulate PKC signaling.

The second objective of this study was to establish an scAAV9 viral expression
system to evaluate the benefits of HuD overexpression in vivo. A flag-tagged HuD was
successfully inserted in the scAAV vector and its expression was tested in MN-1 cells.
Although data collection for its in vivo effects is very preliminary, a good baseline was
established using scAAV-SMN. While injection of a low dose did not provide a complete
rescue, it still improved survival and weight gain. Moreover, a protocol was established
for the administration of functional tests to accurately evaluate and quantify the extent of
the rescue achieved following virus injection. This lays the foundation for a study where
a potential synergistic effect of combining HuD and SMN administration will be
evaluated.

Together, these results support the idea that early increase of HuD activity and
expression may allow for a better rescue of motor neurons. Increasing the number of cells
that can be kept alive may help improve the overall outcome of therapeutic treatments

combining CNS and systemic approaches.

76



4.2 Effect of bryostatin on motor neuron-derived MN-1 cells
4.2.1 Investigation of a PKCa-HuD-mRNA target pathway in motor neuron-like MN-1
cells

Work from different laboratories has examined a PKCa-dependent signaling
cascade involved in mRNA stabilization and neuronal differentiation (Mobarak et al.,
2000, Pascale et al., 2005, Lim et al., 2012). A model has been established where PKCa
phosphorylates HuD, leading to its upregulation and to mRNA target stabilization.
Mobarak and colleagues have shown that PKC-mediated neurite outgrowth in PC12 cells
requires the presence of not only HuD but also GAP-43, a gene involved in neuronal
development, regeneration, and plasticity (Mobarak et al., 2000). Indeed, they found that
PC12 cells transfected with the antisense construct pDuH presented reduced GAP-43
mRNA and protein levels. Additionally, both NGF and phorbol esters failed to induce
GAP-43 mRNA stabilization and protein up-regulation when HuD was knockdown,
resulting in a defective differentiation. Another group revealed that bryostatin-induced
phosphorylation of HuD had a positive impact on GAP-43 (Pascale et al., 2005). More
precisely, they showed that a 15-minute treatment with 100nM bryostatin in human
neuroblastoma SH-SYSY cells led to HuD nuclear export, upregulation, and
phosphorylation specifically in the cytoskeleton compartment, where it co-localized with
PKCa. It was accompanied by stabilization of GAP-43 mRNA by HuD and in an early
increase in GAP-43 protein levels. Importantly, all of these effects were abolished by
inactivation of PKCa pharmacologically or via knockdown (Pascale et al., 2005). These

results suggest that phosphorylation of HuD by PKCa plays an important role in HuD-
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regulated gene expression during neuronal differentiation and importantly, that it can be
modulated using small molecules.

In the current study, the existence of a similar pathway was investigated in motor
neuron-derived MN-1 cells. These cells generated from the fusion of mouse embryonic
spinal cord motor neurons and neuroblastoma cells (Salazar-Grueso et al., 1991) have
been used by our laboratory and others as a an alternative to primary motor neurons,
which are challenging to grow and work with in culture (Tadesse et al., 2008, Hubers et
al., 2011, Sanchez et al., 2013). To this day, these cells have not been extensively
characterized and it is not precisely known what pathways have been conserved from the
two original cell lines. Here, an interaction between endogenous HuD and PKCa was
detected by co-immunoprecipitation, but evidence that PKCa phosphorylates HuD
directly or that the interaction can be modulated using bryostatin could not be obtained.
One reason why PKCa and HuD might be hard to detect in the immunoprecipitate after
treatment with bryostatin and/or the Ro inhibitor has to do with their subcellular
localization once activated. Indeed, PKCa translocates to the cellular and nuclear
membranes and associates with the cytoskeleton after activation. Therefore, any activated
protein would locate to the insoluble fraction and not be detectable by western blotting
when only the soluble fraction is probed. Future experiments should include both the
insoluble and soluble fractions to get a better sense of the entire bryostatin-induced
activation. In addition, conditions for the HuD IP will need to be optimized. Finally, a
good modification-specific antibody against phospho- and methylarginine-HuD would

need to be developed since there are none commercially available currently.
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To investigate the next part of the pathway, RIP followed by RT-PCR was
performed. It revealed a decrease in the binding of HuD to p21 mRNA after a 15-minute
bryostatin treatment. This was surprising at first since our initial hypothesis supported a
role for bryostatin-induced activation of HuD in cell cycle exit and/or neuronal
differentiation. Indeed, it was expected that inactivation of CARMI via bryostatin-
induced PKCa phosphorylation (which was not validated) would lead to a higher
proportion of the HuD pool to be unmethylated. In turn, this would result in a higher
affinity of HuD for p21 mRNA, stabilization of the transcript, and eventually to cell cycle
exit, as we and others have shown previously (Fujiwara et al., 2006, Hubers et al., 2011).
However, bryostatin did not induce an increase in binding to p21 mRNA levels nor
neurite extension. Assuming that the PKCo-HuD portion of the pathway is conserved in
MN-1 cells, one explanation could be that CARM1 is not a substrate of PKCa in this cell
line. Indeed, it has been established that CARM1 can be phosphorylated and inactivated
by certain kinases (Higashimoto et al., 2007, Feng et al., 2009). Moreover, it was shown
in rat hippocampal neurons that both HuD and CARMI1 are phosphorylated by PKCa
(Lim et al., 2012). This dual effect of the kinase inhibited CARMI1 and decreased
CARMI methylation of HuD, resulting in the stabilization of HuD’s mRNA targets and
enhanced dendritic arborisation in these cells (Lim et al., 2012). Additionally, we and
others have shown that CARMI1 is an important regulator of the switch from cell
proliferation to neuronal differentiation (Fujiwara et al., 2006, Hubers et al., 2011). We
have found that CARMI1 protein (but not mRNA) is downregulated during MN-1
differentiation and that methylation of its substrates is also decreased. Reduced

methylation of HuD resulted in a higher binding affinity to p21 and GAP-43 mRNAs. On
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the other hand, binding of HuD to Tau and Nova-1 mRNAs was found to be insensitive
to CARM1 methylation (Hubers et al., 2011). Therefore, instead of the hypothetic dual
effect on HuD and CARMI, PKCa could be phosphorylating only HuD and not
inactivating CARM1. Thus, the effect of PKCa on HuD alone might be insufficient to
induce the switch from proliferation to neuronal differentiation. To investigate this
avenue, it would be fundamental to determine if CARMI is a substrate of PKCo in MN-1
cells by the means detailed above for HuD.

An increase in the binding of HuD to known mRNA targets GAP-43 and Tau was
detected here after a short 15-minute treatment with bryostatin. The protein products of
these mRNAs are important players in neurite outgrowth. Thus, it would make sense for
these mRNAs to get stabilized if activation of the PKC-HuD pathway using bryostatin
contributed to cell differentiation, which does not seem to be the case at the
concentrations and time points tested in this study. Increased binding to HuD suggests a
subsequent stabilization of the transcript(s). Therefore, absolute (not only those bound to
HuD) should also be examined. Assessing the transcripts’ stability over time while
activating or inhibiting individual actors in the pathway using RNA interference or
pharmacological agents such as bryostatin, Ro 32-432,7 or a CARMI1 inhibitor would
unquestionably give us more insight on how each segment of the pathway is conserved.
In parallel, it would also be of importance to determine if this increase in binding is
associated with an increase in the protein product of these mRNAs. Pascale and
colleagues were able to detect an increase in GAP-43 levels, even after a 15-minute
bryostatin treatment, suggesting that the effect was at the post-transcriptional level

(Pascale et al.).
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Because phosphorylation and inactivation of CARM1 activity by PKCa could not
be confirmed, it is not possible to conclude on whether these findings are in accordance
with was previously shown by our laboratory. As abovementioned, we had found HuD
binding to p21 and GAP-43 mRNAs to be sensitive and Tau and Nova-1 to be insensitive
to CARM1 methylation (Hubers et al., 2011). Assuming that CARMI is inhibited by the
bryostatin treatment, our results would suggest that HuD binding to Tau mRNA is
sensitive to methylation by the PRMT, at the concentrations and time points tested. The
use of a CARM1-specific inhibitor would allow us to determine whether the PRMT is
involved in this stabilization pathway. In another set of experiments, overexpression of
WT, methylmimetic, or unmethylable HuD in an shHuD cell line could confirm that the
effects detected here are truly mediated by HuD and are affected by CARMI
methylation.

Alternatively, bryostatin could have a HuD variant-specific activity. Hayashi and
colleagues have looked at the expression, localization patterns, neurite-inducing abilities,
and pre-mRNA and translational activities of the different HuD splicing variants
(Hayashi et al.). Svl, which is the general form, was shown to localize only to the
cytoplasm, to have neurite-inducing activity in neuroblastoma cells, and translational
activity on p21. On the other hand, sv4, a shorter isoform present both in the nucleus and
the cytoplasm and missing a portion of the NLS or NES, had stronger growth-arresting
activity and lower neurite inducing activity (Hayashi et al.). Some PKC phosphorylation
sites and the one CARM1 methylation site are located within the linker region of HuD,
where svl and sv4 differ (see figure 2). Thus, if for example sv4 is the most abundant

splicing variant expressed in MN-1 cells, modulation of PKC (and CARM1) activity with
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bryostatin might not influence HuD activity in the same manner as it would with a variant

more susceptible to phosphorylation and methylation.

4.2.2 Bryostatin and control of the switch from cell proliferation to neuronal
differentiation

As stated previously, it has been reported in many neuronal cell lines that HuD
overexpression is sufficient to induce cell differentiation (Kasashima et al., 1999,
Mobarak et al., 2000, Hubers et al., 2011). In this study, a 15-minute (1pM) bryostatin
treatment in MN-1 cells led to a modest increase in HuD protein levels. This is consistent
with previous studies where bryostatin induced up-regulation of HuD both in vitro and in
vivo (Pascale et al., 2005, Lim et al., 2012, Marchesi et al., 2016). One important control
that was neglected in the current study was to confirm that the increase in HuD protein
levels can be prevented by pre-treating the cells with the PKC inhibitor Ro 32-0432. This
would have helped establish that the effect on HuD levels are indeed through PKC. Since
a short bryostatin treatment induced a slight HuD up-regulation, we wanted to assess
whether this up-regulation would be accompanied by induction of neuronal
differentiation. Motor neuron-derived MN-1 cells treated with a range of bryostatin
concentrations for 48 and 72h showed miminal changes in morphology. Data acquired
using the IncuCyte device confirmed that prolonged exposure to the drug had little effect
on cell morphology. This is in accordance with what was reported by Jalava and
colleagues. They found that a 72-hour treatment with 10nM bryostatin in SH-S5Y5 cells
failed to induce neuronal differentiation (Jalava et al., 1990). Their cells did exhibit

neurites after 6h of treatment, but the morphology reverted back to an undifferentiated
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phenotype shortly after. This is only one of many reports that have looked into
bryostatin’s differentiation-inducing activity. A number of studies have found that
bryostatin induces cell differentiation in a variety of cell lines (Kraft et al., 1989, Lilly et
al., 1990, Hu et al., 1993, al-Katib et al., 1993b, al-Katib et al., 1993a, Hu et al., 1994, Li
et al., 1997), while others have reported the opposite effect (Kraft et al., 1986, Kraft et al.,
1987, Sako et al., 1987, Jalava et al., 1990). Overall, bryostatin’s activity seems to be cell
type, concentration, treatment duration, and PKC isoform-dependent (Lorenzo et al.,
1997, Gschwend et al., 2000). One important element to keep in mind here is that MN-1
cells are not proper motor neurons. Therefore, repeating these experiments in primary or
iPSC-derived motor neurons would be important and might result in a different outcome.
It has been reported that prolonged exposure to and/or high concentrations of
bryostatin actually have an inhibitory effect on PKCa signaling. After a short exposure to
bryostatin, PKC gets activated, autophosphorylated, and translocates to the membrane.
Then, after the initial activation and translocation of PKC to the membrane, the kinase is
down-regulated and degraded (Mutter et al., 2000). Thus, bryostatin might activate PKC
during the first few hours of treatment before getting down-regulated and degraded by the
proteasome (Lee et al., 1996), explaining the undifferentiated phenotype after three days
of treatment. Since short or long exposure of MN-1 cells to bryostatin did not seem to
induce cell cycle exit and differentiation, it would be interesting to determine whether
bryostatin treatment can enhance specifically neurite extension. If cells are already
committed to the neuronal lineage and in the process of differentiating, then maybe
stimulation of HuD activity following HuD overexpression would result in an increased

number of cells with long neurites. In support of this idea, Lim and Alkon found that

83



bryostatin enhanced dendritic arborisation in rat hippocampal neurons. Cells treated with
bryostatin showed increased dendritic branching and length, an effect that was enhanced
further by the co-administration of a CARMI inhibitor (Lim et al., 2012). This would fit
with our findings that HuD protein levels are upregulated, binding to p21 (a key regulator
of cell cycle exit) is decreased, and binding to GAP-43 and Tau (both involved in neurite
extension) is increased following treatment with bryostatin.

With fifteen different isoforms, each one with common and specific interacting
partners, PKC signaling is involved in a wide range of cellular functions. It has been
shown to be involved in receptor desensitization, membrane structure event modulation,
transcription regulation, immune response, cell growth regulation, and learning and
memory to name a few. Since PKC isoforms and substrates are expressed in a cell type
specific manner, it is possible that some PKC isoform(s) usually activated by bryostatin
might not be expressed in MN-1 cells. In fact, it is not known which PKC isoforms are
expressed in MN-1 cells. One important experiment that should have been done early on
in this study is to confirm the expression and activation by bryostatin of PKCa but also
of other PKC isoforms. Furthermore, knowing that bryostatin activates both the
classical/conventional and novel PKC subfamilies, it is difficult to conclude that the
effects seen in the study are solely PKCa specific. They could be due to activation of one
or more PKC isoforms. Indeed, PKCg, another kinase known to phosphorylate HuD was
found to be involved in a similar bryostatin-inducible stabilization pathway (Lim et al.,
2012, Lim et al., 2014). Therefore, determining the PKC isoforms expressed in MN-1
cells and activated by bryostatin would give us a more complete picture of the players

potentially involved in PKC-dependent mRNA stabilization pathway(s). Furthermore,
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this could contribute to determine whether some PKC isoforms have a selective activity
towards CARMI1 and help elucidate why CARM1 does not seem to be inhibited by
bryostatin treatment in MN-1 cells.

Finally, it would have been important to assess whether small molecule-mediated
activation of HuD through the PKCa pathway could have beneficial effects on SMA
axonal defects, as planned originally. Our laboratory has shown previously that
methylation of HuD by CARMI is required for its interaction with the Tudor domain of
SMN (Hubers et al., 2011). This adds another layer to the current model where on one
side PKCa phosphorylates both HuD and CARMI1 and controls the methylation of HuD
by CARMI by blocking the PRMT’s activity. This increases the binding of HuD to some
of its targets, leading to transcript stabilization, protein upregulation, and contributing to
neurite extension. On the other side, while CARM1 methylation modulates the binding of
HuD to some of its targets such as p21, it also modulates HuD’s interaction with SMN
and its proper recruitment into RNA granules along axons. This is of major importance in
the context of SMA pathology, where CARMI has been found to be abnormally up-
regulated in the absence of SMN (Sanchez et al., 2013). Therefore, repeating some of
these experiments in an SMA context would be important to determine if there is any
benefit to increasing HuD levels and activity using bryostatin. On paper, bryostatin is an
attractive therapeutic drug: it activates PKC at picomolar concentrations and lacks the
tumor promoting activity of phorbol esters. Moreover, it has been shown to induce
mature synapse growth and to prevent neuronal cell death (Hongpaisan et al., 2011,
Hongpaisan et al., 2013). Although its relative safety has been demonstrated in the past,

bryostatin might not be the best candidate drug for SMA. In a series of papers, the
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Charbonnier laboratory uncovered that there exists a competition between the
PI3K/Akt/CREB and MEK/Erk/Elk-1 pathways for SMN2 regulation in type I SMA mice
spinal cord (Branchu et al., 2013). They found that Erk was constitutively overactivated
and Akt decreased in spinal cords from severe SMA-like mice (Biondi et al., 2010). More
precisely, they showed that MEK/Erk/Elk-1 pathway inhibition in vivo using U0126
and/or Selumetinib resulted in a shift towards Akt/CREB pathway activation (likely
through CaMKII), in increased SMN expression in the spinal cord, and in a significant
increase in survival (Branchu et al., 2013). Similar results were observed in the spinal
cord and skeletal muscle of severe SMA-like mice following IGF-1R reduction (Biondi et
al., 2015). Therefore, treatments that would activate Erk signaling further, such as

bryostatin, should be thoroughly studied, especially in the context of SMA.

4.3 Establishment of an scAAV9 viral expression system

There is increasing evidence that CNS delivery of ASOs to correct SMN2 splicing
does not compensate fully for the SMN deficiency in the periphery. A systemic approach
or a combination of SMN-dependent and SMN-independent therapies have the potential
to provide a more effective treatment regimen. In the past, our laboratory has shown that
overexpressing HuD was sufficient to induce neuronal differentiation and to rescue
SMA-like defects in motor neuron-derived cells. Thus, the second objective of this study
was to evaluate the therapeutic potential of HuD in vivo. To this end, a self-
complementary adeno-associated viral vector was designed to deliver our gene of interest
systemically. SCAAVs are engineered to skip the second DNA strand synthesis to

produce a faster, more robust transduction than ssSAAV vectors found in nature (Ferrari et
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al., 1996, Fisher et al., 1996, McCarty et al., 2001, Wang et al., 2003). AAVs have very
low pathogenicity and immunogenicity, making them an attractive tool for gene therapy.
Before scAAV-HuD could be expressed in the mouse, it had to be tested in a cell
culture model of SMA. Surprisingly, pGIPZ and shSMN cells transfected with scAAV-
HuD did not extend long neurites, as expected based on previous experiments. One
explanation might be that cell morphology was analyzed before neuronal differentiation
was fully underway. Pictures were taken approximately 24h after inducing differentiation
with RA+GDNF and about 32h after transfection. In comparison, results presented in
figures 7 and 8 are pictures of cells taken 48 and 72h after transfection, respectively.
Therefore, it would be expected that a larger proportion of cells would extend neurites at
similar time points. Additionally, the fact that there is a difference in the number of cells
with neurites between populations transfected with low and high amounts of HuD DNA
suggests that there is a correlation between the levels of HuD and the proportion of
differentiated cells. As shown by the blot quantification in figure 17C, HuD levels were
not significantly increased 32h post-transfection, whereas cells collected after 48h
expressed levels ~6-fold higher compared to endogenous levels (see figure 7D). This
suggests that there could be a threshold to surpass to induce neurite extension and might
partially explain the relatively undifferentiated morphology of the cells transfected with
scAAV-HuD. Transfection conditions (amount of DNA, ratio of transfection reagents,
incubation times, cell batch) are currently being tested to determine the optimal settings

for this new vector.
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4.3.1 CNS gene delivery

The goal of the first phase of this study was to establish an scAAV9 viral
expression system to evaluate the benefits of HuD overexpression in vivo. To this end,
overexpression of SMN in the delta7 mouse model was used to determine the optimal
titer to use to get a partial rescue. While a full rescue might seem desirable, a lower dose
has better chances of revealing small differences and requires smaller volumes to be
injected. Moreover, it gives us room to study the effect of a combined SMN+HuD
approach. The dose selected was chosen based on literature and it allowed us to compare
and interpret our preliminary results. The viral titer used in the current study had a
modest but significant impact on survival of the delta7 mouse. This allowed us to
establish a good baseline and to acquire experience at administering the functional tests
to get an accurate and consistent readout throughout the next phases of the study. In
comparison to a study published by the Lorson laboratory where they used the same
vector, titer, and mouse model, our SMA pups treated with scAAV-SMN had a shorter
survival (Glascock et al., 2012b). The discrepancy in survival between our results could
be due to multiple factors. First, even though the vector used to produce the virus is
exactly the same, the virus itself was made by distinct services. This means that the
protocol used, the purity, and the titer of the virus probably differed in some points. Also,
although AAV has been proven to be very stable (Croyle et al., 2001), it is possible that
the freeze/thaw cycles that the virus went through when aliquoted and then injected could
have affected its titer. A more probable explanation as to why our mice were not rescued
to the same extent as the mice in the 2012 study could be the incomplete delivery of the

viral load. Indeed, when removing the needle from the facial vein, there was often
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formation of a droplet of blood at the site of injection, possibly resulting in a partial
delivery of the dose. It is also possible that our mice have a more severe phenotype than
the Lorson mice. Indeed, even though most research groups originally got their delta7
mice from Jackson Laboratories, different groups have reported slightly different survival
and disease severity. These differences are likely due to local factors. Indeed, it has been
documented that housing conditions (i.e. number of mice in a cage, light/dark cycle, diet,
etc.) can influence the general well-being of the mice as well as performance on tests (El-
Khodor et al., 2008, Butchbach et al., 2010, Burghes et al., 2011, Butchbach et al., 2014,
Walter et al., 2017). Our litters contained 6-10 pups, whereas SMA pups from the 2012
Lorson study were raised with two heterozygous littermates to control for litter size.
Since there is less competition for milk and maternal attention, SMA pups from smaller
litters tend to present a slightly milder phenotype. This could influence the overall
survival and weight gain results. At last, recent findings from Dr. Melissa Bowerman’s
investigations into circadian rhythms in severe SMA mice revealed that a controlled light
exposure influenced SMA phenotype and had beneficial effects of survival and weight
gain. More precisely, SMA pups exposed to light pulses after birth were on average
bigger than unexposed pups, while there was no effect of control mice (Walter et al.,
2017). These are all elements that can influence the survival of SMA pups and that
should obviously be kept as constant as possible throughout the course of the study to

control for variability.

&9



4.4 Future directions
4.4.1 Bryostatin-activated pathways in motor neurons

Further investigations could include determining CARM1’s involvement in this
PKC-HuD-mRNA pathway in motor neurons. In primary hippocampal neurons,
bryostatin-induced PKC activation led to inactivation of CARMI and reduced
methylation of HuD by the PRMT. As we have shown previously, HuD hypomethylation
increases its binding to selective targets, leading to transcript stabilization and protein
upregulation in MN-1 cells. On the other hand, methylation of HuD by CARMI is
required for its interaction with the Tudor domain of SMN and for proper recruitment
into RNA granules along axons. Interestingly, a number of mRNAs have been found to
be mislocalized along axons in SMA. Moreover, we have shown that CARMI is
upregulated in SMA. Therefore, it would be of interest to determine whether treatment
with bryostatin alone or in combination with a selective CARMI inhibitor can rescue the
axonal localization of key mRNAs SMA-like conditions. Exploring the effects of
combining bryostatin and CARMI1 inhibition on neurite length in primary motor neurons
and/or iPSC-derived motor neurons would also be informative both in wild-type and
SMA-like conditions. In a separate set of experiments, the effects of activating or
inhibiting important signaling pathways such as the MEK/Erk/Elk-1 and PI3K/Akt
cascades could be investigated further. Both pathways are involved in cell cycle
regulation, cell proliferation, and neurite extension. Taken together, these data would
contribute to determine if bryostatin activation of PKC is involved in cell cycle exit
and/or neurite outgrowth, two processes that have been found to be defective in SMA.

This would then provide needed insight into the rationale design of a potential
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pharmacological strategy to complement and improve treatment options currently being

develop for SMA.

4.4.2 HuD overexpression in a mouse model of SMA

In light of the results presented here, it has become evident that a slightly higher
titer will be necessary in the next phase of the study. Expression of the virus in different
tissues at P4, P7, and P14 is currently being assessed to confirm transduction and
expression in vivo. Motor neuron counts, NMJ morphology, and muscle fiber size
analyses at the same time points will complement these measures. Finally, the combined
administration of SMN and HuD will be evaluated in the last phase of the study. This
should provide evidence for a protective effect of HuD on motor neurons and a potential
synergistic effect of a combinatorial approach. Ultimately, an earlier treatment targeting
HuD might be able to preserve a greater proportion of motor neurons, which could be

crucial for an SMN-targeted therapy to be even more efficient consequently.

4.5 Conclusions

The data presented in this thesis indicate that PKC signaling is active in motor
neuron-derived MN-1 cells. Importantly, it can be modulated pharmacologically using a
small molecule. Treatment with bryostatin induced HuD upregulation and increased its
binding to selective mRNA targets, providing evidence for the existence of a PKC-HuD-
mRNA stabilization pathway in these motor neuron-like cells. /n vivo data suggest that
our scAAVO system led to the efficient expression of SMN in the delta7 mouse, resulting

in an improved survival and weight gain. Moreover, a baseline was established for the
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functional tests that will be used to accurately evaluate the rescue achieved following
virus injection. Together, these results support my initial hypothesis and fulfill my
objectives. Again, our working model is that activating and/or increasing HuD protein
levels early on would be protective to motor neurons. Thus, ensuring that a high number
of motor neurons are kept alive from the start would increase the chances of a better
rescue by the co-administration of other therapies and provide superior treatment options

for neurodegenerative diseases such as spinal muscular atrophy.
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