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ABSTRACT

RNA mediated mechanisms of motor neuron death and dysfunction in SMA
Meaghan E. Van Alstyne
Disruption of RNA homeostasis is a shared feature across multiple neurodegenerative
diseases that are associated with mutations in RNA binding proteins or factors involved in RNA
processing. One prime example is the neurodegenerative disease spinal muscular atrophy (SMA),
which is characterized by the degeneration of spinal motor neurons and atrophy of skeletal muscle
through poorly defined mechanisms. SMA is the consequence of ubiquitous deficiency in the
survival motor neuron (SMN) protein, which has a well-characterized role in the assembly of small
nuclear ribonucleoproteins (snRNPs). SMN-dependent dysfunction of major (U2) and minor (U12)
spliceosomal snRNPs as well as U7 snRNP – which functions in histone mRNA processing –
along with consequent RNA misprocessing events have been characterized in SMA. Additionally,
SMN has been implicated in additional RNA pathways that may also be involved in SMA etiology.
With the broad implications of multifaced roles of SMN in RNA regulation, an outstanding
challenge in the SMA field has been the identification of key downstream RNA-dependent events
and their contributions to pathogenesis.
While the selective loss of spinal motor neurons is a key hallmark of SMA pathology, the
molecular mechanisms remain incompletely understood. Through my dissertation work, I aimed
to characterize the RNA mediated pathways that underlie neurodegeneration in SMA. We
previously demonstrated that SMA motor neuron death is driven by converging mechanisms of
p53 activation that include upregulation and phosphorylation – the latter of which establishes the
vulnerability of specific motor neuron pools – however, the upstream triggers remained unknown.
Here, I show that the function of SMN in the assembly of Sm-class snRNPs of the splicing
machinery regulates alternative splicing of Mdm2 and Mdm4 – two non-redundant repressors of
p53 – and increased skipping of critical exons in these genes is associated with p53 stabilization.

Further investigation uncovered that dysfunction of Stasimon – a U12 intron-containing gene
regulated by SMN – converges on p53 upregulation to induce phosphorylation of p53 through the
activation of p38α MAPK and contributes to the demise of SMA motor neurons. Thus, this work
elucidated the upstream RNA mediated mechanisms underlying multiple modes of p53 activation,
implicating impairments in both the U2 and U12 snRNP pathways in SMA motor neuron death. It
further established Mdm2, Mdm4, and Stasimon as effector genes that are regulated by SMN’s
role in snRNP assembly and play key roles in the degeneration of SMA motor neurons.
Studies in mouse models of SMA have revealed broader deficits in the motor circuit beyond
motor neuron death, which include reduced excitatory drive on motor neurons brought on by a
loss of proprioceptive synapses. Restoration in SMA mice revealed that Stasimon dysfunction
also contributes to the deafferentation of motor neurons – a cellular defect originating in
proprioceptive neurons – revealing Stasimon’s dual contribution to motor circuit pathology in SMA.
However, the Stasimon-dependent molecular mechanisms that mediate synaptic loss in
proprioceptive neurons, along with the pathway through which Stasimon impairment induces
p38α MAPK activation in motor neurons are not well established. Stasimon was initially identified
as a novel contributor to motor circuit dysfunction in Drosophila and motor axon outgrowth deficits
in zebrafish models of SMN deficiency. However its cellular roles remain poorly understood. In an
effort to address this, I identify Stasimon as an endoplasmic reticulum (ER) resident protein that
localizes at mitochondria-associated ER membranes (MAM) – specialized contact sites between
ER and mitochondria membranes. Additionally, through characterization of novel knockout mice,
I show that Stasimon is an essential gene for mouse embryonic development. These findings
provide key insight into Stasimon function and set the stage for further investigation of the p53dependent mechanisms of motor neuron degeneration as well as cellular pathways driving
proprioceptive synaptic loss in SMA.
This dissertation also expands beyond RNA mediated mechanisms of SMA – which occur
as a consequence of SMN-deficiency – to translational efforts aimed to treat the disease by

describing an unexpected gain of toxic function associated with SMN overexpression that is
accompanied by RNA dysregulation and sensory-motor circuit pathology. I further explore these
surprising findings of neuronal toxicity induced by AAV9-mediated SMN overexpression that
paradoxically affects sensory-motor function and reveal that they parallel features of SMA
pathogenesis. Accordingly, I find that the functional basis of long-term motor toxicity of AAV9SMN involves motor neuron deafferentation and proprioceptive neurodegeneration. At the cellular
level, toxicity is associated with the accumulation of large cytoplasmic aggregates of SMN in
motor circuit neurons that sequester Sm proteins, disrupt snRNP biogenesis, and induce
widespread transcriptome alterations and splicing deficits. These findings identify a novel
deleterious role for SMN when expressed at supraphysiological levels that acts through inhibition
of SMN’s normal function in snRNP biogenesis, akin to disease mechanisms of SMA. These
observations have important implications regarding the approved use of AAV9-SMN for gene
therapy in humans and suggest a need for further, careful consideration of potential detrimental
effects when SMN is expressed at supraphysiological levels.
Collectively, this dissertation identifies the direct involvement of key SMN-dependent
splicing events in select aspects of SMA pathology in a mouse model, in particular those
converging on the p53-mediated mechanisms of motor neuron death and the loss of
proprioceptive synapses. This work also establishes causal links between impairments in snRNP
biology and neuronal dysfunction in SMA, providing mechanistic insight into the process of motor
neuron death. Lastly, it uncovers a new, clinically relevant aspect of SMN biology associated with
its long-term overexpression which has shared features with the RNA mediated mechanisms of
neurodegeneration in SMA.
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Chapter 1
General Introduction
1.1 Spinal muscular atrophy (SMA)1
Clinical characteristics of SMA
Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disorder and
the leading hereditary cause of infant mortality. SMA affects approximately 1 in every 10,000
newborns and has a carrier frequency of about 1 in 50 (Muralidharan et al., 2011). The clinical
features of SMA were first described in the 1890’s by Werdnig and Hoffman (Hoffmann, 1893,
1897, 1900; Werdnig, 1891), characterized by the progressive weakness and atrophy of proximal
muscles. Subsequent reports further described the intermediate form of SMA (Byers and Banker,
1961; Dubowitz, 1964; Thomson and Bruce, 1893) as well as additional clinical subtypes of both
more severe (Beevor, 1902; Sylvestre, 1899) and milder (Kugelberg and Welander, 1956;
Wohlfart et al., 1955) patients with the common clinical presentation of progressive proximal
muscle weakness and post-mortem histological analysis displaying a loss of anterior horn cells
and muscle atrophy. This wide spectrum of phenotypes encompassed by SMA are broadly
classified into clinical types – though additional sub-types are now being outlined – spanning from
the most frequent and severe type I SMA to the milder type IV form of the disease based on the
highest level of motor function achieved and age of disease onset (Munsat and Davies, 1992).
SMA Type I patients typically present symptoms in the first six months of life, are not able to sit
unassisted and have a lifespan of around two years (Zerres and Rudnik-Schöneborn, 1995).
Additionally, babies with a rare, most severe form of the disease with prenatal onset are either
classified as Type IA or Type 0 present with respiratory insufficiency at birth and die within weeks
(Dubowitz, 1999; MacLeod et al., 1999). SMA Type II patients are characterized by an age of

1

Parts of this section were adapted from a review I co-authored entitled “Advances in modeling and treating
spinal muscular atrophy”, Current Opinion in Neurology (2016).
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onset at 6 to 18 months old, are able to sit unassisted – though some patients may lose this ability
over disease course – and are never able to walk independently (Zerres and Rudnik-Schöneborn,
1995). At the mild end of the spectrum, Types III and IV SMA patients are ambulatory with an age
of onset at 3 years or older for Type III and in adulthood for Type IV (Zerres and RudnikSchöneborn, 1995).
In Type I SMA patients, proximal muscles are preferentially affected while eye and facial
muscles are generally spared. Upper limbs are not as affected as lower extremities, and the
development of severe weakness in the lower limbs results in a “frog-leg” posture. Furthermore,
intercostal muscles are severely affected while the diaphragm is largely spared resulting in a bellshaped deformity of the chest and paradoxical breathing characterized by contraction of the chest
during inspiration (Schroth, 2009). Progressive muscle weakness leads to feeding difficulties and
the severely affected intercostal muscles leads to respiratory complications such as impaired
expiratory power, diminished airway clearance, pneumonia, and poor oxygen exchange resulting
in a requirement for ventilatory support and underlying the primary cause of death which is
respiratory failure (Schroth, 2009). SMA Type II patients also display similar features of proximal
weakness most particularly in the lower limbs. In addition, they develop scoliosis which results in
restrictive lung disease requiring respiratory support and some of the more severely affected also
require nutritional support as with Type I patients (Oskoui et al., 2017). Unlike the more severe
subtypes, Type III and IV SMA patients do not develop respiratory complications and life
expectancy is normal, but common features of proximal weakness are shared though the
progression is slower and more mild (Oskoui et al., 2017).
The key histopathological features of SMA are the selective and progressive loss of spinal
motor neurons and skeletal muscle atrophy. Assessment of SMA pathology in the spinal cord of
patients has mainly focused on SMA Type I and several studies have reported severe reductions
of motor neuron number in autopsy tissue (Robertson et al., 1978; Simic et al., 2000; Soler-Botija
et al., 2002). The few instances of post-mortem analysis in Type II and Type III patients also
2

identified pronounced reductions in motor neurons which appear to correlate with disease severity
(Araki et al., 2003; Hayashi, 2004; Ito et al., 2011; Kuru et al., 2009). Interestingly, the patterning
of affected or spared muscles is believed to reflect the selective degeneration of innervating motor
neuron pools which has been carefully studied in mouse models (Mentis et al., 2011). However,
a detailed profiling of differential vulnerabilities of motor neuron populations in patients is missing.
In addition to motor neuron degeneration, abnormalities at the neuromuscular junction (NMJ) and
muscle fibers are characteristic of SMA pathology across subtypes (Goulet et al., 2013; Wadman
et al., 2012). Morphological analysis of the NMJ in SMA patients has led to identification of
impairments in acetylcholine receptor clustering, abnormal pre-synaptic vesicle accumulation,
structural changes associated with reduced maturation and denervation (Harding et al., 2015;
Martínez-Hernández et al., 2013). Muscle biopsy shows differences between patient subtypes
with Types I and II displaying mostly small atrophic fibers distributed around a low frequency of
normal and hypertrophic fibers, while Type III patients show neurogenic groupings of both atrophic
as well as hypertrophic muscle fibers with the proportion of hypotrophic fibers correlating with
disease severity (Buchthal and Olsen, 1970; Dubowitz et al., 2013; Mastaglia and Walton, 1971;
Zalneraitis et al., 1991).

Genetic basis of SMA
The homozygous deletion or mutation of the survival motor neuron 1 (SMN1) gene is the
genetic cause of SMA (Lefebvre et al., 1995). Due to an evolutionarily recent duplication, two
SMN genes (the telomeric SMN1 and the centromeric SMN2) exist on human chromosome 5q
that only differ by five non-polymorphic nucleotide changes. One of these differences – a C to T
transition located in exon 7 – is of particular functional relevance as it converts an exonic splicing
enhancer which can be bound by ASF/SF2 to an exonic splicing silencer which is recognized by
hnRNP A1/A2 causing the majority of transcripts produced from SMN2 to skip exon 7 (Figure 1.1)
(Cartegni and Krainer, 2002; Kashima and Manley, 2003; Lorson et al., 1999; Monani et al., 1999).
3

Additionally, the C to T transition in SMN2 establishes a binding site for SAM68, which can recruit
hnRNPA1 and interfere with binding of the general splicing factor U2AF65 to promote exon 7
skipping (Pagliarini et al., 2015; Pedrotti et al., 2010). Isoforms of SMN2 transcripts which lack
exon 7 produce a truncated, rapidly degraded form of the protein (Burnett et al., 2009; Cho and
Dreyfuss, 2010; Lorson and Androphy, 2000). Complete ablation of SMN is incompatible with life
(Schrank et al., 1997), and while SMN2 produces sufficient protein to prevent embryonic lethality
it cannot fully compensate for the loss of SMN1, resulting in a setting of SMN protein deficiency
which causes SMA (Hsieh-Li et al., 2000; Le et al., 2005; Monani, 2000).
Importantly, protein levels of SMN correlate with disease severity (Coovert et al., 1997;
Lefebvre et al., 1997) and SMN2 copy number can vary among patients serving as a critical
modifier of pathology (McAndrew et al., 1997; Wirth et al., 2006). Most frequently, SMA Type I
patients have 2 copies of SMN2, SMA Type II patients have 3 copies of SMN2 and SMA Type III
patients have 3 or 4 copies of SMN2. Carriers with only one SMN1 gene copy are phenotypically
healthy indicating that 50% of SMN protein levels are sufficient (Oskoui et al., 2017). Along these
lines, individuals with no SMN1 copies but five gene copies of SMN2 are able to produce sufficient
SMN protein to suppress pathology and remain asymptomatic (Prior et al., 2004).

SMN requirement in mouse models of SMA
SMN is a ubiquitously expressed protein and both invertebrate and vertebrate model
organisms possess a single SMN gene, ablation of which is non-viable (Burghes and Beattie,
2009; Tisdale and Pellizzoni, 2015). The development and characterization of animal models has
fundamentally advanced our knowledge of SMA pathogenesis (Schmid and DiDonato, 2007). One
key feature of the human disease is the expression of low steady levels of SMN from
the SMN2 gene. To date, this has only been accomplished in mice, which therefore represent the
most accurate model currently available (Burghes and Beattie, 2009; Schmid and DiDonato, 2007;
Tisdale and Pellizzoni, 2015). Without accounting for specific differences of individual models,
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(for a detailed description of which see (Edens et al., 2015; Schmid and DiDonato, 2007), the
general design principle used to generate severe mouse models of SMA was to combine
homozygous ablation of murine Smn alleles, which alone results in early embryonic lethality
(Schrank et al., 1997), with the introduction of one or two copies of the human SMN2 gene (HsiehLi et al., 2000; Monani, 2000). One of the most widely studied mouse models of SMA, the SMNΔ7
mouse model, additionally contains multiple transgenic copies of the SMNΔ7 cDNA which slightly
ameliorates the severe phenotype (Le et al., 2005).
Severe SMA mice are phenotypically indistinguishable from wild type littermates at birth,
but soon display severe motor deficits and reduced body weight, and do not survive past the
second postnatal week (Burghes and Beattie, 2009; Schmid and DiDonato, 2007; Tisdale and
Pellizzoni, 2015). Importantly, the development of Smn alleles for either conditional depletion or
restoration of SMN in SMA mice allowed delineation of the temporal requirement of SMN during
development and the capacity of SMN restoration to rescue phenotypic deficits before and after
disease onset (Kariya et al., 2014; Lutz et al., 2011). Through the use of an inducible Smn allele
in the SMNΔ7 background, post-symptomatic restoration of SMN at postnatal day 4 corrected
motor function and survival, while SMN induction at later time points resulted in limited rescue
(Lutz et al., 2011), indicating the existence of an early window for maximum therapeutic efficacy
of SMN induction. Similar conclusions were reached using either a drug-inducible SMN transgene
(Le et al., 2011), adeno-associated virus serotype 9 (AAV9)-mediated SMN gene delivery (Foust
et al., 2010; Robbins et al., 2014), and antisense oligonucleotides which correct SMN2 exon 7
skipping (Arnold et al., 2016). The converse experiment using a conditional Smn knockout allele
to induce ubiquitous SMN depletion in mice demonstrated that early postnatal SMN reduction
rapidly elicits an SMA-like phenotype, while reduction after the second postnatal week fails to
generate an overt phenotype (Kariya et al., 2014). Thus, following maturation of the
neuromuscular system, the threshold requirement for SMN decreases to a lower level that is
maintained throughout adulthood.
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As in the human disease, the phenotypic characterization of mouse models of SMA has
indicated that motor neurons are at the most vulnerable end of the spectrum of cell types affected
and that the predominant effect of SMN deficiency is pathology of the motor system (Burghes and
Beattie, 2009; Tisdale and Pellizzoni, 2015). However, increasing evidence also points to
functional deficits outside the central nervous system (CNS) (Hamilton and Gillingwater, 2013).
Recent insights into the spatial requirement of SMN from studies of central and peripheral deficits
associated with its deficiency in mouse models are discussed below.

Motor system dysfunction in SMA
Severe SMA mice demonstrate a pronounced loss of motor neurons, a hallmark of the
human disease (Burghes and Beattie, 2009; Tisdale and Pellizzoni, 2015), the features and
mechanisms of which are discussed further in Chapter 1.4. In addition to motor neuron
degeneration, SMN deficiency induces several pathological changes in the motor circuit (Figure
1.2). Morphological and functional alterations at the NMJ include reduced synaptic vesicle density
and neurotransmission as well as denervation, which occur at early stages of disease and are
more prominent in vulnerable than resistant muscles, correlating with impaired muscle growth
(Arnold et al., 2016; Kariya et al., 2008; Kong et al., 2009; Ling et al., 2012; Murray et al., 2008).
In addition to distal deficits, several central defects have been documented in SMA mice, including
selective and progressive loss of excitatory but not inhibitory synapses on both the somata and
dendrites of vulnerable motor neurons (Figure 1.2), which represent one of the earliest
pathological manifestations of the disease (Ling et al., 2010; Mentis et al., 2011). Loss of these
synapses and the associated reduction in the excitatory drive from proprioceptive neurons and
glutamatergic interneurons underlies a homeostatic response within motor neurons leading to
their increased membrane excitability (Fletcher et al., 2017; Simon et al., 2016).
A key aspect for understanding SMA pathology and designing appropriate therapeutic
approaches is to determine the cellular site of action in which SMN deficiency elicits deleterious
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effects on the motor system. Fundamental advances to this regard came from studies employing
conditional Smn alleles that could be turned on or off in a spatially restricted manner. The
combination of both approaches, i.e. the analysis of both depletion and restoration of SMN in
specific cell types, is required to reach solid conclusions as to the cell type-specific requirement
of SMN in vivo. Interestingly, while muscle atrophy is an ultimate outcome in SMA, depletion of
SMN restricted to muscle had no effect on the size, strength and function of skeletal muscle (Iyer
et al., 2015). Moreover, selective restoration of SMN in muscle of SMA mice failed to induce major
phenotypic improvement beyond a modest increase in weight (Gavrilina et al., 2008; Iyer et al.,
2015; Martinez et al., 2012), although one study also reported enhanced myofiber growth
(Martinez et al., 2012). Together these studies indicate that intrinsic, SMN-dependent deficits in
skeletal muscle do not significantly contribute to SMA pathology. Conversely, two prominent
hallmarks of the disease—death of motor neurons and dysfunction and loss of NMJs—originate
cell autonomously within the motor neuron. The targeted depletion of SMN in motor neurons
elicited specific pathological features of the disease such as impaired motor behavior, decreased
functional output at the NMJ, loss of motor neurons and reduced myofiber size (McGovern et al.,
2015; Park et al., 2010). Furthermore, selective restoration of SMN in motor neurons of SMA mice
rescued motor neuron survival and corrected both innervation and neurotransmission deficits at
the NMJ (Fletcher et al., 2017; Gogliotti et al., 2012; Martinez et al., 2012; McGovern et al., 2015).
However, motor neuron-specific depletion of SMN failed to elicit a severe SMA phenotype and
selective restoration in motor neurons did not have a robust impact on the survival of SMA mice,
despite a measurable improvement of motor unit function, (Fletcher et al., 2017; Gogliotti et al.,
2012; Martinez et al., 2012; McGovern et al., 2015; Park et al., 2010), clearly pointing to a role for
cells beyond motor neurons in SMA pathogenesis.
Motor neurons function in the context of neural circuits that include local interneurons,
proprioceptive afferents and descending pathways from the brain (Garcia-Campmany et al., 2010;
Glover, 2000). Consistent with the contribution of motor circuit dysfunction to SMA, pan-neuronal
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depletion of SMN was more effective in inducing an SMA-like phenotype in mice (McGovern et
al., 2015), and pan-neuronal SMN restoration in SMA mice led to a more robust phenotypic
correction than in motor neurons alone including strong extension of survival (Gavrilina et al.,
2008). Together with studies in a Drosophila model of the disease (Imlach et al., 2012; Lotti et al.,
2012), these findings indicate that neuronal restoration of SMN is critical for ameliorating SMArelated deficits in the motor system and point to SMA as a disease of motor circuits, not just motor
neurons alone. However, elucidating the role of specific neural circuit components in the
dysfunction of the SMA motor system requires direct testing through selective depletion and
restoration approaches in mouse models. To date, in addition to motor neurons, this has only
been performed in proprioceptive neurons. Selective genetic restoration of SMN in proprioceptive
neurons has shown that deafferentation of motor neurons in SMA is results from dysfunction
originating in proprioceptive neurons (Fletcher et al., 2017). Additionally, multiple aspects of SMA
motor neuron dysfunction – increased input resistance and reduced firing – are a consequence
of a decrease in excitatory drive from proprioceptive neurons (Fletcher et al., 2017). Impairment
in neurotransmission associated with reduced glutamate release at proprioceptive inputs results
in a reduction of Kv2.1 channels on motor neurons negatively affecting their firing frequency,
which is a key determinant for normal muscle contraction (Fletcher et al., 2017). These findings
highlight the contribution of proprioceptive neurons to motor circuit pathology in SMA and provide
mechanistic insight into non-cell autonomous aspects of motor neuron dysfunction in SMA.
Despite clear involvement of neurons in the disease process, genetic restoration of SMN in
all neurons was unable to fully rescue the SMA phenotype in mice nor was neuronal depletion
able to mimic the disease to the extent accomplished using ubiquitous drivers (Iyer et al., 2015;
Kariya et al., 2014; Lutz et al., 2011; McGovern et al., 2015), arguing for the functional contribution
of additional cell types to SMA pathology. Indeed, recent studies have documented a variety of
additional deficits in the CNS that may influence the severity of SMA. Astrocytes have critical roles
in regulating synaptic function as well as providing trophic support to neurons. AAV9-mediated
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expression of SMN driven by the Glial Fibrillary Acidic Protein promoter in the astrocytes of SMA
mice enhanced motor function and body weight as well as extended survival (Rindt et al., 2015).
Interestingly, the phenotypic benefit was associated with reduced loss of central synapses and
partial restoration of NMJ innervation, but no improvement of motor neuron survival. An increased
number of unmyelinated motor axons in vulnerable intercostal nerves, but not dorsal corticospinal
tract neurons, has also been observed in severe SMA mice at symptomatic stages (Hunter et al.,
2014), which is proposed to reflect intrinsic SMN-dependent deficits in Schwann cells (Hunter et
al., 2016). Lastly, SMN deficiency is also associated with reduced capillary density and abnormal
development of the vascular architecture in the spinal cord and skeletal muscle as well as
evidence of hypoxia at mid- to late-symptomatic stages in SMA mouse models (Somers et al.,
2016), indicating vascular deficits as potential exacerbating factors. However, conclusive
evidence that intrinsic SMN-dependent deficits in these cell types contribute to SMA pathology
awaits in vivo analysis after selective depletion and restoration of SMN with genetic approaches.

Peripheral tissue defects in SMA
SMN-deficiency has been shown to induce defects in tissues beyond the motor system.
Altered cardiac function (bradycardia and dilated cardiomyopathy) was among the first deficits
outside of the CNS to be documented in SMA mice (Hamilton and Gillingwater, 2013). More
recently, additional deficits identified in peripheral organs include alterations in the normal
development of the pancreas, testis, spleen and gastrointestinal system. Studies in an
intermediate SMA mouse model uncovered progressive loss of insulin-producing β cells and an
increase in glucagon-producing α cells in the pancreatic islets, as well as defects in glucose
metabolism upon fasting (Bowerman et al., 2012), which appear to occur independent of
neuromuscular pathology (Bowerman et al., 2014). A reduction in testis size and spermatogenesis
associated with decreased fertility has also been documented in a mild mouse model (Ottesen et
al., 2016), indicating a requirement for SMN in postnatal development of the male reproductive
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organ. Defects in spleen size and morphology have also been identified in both mild and severe
models of SMA (Deguise et al., 2017; Khairallah et al., 2017). Lastly, the enteric nervous system
controlling smooth muscle of the colon also exhibits vulnerability to SMN deficiency resulting in
gastrointestinal symptoms (Gombash et al., 2015). Collectively, these findings indicate that
restoration of SMN in the periphery may be important for complete correction of the SMA
phenotype. The potential contribution of peripheral deficits to SMA pathology is supported by the
observation that peripheral SMN restoration in the absence of a measurable SMN increase in the
CNS robustly rescues SMA mice (Bowerman et al., 2012; Hua et al., 2011).
To date, however, two main issues remain to be addressed: i) the precise cellular origin of
the peripheral organ deficits, and ii) the clinical relevance of these defects for the human disease,
as evidence of peripheral organ dysfunction has often been anecdotal and limited to small cohorts
of SMA patients at the most extreme spectrum of disease severity. Future studies geared towards
answering these questions are required to define tissues that need to be directly targeted for SMA
therapy and to exclude the possibility that peripheral defects represent confounding elements
inherent to modeling disease in mice rather than clinically relevant features in humans.

Progress in the development of SMA therapeutics
Basic research in the field of SMA has led to critical findings enabling translation into clinical
approaches. Studies in mice have indicated that early restoration of SMN levels is an effective
therapeutic approach and that widespread expression of SMN is preferable for robust rescue.
Among several different strategies tested to date, two main approaches have successfully
emerged from pre-clinical studies, moved to clinical trials and been granted FDA approval: SMN
upregulation through modulation of SMN2 splicing or SMN replacement by gene therapy (Figure
1.3).
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SMN2 splicing modulation by antisense oligonucleotides
One targeted approach to increase SMN levels is modulating SMN2 splicing through
chemically modified antisense oligonucleotides (ASOs) designed to base pair to specific splicing
regulatory sequences to prevent binding by trans-acting factors without triggering degradation
(Schoch and Miller, 2017). Detailed tiling approaches evaluated both the exonic regions of SMN2
exon 7 as well as the flanking intronic regions for oligonucleotides that targeted key regulatory
elements and could effectively modulate splicing to promote inclusion (Hua et al., 2007, 2008).
While the efficacy of targeting other regulatory regions is also being explored (Osman et al., 2014),
one optimal target for an ASO-based approach in SMA is an intronic splicing silencer element
ISS-N1 located in intron 7 of SMN2 (Singh et al., 2006), which has two tandem hnRNP A1/A2
motifs (Hua et al., 2008) and exerts a potent inhibitory role on exon 7 inclusion. Masking of ISSN1 was shown to effectively promote exon 7 inclusion and restore SMN expression both in
vitro and in vivo (Hua et al., 2008, 2011; Porensky et al., 2012). Accordingly, delivery of 2′-Omethoxyethyl-modified or morpholino ASOs targeting ISS-N1 either systemically or by ICV
injection led to remarkable improvement of both motor function and survival in severe SMA mice
(Hua et al., 2011; Passini et al., 2011; Porensky et al., 2012). Intrathecal and ICV delivery in nonhuman primates was well-tolerated and provided further support to move this candidate approach
into the clinic (Rigo et al., 2014).
An open label Phase 1 trial using intrathecal delivery of Nusinersen — the ISS-N1 specific
ASO developed by Ionis Pharmaceuticals in collaboration with Biogen — in Type II and Type III
SMA patients demonstrated safety and increased motor function at the highest dosage (Chiriboga
et al., 2016). An open label Phase 2 trial showed no safety concerns in type I SMA infants who
lived longer and achieved more motor milestones than expected based on the natural history of
the disease (Finkel et al., 2016). A Phase 3 randomized double-blind study to assess efficacy and
safety of intrathecal injection of Nusinersen in infants with early onset SMA (NCT02193074) was
terminated early as there was significant improvement in motor milestones in the treated group
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relative to control group at an interim analysis (Finkel et al., 2017). A double-blinded, placebo
controlled study in later-onset SMA patients also demonstrated safety and measurable motor
improvements (Mercuri et al., 2018) and an additional Phase 2 trial in pre-symptomatic SMA
infants (NCT02386553) is ongoing to examine the potential for increased efficacy due to early
intervention. As a consequence of these landmark studies, anti-sense oligonucleotide therapy
(Spinraza) for all SMA patients was granted FDA approval in December 2016, the first approved
therapy for SMA. As antisense oligonucleotides do not cross the blood brain barrier (Schoch and
Miller, 2017), Spinraza is administered directly to the CNS by an intrathecal bolus injection
following lumbar puncture (Biogen, 2016), which has been shown to be effective for efficient
targeting of motor neurons and widespread delivery across the CNS (Rigo et al., 2014). At the
onset of treatment patients receive four loading doses over the first two months (Biogen, 2016),
followed by subsequent maintenance doses every four months, a protocol established
considering the long half-life of the ASO in the CNS (Rigo et al., 2014).

SMN2 splicing modulation by small molecules
In addition to ASO-mediated approaches, there has been tremendous recent progress in
the development of small chemical compounds as a means to modulate SMN2 exon 7 splicing
pharmacologically. A series of orally bioavailable, blood-brain barrier-penetrant small molecules
(SMN-C class compounds) capable of promoting exon 7 splicing with high efficiency and
selectivity have been developed through the concerted efforts of the SMA Foundation, PTC
Therapeutics and Roche (Naryshkin et al., 2014). Treatment of SMA mice with these compounds
demonstrated remarkably robust phenotypic benefit, including enhanced motor function, weight
gain, and survival. This was associated with increased SMN expression, correction of SMNdependent RNA processing deficits, and suppression of morphological defects in the motor
system (Naryshkin et al., 2014; Zhao et al., 2016b). Along the same line, Novartis has developed
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additional chemical modifiers of SMN2 splicing (NVS compounds) with strong efficacy in SMA
mice (Palacino et al., 2015).
Strikingly, these compounds corrected SMN2 splicing while globally altering the expression
of only a handful of genes in human SMA fibroblasts (Naryshkin et al., 2014; Palacino et al., 2015;
Sivaramakrishnan et al., 2017), reflecting an unprecedented selectivity for chemical modifiers of
splicing. Genome wide analysis of the limited set of exons whose inclusion was promoted by the
NVS compound revealed enrichment for an nGA motif at the 3’end (Palacino et al., 2015). Initial
mechanistic studies suggest both classes of compounds recognize the intron-exon junction and
can modulate splicing by stabilizing the binding of the U1 small nuclear ribonucleoprotein to the
weak 5′ splice site of SMN2 exon 7 (Palacino et al., 2015; Sivaramakrishnan et al., 2017). In
addition to SMN2, inclusion of exon 8 in STRN3 is similarly affected by the SMN-C class
compounds, which has an identical 5’ splice site (5’ss), and introduction of the SMN2 5’ss to a
non-responsive exon renders it sensitive (Sivaramakrishnan et al., 2017). In addition, a purinerich ESE region in SMN2 exon 7 (ESE2) is shared with STRN3, and recognition of this sequence
by U1 snRNP by SMN-C class compounds has been proposed to mediate their positive effects
on splicing (Sivaramakrishnan et al., 2017). Recent NMR analysis of SMN-C5 (an evolution of
SMN-C class compounds) has revealed that the molecule sits across the major groove at the
exon-intron junction and the positively charged piperazine group interacts with the phosphate
group of C9 of U1 snRNA while the central aromatic ring of the compound hydrogen bonds with
the amino group of the unpaired adenine base at position -1 of the 5’ss, providing a structural
framework for selectivity of the 5’ss sequence of SMN2 exon 7 (Campagne et al., 2019).
Furthermore, the unpaired adenine residue can sterically block U1-C zinc finger interactions,
which instead become optimized in the presence of the compound supporting a mechanism for
cooperation with the splicing machinery and detailing the key interactions which serve to bridge
U1 snRNA with the 5’ss of SMN2 exon 7 and stabilize the complex (Campagne et al., 2019).
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Following the encouraging results of pre-clinical studies, both Roche and Novartis are now
investigating

the

safety,

tolerability,

pharmacokinetics

and

pharmacodynamics

of

the SMN2 splicing modifiers in human trials. An initial phase 1 clinical trial evaluating dosing in
healthy subjects showed the Roche compound (RG7800, RO6885247) was well tolerated and
increased SMN levels (MOONFISH; NCT02240355). However, a parallel study in cynomolgus
monkeys revealed long-term retinal toxicity and the study was terminated. Further compound
optimization led to the development of Risdiplam (RG7916, RO7034067), which showed
increased potency in preclinical studies and safety and tolerability in healthy volunteers
(NCT02633709). Risdiplam is currently being evaluated in clinical trials for several patient groups
including phase 2/3 trials in Type I SMA infants (FIREFISH; NCT02913482) and Type II and III
patients from ages 2 through 25 (SUNFISH; NCT02908685), as well as a phase 2 study in
previously treated SMA patients (JEWELFISH; NCT03032172). Additionally, an open-label phase
1/2 study is being conducted by Novartis for their splicing modulator Branaplam (LMI070) in Type
I SMA infants (NCT02268552).
SMN gene therapy
Another therapeutic approach for restoration of SMN levels is gene delivery with AAV9,
which has been shown to efficiently transduce motor neurons and lead to phenotypic correction
when delivered systemically or by ICV injection in neonatal SMA mice (Dominguez et al., 2011;
Foust et al., 2010; Passini et al., 2010; Robbins et al., 2014; Valori et al., 2010). Viral-mediated
delivery of human SMN was also able to correct SMA-like pathology in a swine model induced by
injection of an AAV vector driving RNAi-mediated knockdown of endogenous pig SMN (Duque et
al., 2015). Additional pre-clinical studies demonstrated short-term safety and tolerability of AAV9GFP gene delivery as well as proper targeting of motor neurons following intrathecal injection in
non-human primates (Meyer et al., 2015).
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Based on results of the preclinical studies, AveXis conducted a Phase 1 clinical trial
(NCT02122952) to determine the safety, tolerability and efficacy of AAV9-mediated gene therapy
(AVXS-101) in Type I SMA patients following systemic administration, which showed very
encouraging results at doses of 2x1014vg/kg in the two-year period following treatment in which
patients were monitored (Mendell et al., 2017). FDA approval was granted for the systemic
treatment of SMA patients less than 2 years old with AVXS-101 (Zolgensma) in May 2019, the
second approved therapy for the disease. A phase 3 extension of the pilot trial is ongoing in SMA
Type I patients (STRIVE; NCT03461289), and a phase 1 trial is also underway to test the safety
and efficacy of CNS delivery of AVXS-101 by intrathecal injection in clinically milder SMA Type II
patients (STRONG; NCT03381729).
In contrast to Spinraza, gene therapy can be administered in a single treatment,
circumventing the requirement for repeated ASO injections in the particularly fragile population of
SMA patients. However, despite favorable outcomes in preclinical and early clinical studies,
potential side effects associated with AAV gene therapy and the long-term safety profile of AAV9mediated SMN overexpression has not been fully evaluated as only a handful of years have
passed since the first patients were treated. In this respect, unlike other SMA therapeutics aimed
at correcting splicing of endogenous SMN2 transcripts, the potential for SMN expression at
supraphysiological levels is a unique feature associated with AAV9-SMN gene therapy, and the
biology of SMN overexpression is largely unknown. Importantly, a recent study reported severe
liver toxicity and sensory pathology in non-human primates and piglets injected with therapeutic
doses of AAVhu68-SMN (2x1014vg/kg) analogous to those given to SMA patients (Hinderer et al.,
2018), although the small number of animals analyzed and the lack of dose-response studies
limited the breadth of the conclusions. The implications and potential complications associated
with long-term viral mediated overexpression of SMN are investigated in Chapter 5.
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Therapeutic complements to SMN upregulation
Despite the remarkable progress described above, SMN upregulating approaches alone do
not lead to a complete cure for SMA and some patients do not respond to treatment (Sumner and
Crawford, 2018). In particular, SMN upregulation after disease onset might fall short of providing
sufficient correction in SMA patients. Thus, it is conceivable that SMN-independent approaches
designed to correct cellular deficits downstream of SMN deficiency within and outside the CNS
might be particularly valuable for SMA treatment.
Therapeutic application of any SMN-independent strategy focused on ameliorating a
specific disease-relevant deficit would be most logically used in combination with SMN
upregulating drugs as alone they may not have a strong clinical impact. To this end, recent studies
have set the stage for evaluation of combinatorial therapies by exploiting severe SMA mice
treated with suboptimal doses of either ASO (Hosseinibarkooie et al., 2016; Janzen et al., 2018;
Riessland et al., 2017; Torres-Benito et al., 2019; Zhou et al., 2015) or SMN upregulating
compounds (Feng et al., 2016). The resulting animals displayed incremental improvement with
moderately extended survival and partially ameliorated motor system pathology, resembling
pathological features of milder SMA forms. Interestingly, myostatin inhibition through AAV1mediated Follistatin gene delivery into skeletal muscle of SMA mice treated with suboptimal doses
of an SMN-inducing compound improved muscle atrophy pointing to the potential benefit of
muscle enhancing therapies in SMA (Feng et al., 2016). Accordingly, Cytokinetics has conducted
a double-blind Phase 2 trial which showed effects of oral treatment with a troponin activator (CK2127107) on fatigability in types II-IV SMA patients (NCT02644668). A similar experimental
paradigm using low doses of ASO has also been used to evaluate the combinatorial therapeutic
potential of the modulation of genetic modifiers of SMA such as Plastin 3 (Hosseinibarkooie et al.,
2016), Neurocalcin delta (Torres-Benito et al., 2019), and Calcineurin-like EF-hand protein 1
(Janzen et al., 2018). These studies have provided proof-of-concept for the utility of these
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approaches to establish the therapeutic value of combinatorial treatments aimed to act
synergistically with SMN enhancement.

1.2 The survival motor neuron (SMN) complex
Ribonucleoprotein complexes (RNPs) – formed through the interaction of messenger RNAs
and non-coding RNAs with RNA binding proteins (RBPs) – regulate essentially all aspects of RNA
metabolism and gene expression (Glisovic et al., 2008). Furthermore, RNPs are often assembled
through multi-step biosynthetic pathways that are highly regulated and the disruption of RBPs is
a shared feature across multiple neurodegenerative disorders (Conlon and Manley, 2017). The
study of SMN – the gene product of the SMA disease determining gene – revealed its key role in
RNP biogenesis and post-transcriptional gene regulation, providing key insight into RNP biology
as well as foundations to elucidate the molecular mechanisms underlying SMA pathology.

The SMN complex
SMN is a ubiquitously expressed protein that is evolutionarily conserved, and localizes to
the cytoplasm and in nuclear Gems – a structure often associated with Cajal bodies (Liu and
Dreyfuss, 1996). SMN is a component of large macromolecular complexes that are
heterodisperse in nature and can range from 20S to 80S (Battle et al., 2007; Carissimi et al.,
2006a). The SMN complex consists of SMN along with eight additional proteins (Gemins2-8 and
Unrip) which associate through multiple protein-protein interactions (Figure 1.4) (Baccon et al.,
2002; Carissimi et al., 2005, 2006b; Charroux et al., 1999, 2000; Grimmler et al., 2005; Gubitz et
al., 2002; Liu et al., 1997; Pellizzoni et al., 2002a). SMN contains several highly conserved
domains including a Gemin2 binding domain, a Tudor domain, a proline-rich domain, and a
tyrosine and glycine-rich region (YG-box). The Gemin2 binding domain is highly evolutionarily
conserved from yeast to human underlining the functional importance of the interaction between
SMN and Gemin2 (Hannus et al., 2000). The ability to form higher-order structures is likely a
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product of SMN’s ability to self-oligomerize (Lorson et al., 1998; Pellizzoni et al., 1999), which is
mediated by the conserved YG-box domain and has been shown to be a key factor for SMN
functionality. Additionally, the Tudor domain mediates binding to symmetrically dimethylated
arginine residues, which is a feature of many SMN-interacting proteins (Brahms et al., 2000, 2001;
Friesen et al., 2001a, 2001b; Meister and Fischer, 2002; Tripsianes et al., 2011).
Components of the SMN complex can be found associated in distinct complexes such as
SMN/Gemin2 (Battle et al., 2007), Gemin3/4 (with or without Gemin5) (Battle et al., 2006;
Charroux et al., 1999, 2000) and Gemin6/7/Unrip (Carissimi et al., 2005), suggesting the SMN
complex may be formed in a stepwise manner though precisely how it is assembled has not been
fully described. Gemin2 was the first interactor of SMN to be identified and shown to colocalize
with SMN (Liu et al., 1997). An ancestral version of the SMN complex in Schizosaccharomyces
pombe consists only of SMN and Gemin2 – lacking homologs for the other complex components
– suggesting that these two components are the foundation of the complex and increased
evolutionary complexity has led to the addition of multiple Gemins to this core (Hannus et al.,
2000; Kroiss et al., 2008). Gemin3 is a DEAD-box RNA helicase which directly interacts with SMN
through the YG box domain and recruits Gemin4 to the SMN complex (Charroux et al., 1999,
2000). Gemin5 recognizes key structural features of snRNAs, allowing them to be distinguished
from other RNAs to establish selectivity in snRNP assembly (Battle et al., 2006; Gubitz et al.,
2002; Lau et al., 2009; Yong et al., 2010). Gemin8 is critical for function of the SMN complex and
can directly interact with SMN as well as serve as an adaptor for Gemin6/7/Unrip association with
the SMN complex (Carissimi et al., 2006b, 2006a). Unrip is recruited to the SMN complex through
binding with Gemin6/7 in a spatially specific manner as it does not colocalize with the rest of the
SMN complex in nuclear Gems (Carissimi et al., 2005; Grimmler et al., 2005).
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Role of the SMN complex in snRNP biogenesis
Studies investigating the cellular functions of SMN have uncovered a central role in the
regulation of several RNA-processing pathways, including the assembly of small nuclear RNPs
(snRNPs) responsible for carrying out pre-mRNA splicing and histone mRNA 3’-end processing
(Li et al., 2014).

The biogenesis of spliceosomal snRNPs
Splicing is a key processing step in the maturation of messenger RNAs and is mediated by
the spliceosome – a molecular machine composed of multiple snRNP complexes (Wahl et al.,
2009). Most introns are removed by the major (U2-dependent) spliceosomal snRNPs which
include U1, U2, U4, U6 and U5 snRNPs, while a small subset is processed by the minor (U12dependent) spliceosomal machinery which consists of U11, U12, U4atac, U6atac and U5 snRNPs
(Patel and Steitz, 2003; Wahl et al., 2009; Will and Lührmann, 2011). Each of these spliceosomal
snRNPs contains a uridine rich small nuclear RNA (snRNA), seven Sm (or Sm-like) proteins, and
additional snRNP-specific proteins (Will and Lührmann, 2001, 2011). With the exception of U6
and U6atac, spliceosomal snRNAs of the Sm-class contain an Sm site – a sequence element
around which a hetero-heptameric core of common Sm proteins B/B’, D1, D2, D3, E, F, and G is
formed (Will and Lührmann, 2001).
The biogenesis pathway of Sm-class snRNPs is highly complex and involves multiple
nuclear and cytoplasmic steps (Figure 1.5) (Fischer et al., 2011; Kiss, 2004; Pellizzoni, 2007).
Firstly, pre-snRNAs are transcribed by RNA polymerase II and a 7-methylguanosine cap is added
co-transcriptionally (Fischer et al., 2011). This facilitates association with the cap-binding complex
(CBC) – consisting of CBP20 and CBP80 – which recruits the phosphorylated adaptor for RNA
export (PHAX) that in turn binds to Exportin-1/CRM1 and ras-related nuclear protein GTP
(RanGTP) in order to mediate export from the nucleus (Fischer et al., 2011; Pellizzoni, 2007). The
snRNAs have a constitutive methyl added to the ribose of the transcription start nucleotide
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(Karijolich and Yu, 2010), and a second reversible dimethylation event can also occur at the N6
position of the first adenine residue (m6Am) which is removed by the Fat mass and obesityassociated protein (FTO) (Mauer et al., 2019). In the cytoplasm, Sm proteins are first recognized
by a complex containing the chloride conductance regulatory protein (pICln), methylosome protein
50 or WD repeat-containing protein 77 (MEP50/WDR77), and the protein arginine
methyltransferase 5 (PRMT5) where a subset (B/B’, D1 and D3) are symmetrically dimethylated
(Chari et al., 2008; Friesen et al., 2001b; Meister et al., 2001a). pICln acts as a chaperone for
newly synthesized Sm proteins initiated through cooperation with the ribosome (Chari et al., 2008;
Paknia et al., 2016) and maintains separation from snRNAs until they are brought to the SMN
complex which mediates the specific assembly of the Sm-core on snRNAs (Meister et al., 2001b;
Pellizzoni et al., 2002b). Recognition of precursor snRNAs by the SMN complex is enabled by
Gemin5 (Yong et al., 2010) and in the case of U1 snRNA further specificity is conferred by the
U1-specific protein U1-70K (So et al., 2016). Subsequently to SMN-mediated Sm core formation,
snRNAs become hypermethylated at the 5’-end by the Trimethylguanosine synthase 1 (TGS1)
enzyme (Mouaikel et al., 2002) and trimmed at the 3’-end. After cytoplasmic maturation, the
assembled snRNPs are then imported into the nucleus through association of the SMN complex
with Snurportin – an adaptor protein which recognizes the trimethylguanosine cap of snRNAs –
and the transport receptor importin-β (Huber et al., 1998; Massenet et al., 2002; Narayanan et
al., 2004), where they can then function in pre-mRNA splicing.

The biogenesis of U7 snRNP
In contrast to spliceosomal snRNPs, U7 snRNP mediates the processing of the 3’-end of
histone mRNAs (Marzluff et al., 2008). Unlike other pre messenger RNAs, histone mRNAs do not
undergo splicing or polyadenylation and instead require U7 snRNP-mediated endonucleolytic
cleavage to produce the proper 3’-end (Marzluff et al., 2008). The biogenesis pathway of U7
snRNP is highly similar to spliceosomal snRNPs however, the Sm site differs from the canonical
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sequence of Sm-class snRNAs and SmD1 and SmD2 proteins in the Sm-core are replaced by
Sm-like (LSm) proteins LSm10 and LSm11 (Pillai, 2003; Pillai et al., 2001; Schumperli and Pillai,
2004). Similar to the assembly of spliceosomal snRNPs, the SMN complex is also required for
the assembly of the U7-specific LSm/Sm core onto U7 snRNA and the proper 3’-end processing
of histone mRNAs (Pillai et al., 2003; Tisdale et al., 2013).

SMN as a molecular chaperone for the specificity of snRNP assembly
Initial studies of purified Sm proteins showed that Sm cores could undergo self-assembly
onto snRNAs (Raker et al., 1999). Thus, it was seemingly discordant that a large macromolecular
machine such as the SMN complex was needed to mediate a spontaneous process. However,
RNP assembly in vivo is increasingly complex due to the potential for numerous non-specific
interactions, and studies of the role of the SMN complex in snRNP biogenesis revealed its
requirement for a molecular chaperone to facilitate the process (Figure 1.6). Sm proteins
minimally require a short, single stranded uracil-rich RNA to spontaneously assemble Sm cores
(Raker et al., 1999). However, the SMN complex is critically required for the specificity and
efficiency of the interaction of Sm proteins and snRNAs in vivo (Pellizzoni et al., 2002b).
Specifically, Gemin5 serves as the RNA binding protein for the recognition of snRNAs by the SMN
complex, ensuring the fidelity of snRNP assembly (Battle et al., 2006; Pellizzoni et al., 2002b;
Yong et al., 2010). Additionally, interactions of pICln and the PRMT5 complex with Sm core
intermediates are believed to prevent illicit interactions with other RNAs and association with the
SMN complex facilitates transfer of Sm proteins for assembly on the appropriate snRNAs (Paknia
et al., 2016; Pellizzoni, 2007). The SMN complex has also been implicated in surveillance systems
to target mutant U snRNAs that cannot be incorporated into snRNPs to cytoplasmic P-bodies
where they can be degraded by the exosome (Ishikawa et al., 2014; Shukla and Parker, 2014).
Further, perturbations in the levels of pICln and SMN also lead to feedback mechanisms which
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decrease expression of Sm proteins to prevent unwanted accumulation and aggregation (Prusty
et al., 2017).

Broader roles of the SMN complex in RNA regulation
In addition to the role of the SMN complex in the biogenesis of Sm-class spliceosomal and
U7 snRNPs discussed above, several lines of evidence have suggested further roles of SMN in
RNA regulation. LSm2-8 proteins – which share significant homology with Sm proteins – form a
heteroheptameric ring which binds to the 3’ end of U6 and U6atac snRNAs influencing stability
and formation of the U4/U6 and U4atac/U6atac di-snRNPs involved in pre-mRNA splicing (Achsel
et al., 1999; Cooper et al., 1995; Salgado-Garrido et al., 1999). Early studies showed that SMN
directly binds to Lsm4 and LSm6 in vitro (Brahms et al., 2001; Friesen and Dreyfuss, 2000).
LSm1-7 proteins form another heteroheptameric complex involved in cytoplasmic mRNA decay
(Bouveret et al., 2000; Tharun et al., 2000). Taken together with the molecularly defined role of
SMN in the assembly of both Sm-class spliceosomal snRNPs and U7 snRNP, this data suggests
that the SMN complex may have a more general role in the biogenesis of RNPs containing
Sm/LSm proteins that has yet to be fully described. In support of this, the SMN complex has also
been shown to mediate the assembly of Sm cores on Herpesvirus saimiri small U-rich RNAs
(HSURs) to form viral snRNPs (Golembe et al., 2005).
SMN can associate with several mRNA binding proteins that play key roles in gene
regulation through mRNA stability, transport and local translation in neurons (Li et al., 2014). Early
studies showed evidence for localization of SMN in the axons of motor neurons in vivo (Béchade
et al., 1999; Pagliardini et al., 2000). Moreover, SMN colocalizes with RBPs hnRNP R, HuD,
KSRP, FMRP and IMP1 in RNA granules of cultured neuronsthat can be mobilized along the
axons (Fallini et al., 2011, 2014; Piazzon et al., 2008; Rossoll et al., 2002, 2003; Tadesse et al.,
2008). These SMN-containing granules can undergo bidirectional transport along axons and
colocalize with other SMN complex components, but not Sm proteins, suggesting the role of SMN
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in this context is independent from its role in snRNP biogenesis (Fallini et al., 2011; Hao et al.,
2015; Zhang et al., 2006). In accordance with a function in mRNP trafficking, SMN deficiency
leads to a reduction in the axonal localization of RNA binding proteins such as HuD and IMP1 in
motor neurons as well as a general impairment in the transport of poly(A)-containing mRNAs
(Akten et al., 2011; Fallini et al., 2011, 2014). In particular, SMN deficiency leads to a reduction
in b-actin and Gap43 mRNAs in the distal axons and growth cones of cultured motor neurons,
which is associated with impairments in axonal growth (Donnelly et al., 2013; Fallini et al., 2016;
Rossoll et al., 2003). Further studies have shown SMN-dependent association of IMP1 and bactin mRNA, supporting a role for SMN in mRNP complex assembly by facilitating the interaction
between mRNA binding proteins and their mRNA targets (Donlin-Asp et al., 2016, 2017).
SMN has also been implicated in the formation of several other classes of RNPs. Small
nucleolar RNPs (snoRNPs) are critical in the processing and modification of ribosomal RNAs in
the nucleolus and are classified as box C/D or box H/ACA snoRNPs (Watkins and Bohnsack,
2012). SMN has been shown to interact and colocalize with snoRNP associated proteins of both
classes such as GAR1 and Fibrillarin (Jones et al., 2001; Pellizzoni et al., 2001a; Wehner et al.,
2002; Whitehead et al., 2002). Expression of a dominant negative mutant form of SMN leads to
redistribution of snoRNPs from the nucleolus to SMN-containing aggregates (Pellizzoni et al.,
2001a). Furthermore, SMA fibroblasts show a reduction of the snoRNP chaperone Nopp140 in
Cajal bodies which correlates with disease severity (Renvoisé et al., 2009). Telomerase is an
RNP that contains two critical catalytic subunits: the telomerase RNA (TR) and the telomerase
reverse transcriptase (TERT) protein (Egan and Collins, 2012). SMN has been shown to directly
interact with TERT in vitro and a dominant-negative mutant of SMN led to the sequestration and
mislocalization of TERT suggesting a role for the SMN complex in its biogenesis (Bachand et al.,
2002). The signal recognition particle (SRP) is an RNP that contains six protein components
(SRP9, 14, 19, 54, 68, 72) and the 7S RNA which is involved in the co-translational targeting of
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nascent secretory and membrane proteins to the endoplasmic reticulum (Keenan et al., 2001).
The SMN complex has been shown to bind 7S RNA in vitro, associate with SRP proteins in
mammalian cell extracts and play a functional role in the association of SRP components in
Xenopus oocytes, suggesting an expanded function in this RNP biogenesis pathway (Piazzon et
al., 2013).
Roles for SMN in transcription have also been reported. Evidence for this includes the
interaction of SMN with the C-terminal domain (CTD) of RNA polymerase II (Pellizzoni et al.,
2001b) – a domain important for the coupling of transcription and processing of nascent RNAs
(Hsin and Manley, 2012) – mediated by RNA helicase A. Additional experiments utilizing a
dominant negative mutant of SMN provided evidence for a functional role of SMN in transcription
(Pellizzoni et al., 2001b). More recently, a study proposed that SMN association with RNA pol II
is regulated by the symmetric dimethylation of an arginine residue in the CTD (Zhao et al., 2016a).
This interaction with SMN in turn leads to the recruitment of Senataxin – a DNA-RNA helicase
which resolves R-loops created near the termination region of genes during RNA pol II
transcription – suggesting a role for SMN in transcription termination (Zhao et al., 2016a).
Collectively, these studies provide additional lines of evidence that situate the SMN complex
as a general mediator of RNA-protein interactions that can have widespread effects on RNA
regulation (Figure 1.7).

1.3 Role of RNA dysfunction in SMA pathology
In order to establish causality of how SMN deficiency leads to SMA, a particular function of
SMN must first be molecularly defined (ie. snRNP biogenesis) and its contribution to the
pathogenesis of SMA must also be validated in animal models. Since initial characterization of
SMN as the disease-determining gene, several advancements have been made in understanding
the molecular mechanisms underlying SMA pathology.
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snRNP dysfunction in SMA
Several lines of evidence support the contribution of impaired snRNP biogenesis to SMA
pathogenesis. Analysis of SMA patient-derived cell lines has shown deficiencies in snRNP
assembly that correlate with the degree of reduction in SMN (Wan et al., 2005). Furthermore,
deficits in snRNP assembly are proportional to disease severity when compared across several
mouse models of SMA (Gabanella et al., 2007). However, this impaired capacity for snRNP
assembly observed in vitro is not accompanied by a reduction in the steady-state levels of
snRNPs in patient-derived cell lines, indicating that a degree of reduction in SMN can be tolerated
at least in certain cellular contexts (Boulisfane et al., 2011; Gabanella et al., 2007). This finding
also suggests that the in vivo capacity for snRNP biogenesis is in excess of its functional
requirement and in order to have functional consequences on snRNP levels the deficiency in SMN
has to reach a certain threshold – a degree which is likely dependent on both cell type and
developmental stage (Gabanella et al., 2005). Importantly, multiple studies utilizing SMA mouse
models have identified reductions in spliceosomal and U7 snRNPs at the whole tissue level
(Gabanella et al., 2007; Tisdale et al., 2013; Workman et al., 2009; Zhang et al., 2008).
Additionally, higher snRNP assembly activity of disease-linked SMN alleles has been shown to
correlate with their increased ability to rescue SMA mice (Workman et al., 2009). Remarkably,
when analyzed by immunohistochemistry, a much more severe reduction in snRNP levels is
observed in disease-relevant SMA motor neurons when compared to other cells in the spinal cord
(Ruggiu et al., 2012; Tisdale and Pellizzoni, 2015), consistent with their preferential vulnerability
to SMN deficiency. The proposed explanation for this is an intrinsically low efficiency of SMN2
exon 7 inclusion in motor neurons relative to other spinal cells resulting in lower levels of SMN
derived from the SMN2 gene (Ruggiu et al., 2012). Moreover, within the setting of SMA, this deficit
in the spliceosomal machinery of motor neurons creates a negative feedback loop that further
exacerbates the already inefficient inclusion of SMN2 exon 7 (Jodelka et al., 2010; Ruggiu et al.,
2012). Lastly, injection of purified snRNPs in zebrafish models of SMA results in phenotypic
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correction of motor neuron deficits (Winkler et al., 2005). Collectively, these results support a role
for impaired snRNP biogenesis in SMA pathology, while also accounting for how ubiquitous
deficiency in SMN can lead to context-dependent effects on snRNP pathways. These findings
potentially explain the cell-type specific susceptibilities observed in SMA and why downstream
effects of SMN deficiency could be particularly exacerbated in motor neurons.

RNA processing dysfunction in SMA
In an effort to identify downstream molecular changes resulting from SMN deficiency,
several groups have performed transcriptome-wide analysis in multiple models of SMA. Firstly,
whole tissue analysis showed widespread alterations in transcript levels and splicing at late
disease stages in the SMNΔ7 SMA mice (Zhang et al., 2008). Another study performed profiling
of gene expression and mRNA processing changes over disease course in the same mouse
model and showed a progressive increase in the number and degree of differentially expressed
exons from pre- to post-symptomatic stages, suggesting that widespread alterations observed at
late timepoints may be a secondary consequence of pathology (Bäumer et al., 2009). In
agreement with this possibility, only minimal changes have been observed at pre-symptomatic
stages in the spinal cord and other tissues of multiple severe mouse models of SMA (Bäumer et
al., 2009; Doktor et al., 2017; Murray et al., 2010). Thus, conclusions that can be drawn from
transcriptome analysis at the whole tissue level are limited due to the lack of cell-type specificity
and the added confounding effects of disease pathology at late symptomatic stages. In order to
obtain greater resolution, several subsequent studies focused on the specific profiling of motor
neurons (Huo et al., 2014; Murray et al., 2015; Ng et al., 2015; Simon et al., 2017; Zhang et al.,
2013). In contrast to analysis at the whole tissue level, transcriptome alterations were observed
in motor neurons at pre-symptomatic stages of disease, consistent with more prominent disruption
of RNA regulation in this particularly vulnerable neuronal population and the importance of cell
type specificity in the analysis of SMN-dependent alterations in SMA.
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Identification of a preferential reduction in the levels of minor spliceosomal snRNPs induced
by SMN deficiency in tissues of SMA mice suggested that dysregulation of U12-dependent
splicing may be particularly relevant for SMA pathology (Gabanella et al., 2007). The minor
spliceosome is responsible for removing less than 1% of total introns and U12 containing genes
are enriched for those with neuronal functions potentially accounting for the primarily motor
system pathology observed in SMA (Verma et al., 2018). SMN-dependent effects on the removal
of U12-introns have been identified in SMA patient derived cell lines (Boulisfane et al., 2011) and
mammalian cell models of SMN-deficiency as well as animal models of SMA (Lotti et al., 2012).
Additionally, the stabilization of minor snRNAs leads to a partial restoration of U12-dependent
splicing deficits in the context of SMN deficiency (Shukla and Parker, 2014). SMN deficiency in
Drosophila results in lower levels of minor snRNAs and genome-wide analysis showed intron
retention and a reduction in the mRNA levels of several U12 intron-containing genes, which
partially phenocopies the effects of a U6atac mutant (Lotti et al., 2012). Importantly, this study
also identified the U12-intron containing gene Stasimon as the first splicing target regulated by
SMN that contributes to motor circuit dysfunction in animal models of SMA (Lotti et al., 2012).
These findings were further confirmed and expanded by tissue-wide analysis of both severe SMA
mice and postnatally induced SMN-deficient mice which showed prominent U12 intron retention
(Doktor et al., 2017; Jangi et al., 2017). Taken together, these studies provide evidence for U12dependent splicing being a prominent RNA pathway dysregulated in SMA.
In addition to intron-containing mRNAs, changes in the U7-dependent 3’end processing of
histone mRNAs have also been identified in tissues from an SMA mouse model as well as in
patient samples (Tisdale et al., 2013). SMA motor neurons show increased levels of
misprocessed histone mRNAs, demonstrating a clear disruption of this RNA pathway in a
disease-relevant cell type (Tisdale et al., 2013). However, a potential contribution of U7dependent histone misprocessing to SMA pathogenesis is yet to be established.
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Axonal mRNA transport deficits in SMA
Considering the potential for expanded roles of SMN in RNA regulation beyond snRNP
biogenesis, SMN-dependent effects on axonal mRNA transport for local translation is appealing
as a potential disease mechanism in SMA since it would be a relevant function during neuronal
development (McGovern et al., 2008). Evidence to support this hypothesis initially derived from
studies showing a reduction in both the mRNA and protein level of b-actin in distal axons and
growth cones of cultured SMA motor neurons, which correlated with impaired axonal growth
(Rossoll et al., 2003). Further, the knockdown of Smn in zebrafish leads to motor axon outgrowth
and pathfinding deficits (Carrel et al., 2006; McWhorter et al., 2003). This has been accredited to
SMN chaperoning mRNP assembly through interaction with several RNA binding proteins such
as hnRNP R, HuD, IMP1, and KSRP (Akten et al., 2011; Donlin-Asp et al., 2017; Fallini et al.,
2011, 2014; Glinka et al., 2010; Gu et al., 2002; Rossoll et al., 2003; Tadesse et al., 2008).
Additional SMN-dependent reductions in the axonal levels of specific mRNA targets such as
Gap43 and neuritin/cpg15 as well as a general reduction in polyA+ mRNAs and associated RBPs
have been shown in cultured neurons (Akten et al., 2011; Fallini et al., 2011, 2014, 2016; Rage
et al., 2013). However, it is interesting to note that the knockout of b-actin mRNA in mouse motor
neurons does not phenocopy motor circuit pathology characteristic of SMA (Cheever et al., 2011)
and the knockout of SMN-associated RNA-binding proteins such as FMRP (Consorthium et al.,
1994), HuD (Akamatsu et al., 2005; DeBoer et al., 2014), KSRP (Lin et al., 2011), and IMP1
(Hansen et al., 2004) also fail to elicit SMA-like phenotypes. Furthermore, while axonal mRNA
transport would be particularly important for axon outgrowth and pathfinding during
embryogenesis, motor axon development occurs normally in SMA mice (McGovern et al., 2008).
Thus, additional investigation is required to establish a contribution of SMN-dependent effects on
axonal mRNA transport to SMA etiology.
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Contributions of SMN-dependent RNA dysregulation events to SMA pathology
An outstanding challenge in SMA biology has been the identification of key downstream
effectors that are dysregulated as a consequence of SMN deficiency, and causally implicated in
motor circuit dysfunction. The relatively mild effects on snRNP levels that are observed in SMA
models are not necessarily consistent with a global functional collapse of spliceosomes.
Nevertheless, hundreds of splicing/mRNA changes have been documented in SMA models
(Bäumer et al., 2009; Doktor et al., 2017; Huo et al., 2014; Murray et al., 2010, 2015; Ng et al.,
2015; Simon et al., 2017; Zhang et al., 2008, 2013) and the identification of uniquely critical genes
affected by SMN-dependent RNA pathways that play fundamental roles in SMA pathology is
critical for elucidating disease mechanisms. In order to assign causality, these downstream events
must be identified and selectively restored in SMA models, to validate potential contributions to
given pathological characteristics of SMA.
To date, several mRNA targets – in addition to SMN2 itself (Lorson et al., 1999; Monani,
2000) – have been evaluated in animal models of SMA for their contribution to pathogenesis.
Stasimon was initially characterized as a U12-intron containing gene and a downstream target
affected by splicing dysfunction induced by SMN deficiency in Drosophila (Lotti et al., 2012). The
knockdown of Stasimon induces motor circuit dysfunction in Drosophila larvae and zebrafish
embryos (Lotti et al., 2012), phenocopying deficits induced by SMN knockdown (Imlach et al.,
2012). Importantly, restoration of Stasimon is sufficient to rescue specific aspects of motor circuit
dysfunction induced by SMN deficiency in these model organisms providing the first proof-ofconcept of an SMN-dependent splicing target that functions in the motor circuit and is a direct
effector of SMA-related phenotypes in vivo (Imlach et al., 2012; Lotti et al., 2012). Intron retention,
aberrant splicing, and a reduction in mRNA levels of Stasimon was also observed in severe SMA
mice, especially prominent in vulnerable motor neurons and proprioceptive neurons (Lotti et al.,
2012). Collectively, these studies linked Stasimon to motor circuit function and SMA pathology in
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animal models, but the cellular functions of Stasimon and its contribution to pathogenesis in SMA
mouse models are yet to be characterized.
Transcriptome-wide profiling of splicing changes in SMA motor neurons uncovered RNA
processing deficits in genes that could be particularly relevant to SMA pathology such as Agrin
(Zhang et al., 2013). Agrin is a critical regulator of NMJ structure and function – the most active
form of which derives from inclusion of neuron specific Z exons – which is expressed in motor
neurons and secreted at the motor endplate where it is a key organizer in the clustering of postsynaptic acetylcholine receptors (AChR) during synaptic differentiation (Nitkin et al., 1987,
Gautam et al., 1996) and is also required for post-natal NMJ maintenance (Samuel et al., 2012).
Profiling of SMA motor neurons has shown reduced inclusion of Z exons (Kim et al., 2017; Zhang
et al., 2013) – a change in isoform which dramatically reduces the activity in AChR clustering
(Burgess et al., 1999; Ferns et al., 1993). Importantly, studies restoring Agrin in SMA mice, either
systemically through delivery of an Agrin biologic (Boido et al. 2018), or genetically by selective
expression in motor neurons (Kim et al., 2017), have been shown to ameliorate NMJ denervation.
Dysregulation of ubiquitin homeostasis has also been implicated in neurodegenerative
processes in SMA. Ubiquitin-like modifier activating enzyme 1 (Uba1) is involved in the ubiquitinmediated targeting of proteins for proteasomal degradation and impaired splicing of Uba1 mRNA
was detected in the spinal cord of SMA mice (Wishart et al., 2014). Disruptions in the ubiquitin
pathway and reductions in Uba1 expression have also been identified in patient-derived iPSC
motor neurons and multiple mouse models (Fuller et al., 2016; Powis et al., 2016; Wishart et al.,
2014). Additionally, a rare form of X-linked SMA is caused by mutations in the UBA1 gene
(Ramser et al., 2008). In agreement with this, suppression of UBA1 either through
pharmacological or genetic approaches induced SMA-like phenotypes in zebrafish and delivery
of full-length UBA1 mRNA was able to rescue motor circuit pathology following SMN knockdown
(Powis et al., 2016; Wishart et al., 2014). AAV9-mediated delivery of UBA1 in an SMA mouse
model has been shown to improve survival as well as counteract motor neuron death, NMJ
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denervation, and proprioceptive synaptic loss (Powis et al., 2016; Shorrock et al., 2018). However,
an increase in SMN levels was also detected and likely contributed to this phenotypic rescue,
complicating evaluation of a direct contribution of UBA1 to neuromuscular pathology independent
of SMN induction (Powis et al., 2016; Shorrock et al., 2018).
Additional downstream targets of RNA-misprocessing induced by SMN deficiency have
been investigated which have neuronal-specific functions. Chondrolectin (Chodl) is a gene that
encodes for a C-type lectin which is highly expressed in motor neurons though its precise function
remains unknown. Chodl expression levels are reduced in SMA models and initial evidence
pointed to alterations in alternative splicing while additional investigation uncovered SMNdependent regulation of expression levels through miR-431 (Bäumer et al., 2009; Wertz et al.,
2016; Zhang et al., 2008). Knockdown of Chodl in zebrafish leads to defects in motor axon
outgrowth and its overexpression rescues SMN-deficiency induced motor axon defects (Sleigh et
al., 2014; Zhong et al., 2012). However, genetic ablation of the functional C-type lectin domain in
Chodl mutant mice only led to mild synaptic deficits at the NMJ and did not phenocopy features
of SMA such as denervation and motor neuron death (Oprişoreanu et al., 2019). Neurexin2a
(Nrxn2a) – a presynaptic membrane protein involved in neurotransmitter release – is
downregulated and alternatively spliced in SMN-deficient zebrafish and motor neurons from a
severe mouse model of SMA and loss-of-function of Nrxn2a phenocopies SMN-deficiency in
zebrafish (See et al., 2014). As discussed previously, Neuritin (also known as cpg15) – a factor
highly expressed in the developing spinal cord that serves neurotrophic functions (Zhou and Zhou,
2014)– colocalizes with SMN and HuD in axons (Akten et al., 2011). mRNA levels of cpg15 are
reduced in neurites of SMN-deficient cultured neurons and overexpression in zebrafish partially
restores SMN-deficiency associated phenotypes in motor axon outgrowth (Akten et al., 2011).
Collectively these studies have provided initial evidence of disease contribution of several
downstream targets of SMN-deficiency and further investigation in mouse models that more
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accurately reflect features of the human disease (Van Alstyne and Pellizzoni, 2016) will allow
precise identification of their potential role in SMA pathology.

1.4 Mechanisms of motor neuron death in SMA mouse models
SMA is a result of ubiquitous SMN deficiency, yet the key hallmark of SMA is the selective
degeneration of spinal motor neurons. Therefore, the molecular mechanisms that underlie motor
neuron degeneration have been actively studied in SMA mouse models – which most faithfully
recapitulate aspects of the human disease (Van Alstyne and Pellizzoni, 2016) in order to gain
insight into the pathogenesis of SMA and their selective vulnerability. Furthermore, elucidating
the death pathway underlying degeneration can uncover new therapeutic strategies to spare SMA
motor neurons.

Characteristics of motor neuron death in SMA
Severe SMA mice demonstrate a pronounced and selective loss of alpha motor neurons, a
hallmark of the human disease (Burghes and Beattie, 2009; Tisdale and Pellizzoni, 2015), while
spindle-innervating gamma motor neurons and cholinergic spinal interneurons are largely spared
(Powis and Gillingwater, 2016). Importantly, there are differential susceptibilities of individual
motor neuron pools along the rostro-caudal and medio-lateral axis of the spinal cord correlating
with the vulnerability of distinct muscle groups (Mentis et al., 2011). For example, loss of motor
neurons innervating vulnerable axial muscles can be detected by postnatal day 4 in the L1
segment of the lumbar spinal cord. However, in the L5 segment, loss of medial motor neurons
innervating proximal muscles begins at postnatal day 9, while lateral motor neurons innervating
resistant distal muscles are spared (Mentis et al., 2011).
Neuronal health is maintained by support from surrounding glial cells which provide
insulation, stability and neurotrophic factors (Barres, 2008). As a result, neurodegeneration can
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occur as a consequence of cellular deficits within the neuron itself as well as in supporting cells.
Numerous studies have investigated the cell autonomy of motor neuron degeneration in SMA
through the selective genetic restoration of SMN. As discussed in Chapter 1.1, motor neuron
specific restoration of SMN utilizing ChAT-Cre or Hb9-Cre drivers has shown that an increase in
SMN levels in SMA motor neurons prevents degeneration in a cell-autonomous manner (Fletcher
et al., 2017; Gogliotti et al., 2012; Martinez et al., 2012; McGovern et al., 2015). The degree of
rescue is not fully complete in these models, which could be explained by the efficiency of
recombination as well as an added contribution of other cell types. While non-cell autonomous
mechanisms may exacerbate motor neuron degeneration (Hua et al., 2015), strong genetic
evidence argues for the cell-autonomous nature of motor neuron degeneration in SMA.
Investigation of the molecular mechanisms of selective neurodegeneration in SMA should
recapitulate both this finding and provide an explanation for the differing vulnerabilities of specific
motor neuron pools to SMN deficiency.

Cellular pathways implicated in SMA motor neuron death
Several pathways of cellular stress and dysfunction have been linked to motor neuron
degeneration in SMA. The c-Jun NH(2)-terminal kinase (JNK) signaling pathway is activated in
response to cellular stress and can regulate apoptotic cell death as well as developmental
processes in neurons (Coffey, 2014; Nishina et al., 2004). Recent studies have proposed that
activation of JNK underlies motor neuron death in SMA mice. More specifically, a CNS specific
isoform – JNK3 – was shown to be activated in SMN-deficient cultured neurons and genetic
knockout as well as pharmacological inhibition in SMA mice led to a rescue of motor neuron
number and NMJ innervation (Genabai et al., 2015; Schellino et al., 2018).
ER stress leads to compensatory activation of the unfolded protein response (UPR) which
can either mediate recovery or trigger apoptosis (Hetz, 2012; Schröder and Kaufman, 2005).
Evidence for an upregulation of ER-stress related genes was observed in iPSC-derived SMA
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motor neurons which was associated with increased apoptosis (Ng et al., 2015). Further, elevated
levels of UPR markers were present in spinal cord from SMA mice and pharmacological inhibition
of the UPR was reported to preserve motor neuron survival and NMJ innervation in the SMNΔ7
mouse model (Ng et al., 2015).
Hyperphosphorylation of microtubule associated protein Tau is associated with the
formation of neurofibrillary tangles – a characteristic feature of Alzheimer’s disease (GrundkeIqbal et al., 1986). An increase in Tau phosphorylation has been observed in the spinal cord and
motor neurons of multiple SMA models and human patient tissue – though there was no evidence
of aggregation (Miller et al., 2015). This hyperphosphorylation – mediated by CDK5 – contributes
to motor axon growth defects in zebrafish and the genetic knockout of Tau in SMA mice rescues
motor neuron loss and deafferentation along with NMJ denervation (Miller et al., 2015).
Other proposed mechanisms underlying SMA motor neuron degeneration are related to
DNA damage. SMN deficiency has been linked to impaired R-loop resolution due to reduced
Senataxin recruitment to RNA polymerase II inducing double strand breaks (Kannan et al., 2018;
Zhao et al., 2016a). Another study in a model of SMN-deficiency in adult mice attributed the
induction of a DNA damage response to global intron-retention (Jangi et al., 2017). Low levels of
SMN are associated with reduced DNA-activated protein kinase catalytic subunit (DNA-PKcs)
activity – leading to impaired DNA repair pathways (Kannan et al., 2018). Overexpression of
Senataxin is able to suppress DNA damage accumulation in cultured SMA neurons (Kannan et
al., 2018). However, investigation of DNA damage and its potential role on the degenerative
pathway of SMA motor neurons in vivo is yet to be performed.
Taken together, these studies have implicated numerous cellular pathways in mediating
SMA motor neuron degeneration. However, a mechanistic understanding of how SMN deficiency
may lead to the specific activation of these cellular pathways in motor neurons, whether they can
be unified into a single death cascade, and the precise downstream mechanisms mediating
degeneration remain elusive. Furthermore, the described cellular pathways have thus far not been
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able to account for the selective vulnerabilities of specific motor neuron pools in SMA – a key
characteristic that should be integrated into a model for the mechanism(s) of motor neuron
degeneration in SMA.

p53-dependent mechanisms of SMA motor neuron death
In order to determine molecular pathways associated with selective motor neuron
degeneration, multiple groups have performed transcriptional profiling of vulnerable and resistant
SMA motor neurons from mouse models. Analysis of transcriptional differences in motor neuron
populations of the Smn2B/- and SMNΔ7 mouse models identified upregulation of known p53
transcriptional targets in vulnerable SMA motor neurons (Murray et al., 2015; Simon et al., 2017).
Interestingly, transcriptome analysis from a postnatally induced model of Smn-deficiency also
uncovered activation of the p53 pathway (Jangi et al., 2017), supporting conservation across
models. A time-dependent nuclear accumulation of p53 can be observed in both vulnerable and
resistant motor neurons of SMNΔ7 SMA mice, however, it occurs earlier and to a larger extent in
the vulnerable population (Simon et al., 2017). Importantly, both pharmacological and genetic
inhibition of p53 rescues motor neuron survival, highlighting the importance of p53 as a driver of
motor neuron degeneration in SMA mice (Simon et al., 2017). Interestingly, at late stages of the
disease, nuclear accumulation of p53 extends beyond motor neurons and is present throughout
the spinal cord as well as in the cerebellum, however p53 upregulation remains restricted to the
CNS and is not associated with death of these neurons (Simon et al., 2017). Additionally,
overexpression of p53 in wild-type motor neurons does not cause neurodegeneration (Simon et
al., 2017). Thus, while p53 drives death of vulnerable SMA motor neurons, the upregulation of
p53 alone is neither sufficient to induce the degeneration of motor neurons nor explain the differing
vulnerabilities of distinct SMA motor neuron pools to SMN deficiency.
Importantly, post-translational modification of p53 by phosphorylation at serine 18 was
found to occur selectively in vulnerable but not resistant SMA motor neurons or other spinal
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neurons concomitant with the timing of degeneration (Simon et al., 2017), serving as a marker for
SMA motor neuron death. Further, AAV9-mediated replacement studies demonstrated that Nterminal phosphorylation at multiple residues in the transactivation domain of p53 – including
serine 18 – is required to mediate SMA motor neuron death (Simon et al., 2017). This study
established p53 as a key driver of motor neuron loss in SMNΔ7 SMA mice and indicated that
distinct converging modes of p53 activation underlie the selectivity of SMA motor neuron
degeneration (Figure 1.8).
Several cellular pathways implicated in SMA motor neuron death can act through p53 as a
downstream effector. p53 is well-established to be activated in response to DNA-damage,
however there was no evidence of gH2AX phosphorylation in SMNΔ7 SMA motor neurons (Simon
et al., 2017). While activation of Cdk5 in SMA has been characterized in the context of Tau
hyperphosphorylation (Miller et al., 2015), it can also post-translationally modify p53 and may be
involved in the N-terminal phosphorylation associated with SMA motor neuron death (Lee et al.,
2007). Similarly, JNK signaling leads to p53 stabilization and activation (Fuchs et al., 1998), and
JNK has been implicated in the neurodegenerative cascade induced by SMN deficiency (Genabai
et al., 2015). However, immunohistochemical analysis of SMA motor neurons showed no
evidence for phosphorylated JNK or correlation between activation of c-Jun – a downstream
substrate of JNK – and motor neuron degeneration (Pilato et al., 2019; Simon et al., 2017).
Interestingly, while in vitro studies of SMA motor neurons identified ER-stress induced apoptosis
(Ng et al., 2015), no evidence for caspase activation or DNA fragmentation were observed in vivo
indicating that p53-mediated SMA motor neuron death might occur through caspase-independent,
non-apoptotic mechanisms (Simon et al., 2017). Thus, p53-mediated SMA motor neuron death
does not appear to be activated by previously described pathways. These findings set the stage
for my studies to elucidate the SMN-dependent upstream mechanisms responsible for the
upregulation and phosphorylation of p53 in vulnerable motor neurons that converge to trigger their
selective degeneration in SMA.
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1.5 Modes of p53 regulation
p53 is an extensively studied gene due to its key role as a “guardian of the genome”. The
most well-defined function for p53 is in the integration of stress signals to program a cellular
response – such as cell-cycle arrest or cell death – through the transcriptional activation of
downstream target genes (Vousden and Lane, 2007). As p53 serves as a critical crux for
determining cell fate, it requires intricate and complex regulation. In this section, the cellular roles
of p53 as well as key regulatory mechanisms will be discussed.

The tumor suppressor p53
p53 is one of the hallmark tumor suppressor genes as highlighted by its inactivation in over
50% of cancers (Hollstein et al., 1991; Levine, 1997). Ablation of p53 in a mouse model leads to
increased tumor susceptibility with homozygous knockout mice developing tumors by 4.5 months
or heterozygous mice by 10 months on average (Donehower et al., 1992). On the opposite hand,
when p53 levels are uncontrolled they lead to embryonic lethality in mouse models (Johnson et
al., 2005; Jones et al., 1995; de Oca Luna et al., 1995; Parant et al., 2001). Thus, the regulation
of p53 is critical to maintain protective effects and prevent illicit activation.

p53 domains and functions
p53 contains two N-terminal transactivation domains (Candau et al., 1997; Fields and Jang,
1990; Raycroft et al., 1990), a proline-rich domain (Walker and Levine, 1996), a DNA binding
domain (Pavletich et al., 1993), an oligomerization or tetramerization domain (Shaulian et al.,
1992), and a C-terminal domain (Figure 1.9). The two tandem transactivation domains are highly
post-translationally modified and are required for tumor suppressor activity and induction of a p53
response due to DNA damage (Brady et al., 2011). The proline-rich domain of p53 contains five
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copies of the sequence PXXP and while dispensable for DNA binding and transcriptional
activation, does play a role in p53-mediated apoptosis and tumor suppression (Sakamuro et al.,
1997; Venot et al., 1998; Walker and Levine, 1996; Zhu et al., 1999). Through the DNA binding
domain (DBD), p53 binds in a sequence-specific manner to consensus elements which are
present proximal to the promoters of target genes (El-Deiry et al., 1992; Funk et al., 1992;
Pavletich et al., 1993). The binding motif for p53 contains two 10 base pair half-site sequences
which can each be recognized by two dimers of p53, which binds in a cooperative manner as a
tetramer (Wang et al., 1995; Weinberg et al., 2004). The oligomerization domain stabilizes
tetramer formation and mutants with impaired oligomerization show reduced transcriptional
activity (Davison et al., 1998; Kawaguchi et al., 2005). The C-terminal domain (CTD) of p53 is
highly unstructured (Bell et al., 2002) and is also subject to numerous post-translational
modifications (Toledo and Wahl, 2006), which likely contribute to the diverse functionalities that
have been attributed to this region. Initial studies presented much contradictory evidence for the
role of the CTD as both a positive and negative regulator of p53 activity (Sullivan et al., 2018);
however, current functions for the CTD include the non-specific binding to DNA which permits
scanning prior to recognition of a conserved sequence and binding by the DBD (Khazanov and
Levy, 2011; McKinney et al., 2004; Tafvizi et al., 2008, 2011) as well as stabilization of the DNA
and DBD interaction through conformational changes (Laptenko et al., 2015).

Activation of p53 by stressors
Under physiological conditions, p53 is maintained at low levels mainly through protein
degradation; however, upon an activating trigger it can become rapidly stabilized (Lavin and
Gueven, 2006). Many stressors have been identified which lead to the accumulation of p53 – the
first documented and most pronounced of which is DNA damage by exposure to UV or ionizing
radiation (Kastan et al., 1991; Maltzman and Czyzyk, 1984). p53 is a general protectant against
genomic instability and can also be induced by other triggers such as telomere shortening
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(Saretzki et al., 1999). In the absence of DNA damage, p53 can also be stabilized in response to
disruptions in cellular homeostasis such as hypoxia (Hammond et al., 2002), oncogenic activation
(Pomerantz et al., 1998; Zhang et al., 1998), and impaired ribosomal biogenesis (Golomb et al.,
2014; Pestov et al., 2001). Upon activation, p53 serves a protective role by activating pathways
governing repair and arrest, or those executing senescence and apoptosis depending on the
upstream triggers (Figure 1.10).

Roles of Mdm2 and Mdm4 in p53 suppression
Murine double minute 2 (Mdm2) was first identified as a product of an amplified gene on
extrachromosomal bodies (named “double minutes”) in a spontaneously transformed mouse cell
line and was shown to have tumorigenic potential when overexpressed (Cahilly-Snyder et al.,
1987; Fakharzadeh et al., 1991). Later studies found that Mdm2 was able to bind p53 and serve
as a potent negative regulator (Momand et al., 1992). Murine double minute X (Mdmx or Mdm4)
was first identified as a homologue of Mdm2 (Shvarts et al., 1996) and later shown to possess
oncogenic properties and play a distinct role in the inhibition of p53 in concert with Mdm2 (Sharp
et al., 1999; Stad et al., 2000). Several modes of action through which Mdm2 and Mdm4 serve
as the two key negative regulators of p53 activity are described below.

Mdm2 domains and function
Mdm2 contains an N-terminal p53-interacting domain which binds to the transactivation
domain of p53 (Chen et al., 1993) occluding interactions with co-activators, and serving as the
first mechanism through which Mdm2 keeps p53 activity in check (Lin et al., 1994; Momand et al.,
1992). The second primary means by which Mdm2 inhibits p53 is mediated by the Really
Interesting New Gene (RING) domain – a common feature of ubiquitin-ligase enzymes.
Depending on cellular levels, Mdm2 exerts E3 ligase activity to monoubiquitinate p53 and induce

39

nuclear export (Boyd et al., 2000; Carter et al., 2007; Li et al., 2003) or polyubiquitinate p53 an
target it for proteasomal degradation, keeping levels extremely low or even undetectable at
physiological conditions (Honda and Yasuda, 2000). Investigation of deletion mutants has shown
that the RING domain of Mdm2 is required for ubiquitination of its targets, which beyond p53
includes Mdm2 itself and Mdm4 (Honda and Yasuda, 2000; Pan and Chen, 2003). Under normal
conditions Mdm2 primarily localizes to the nucleus, however it is able to shuttle between the
nucleus and cytoplasm due to the presence of both nuclear localization and nuclear export
sequences, and is thus able to play an active role in the export of p53 and prevention of
transcriptional activity (Roth et al., 1998). Mdm2 also possesses an internal acidic domain and
while the potential functions have not yet been fully defined, studies have suggested a breadth of
roles in mediating p53-binding (Kulikov et al., 2006), E3-ubiquitin ligase activity (Kawai et al., 2003;
Meulmeester et al., 2003), or facilitating protein-protein interactions which modulate p53
degradation (Grossman et al., 2003). Mdm2 also contains a central zinc-finger domain, though
the function remains unknown.

Mdm4 domains and function
Mdm4 shares homology with Mdm2, however, it is functionally non-redundant and mediates
repressive activity over p53 through unique mechanisms. Similar to Mdm2, Mdm4 also contains
an N-terminal p53-binding domain which recognizes the transactivation domain of p53 and can
mask p53-mediated transactivation of target genes (Shvarts et al., 1996, 1997). Mdm4 also
contains a RING domain, which facilitates interaction with the same conserved domain of Mdm2
to form heterodimers, which have been found to be more stable than either homodimer (Sharp et
al., 1999; Tanimura et al., 1999). Importantly, the RING domain of Mdm4 has little or no E3
ubiquitin ligase activity, despite significant homology with Mdm2 and instead has been shown to
promote Mdm2 activity (Linares et al., 2003; Uldrijan et al., 2007). Again in contrast to Mdm2,
Mdm4 does not contain a nuclear localization or export signal, and is thus primarily localized in
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the cytoplasm (Migliorini et al., 2002a). However, Mdm2 can shuttle Mdm4 into the nucleus via
interaction between RING domains, allowing Mdm4 to inhibit p53 transcriptional activity (Migliorini
et al., 2002a).

Cellular requirement for Mdm2 and Mdm4
Genetic studies have revealed an essential requirement for both Mdm2 and Mdm4 as
ubiquitous ablation is embryonic lethal at the pre-implantation and mid-gestational stages due to
increased apoptosis and cell proliferation arrest, respectively (Finch et al., 2002; Jones et al.,
1995; Migliorini et al., 2002b; de Oca Luna et al., 1995; Parant et al., 2001). Importantly, these
studies underline a non-redundant role for Mdm2 and Mdm4 despite the high degree of sequence
similarity as one is unable to compensate for the other. Furthermore, concomitant knockout of
p53 was able to rescue phenotypes associated with Mdm2-null or Mdm4-null mice, emphasizing
that uncontrolled p53 induction underlies embryonic lethality and negative regulation of p53 is the
key cellular function for Mdm2 and Mdm4 (Finch et al., 2002; Jones et al., 1995; Migliorini et al.,
2002b; de Oca Luna et al., 1995; Parant et al., 2001).
Selective genetic deletion of Mdm2 and Mdm4 in mouse models has provided further insight
into their spatial requirement (Wade et al., 2010). Knockout of either Mdm2 or Mdm4 in the CNS
resulted in neonatal lethality associated with apoptosis or apoptosis and cell cycle arrest,
respectively (Francoz et al., 2006; Xiong et al., 2006). Additionally, knockout of both genes
resulted in a more severe phenotype, suggesting that there is a critical requirement for both Mdm2
and Mdm4 in neural progenitors and the two proteins act cooperatively to suppress p53 in this
context. The conditional inactivation of Mdm2 in quiescent smooth muscle cells of the
gastrointestinal tract leads to fatality associated with p53 activation, while Mdm4 appeared to be
dispensable in these terminally differentiated cells (Boesten et al., 2006). In contrast, Mdm4 –
along with Mdm2 – is required for suppression of p53 in proliferative intestinal epithelial cells
(Valentin-Vega et al., 2008, 2009). Genetic deletion in erythrocytes showed more severe
41

phenotypes due to the loss of Mdm2 than Mdm4, though both showed cellular defects associated
with p53 induction and the knockout of Mdm2 has also been linked to apoptotic phenotypes in the
spleen, testis and thymus (Maetens et al., 2007). In support of a mechanistic model for
cooperation between Mdm2 and Mdm4, knock-in mouse models with mutations in the RING
domain of Mdm4 – which interfere with heterodimerization but not p53 binding – led to embryonic
lethality (Huang et al., 2011; Pant et al., 2011).
In summary, in vivo data supports a degree of cell-type specificity regarding p53 regulation
with a primary role for Mdm2 in modulating p53 levels, while Mdm4 inhibits p53 activity. These
studies also demonstrate a requirement for Mdm2 and Mdm4 in both proliferative and quiescent
cells, however, Mdm2 appears to have a general and pronounced role in all tissues, while the
loss of Mdm4 results in milder phenotypes and can even be tolerated depending on the cellular
context. Proposed models to explain the necessity of both regulators are that either Mdm2 and
Mdm4 play distinct and critical roles or a cooperative model where they act concurrently in a
complex. While the precise nature of this regulation is complex and likely context-dependent,
there is clear interplay between Mdm2 and Mdm4, and both factors should be considered when
investigating regulatory mechanisms of p53.

Mechanisms of Mdm2 and Mdm4 inactivation
In response to cellular stresses, Mdm2 and Mdm4 are inactivated to enable a p53 response
(Figure 1.11). DNA damage triggers a cellular response that activates ataxia telangiectasia
mutated (ATM) kinase and DNA-activated protein kinase (DNA-PK), which can phosphorylate
Mdm2 at sites within the RING domain (Maya et al., 2001) and the p53-binding domain (Maya et
al., 2001), respectively. These post translational modifications can impair the E3 ligase and p53
binding activity of Mdm2 permitting accumulation of p53. Additionally, modifications of Mdm2
triggered by DNA damage alter its binding selectivity so it targets itself and Mdm4 for degradation
through ubiquitination, furthering the rapid induction of a p53 response (Shadfan et al., 2012). In
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response to DNA damage, ATM also directly phosphorylates Mdm4 which facilitates ubiquitination
and degradation by Mdm2 (Pereg et al., 2005). In response to ribosomal stress, several ribosomal
proteins including L5, L11, L23 and S7 can be released from the nucleolus and interact with Mdm2
to abrogate p53 suppression (Dai and Lu, 2004; Jin et al., 2004; Lohrum et al., 2003; Zhang et
al., 2003; Zhu et al., 2009). Further, studies have shown that Mdm2 inhibition by S7 is dependent
on the presence of Mdm4 and overexpression of Mdm4 is able to suppress induction of p53 in
response to ribosomal stress (Gilkes et al., 2006; Zhu et al., 2009). Alternate Reading Frame of
locus INK4a (p14ARF in human and p19ARF in mouse) which acts as a sensor of proliferative signals
– such as myc activation and increased E2F1 expression – inhibits Mdm2 through multiple
mechanisms (Bates et al., 1998; Zindy et al., 1998). ARF can inhibit Mdm2 ubiquitination of p53
(Honda and Yasuda, 1999; Kamijo et al., 1998; Tao and Levine, 1999), increase affinity for
ubiquitination of Mdm4 (Pan and Chen, 2003), and sequester Mdm2 in the nucleolus to prevent
p53-binding (Tao and Levine, 1999; Weber et al., 1999; Zhang and Xiong, 1999). Importantly,
Mdm2 itself is a transcriptional target of p53 establishing an negative feedback loop in which p53
activation results in increased levels of Mdm2 (Wu et al., 1993). Once Mdm2 levels are sufficiently
increased, this autoregulatory mechanism once again restricts the p53 response allowing a return
to homeostasis.

Post-translational modifications of p53
Studies have found numerous post-translational modifications for p53 at approximately 50
different sites which can include phosphorylation, acetylation, ubiquitination, neddylation,
sumoylation, and beyond (Meek and Anderson, 2009) (Figure 1.9). Such modifications can play
key roles in regulating the stabilization, activation, and activity of p53 (Brooks and Gu, 2003).
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Ubiquitination of p53
As addressed previously, p53 is subject to mono and polyubiquitination which can lead to
its nuclear export or proteasomal degradation. p53 can be ubiquitinated at six lysine residues in
the C-terminus as well as a few sites in the DNA binding domain (Bruins et al., 2004). In addition
to Mdm2, p53 can be ubiquitinated by Pirh2, an E3 ligase which is also a p53 target gene and
involved in an autoregulatory feedback loop on p53 (Leng et al., 2003). Additional studies have
identified further ubiquitin ligases such as constitutively photomorphogenic 1 (COP1) (Dornan et
al., 2004) and ARF-BP1 (Chen et al., 2005) which can target p53 for degradation; however,
evidence suggests these are subsidiary to Mdm2 (Lee and Gu, 2010).
Surprisingly, knock-in mutant mice with all six (6KR) or seven (7KR) C-terminal lysines
mutated to arginines were phenotypically normal and did not show alterations in p53 stability
(Feng et al., 2005; Krummel et al., 2005). However, one group found that mutant p53 (7KR) was
more efficiently activated in irradiated thymocytes (Krummel et al., 2005). These studies suggest
that C-terminal post-translational modifications of lysine residues are not critical for the efficient
degradation of p53 in vivo and perhaps ubiquitination at additional sites can be utilized by Mdm2
to modulate p53 levels.

Phosphorylation of p53
p53 contains 23 potential serine and threonine sites throughout the polypeptide that can be
modified by phosphorylation, most of which are clustered in the N-terminus. Initial in vitro studies
showed that stress such as DNA damage induces phosphorylation of human p53 at several
residues in the transactivation domain such as serine 15 (S15), threonine 18 (T18), S20 and S37
which are present in the binding region of Mdm2 (Craig et al., 1999; Lees-Miller et al., 1992).
Phosphorylation has been proposed to reduce p53 affinity for Mdm2 and in turn promote
interaction with co-activators such as histone acetyl transferases (HATs) p300 and CREB-binding
protein (CBP) (Craig et al., 1999; Lambert et al., 1998; Shieh et al., 1997). Phosphorylation of
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S33 and S46 has been linked to p53 stabilization and pro-apoptotic functions (Bulavin et al., 1999).
p53 can also be phosphorylated at C-terminal residues such as S392 in response to UV radiation,
which has been suggested to modulate DNA-binding (Hupp et al., 1992; Kapoor and Lozano,
1998; Lu et al., 1998).
The generation of targeted point mutations of several phosphorylated residues of p53
provided insight into the in vivo relevance of these post-translational modifications. Mutation of
S18 (equivalent to human S15) to alanine (S18A) in mouse only led to mild apoptotic and
transactivation defects but no changes in p53 stability or cell proliferation (Chao et al., 2003; Sluss
et al., 2004). An S23A mutant (equivalent to human S20A) also resulted in similar phenotypic
effects, though at very advanced stages did develop B-cell lymphomas (MacPherson et al., 2004;
Wu et al., 2002). A double mutation of both phosphorylation sites led to a more pronounced
phenotype with mild effects on p53 stability and transactivation as well as a greater impairment in
apoptotic activity, though defects were much milder than p53-null mice (Chao et al., 2006). S389
(equivalent to human S392) mutant mice had very mild phenotypic effects in the form of some
impairment in a UV induced apoptotic response (Bruins et al., 2004). Collectively, these studies
indicate physiological relevance for these post-translational modifications and support a
mechanism where each individual modification has mild effects on p53 activation, but together
can serve synergistic roles.
There are several layers of redundancy in the phosphorylation of p53 as individual kinases
are capable of phosphorylating multiple residues, and each residue can be phosphorylated by
numerous kinases (Toledo and Wahl, 2006). In support of this, in vitro assays show DNAdependent protein kinase (DNA-PK) can directly phosphorylate p53 at multiple sites including S15,
S37, T18 and S9 (Lees-Miller et al., 1992; Soubeyrand et al., 2004). Additionally, activated p38
mitogen activated protein kinase (MAPK) can directly phosphorylate S15, S33 and S46 (Bulavin
et al., 1999; She et al., 2000). S15 was among the first identified sites of phosphorylation on p53,
and numerous studies have demonstrated that in addition to DNA-PK and p38 MAPK, this residue
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can be phosphorylated by adenosine monophosphate-activated protein kinase (AMPK), ataxia
telangectasia mutated (ATM), ataxia telangectasia (ATR), extracellular signal-regulated kinase
(ERK), CDK-activating kinase (CDK9) and more (Toledo and Wahl, 2006).

Further,

phosphorylation at one site is able to trigger the indirect addition of other modifications
showcasing the interdependency of these post-translational modifications. For example,
activation of ATM can directly phosphorylate p53 at S15 (Banin et al., 1998; Canman et al., 1998)
which can in turn trigger the indirect addition of further modifications at S9, S20 and S46 (Saito et
al., 2002).

Acetylation of p53
Lysine residues of p53 can also be modified through acetylation by HATs such as p300 and
CBP, which has been generally associated with increased protein stabilization and interaction
with coactivators that promote transcriptional activity (Barlev et al., 2001; Ito et al., 2001; Li et al.,
2007; Luo et al., 2000). Acetylation modifications have also been proposed to enhance sequencespecific DNA-binding activity (Gu and Roeder, 1997; Liu et al., 1999; Luo et al., 2004). However,
as discussed previously, knock-in mice with six or seven mutated C-terminal lysine residues have
no overt deficits or alterations in p53 stability and only show some mild promoter-specific
impairment in DNA damage-induced p53 transactivation in the K6R mutants (Feng et al., 2005).
These results suggest the role of p53 acetylation in vivo is less prominent than originally predicted
from in vitro studies, and may serve as a mechanism for fine-tuning p53 responses (Feng et al.,
2005; Krummel et al., 2005). Interestingly, p53 with eight mutated lysine residues – including
mutation at a new acetylation site K164 – is unable to activate downstream transcriptional targets
and induce cell cycle arrest in vitro, while individual mutations have little effect on p53 activation
(Tang et al., 2008). Although the effect of all eight collective mutations has yet to be evaluated in
vivo, these studies underline a high degree of redundancy and potential for compensation with
regards to acetylation and p53 induction.
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As ubiquitination and acetylation both occur on lysine residues and are mutually exclusive,
there is evidence for cross-talk between these modifications to enable proper regulation of p53
activity. Namely, acetylation of C-terminal residues blocks ubiquitination by Mdm2 and increases
stability (Tang et al., 2008). Additionally, HATs such as p300 and CBP have been proposed to
have dual functions in regards to p53 where they participate both in acetylation and ubiquitination
(Grossman et al., 2003; Shi et al., 2009). Studies have also shown interdependency between Cterminal acetylation and phosphorylation of residues in the transactivation domain (Knights et al.,
2006; Sakaguchi et al., 1998).

Other modifications of p53
In addition to the modifications described above, C-terminal lysine residues have also been
linked to sumoylation, neddylation and methylation though these are not as well-understood.
Sumoylation of p53 at lysine 386 (K386) appears to be regulated by Mdm2 and ARF activity,
though there is not yet consensus on whether it activates or represses p53 activity (Chen and
Chen, 2003; Gostissa et al., 1999; Rodriguez et al., 1999). Mdm2-dependent neddylation of p53
was linked to inhibition of transcriptional activity (Xirodimas et al., 2004) and K372 methylation
has been shown to increase stability (Chuikov et al., 2004). Further investigation of these other
modifications has the potential to uncover additional layers of regulation of p53.
Collectively, in vitro studies of p53 post-translational modifications demonstrated key roles
in determining selectivity for specific interactors, modulating stability and regulating activity of p53.
However, in vivo investigation of these modifications led to much milder phenotypes than initially
anticipated indicating a role in the fine-tuning of the p53 response. Many post-translational
modifications of p53 are interdependent where modification at one site can serve as a nucleation
event to spur modification of another. There also appears to be a great deal of redundancy where
residues can compensate for one another. Taken together this data supports a model where
several post-translational modifications act in concert to cooperatively modulate p53 activity,
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rather than any singular residue serving a major role (Meek and Anderson, 2009; Toledo and
Wahl, 2006).

Cellular outcomes of p53 activation
Following activation, the main role of p53 is as a transcription factor which can directly
induce expression of target genes (Fischer, 2017). As p53 can modulate the levels of many
downstream genes involved in DNA repair, cell cycle arrest and apoptotic pathways, the degree
and time of induction is a critical determinant for cellular outcomes (Hafner et al., 2019). The two
key functionalities through which p53 activates transcription is by direct binding to DNA and
recruitment of transcriptional coactivators. The affinity of p53 for DNA can range depending on
the precise features of the recognition element (Bandele et al., 2011; Tomso et al., 2005;
Veprintsev et al., 2006; Wang et al., 2009, 1995; Weinberg et al., 2004). Studies showed target
genes involved in cell cycle arrest have high-affinity binding sites while those involved in apoptosis
are generally weaker and more varied (Inga et al., 2002; Qian et al., 2002). Additionally, the levels
of p53 were shown to modulate cellular response with lower levels triggering cell cycle arrest and
higher levels promoting apoptosis (Chen et al., 1996). This data supports a model where both
p53 levels and the recognition elements of transcriptional targets can modulate the cellular
response. However, additional investigation showed that the binding of p53 to promoters of
apoptotic genes did not strictly correlate with cell death as an outcome, and p53 has high binding
affinity for some key apoptotic target genes such as PUMA (Kaeser and Iggo, 2002). Further,
studies have shown that p53 is bound to the promoter regions of target genes under homeostatic
conditions (Kaeser and Iggo, 2002; Szak et al., 2001) and chromatin immunoprecipitation
experiments demonstrate significant binding of p53 at sites without a consensus sequence
(Cawley et al., 2004). Thus, while sequence recognition plays a role, it alone is not sufficient to
fully define the specificity of p53 transcriptional activity.

48

p53 can act as a pioneer transcription factor by binding to closed chromatin and recruiting
chromatin remodeling complexes (CRC) or HATs which alter nucleosome occupancy and
promote accessibility for the general transcriptional machinery (Laptenko et al., 2011; Lidor Nili et
al., 2010; Sammons et al., 2015). p53 interacts with the SWI/SNF complex – a CRC that can
modulate nucleosome structure – which has been shown to be required for transactivation and
proper regulation of cell growth arrest and apoptotic pathways in cellular models (Lee et al., 2002).
Several studies have identified functional interaction of p53 with the HATs p300 and CBP which
facilitate transcriptional activation through histone acetylation (Avantaggiati et al., 1997; Barlev et
al., 2001; Lill et al., 1997). Interestingly, p53 preferentially binds chromatin over DNA (Espinosa
and Emerson, 2001) and some evidence suggests that chromatin state can direct p53 binding.
For example, activation of the target gene 14-3-3-σ is dependent on the status of DNA methylation
(París et al., 2008), and the chromatin remodeling factor RSF1 is required for p53-mediated
apoptosis (Min et al., 2018). However, more investigation is required to understand the interplay
between chromatin structure and p53 target gene selection.
Cofactors and binding partners can also serve as a regulatory mechanism to dictate target
specific transcriptional activity of p53. For example, apoptosis stimulating protein of p53 1 (ASPP1)
and ASPP2 are direct interactors of p53 which do not affect cell cycle arrest, but specifically
promote the p53-mediated transactivation of apoptotic genes (Samuels-Lev et al., 2001).
Apoptosis-antagonizing transcription factor (AATF)/Che-1 is another regulator of the p53
response that can bind to promoter regions of pro-apoptotic genes and suppress p53transcriptional activity (Höpker et al., 2012). Hematopoietic Zinc Finger (Hzf) is a p53 target gene
that can bind to the DNA binding domain and preferentially promote transactivation of cell-cycle
arrest genes (Das et al., 2007), while human cellular apoptosis susceptibility protein (hCAS) acts
as a co-activator of a subset of p53 target genes involved in apoptosis (Tanaka et al., 2007). Also,
ATM and p53-associated KZNF protein (Apak) binds to p53 and suppresses activation of proapoptotic genes (Tian et al., 2009). Thus, several co-regulators that interact with p53 or promoter
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regions of target genes can serve to modulate the p53 response towards cell-cycle arrest or
apoptosis.
Taken together, these studies show that several elements such as p53 levels, DNA-binding
affinity, co-factor recruitment, and post-translational modification contribute to tailor a specific
response of p53 transactivation that will elicit the appropriate cellular outcome (Figure 1.12).

Role of p53 in neurodegenerative diseases
While p53 is most renowned as a tumor suppressor, several studies have implicated
aberrant activation of p53 in neurodegenerative disorders (Culmsee and Mattson, 2005;
Szybińska and Leśniak, 2017). p53 activation has been observed in models of ischemic insult
and genetic knockout or pharmacological inhibition is protective against neurodegeneration
(Crumrine et al., 1994; Culmsee et al., 2001; Li et al., 1994). Traumatic brain injury induces a p53
response and inhibition with pifithrin-α in multiple models has neuroprotective effects by blocking
apoptosis (Huang et al., 2018; Napieralski et al., 1999; Plesnila et al., 2007). p53 activation has
also been linked to amyloid beta induced neuronal apoptosis in models of Alzheimer’s disease
(Culmsee et al., 2001; de la Monte et al., 1997; Tamagno et al., 2003) and elevated levels of p53
have been detected in post-mortem patient brains (Cenini et al., 2008; Kitamura et al., 1997).
Similarly, increased levels of p53 have been documented in the brains of Parkinson’s disease
patients in association DNA fragmentation and activation of caspase 3 and Bax, suggesting
activation of a p53-dependent apoptotic pathway (Mogi et al., 2007; Tatton, 2000). p53 has also
been causally linked to pathogenesis in Drosophila models of Huntington’s disease as genetic
deletion of p53 rescues degenerative phenotypes (Bae et al., 2005; Ryan et al., 2006).
Additionally, p53 expression is increased in motor neurons in the spinal cord of amyotrophic
lateral sclerosis (ALS) patients (Martin, 2000), which is associated with elevated levels of
apoptotic proteins such as Bax, Fas and caspases (Ranganathan and Bowser, 2010). Taken
together, these studies highlight p53 activation as a potentially shared feature across several
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neurodegenerative disorders; however, whether p53 plays a causal role in the pathogenesis or is
activated as a secondary feature of neurodegeneration remains to be determined.

1.6 Hypotheses to be addressed in the following chapters
While key hallmarks of SMA include multiple pathogenic insults to the motor circuit such motor
neuron loss, deafferentation and denervation, the molecular mechanisms underlying these events
have remained elusive. Moreover, there is a lack of understanding of the discrete contribution(s)
of specific functions of SMN in RNA regulation to SMA pathogenesis and elucidation of these
pathways would provide critical insight into SMN biology and SMA disease mechanisms. Based
on the current understanding of SMN’s critical role in snRNP biogenesis, this work explores the
hypothesis that distinct SMN-dependent RNA pathways contribute to select aspects of SMA
pathology. Additionally, I envision that, rather than global impairment in RNA regulation, specific
downstream targets dysregulated by SMN deficiency are particularly critical for proper motor
circuit connectivity and function. Here, I sought to identify and evaluate key SMN-regulated
effectors of motor circuit dysfunction in SMA, which would not only strengthen direct links between
snRNP dysfunction and disease etiology, but also potentially lead to new therapeutic strategies
that can complement SMN upregulation approaches.
Our recent work revealed that motor neuron death in SMA is driven by p53 activation (Simon
et al., 2017). Furthermore, we demonstrated that the selective vulnerability of SMA motor neurons
is a result of two distinct pathways converging on p53 activation – upregulation and
phosphorylation – both of which are necessary for neuronal death. However, the SMN-dependent
mechanisms that resulted in p53 activation were unknown. Here, I address the hypothesis that
key genes responsible for control of the p53 response are regulated by SMN’s function in snRNP
biogenesis and their dysregulation is responsible for the pathogenic activation of p53 in SMA
(Chapter 2).
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Prior work in the lab identified Stasimon as a splicing target regulated by SMN which has both
a physiological role in maintaining proper motor circuit function and a causal role contributing to
motor circuit dysfunction in Drosophila and zebrafish models of SMA (Lotti et al., 2012). In this
dissertation, I explore the idea that Stasimon is also a critical factor involved in the sensory-motor
circuit pathology of an SMA mouse model that better recapitulates the human disease (Chapter
3). Additionally, I further investigate Stasimon’s requirement in mammalian models and its cellular
functions that appear to be particularly important for motor circuit neurons (Chapter 4).
Considering the critical role of SMN levels in SMA pathology, it is possible that a nonphysiological imbalance elicited by excess SMN such as that associated with AAV9-SMN gene
therapy could have deleterious consequences – particularly on the motor system which is most
sensitive to perturbations of SMN homeostasis in SMA. In addressing this issue, I highlight motor
dysfunction and sensory-motor circuit connectivity defects induced by long-term, AAV9-mediated
SMN overexpression in mouse models (Chapter 5). The identification of neuron-specific toxicity
associated with AAV9-SMN uncovers unappreciated aspects of the biology of SMN
overexpression at the molecular, cellular and circuit level that has important clinical relevance at
a time when AAV9-mediated gene therapy is given to SMA patients.
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Figure 1.1. Genetic basis for SMA. SMA is the result of homozygous deletion or mutation of
the SMN1 gene

with

retention

of

the

nearly

identical SMN2 gene.

Most

transcripts

from SMN2 lack exon 7 due to alternative splicing and produce an unstable truncated form of the
protein (SMNΔ7), leading to a setting of ubiquitous SMN deficiency in SMA. Reproduced with
modifications from Van Alstyne and Pellizzoni (2016).
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Figure 1.2. Cell-autonomy of motor circuit deficits in SMA. SMA is a consequence of multiple
insults on the motor circuit, which originate in distinct cellular types. Motor neurons are particularly
vulnerable to reduced levels of SMN expression and degenerate over the course of the disease.
In addition to motor neuron death, several deficits that contribute to motor system dysfunction in
SMA mouse models have been documented which include: i) reduced density of synaptic vesicles,
decreased neurotransmission, and increased denervation of the NMJs of vulnerable muscles; ii)
reduced myofiber size and skeletal muscle atrophy; iii) defective excitatory neurotransmission
and loss of glutamatergic synapses from proprioceptive neurons and local interneurons resulting
in reduced excitatory drive; and iv) hyperexcitability of motor neurons. Genetic restoration studies
have identified the cell-autonomous nature of several defects in motor neurons (blue) and
proprioceptive neurons (red). Reproduced with modifications from Tisdale and Pellizzoni (2015).
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Figure 1.3. SMN-dependent therapeutic approaches for SMA. Current SMN upregulating
therapeutic approaches for SMA include SMN2 splicing modulation through small molecules or
antisense-oligonucleotides (ASO) or replacement of SMN1 through AAV9-mediated gene therapy.
Spinraza, an ASO which targets a key inhibitory splicing regulatory sequence ISS-N1 in intron 7
to promote inclusion, was granted FDA approval for all SMA patients in 2016 and is delivered
directly to the CNS through lumbar puncture. Small molecule compounds include Risdiplam and
Branaplam which are orally bioavailable and promote exon 7 inclusion through recognition of the
SMN2 intron-exon junction and stabilization of U1 snRNP are currently in clinical trials. Lastly,
AAV9-mediated gene therapy with Zolgensma was granted approval for intravenous delivery in
severe SMA Type I patients, and clinical trials in extended patient groups as well as intrathecal
delivery modes are currently underway.
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Figure 1.4. The SMN complex. Schematic representation of the core SMN complex components
showing several known protein-protein interactions. Reproduced from Pellizzoni (2007).
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Figure 1.5. The snRNP biogenesis pathway. The biogenesis of snRNPs occurs through a multistep process involving both nuclear and cytoplasmic events. Pre-snRNAs transcribed in the
nucleus are exported through interaction with the cap-binding complex (CBC), phosphorylated
adaptor for RNA export (PHAX) and Exportin-1 (XpoI) and ras-related nuclear protein GTP
(RanGTP). Sm proteins in the cytoplasm are recognized by the chloride conductance regulatory
protein (pICln) which brings them to a complex containing methylosome protein 50 and the protein
arginine methyltransferase 5 (PRMT5) where a subset are symmetrically dimethylated before
transfer to the SMN complex. The SMN complex mediates the efficiency and specificity through
which Sm proteins are assembled on snRNAs. Following Sm core formation, the 5’cap of snRNAs
is hypermethylated by trimethylguanosine synthase 1 (TGS1) then imported into the nucleus
through association of the SMN complex with snurportin and the transport receptor importin-b
where they can be found localized in Cajal bodies. Reproduced from Pellizzoni (2007).
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Figure 1.6. Role of the SMN complex in spliceosomal and U7 snRNP biogenesis. Molecularly
defined roles for the SMN complex include mediating the assembly of Sm proteins on U snRNAs
to produce spliceosomal snRNPs as well as the unique core of Sm/LSm proteins of the U7 snRNP
which functions in histone mRNA 3’ end processing. Reproduced from Tisdale and Pellizzoni
(2015)
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Figure 1.7. SMN-dependent RNA pathways. The most well-characterized role of SMN is in the
assembly of Sm and U7 snRNPs, however additional roles in RNA regulation have been proposed.
These include a more generalized function in RNP assembly such as the biogenesis of LSmcontaining U6 and U6atac snRNPs as well as snoRNPs. Additionally, SMN has been implicated
in the assembly of mRNP complexes through interactions with several RNA-binding proteins.
Further, functions of SMN in telomere synthesis and protein translocation have been proposed to
be mediated by interactions of SMN with RNPs such as telomerase and SRP. Lastly, recruitment
of SMN by RNA polymerase II suggests involvement in the coupling of transcription with mRNA
processing or in transcription termination. Reproduced from Tisdale and Pellizzoni (2017).
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Figure 1.8. Converging mechanisms of p53 activation drive the death of vulnerable motor
neurons in SMA. SMN deficiency leads to the upregulation of p53 in both vulnerable and resistant
SMA motor neurons. N-terminal phosphorylation of p53 occurs selectively in vulnerable SMA
motor neurons, and convergence of the post-translational modification of p53 along with
upregulation is required to drive SMA motor neuron degeneration. Reproduced from Simon et al
(2017).
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Figure 1.9. Protein domains and post-translational modifications of p53. p53 contains an
N-terminal transactivation domain (TAD), proline-rich domain (PRD), DNA-binding domain,
tetramerization domain (TET), and a C-terminal domain (CTD). Several serine (S), threonine
(T), lysine (K) and arginine (R) residues of p53 (depicted here for human p53) can be posttranslationally modified by phosphorylation (P), acetylation (Ac), ubiquitination (Ub), methylation
(Me) and neddylation (N).
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Figure 1.10. Stress triggers for p53 activation (blue) and cellular outcomes (purple).
Activation of p53 can occur in response to several upstream triggers. The induction of a p53
transcriptional response is a key determinant of cell-fate and can lead to different outcomes
depending on the mechanisms of activation. Reproduced from Vousden and Lane (2007).
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Figure 1.11. Mdm2- and Mdm4-dependent mechanisms of p53 activation. (A) Mdm2 and
Mdm4 act in concert as the key negative regulators of p53 at homeostasis. (B) DNA damage by
ionizing radiation can lead to the activation of ataxia telangiectasia mutated (ATM) kinase which
can induce post-translational modifications of Mdm2 and Mdm4 through signaling cascades that
destabilize binding to p53 and trigger degradation, permitting induction of a p53 response. (C)
Ribosomal stress can induce p53 activation through the direct binding of ribosomal proteins to
Mdm2 (such as L11) which abrogate p53 suppression. (D) Oncogenic stress can activate p53
through proliferative signals such as an increase in the tumor suppressor alternate reading frame
(ARF) which inhibits degradative activity of Mdm2 towards p53 and promotes Mdm4 ubiquitination.
Reproduced from Perry (2010).
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Figure 1.12. Regulatory mechanisms of p53 transactivation and cellular outcomes. Stress
such as DNA damage can elicit a p53 response which is subject to additional layers of control
through modulation of the levels, DNA-binding affinity, post-translational modifications and
association of p53 with co-factors. When integrated, these regulatory mechanisms lead to the
upregulation of specific target genes at the transcriptional level, which can elicit cellular outcomes
such as DNA repair, cell cycle arrest, and apoptosis. Reproduced from Hafner et al (2019).
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Chapter 2
Dysregulation of Mdm2 and Mdm4 alternative splicing underlies motor
neuron death in spinal muscular atrophy2
2.1 Introduction
Perturbation of RNA homeostasis is a common theme of many neurodegenerative disorders
in which genetic mutations are associated with the direct or indirect impairment of RNA-binding
proteins or factors controlling RNA processing at multiple levels (Conlon and Manley, 2017;
Cooper et al., 2009; Li et al., 2014). Remarkably, while disease-linked proteins are ubiquitously
expressed and carry out essential biological processes, pathology is characterized by selective
degeneration of specific neuronal populations. Furthermore, these proteins are often
multifunctional and involved in the regulation of diverse RNA pathways, making it difficult to
discern specific disease-relevant events among many transcriptome abnormalities. These
complexities have made it remarkably challenging in most instances to establish causal links
between RNA dysregulation and disease etiology. Nonetheless, dissecting the RNA-mediated
mechanisms underlying the dysfunction and death of select neurons is necessary to uncover the
molecular basis of human disease and identify drivers of neurodegeneration, which may also
represent key targets for therapeutic intervention.
Spinal muscular atrophy (SMA) is one prominent example of a neurodegenerative disease
featuring RNA dysfunction as a consequence of ubiquitous deficiency in the survival motor neuron
(SMN) protein (Burghes and Beattie, 2009; Tisdale and Pellizzoni, 2015). Reflecting the emerging
multifaceted role of SMN in RNP assembly and post-transcriptional gene regulation, disruption of
several distinct SMN-dependent RNA pathways has been proposed to contribute to SMA

2

This chapter is adapted from an article I co-authored entitled “Dysregulation of Mdm2 and Mdm4
alternative splicing underlies motor neuron death in spinal muscular atrophy”, Genes & Development (2018).
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pathogenesis (Donlin-Asp et al., 2016; Li et al., 2014). However, proving clear mechanistic links
between select SMN-dependent RNA pathways and specific disease-relevant features of SMA
remains an outstanding challenge.
Here, I sought to address this issue by focusing on the molecular mechanisms of motor
neuron death in SMA. The classical hallmark of SMA in both patients and mouse models is the
progressive loss of spinal motor neurons, leading to skeletal muscle atrophy (Burghes and Beattie,
2009; Tisdale and Pellizzoni, 2015). Studies in SMA mice have shown that motor neuron death
occurs cell-autonomously (Fletcher et al., 2017; Gogliotti et al., 2012; Martinez et al., 2012;
McGovern et al., 2015), and distinct motor neuron pools display differential vulnerability to SMN
deficiency (Fletcher et al., 2017; Mentis et al., 2011; Simon et al., 2017)—a feature reflected in
the varying degree of denervation of the respective target muscles (Ling et al., 2012). This
faithfully recapitulates clinical characteristics of the disease in which axial and proximal muscles
are more affected than distal ones (Oskoui et al., 2017). Importantly, degeneration of vulnerable
motor neurons in a mouse model of severe SMA is driven by a p53-dependent death pathway
(Simon et al., 2017), and p53 induction has also been documented in motor neurons from milder
mouse models of the disease (Jangi et al., 2017; Murray et al., 2015) as well as post-mortem
spinal cords of SMA patients (Simic et al., 2000). However, the molecular mechanisms linking
SMN deficiency to p53 activation and motor neuron death in SMA are unknown.
Under normal conditions, p53 expression is maintained at low levels by Mdm2 and Mdm4
— two nonredundant negative regulators that act in concert to prevent unwarranted induction of
the p53 pathway, which can lead to cell cycle arrest or cell death in a context-dependent manner
(Vousden and Prives, 2009). Mdm2 mainly serves as an E3 ubiquitin ligase that targets p53 for
degradation, while Mdm4 inhibits p53 transcriptional activity in addition to enhancing Mdm2
function (Marine et al., 2006; Shadfan et al., 2012). I hypothesized that p53 activation and motor
neuron degeneration in SMA could involve dysregulation of the repressive activity of Mdm2 and
Mdm4 (i.e., p53 anti-repression) through splicing dysfunction induced by SMN deficiency.
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Consistent with this possibility, previous studies implicated alternative splicing of critical exons of
Mdm2 and Mdm4 in the regulation of p53. Mdm2 transcripts that exclude exon 3 produce a
truncated form of the protein that induces p53 stabilization through multiple mechanisms (Giglio
et al., 2010; Perry et al., 2000; Saucedo et al., 1999). Skipping of exon 7 in Mdm4 introduces an
early stop codon that induces nonsense-mediated decay or production of an inactive protein,
leading to p53 activation through loss of function (Bardot et al., 2015; Bezzi et al., 2013; Dewaele
et al., 2016).
In this chapter, I identified Mdm2 exon 3 and Mdm4 exon 7 as critical downstream targets
whose coordinated alternative splicing is regulated by SMN through its function in snRNP
biogenesis. Importantly, I show that defective splicing of these key regulatory exons induced by
SMN deficiency, which occurs early and is most pronounced in vulnerable motor neurons, acts
as a biological switch governing initiation of the p53 response in SMA mice. Through selective
induction of exon skipping in wild-type mice, I demonstrate that perturbation of Mdm2 and Mdm4
alternative splicing synergistically induces p53 anti-repression such that both splicing events, but
neither alone, are necessary and sufficient to elicit robust activation of p53 in vivo. Conversely,
correction of either deficit by restoration of full-length Mdm2 or Mdm4 is sufficient to suppress p53
induction and prevent motor neuron degeneration in SMA. Thus, while SMN deficiency induces
widespread transcriptome perturbations with the potential to contribute to SMA pathology (Li et
al., 2014; Zhang et al., 2008), I show that it is the selective dysregulation of Mdm2 and Mdm4
alternative splicing that underlies p53 anti-repression and motor neuron death in a mouse model
of the disease. These findings provide a direct mechanistic link between the disruption of SMN's
function in the assembly of the snRNP constituents of the splicing machinery and the molecular
basis of neurodegeneration in SMA.
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2.2 Results
Mdm2 and Mdm4 alternative splicing is disrupted in cellular models of Smn deficiency
To determine the mechanisms by which SMN deficiency induces p53 in SMA, I first
investigated whether SMN regulates alternative splicing of Mdm2 exon 3 and Mdm4 exon 7 in
vitro. In previously established NIH3T3-SmnRNAi fibroblasts with doxycycline (Dox) inducible RNAi
knockdown of Smn to ~10% of normal levels (Lotti et al., 2012; Ruggiu et al., 2012; Tisdale et al.,
2013), RT-PCR analysis revealed that the inclusion of both Mdm2 exon 3 and Mdm4 exon 7 was
significantly reduced upon Smn deficiency (Figure 2.1A-D). Moreover, these splicing changes
were reversed by expression of RNAi-resistant human SMN in NIH3T3-SMN/SmnRNAi cells
(Figure 2.1A-D) (Lotti et al., 2012; Ruggiu et al., 2012; Tisdale et al., 2013), highlighting the
specificity of the effects for SMN depletion. Additionally, RT-qPCR analysis of the levels of Mdm2
exon 3 and Mdm4 exon 7 included isoforms normalized to the total levels of their respective
mRNAs confirmed reduced inclusion of these exons (Figure 2.1E and F). These results
demonstrate that SMN regulates the alternative splicing of specific exons of Mdm2 and Mdm4
mRNAs in vitro.
I wanted to determine the specificity with which SMN regulates Mdm2 and Mdm4
alternative splicing. To do so, I utilized Smn-deficient NIH3T3 fibroblasts in order to assess
potential Smn-dependent changes in the alternative splicing of other exons in Mdm2 and Mdm4
by RT-PCR (Figure 2.2). I found that Mdm2D3 and Mdm4D7 are the predominant alternatively
spliced isoforms present in NIH3T3 fibroblasts and there were no other perturbations in the
splicing of the remaining exons as a consequence of Smn deficiency.

Mdm2 and Mdm4 alternative splicing is disrupted in SMA mice
To assess whether SMN deficiency affects Mdm2 and Mdm4 splicing regulation in vivo, I
used the well-established SMND7 mouse model of SMA harboring homozygous knockout of
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mouse Smn, two copies of the human SMN2 gene and transgenic SMND7 cDNA (Le et al., 2005).
I specifically monitored alternative splicing of Mdm2 and Mdm4 mRNAs by RT-PCR in the spinal
cord of WT and SMA mice at pre-symptomatic (P1), early symptomatic (P6) and late symptomatic
(P11) stages of the disease in this animal model. I found that SMN deficiency induces timedependent, progressive accumulation of Mdm2D3 and Mdm4D7 mRNAs in the spinal cord of SMA
mice relative to control mice (Figure 2.3A-B and D-E), revealing SMN-dependent dysregulation
of Mdm2 and Mdm4 alternative splicing in vivo. This reduction in the levels of normalized inclusion
of Mdm2 exon 3 and Mdm4 exon 7 was also confirmed by RT-qPCR analysis (Figure 2.3C and
2.3F). Furthermore, the accumulation of alternatively spliced Mdm2D3 and Mdm4D7 transcripts
correlates with an increase in the number of cells displaying p53 activation induced by SMN
deficiency over disease progression as revealed by immunohistochemistry analysis of spinal cord
from WT and SMA mice with anti-p53 antibodies (Figure 2.4).

SMN deficiency disrupts Mdm2 and Mdm4 alternative splicing in SMA motor neurons
As the onset of p53 activation occurs earliest in motor neurons before extending to other
spinal neurons that do not degenerate in SMA mice (Figure 2.4) (Simon et al., 2017), I next sought
to determine the effects of SMN deficiency on Mdm2 and Mdm4 alternative splicing in vulnerable
SMA motor neurons at an early stage of the disease. To do so, we retrogradely labeled vulnerable
motor neurons that innervate the axial muscles iliopsoas (IL) and quadratus lumborum (QL) by
intramuscular injection of fluorescently conjugated cholera toxin B subunit (CTb) in WT and SMA
mice at P2 (Figure 2.5A). We then isolated CTb-labeled motor neurons located in the lumbar
segments L1 through L3 by laser capture microdissection (LCM) from spinal cords of injected
mice at P6 (Figure 2.5B) – a time point at which ~60% of these motor neurons express p53 in
SMA mice (Simon et al., 2017) (see also Figure 2.4 and Figure 2.19A and 2.19B). Remarkably,
RT-PCR analysis showed a severe reduction in the inclusion of Mdm2 exon 3 and Mdm4 exon 7
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in vulnerable SMA motor neurons relative to WT motor neurons (Figure 2.5C and 2.5D). Thus,
SMN deficiency strongly affects the alternative splicing of Mdm2 and Mdm4 mRNAs in vulnerable
SMA motor neurons. Moreover, consistent with a potential involvement in p53 activation and
motor neuron degeneration, splicing dysregulation of these mRNAs occurs earlier and to a much
greater extent in these disease-relevant neurons than in whole spinal cord of SMA mice.

Defective snRNP biogenesis induces Mdm2 and Mdm4 splicing dysregulation and p53
activation
Given SMN’s essential function in the assembly of spliceosomal snRNPs (Meister et al.,
2001b; Pellizzoni et al., 2002b), I investigated whether SMN-dependent effects on Mdm2 and
Mdm4 splicing were mediated by deficits in snRNP biogenesis. To do so, I utilized a previously
established cellular model in which Dox-dependent RNAi knockdown of SmB – a core protein
component of spliceosomal snRNPs (Li et al., 2014) – results in the selective impairment of
snRNP biogenesis without altering SMN levels in NIH3T3-SmBRNAi fibroblasts (Ruggiu et al., 2012)
(see also Figure 2.7A and B). Importantly, RT-PCR analysis (Figure 2.6A-D) and RT-qPCR
analysis (Figure 2.6E and 2.6F)showed that SmB knockdown strongly reduced inclusion of Mdm2
exon 3 and Mdm4 exon 7 in Dox-treated NIH3T3-SmBRNAi cells relative to untreated controls,
mimicking effects of SMN deficiency on the splicing of these mRNAs. Therefore, a reduction in
SmB levels disrupts the splicing of Mdm2 and Mdm4 regulatory exons.
Further characterization of NIH3T3-SmBRNAi cells revealed that SmB deficiency also led to
marked upregulation of p53 protein levels as monitored by Western blot (Figure 2.7A and 2.7B)
as well as strong nuclear accumulation of p53 (Figure 2.7C). Further, SmB knockdown also led
to robust mRNA upregulation of p53 transcriptional targets (Figure 2.7D). Thus, consistent with
Mdm2 and Mdm4 dysregulation, defective snRNP biogenesis results in p53 activation in
mammalian cells.
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It has been shown that snRNP levels are reduced much more prominently in the nucleus
of SMA motor neurons than other cells in the spinal cord of SMA mice (Ruggiu et al., 2012; Tisdale
and Pellizzoni, 2015). To investigate whether SMN-dependent snRNP reduction correlated with
p53 activation in SMA motor neurons in vivo, I performed immunostaining experiments with
antibodies against p53 and SmB using spinal cords from WT and SMA mice throughout disease
progression followed by quantification of the nuclear levels of SmB as a proxy for snRNP
expression in vulnerable L2 motor neurons (Figure 2.8). I found that p53+ SMA motor neurons
had significantly lower levels of nuclear SmB than either SMA or WT motor neurons that are p53at P1, P6 and P11 (Figure 2.8A-F), indicating a correlation between snRNP reduction and p53
activation in SMA motor neurons. This correlation is also maintained in the L5 spinal segment for
both lateral motor column (LMC) and medial motor column (MMC) motor neurons at P11 (Figure
2.9). Taken together, these findings mechanistically link snRNP dysfunction induced by SMN
deficiency to dysregulation of Mdm2 and Mdm4 splicing and upregulation of p53, consistent with
a snRNP-mediated mechanism of p53 activation in SMA.

Mdm2 and Mdm4 alternatively spliced isoforms can induce p53 activation
In order to determine the functionality of the alternatively spliced isoforms of Mdm2 and
Mdm4, I analyzed the effects on p53 following transient transfection of constructs designed to
mimic the skipped transcripts. The skipping of Mdm2 exon 3 results in a later start codon being
used, leading to a protein product with an N-terminal truncation removing the p53 binding domain
and p53 induction (Giglio et al., 2010; Perry et al., 2000; Saucedo et al., 1999). In contrast, Mdm4
exon 7 exclusion results in a shift in the reading frame for 13 amino acids followed by a premature
stop codon. This spliced isoform has been previously reported to produce a potent p53 inhibitor
in vitro; however in vivo experiments suggest a loss of function potentially through mRNA
degradation by nonsense-mediated decay (Bardot et al., 2015; Bezzi et al., 2013; Dewaele et al.,
2016). I generated constructs encoding for full-length proteins as well as truncated forms of Mdm2
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(Mdm2∆3) and Mdm4 (Mdm4∆7), each with an N-terminal myc tag (Figure 2.10A). I then
transiently transfected NIH3T3 cells and found that overexpression of full-length Mdm2 – but not
Mdm4 – was sufficient to suppress nuclear accumulation of p53 following UV treatment (Figure
2.10B). This result is consistent with the role of Mdm2 as an E3 ubiquitin ligase for p53, while
Mdm4 inhibits p53 transcriptional activity. Additionally, neither truncated form was able to
suppress UV-induced p53 induction. Importantly, overexpression of either Mdm2∆3 or Mdm4∆7
was sufficient to induce p53 activation in the absence of UV-treatment, while the full-length
isoforms were not (Figure 2.10C), indicating that either product can exert dominant negative
effects leading to p53 induction. These results support a role for increased exon skipping of Mdm2
and Mdm4 exons as a mechanism for p53 upregulation.

Skipping of SMN-regulated Mdm2 and Mdm4 exons synergistically activates p53
To determine whether accumulation of alternatively spliced Mdm2 and Mdm4 mRNAs
induced by SMN deficiency is sufficient to induce p53 activation in vivo, I designed anti-sense
morpholino oligonucleotides (MOs) complementary to the 5’ splice sites of mouse Mdm2 exon 3
and Mdm4 exon 7 (Figure 2.11 and 2.12A), which are predicted to block U1 snRNP binding and
promote exon skipping without altering endogenous mRNA levels. To assess the efficacy of the
designed morpholinos, I monitored the effects on Mdm2 and Mdm4 alternative splicing both in
vitro and in vivo. RT-PCR and RT-qPCR analysis showed that both Mdm2 and Mdm4 MOs acted
selectively to induce skipping of their targeted exons in NIH3T3 fibroblasts (Figure 2.12B and
2.12C). Further, RT-PCR and RT-qPCR analysis of Mdm2 exon 3 and Mdm4 exon 7 splicing in
the spinal cord of injected mice following delivery by intracerebroventricular (ICV) injection in WT
mice at P0 either alone or in combination, showed that Mdm2 and Mdm4 MOs acted selectively
to induce skipping of their targeted exons in the spinal cord of WT mice at P11 (Figure 2.13A and
2.13B).
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Next, I analyzed whether treatment with these splice-switching MOs had an effect on the
p53 pathway. To determine the individual contribution of these splicing events to p53 activation,
I investigated the effects of treatment with Mdm2 and Mdm4 MOs either alone or in combination
on p53 both in vitro and in vivo. Strikingly, immunostaining experiments revealed that either MO
alone induced little if any upregulation of p53 in NIH3T3 cells, while treatment with both MOs
triggered robust and widespread p53 accumulation (Figure 2.12D). However, MO treatment did
not lead to p53 phosphorylation at serine 18, which is observed upon UV treatment used as a
positive control (Figure 2.12D). Similar results were observed in mouse spinal cord at P11 where
either MO alone had little effects while treatment with both MOs induced robust p53 accumulation
(Figure 2.13D). Moreover, analysis of p53 protein levels in WT spinal cord by Western blot showed
robust upregulation of p53 following treatment with both MOs (Figure 2.13C), and quantification
of the percentage of p53+ L5 LMC and MMC motor neurons further highlighted the synergistic
effects of combined treatment (Figure 2.13E and 2.13F).
Importantly, RT-qPCR analysis of p53 transcriptional targets – which are also induced in
SMA mice (Jangi et al., 2017; Murray et al., 2015; Simon et al., 2017) (see also Figures 2.20, 2.21
and 2.22) – showed relatively small increases upon treatment with either MO individually and
strong induction when MOs were delivered in combination (Figure 2.14A-E). Moreover, activation
of the p53 pathway induced by MOs targeting Mdm2 and Mdm4 occurred without changes in the
expression of Smn or p53 mRNAs (Figure 2.14F and 2.14G), consistent with a post-transcriptional
mechanism involving impairment of p53 degradation with consequent protein stabilization.
Together, these experiments reveal the remarkable potency with which p53 can be activated
through concurrent perturbation of Mdm2 exon 3 and Mdm4 exon 7 splicing.
To further assess the effects of morpholino delivery on p53 activation, I delivered two-fold
increasing amounts of MOs to WT mice as well as the highest dose of a non-targeting MO used
as a control. Importantly, RT-PCR analysis demonstrated dose-dependent accumulation of
alternatively spliced Mdm2D3 and Mdm4D7 mRNAs relative to control in the spinal cord of treated
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WT mice (Figure 2.15A). This was confirmed by RT-qPCR analysis that also showed dosedependent reductions in the inclusion of Mdm2 exon 3 and Mdm4 exon 7 (Figure 2.15B).
Furthermore, the synergistic effects on p53 activation were also dose-dependent as assessed by
both the upregulation of p53 transcriptional targets in the spinal cord (Figure 2.15C) as well as
immunostaining of nuclear p53 (Figure 2.16).
Last, I analyzed the effects of Mdm2 and Mdm4 morpholino delivery on motor neurons and
found that ~15% of L5 medial motor column (MMC) motor neurons were p53+ following delivery
of Mdm2 and Mdm4 MOs in WT mice (Figure 2.17A and B), demonstrating that increased Mdm2
and Mdm4 skipping is sufficient to induce p53 accumulation in a motor neuron population that is
vulnerable in SMA. We previously showed that SMA motor neuron death requires convergence
of p53 upregulation with p53 phosphorylation (Simon et al., 2017). Accordingly, phosphorylation
of serine 18 of mouse p53 (phospho-p53S18) is a specific marker of degenerating SMA motor
neurons, and overexpression of unphosphorylated p53 is not sufficient to induce degeneration of
WT motor neurons in vivo (Simon et al., 2017). I therefore performed motor neuron counts and
immunostaining for phospho-p53S18 in the spinal cord of WT mice following co-injection of Mdm2
and Mdm4 MOs. Consistent with observations in vitro (Figure 2.12D), I did not observe phosphop53S18 expression in motor neurons or other spinal cells (Figure 2.17C). Furthermore, in
accordance with our previous findings, there was no change in the number of L5 MMC motor
neurons relative to control mice (Figure 2.17D). Thus, skipping of SMN-regulated Mdm2 and
Mdm4 exons can act as an initiating step for p53 stabilization, but not for phosphorylation of serine
18 in vivo.

Mdm2 and Mdm4 gene delivery inhibits p53 activation in SMA mice
To determine whether changes in Mdm2 and Mdm4 alternative splicing were responsible
for p53 activation in SMA, I utilized adeno-associated virus serotype 9 (AAV9) mediated gene
delivery of full-length mouse Mdm2 and Mdm4 cDNAs in SMA mice by ICV injection at P0 (Figure
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2.18A). SMA mice injected with AAV9-GFP and uninjected WT mice were used as controls in
these experiments. RT-qPCR analysis demonstrated robust expression of Mdm2 and Mdm4
mRNAs over endogenous levels in the spinal cord of mice injected with the corresponding AAV9
vectors relative to controls at P11 (Figure 2.18B and 2.18C). I also attempted to monitor Mdm2
and Mdm4 protein levels, but failed to identify commercially available antibodies that detected
endogenous or overexpressed levels of these proteins by either immunohistochemistry or
Western blot. Importantly, AAV9-Mdm2 and AAV9-Mdm4 did not alter the low levels of SMN
produced by the SMN2 gene at the mRNA or protein level (Figure 2.18D and 2.18E).
I then investigated whether AAV9-Mdm2 or AAV9-Mdm4 affected the expression of p53 in
vulnerable motor neurons of SMA mice. In agreement with our previous study (Simon et al., 2017),
I found that ~60% of L2 motor neurons and ~70% of L5 MMC motor neurons are p53+ in SMA
mice injected with AAV-GFP at P11 (Figure 2.19A-D), while no p53 expression is detectable in
WT motor neurons. Importantly, injection of AAV9-Mdm2 and AAV9-Mdm4 either individually or
in combination strongly reduced p53 expression in these SMA motor neurons (Figure 2.19A-D),
with p53 suppression being more effective upon co-injection of both vectors. The observation that
overexpression of either Mdm2 or Mdm4 efficiently inhibits nuclear accumulation of p53 in SMA
motor neurons is consistent with p53 induction requiring the synergistic effects of exon skipping
in both Mdm2 and Mdm4, which are invariably muted when the full-length mRNA isoform of either
gene is reinstated.
To determine whether Mdm2 and Mdm4 overexpression selectively inhibits p53
transcriptional activity in SMA mice, I monitored the mRNA levels of several p53 target genes in
the spinal cord of SMA mice relative to WT mice by RT-qPCR at P11. First, I assessed a panel of
p53 transcriptional targets including several which were reported in prior studies to be upregulated
in SMA motor neurons (Murray et al., 2015; Simon et al., 2017). While increases in some p53
transcriptional targets were not detected in spinal cord – perhaps because upregulation is
restricted to motor neurons – I observed significant transcriptional activation of several p5377

regulated genes (Figure 2.20). In order to validate whether activation of these genes is p53dependent, I monitored mRNA levels by RT-qPCR in SMA mice which are p53 null and found that
transactivation of all target genes was nearly completely suppressed, validating that they are p53dependent target genes in SMA (Figure 2.21A). I next determined the effects of AAV9-p53shRNA,
which was delivered at P0 by ICV injection. Viral mediated p53 knockdown also led to significant
suppression of the induction of select transcriptional targets of p53 (Figure 2.21B). As expected,
the correction was not complete likely because AAV9 mainly transduces motor neurons but not
many other spinal cells that express p53 at a late disease stage in SMA mice (Simon et al., 2017)
(see also Figure 2.4). These findings confirmed that upregulation of p53 downstream target genes
induced by SMN deficiency can be monitored by whole tissue analysis in SMA spinal cord at late
disease stages, and their transcriptional activation indeed occurs in a p53-dependent manner.
Importantly, I found that co-injection of AAV9-Mdm2 and AAV9-Mdm4 but not AAV9-GFP
robustly decreased the mRNA levels of p53-regulated genes that are induced by SMN deficiency
in the spinal cord of SMA mice (Figure 2.22A-F), demonstrating functional inhibition of p53.
Interestingly, I observed differential suppression of upregulated p53 targets upon delivery of either
Mdm2 or Mdm4 individually. Upregulation of p53 targets was Mdm2-dependent (Cdkn1a and
Gtse1), Mdm4-dependent (Ptprv) as well as responsive to restoration of either (Fas) or both
( Pmaip, and Perp1) Mdm2 and Mdm4 (Figure 2.22A-F).
To establish the specificity of the effects of Mdm2 and Mdm4 for the suppression of p53dependent gene changes in SMA, I monitored known RNA processing events in other SMN
regulated pathways disrupted in SMA. Specifically, I analyzed U12-dependent splicing of
Stasimon (Lotti et al., 2012), U7-dependent 3’-end processing of histone mRNAs (Tisdale et al.,
2013), and the expression of Chondrolectin mRNA (Bäumer et al., 2009; Zhang et al., 2008) all
of which were altered in the spinal cord of SMA mice relative to WT mice but not corrected by
Mdm2 and Mdm4 overexpression (Figure 2.22G-I).
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Together, these results demonstrate that overexpression of full-length Mdm2 and/or Mdm4
selectively suppresses the SMN-dependent activation of p53 and induction of its downstream
transcriptional targets in SMA mice.

Mdm2 and Mdm4 restoration inhibits motor neuron degeneration and improves motor
function in SMA mice
Based on the link between SMN-dependent dysregulation of Mdm2 and Mdm4 alternative
splicing and the induction of p53, I sought to determine the effect of overexpressing Mdm2 and
Mdm4 on motor neuron survival in SMA mice. To do so, I delivered AAV9-Mdm2 and AAV9-Mdm4
either individually or in combination in SMA mice by ICV injection at P0 and then quantified the
number of vulnerable L2 and L5 MMC motor neurons at P11 which are significantly decreased in
SMA mice, according to previous studies (Fletcher et al., 2017; Mentis et al., 2011; Simon et al.,
2017). Remarkably, I found that overexpression of either Mdm2 or Mdm4 alone strongly
suppressed degeneration of L2 and L5 MMC SMA motor neurons with an efficacy comparable to
that achieved with their co-expression (Figure 2.23). Thus, restoration of either Mdm2 or Mdm4
full-length mRNAs is sufficient to prevent p53 upregulation induced by SMN deficiency through
the synergistic effects of Mdm2 and Mdm4 missplicing and the subsequent p53-dependent
cascade leading to degeneration of SMA motor neurons.
In addition to motor neuron degeneration, SMN deficiency leads to several deficits in the
motor circuit (Tisdale and Pellizzoni, 2015). To assess further the impact of Mdm2 and Mdm4
overexpression on the SMA neuromuscular phenotype, I investigated functional and
morphological parameters of the sensory-motor circuit that are severely affected in the mouse
model of the disease (Fletcher et al., 2017; Mentis et al., 2011). First, we analyzed changes in
sensory-motor function by monitoring the spinal reflex in the L2 segment of the spinal cord at P11.
We found that AAV-mediated Mdm2 and Mdm4 overexpression moderately but significantly
increased the amplitude of the monosynaptic reflex that is strongly reduced in SMA mice injected
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with AAV9-GFP relative to WT mice (Figure 2.24A and 2.24B). This partial functional recovery
likely reflects the sparing of SMA motor neurons rather than specific benefits on the number and
function of the proprioceptive (VGluT1+) synapses that impinge on motor neuron somata, the loss
of which was not prevented by AAV9-Mdm2 and AAV9-Mdm4 injection in SMA mice (Figure
2.24C and 2.24D). These experiments also indicate that SMA motor neurons rescued from death
by Mdm2 and Mdm4 gene delivery are capable of eliciting functional responses (i.e. firing action
potentials) following synaptic activation.
Next, we analyzed the impact of Mdm2 and Mdm4 overexpression on innervation and
function of neuromuscular junctions (NMJs) in the QL muscle of SMA mice. AAV9-Mdm2 and
AAV9-Mdm4 neither improved the severe NMJ denervation (Figure 2.24E and F) nor the strong
reduction in the amplitude of the compound muscle action potential (Figure 2.24G and 2.24H)
found in AAV9-GFP injected SMA mice relative to WT mice.
Lastly, I found that overexpression of Mdm2 and Mdm4 transiently improved the righting
time of SMA mice (Figure 2.25A), while it had no toxic effects in normal mice and did not enhance
weight gain or survival in SMA mice (Figure 2.25B and 2.25C). These results are consistent with
both the beneficial effects of genetic or pharmacological inhibition of p53 in the same model being
limited to improved motor behavior (Simon et al., 2017) and the contribution of peripheral
pathology to the growth and survival phenotype of SMA mice (Hamilton and Gillingwater, 2013;
Hua et al., 2011). They also indicate that Mdm2 and Mdm4 restoration improves motor function
by acting on the p53-mediated pathway governing motor neuron degeneration but not on the
mechanisms underlying synaptic loss in SMA mice.

2.3 Discussion
Establishing clear mechanistic links between the multiple roles of SMN in RNA regulation
and specific downstream phenotypic effects relevant to SMA pathology is critical in understanding
disease mechanisms. Since SMN deficiency can trigger widespread deficits in gene expression
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that can impact many downstream cellular processes (Li et al., 2014), an outstanding challenge
in the field has been to identify which functions and specific targets of SMN are causally related
to clinical features of SMA. Here, I addressed this issue by focusing on the molecular mechanisms
underlying a hallmark of SMA (motor neuron degeneration) that have long remained elusive.
Building on our recent discovery that p53 activation is central to the degenerative process of SMA
motor neurons (Simon et al., 2017), I demonstrate that SMN function in snRNP biogenesis is
required for coordinated regulation of Mdm2 and Mdm4 alternative splicing and that defective
inclusion of a key regulatory exon in each of these genes acts synergistically to drive p53 antirepression and motor neuron degeneration in a mouse model of SMA. Collectively, these findings
establish a causal link between disrupted assembly of spliceosomal snRNPs and
neurodegeneration and reveal the identity of the upstream molecular events that underlie this
pathogenic process in SMA (Figure 2.26).
The discovery that p53 activation drives motor neuron degeneration in SMA mice raised
important mechanistic questions regarding the identity of the upstream triggers induced by SMN
deficiency (Simon et al., 2017). Given that SMA motor neurons showed no evidence for DNA
damage (Simon et al., 2017), which is a well-known inducer of p53 activation, I focused on other
possible mechanisms. Using both cellular and animal models, I show that SMN deficiency disrupts
the balance between inclusion and exclusion of key regulatory exons in Mdm2 and Mdm4 which
are two well-established inhibitors of p53 expression and function (Marine et al., 2006), leading
to a switch in their biological activity from repression to activation of p53. The requirement of SMN
for the regulation of Mdm2 exon 3 and Mdm4 exon 7 alternative splicing is demonstrated in
mammalian cells in vitro using a well-controlled homogeneous model system (Lotti et al., 2012;
Tisdale et al., 2013) as well as in vivo through the analysis of both the spinal cords and motor
neurons from SMA mice. I observe that the protein products of the skipped isoforms Mdm2D3 and
Mdm4D7 are unable to suppress UV-mediated p53 induction and are sufficient to upregulate p53
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in cellular models. These findings, taken together with previous studies, provide the basis to
explain how increased levels of alternatively spliced Mdm2 and Mdm4 mRNAs and a
corresponding reduction in the levels of full-length transcripts trigger p53 anti-repression through
loss-of-function and dominant-negative effects on the activity of Mdm2 (Giglio et al., 2010; Perry
et al., 2000) and Mdm4 (Bardot et al., 2015; Bezzi et al., 2013).
From a mechanistic standpoint, these findings indicate that Mdm2 and Mdm4 exon
skipping induced by SMN deficiency is a direct consequence of impaired assembly of
spliceosomal snRNPs, which is the best-characterized activity of SMN (Burghes and Beattie,
2009; Li et al., 2014). First, the reduction of snRNP levels upon SMN depletion is well documented
in both NIH3T3 cells (Lotti et al., 2012) and SMA motor neurons (Ruggiu et al., 2012; Tisdale and
Pellizzoni, 2015) in which I identified Mdm2 and Mdm4 splicing defects (Figures 2.1 and 2.5).
Second, the earliest and strongest effects of SMN depletion on alternative splicing of Mdm2 and
Mdm4 mRNAs are found in disease-relevant vulnerable SMA motor neurons relative to other
spinal cells (Figure 2.5), coincident with more pronounced snRNP reduction and p53 upregulation (Figures 2.8 and 2.9). Third, selective impairment of snRNP biogenesis through SmB
knockdown in NIH3T3 cells induces robust skipping of both Mdm2 exon 3 and Mdm4 exon 7 as
well as p53 activation in the presence of normal SMN levels (Figures 2.6 and 2.7), thereby directly
linking dysregulation of these alternative splicing events to snRNP dysfunction. Potential
mechanisms underlying motor neuron selectivity at early disease stages include the intrinsically
low efficiency of SMN2 exon 7 splicing and activation of a negative feedback that specifically
exacerbates SMN2 splicing defects and downstream effects of SMN deficiency through snRNP
dysfunction in SMA motor neurons (Jodelka et al., 2010; Ruggiu et al., 2012). At later symptomatic
stages, wider dysregulation of Mdm2 and Mdm4 splicing and accumulation of p53 in the spinal
cords of SMA mice likely involves similar mechanisms induced by hypoxia and other stressors
that decrease SMN2 splicing (Bebee et al., 2012; Somers et al., 2016). In agreement with
regulation of Mdm2 and Mdm4 splicing by the snRNP biogenesis pathway, knockdown of protein
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arginine methyltransferase 5—a protein that carries out symmetric dimethylation of a subset of
Sm proteins prior to their transfer to the SMN complex (Friesen et al., 2001b; Meister et al., 2001b)
—has been shown to promote skipping of Mdm4 exon 7 and p53 activation (Bezzi et al., 2013).
Expanding on this study in which SMN function and Mdm2 splicing were not investigated, this
data indicates that coordinated regulation of Mdm2 and Mdm4 alternative splicing acts as a
sensor of impaired snRNP biogenesis and splicing dysfunction to elicit p53-mediated biological
responses and that this SMN-dependent regulatory axis is disrupted in SMA.
To assess directly the role of Mdm2 and Mdm4 alternative splicing in the regulation of p53,
I used splice-switching oligonucleotides that specifically modify the inclusion of SMN-regulated
exons. Remarkably, I found that exclusion of either Mdm2 exon 3 or Mdm4 exon 7 alone had mild
effects on p53 activity, while concomitant induction of both Mdm2 and Mdm4 exon skipping events
synergizes to elicit a much more robust p53 response, including widespread nuclear accumulation
of p53 and up-regulation of its transcriptional targets in the spinal cords of WT mice (Figures 2.13
and 2.14). Thus, coordinated skipping of SMN-regulated exons of Mdm2 and Mdm4 is both
necessary and sufficient for robust p53 induction, likely through protein stabilization, based on the
function of these factors in p53 regulation (Marine et al., 2006) and because mRNA levels of p53
were unchanged (Figure 2.14). However, these splicing events alone do not cause the death of
WT motor neurons in vivo. This is consistent with our previous demonstration that p53
overexpression per se is not sufficient to induce degeneration of motor neurons but requires
convergence of at least another activating event (N-terminal phosphorylation of p53, of which Ser
18 phosphorylation is a marker) (Simon et al., 2017) that is independent from Mdm2 and Mdm4
exon skipping (Figures 2.12 and 2.17). Importantly, functional analysis of the role of Mdm2 and
Mdm4 splicing dysregulation in SMA revealed that overexpression of either target is sufficient to
prevent p53 accumulation and rescue SMA motor neurons from degeneration to levels
comparable with their co-expression in SMA mice (Figures 2.19 and 2.23). This further highlights
the requirement of both splicing events for synergistic induction of p53 and, conversely, the
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sufficiency of correcting either deficit for suppression of p53-mediated death of SMA motor
neurons. Therefore, while further investigation is needed to define the converging pathway(s)
responsible for N-terminal phosphorylation of p53, these results conclusively establish that
dysregulated alternative splicing of two specific target genes induced by SMN deficiency is the
initiating event that underlies synergistic activation of p53 and neurodegeneration in a mouse
model of SMA (Figure 2.26).
These findings have potential therapeutic implications for human disease that include but
are not limited to neurodegeneration in SMA. Mdm2 and Mdm4 are negative regulators of p53
that prevent its undue activation under normal conditions (Vousden and Prives, 2009). However,
they are also oncogenes, as their overexpression promotes uncontrolled cell proliferation through
excess inhibition of the tumor suppressor activity of p53 in certain cancers (Wade et al., 2013).
Moreover, enhanced skipping of Mdm4 exon 7 (exon 6 in human MDM4) has been proposed as
a candidate therapeutic approach to activate the p53 response in specific cancers such as
melanomas and diffuse large B-cell lymphoma that retain a functional p53 allele (Dewaele et al.,
2016; Valianatos et al., 2017). Considering the strong synergistic effects that I demonstrate here,
induction of both Mdm2 exon 3 and Mdm4 exon 7 skipping has the potential for much more
pronounced activation of p53 and increased therapeutic benefit in cancer. Conversely, promoting
the inclusion of either SMN-regulated exon in Mdm2 or Mdm4 mRNAs could represent a
candidate approach to counteract the loss of SMA motor neurons in an SMN-independent manner.
My results indicate that selective blockade of motor neuron death results in partial
functional recovery and improved motor ability early in the disease course of SMA mice (Figure
2.19), while the overall benefit on the neuromuscular phenotype is likely limited by the progressive
loss of central synapses and NMJ innervation, which are distinct p53-independent pathogenic
events. At a time when disease-modifying treatments are emerging but comprehensive
understanding of what aspects of SMA pathology are insufficiently addressed in patients is lacking
(Finkel et al., 2017; Mendell et al., 2017), there is increasing interest in the identification of
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combinatorial approaches that might complement SMN-based therapeutics (Groen et al., 2018;
Van Alstyne and Pellizzoni, 2016). Thus, despite the fact that rescue of motor neuron survival
alone is expectedly not sufficient to reverse the severe SMA phenotype (Fletcher et al., 2017;
Gogliotti et al., 2012; Martinez et al., 2012; McGovern et al., 2015), selectively targeting the motor
neuron death pathway has the potential to enhance the clinical benefit of SMN-inducing
therapeutics by preventing the irreplaceable loss of the most affected cell type in SMA and
extending the window of opportunity for amelioration of synaptic pathology.
Induction of p53 has also been documented in patient tissue and experimental models of
several chronic and acute neurodegenerative diseases (Culmsee and Mattson, 2005), including—
but not limited to—Alzheimer's disease (Kitamura et al., 1997; de la Monte et al., 1997),
Parkinson's disease (Duan et al., 2002; Mogi et al., 2007; Qi et al., 2016), ischemic stroke, and
traumatic brain injury (Yang et al., 2016). In light of my results, it would be relevant to evaluate
the involvement of Mdm2 and Mdm4 splicing dysregulation in neuronal loss in this diverse group
of neurological disorders.
In conclusion, these findings mechanistically link dysregulation of alternative splicing
induced by SMN deficiency with motor neuron death, the key hallmark of SMA. Furthermore, they
identify decreased SMN function in snRNP biogenesis as the initial trigger and defective
alternative splicing of Mdm2 and Mdm4 as the downstream effectors responsible for the upregulation of p53 that underlies the neurodegenerative process in SMA. In addition to elucidating
a fundamental pathogenic mechanism of SMA, the molecular cascade of events emerging from
our study provides new entry points for exploring SMN-independent neuroprotective approaches
for preventing motor neuron death that may also have broader implications in other
neurodegenerative diseases associated with perturbations of RNA splicing and p53 regulation.
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Figure 2.1. SMN regulates alternative splicing of Mdm2 and Mdm4 in vitro. (A) RT-PCR
analysis of Mdm2 exon 3 splicing in NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells cultured
with or without Dox using primers in exon 2 (E2) and exon 5 (E5). A schematic of the alternatively
spliced exon is shown at the top. Arrowheads indicate the locations of primers. (B) RT–PCR
analysis of Mdm4 exon 7 splicing in NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells cultured
with or without Dox using primers in exon 5 (E5) and exon 8 (E8). A schematic of the alternatively
spliced exon is shown at the top. Arrowheads indicate the locations of primers. (C) The
percentage of Mdm2 exon 3 inclusion from RT–PCR data in (A). Data represent mean and
standard error of the mean (SEM). n = 3. Statistics were performed with two-tailed unpaired
Student's t-test. (***) P < 0.001; (ns) no significance. (D) The percentage of Mdm4 exon 7
inclusion from RT–PCR data in (B). Data represent mean and SEM. n = 3. Statistics were
performed with two-tailed unpaired Student's t-test. (**) P < 0.01; (ns) no significance. (E) RTqPCR analysis of Mdm2 E3 inclusion in NIH3T3-SmnRNAi cells cultured with or without Dox. Data
represent mean and SEM. n = 3. Normalized E3 inclusion was measured by analysis of the
expression of E3 included relative to total transcript levels. Statistics were performed with twotailed unpaired Student's t-test. (*) P < 0.05. (F) RT-qPCR analysis of Mdm4 E7 inclusion in
NIH3T3-SmnRNAi cells cultured with or without Dox. Data represent mean and SEM. n = 3.
Normalized E7 inclusion was measured by analysis of the expression of E7 included relative to
total transcript levels. Statistics were performed with two-tailed unpaired Student's t-test. (*) P <
0.05.
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Figure 2.2. SMN deficiency selectively affects key regulatory exons in Mdm2 and Mdm4.
(A) Gene structure of mouse Mdm2 depicting protein-coding exons in blue and non-coding
portions in grey, except for the SMN-regulated exon 3 that is shown in red. Arrowheads point to
the location of primers and brackets indicate the portion of the mRNA analyzed by RT-PCR in
panels (B) and (C). (B) RT-PCR analysis of Mdm2 mRNA in NIH3T3-SmnRNAi cells cultured with
or without Dox using primers located in exon 2 (E2) and at the junction between exon 6 and 7
(E6/7). DNA size in base pairs is shown on the left. (C) RT-PCR analysis of Mdm2 mRNA in
NIH3T3-SmnRNAi cells cultured with or without Dox using primers located in exon 12 (E12) and at
the junction between exon 6 and 7 (E6/7). DNA size in base pairs is shown on the left. (D) Gene
structure of mouse Mdm4 depicting protein-coding exons in blue and non-coding portions in grey,
except for the SMN-regulated exon 7 that is shown in red. Arrowheads point to the location of
primers and brackets indicate the portion of the mRNA analyzed by RT-PCR in panels E and F.
(E) RT-PCR analysis of Mdm4 mRNA in NIH3T3-SmnRNAi cells cultured with or without Dox using
primers located in exon 1 (E1) and exon 5 (E5). DNA size in base pairs is shown on the left. (F)
RT-PCR analysis of Mdm4 mRNA in NIH3T3-SmnRNAi cells cultured with or without Dox using
primers located in exon 5 (E5) and exon 11 (E11). DNA size in base pairs is shown on the left.
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Figure 2.3. SMN regulates Mdm2 and Mdm4 alternative splicing in vivo. (A) RT–PCR of
Mdm2 exon 3 splicing in wild-type and SMA spinal cord at postnatal day 1 (P1), P6, and P11
using exon 2 and exon 5 primers. (B) The percentage of Mdm2 exon 3 inclusion in wild-type and
SMA spinal cords from RT–PCR data in (A). Data represent mean and SEM. n = 3. Statistics were
performed with two-tailed unpaired Student's t-test. (*) P < 0.05; (***) P< 0.001. (C) RT-qPCR
analysis of Mdm2 E3 inclusion in WT and SMA spinal cord at P11. Data represent mean and
SEM. n = 6. Normalized E3 inclusion was measured by analysis of the expression of E3 included
relative to total transcript levels. Statistics were performed with two-tailed unpaired Student's ttest. (*) P < 0.05. (D) RT–PCR of Mdm4 exon 7 splicing in wild-type and SMA spinal cords at P1,
P6, and P11 using exon 5 and exon 8 primers. (*) P < 0.05. (E) The percentage of Mdm4 exon 7
inclusion in wild-type and SMA spinal cords from RT–PCR data in (D). Data represent mean and
SEM. n=3. Statistics were performed with two-tailed unpaired Student's t-test. (*) P < 0.05. (F)
RT-qPCR analysis of Mdm4 E7 inclusion in WT and SMA spinal cord at P11. Data represent
mean and SEM. n = 6. Normalized E7 inclusion was measured by analysis of the expression of
E7 included relative to total transcript levels. Statistics were performed with two-tailed unpaired
Student's t-test. (*) P < 0.05.
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Figure 2.4. p53 upregulation occurs earliest in SMA motor neurons and becomes more
widespread with disease progression. (A) Choline acetyltransferase (ChAT) and p53
immunostaining of L2 spinal segments from wild-type and SMA mice at P1, P6, and P11. Scale
bar = 100 µm.
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Figure 2.5. Mdm2 and Mdm4 alternative splicing is prominently disrupted in vulnerable
SMA motor neurons. (A) Schematic of the experimental approach used to isolate retrogradely
labeled muscle-identified motor neurons from wild-type and SMA mice. (B) Bright-field and
fluorescent images of a representative L1–L3 spinal segment used to isolate cholera toxin B
subunit (CTb)-labeled motor neurons before and after laser capture microdissection (LCM). Scale
bar = 200 µm. (C) RT–PCR analysis of Mdm2 exon 3 and Mdm4 exon 7 splicing in L1–L3 motor
neurons from wild-type and SMA mice at P6. Exon 2 and exon 5 primers were used for Mdm2.
Exon 5 and exon 8 primers were used for Mdm4. (D) The percentage of Mdm2 exon 3 and Mdm4
exon 7 inclusion in wild-type and SMA motor neurons from RT–PCR data in (C). Data represent
mean and SEM. n=3. Statistics were performed with two-tailed unpaired Student's t-test. (***) P<
0.001.
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Figure 2.6. Defective snRNP biogenesis dysregulates Mdm2 and Mdm4 alternative splicing.
(A) RT–PCR analysis of Mdm2 exon 3 splicing in NIH3T3-SmBRNAi cells cultured with or without
Dox using exon 2 (E2) and exon 5 (E5) primers. (B) RT–PCR analysis of Mdm4 exon 7 splicing
in NIH3T3-SmBRNAi cells cultured with or without Dox using exon 5 (E5) and exon 8 (E8) primers.
(C) The percentage of Mdm2 exon 3 inclusion from RT–PCR data in (A). Data represent mean
and SEM. n=3. Statistics were performed with two-tailed unpaired Student's t-test. (***) P < 0.001.
(D) The percentage of Mdm4 exon 7 inclusion from RT–PCR data in (B). Data represent mean
and SEM. n=3. Statistics were performed with two-tailed unpaired Student's t-test. (**) P < 0.01.
(E) RT-qPCR analysis of Mdm2 E3 inclusion in NIH3T3-SmBRNAi cells cultured with or without
Dox. Data represent mean and SEM. n = 3. Normalized E3 inclusion was measured by analysis
of the expression of E3 included relative to total transcript levels. Statistics were performed with
two-tailed unpaired Student's t-test. (**) P < 0.01. (F) RT-qPCR analysis of Mdm4 E7 inclusion in
NIH3T3-SmBRNAi cells cultured with or without Dox. Data represent mean and SEM. n = 3.
Normalized E7 inclusion was measured by analysis of the expression of E7 included relative to
total transcript levels. Statistics were performed with two-tailed unpaired Student's t-test. (***) P <
0.001.
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Figure 2.7. Defective snRNP biogenesis induces p53 activation. (A) RT-qPCR analysis of
SmB mRNA levels in NIH3T3-SmBRNAi cells cultured with or without Dox. Data represent mean
and SEM. n=3. Statistics were performed with two-tailed unpaired Student's t-test. (***) P< 0.001.
(B) Western blot analysis of NIH3T3-SmBRNAi cells cultured with and without Dox. (C) p53 and
phospho-p53S18 immunostaining of NIH3T3-SmBRNAi cells cultured with or without Dox. Scale bar
= 50 µm. (D) RT-qPCR analysis of mRNA levels of p53 transcriptional targets in NIH3T3SmBRNAi cells cultured with or without Dox. Normalized data from Dox-treated cells relative to
untreated cells are shown as mean and SEM. n=3. Statistics were performed with two-tailed
unpaired Student's t-test. (*) P < 0.05; (**) P < 0.01; (***) P< 0.001.
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Figure 2.8. p53 activation correlates with reduced snRNP levels in SMA motor neurons. (A)
ChAT, SmB, and p53 immunostaining of L2 spinal segments from wild-type and SMA mice at P1.
Scale bar = 25 µm. Arrowheads point to p53+ SMA motor neurons. (B) Normalized SmB
fluorescence intensity in wild-type as well as p53+ and p53− SMA L2 motor neurons at P1 from
experiments as in (A). Each point represents SmB fluorescent intensity in a single L2 motor
neuron, and data were collected from one biological replicate. Statistics were performed with oneway ANOVA with Tukey's post-hoc test. (***) P < 0.001. (C) ChAT, SmB, and p53 immunostaining
of L2 spinal segments from wild-type and SMA mice at P6. Scale bar = 25 µm. Arrowheads point
to p53+ SMA motor neurons. (D) Normalized SmB fluorescence intensity in wild-type as well as
p53+ and p53− SMA L2 motor neurons at P6 from experiments as in (C). Each point represents
SmB fluorescent intensity in a single L2 motor neuron, and data were collected from three mice.
Statistics were performed with one-way ANOVA with Tukey's post-hoc test. (***) P < 0.001. (E)
ChAT, SmB, and p53 immunostaining of L2 spinal segments from wild-type and SMA mice at P11.
Scale bar = 25 µm. Arrowheads point to p53+ SMA motor neurons. (F) Normalized SmB
fluorescence intensity in wild-type as well as p53+ and p53− SMA L2 motor neurons at P11 from
experiments as in (E). Each point represents SmB fluorescent intensity in a single L2 motor
neuron, and data were collected from one biological replicate. Statistics were performed with oneway ANOVA with Tukey's post-hoc test. (***) P < 0.001.
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Figure 2.9. p53 activation correlates with reduced snRNP levels in L5 SMA motor neurons.
(A) ChAT, SmB, and p53 immunostaining of L5 spinal segments (L5 MMC in inset) from SMA
mice at P11. Scale bar = 100 µm. Inset Scale bar = 20 µm. Arrowheads point to p53+ SMA motor
neurons. (B) Normalized SmB fluorescence intensity in p53+ and p53− SMA L5 LMC motor
neurons at P11 from experiments as in (A). Each point represents SmB fluorescent intensity in a
single L5 LMC motor neuron, and data was collected from one biological replicate. Statistics were
performed with two-tailed unpaired Student's t-test. (***) P < 0.001. (C) Normalized SmB
fluorescence intensity in p53+ and p53− SMA L5 MMC motor neurons at P11 from experiments as
in (A). Each point represents SmB fluorescent intensity in a single L5 MMC motor neuron, and
data were collected from one biological replicate. Statistics were performed with two-tailed
unpaired Student's t-test. (***) P < 0.001.
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Figure 2.10. Mdm2 and Mdm4 exon skipping leads to p53 dysregulation. (A) Schematic of
constructs designed to mimic Mdm2 and Mdm4 alternatively spliced isoforms. (B)
Immunofluorescence of p53 presence in NIH3T3 transiently transfected with myc-tagged Mdm2
and Mdm4 full-length and skipped isoforms following UV induction of 10 mJ/cm2. Scale bar = 10
µm. (C) Immunofluorescence of p53 presence in NIH3T3 transiently transfected with myc-tagged
Mdm2 and Mdm4 full-length and skipped isoforms. Scale bar = 10 µm.
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Figure 2.11. Design of splice-switching anti-sense oligonucleotides. (A) Schematic
demonstrating expected base pairing of morpholinos (AMO) targeting the 5’ splice sites of exons
of interest, thereby preventing U1 snRNP recognition and inducing the exclusion of the exon. (B)
Base pairing of Mdm2 MO targeting the 5’ splice site of exon 3. (C) Base pairing of Mdm4 MO
targeting the 5’ splice site of exon 7.
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Figure 2.12. Skipping of SMN-regulated Mdm2 and Mdm4 exons synergistically triggers
p53 activation in vitro. (A) Schematic of splice-switching MOs targeting the 5′ splice sites of
Mdm2 exon 3 and Mdm4 exon 7. (B) RT–PCR analysis of Mdm2 exon 3 and Mdm4 exon 7
splicing in NIH3T3 following treatment with 10 µM control MO or each splice-switching MO
individually or together for 72 hours. Exon 2 and exon 5 primers were used for Mdm2. Exon 5 and
exon 8 primers were used for Mdm4. (C) RT-qPCR analysis of Mdm2 E3 and Mdm4 E7 inclusion
in NIH3T3 cells following treatment with 10 µM control MO or each splice-switching MO for 72
hours. Data represent mean and 95% CI for technical triplicates. Normalized inclusion was
measured by analysis of the expression of E3 or E7 included relative to total transcript levels. (D)
p53 and p-p53 immunofluorescence of NIH3T3 following treatment with 10 µM control MO or each
splice-switching MO individually or together for 72 hours. Scale bar = 10 µm.
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Figure 2.13. Skipping of SMN-regulated Mdm2 and Mdm4 exons synergistically triggers
p53 activation in vivo. (A) RT–PCR analysis of Mdm2 exon 3 and Mdm4 exon 7 splicing in the
spinal cords of wild-type mice at P11 following injection of 400 µg of control MO or 200 µg of each
splice-switching MO individually or together at P0. Exon 2 and exon 5 primers were used for
Mdm2. Exon 5 and exon 8 primers were used for Mdm4. (B) RT-qPCR analysis of Mdm2 E3 and
Mdm4 E7 inclusion in in the spinal cords of wild-type mice at P11 following injection of 400 µg of
control MO or 200 µg of each splice-switching MO individually or together at P0. Data represent
mean and 95% CI for technical triplicates. Normalized inclusion was measured by analysis of the
expression of E3 or E7 included relative to total transcript levels. (C) Western blot analysis of
spinal cords of wild-type mice at P11 following injection of 400 µg of control MO or 200 µg of each
splice-switching MO individually or together at P0. (D) ChAT and p53 immunostaining of L5 spinal
segments at P11 from wild-type mice injected with 400 µg of control or 200 µg of each spliceswitching MO at P0. Scale bar = 250 µm. (E) The percentage of p53+ L5 LMC motor neurons from
experiments as in (A). n = 1. (F) The percentage of p53+ L5 MMC motor neurons from experiments
as in (A). n = 1.
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Figure 2.14. Skipping of SMN-regulated Mdm2 and Mdm4 exons synergistically induces
activation of the p53 pathway. (A-E) RT-qPCR analysis of p53 transcriptional targets in the
spinal cords of wild-type mice at P11 following injection of 400 µg of control or 200 µg of each
splice-switching MO at P0. Data represent mean and SEM. n = 3. Statistics were performed with
one-way ANOVA with Tukey's post-hoc test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (F-G) RTqPCR analysis of p53 and Smn mRNA from the same groups as in (A-E). Data represent mean
and SEM. n = 3. Statistics were performed with one-way ANOVA with Tukey's post-hoc test. (ns)
no significance.
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Figure 2.15. Dose-response analysis of p53 induction in the spinal cord of WT mice by MO
mediated skipping of Mdm2 and Mdm4. (A) RT-PCR analysis of Mdm2 and Mdm4 splicing in
the spinal cord at P11 from WT mice injected at P0 with increasing doses of equivalent amounts
of splice switching MOs (25, 50, 100, 200, 400 µg total) or with control MO (400 µg). E2 and E5
primers were used for Mdm2. E5 and E8 primers were used for Mdm4. (B) RT-qPCR analysis of
Mdm2 E3 and Mdm4 E7 inclusion in in the spinal cord at P11 injected at P0 with increasing doses
of equivalent amounts of splice switching MOs (50, 100, 200, 400 µg total) or with control MO
(400 µg). Data represent mean and 95% CI for technical triplicates. Normalized inclusion was
measured by analysis of the expression of E3 or E7 included relative to total transcript levels. (C)
RT-qPCR analysis of p53 transcriptional targets in the spinal cord at P11 from the same groups
as in (A). Data represent mean and 95% CI from three technical replicates.
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Figure 2.16. Dose-response analysis of p53 accumulation in the spinal cord of WT mice by
MO mediated skipping of Mdm2 and Mdm4. (A) ChAT and p53 immunostaining of L5 spinal
segments at P11 from WT mice injected at P0 with the indicated doses of splice-switching MOs
or control MO. Scale bar = 150 µm.
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Figure 2.17. Skipping of SMN-regulated Mdm2 and Mdm4 exons does not induce p53
phosphorylation or motor neuron death. (A) ChAT and p53 immunostaining of L5 spinal
segments at P11 from wild-type mice injected with 200 µg of control or 100 µg of each spliceswitching MO at P0. Insets show representative images of L5 medial motor column (MMC) motor
neurons at higher magnification. Scale bar = 100 µm; Scalebar in inset = 25 µm. (B) The
percentage of p53+ L5 MMC motor neurons from experiments as in (A). Data represent mean and
SEM. n = 3. Statistics were performed with two-tailed unpaired Student's t-test. (*) P < 0.05. (C)
ChAT and phospho-p53 Ser18 immunostaining of L5 spinal segments from experiments as
in (A). Insets show representative images of L5 MMC motor neurons at higher magnification.
Scale bar = 100 µm; Scalebar in inset = 25 µm. (D) The total number of L5 MMC motor neurons
from experiments as in (A). Data represent mean and SEM. n = 3. Statistics were performed with
two-tailed unpaired Student's t-test. (ns) no significance.
109

Figure 2.18. Full-length Mdm2 and Mdm4 overexpression does not increase SMN levels in
the spinal cord of SMA mice. (A) Schematic of the AAV9 vectors used to express full-length
Mdm2 or Mdm4 cDNAs in vivo. (B-D) RT-qPCR analysis of Mdm2 (B), Mdm4 (C) and full-length
human SMN2 (D) mRNAs in the spinal cord at P11 from uninjected WT mice and SMA mice
injected at P0 with AAV9-GFP, AAV9-Mdm2 and AAV9-Mdm4 either alone or in combination as
indicated. Data represent mean and SEM. n = 6. Statistics were performed with one-way ANOVA
with Tukey’s post hoc test. (*) P < 0.05; (***) P < 0.001; (ns) no significance. (E) Western blot
analysis of spinal cords isolated at P11 from uninjected WT mice and SMA mice injected at P0
with AAV9-GFP or AAV9-Mdm2 and AAV9-Mdm4 together. Three independent mice per group
were analyzed.
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Figure 2.19. Mdm2 and Mdm4 gene delivery suppresses p53 upregulation in SMA motor
neurons. (A) ChAT and p53 immunostaining of L2 spinal segments at P11 from uninjected wildtype mice and SMA mice injected at P0 with adeno-associated virus serotype 9 (AAV9)-GFP,
AAV9-Mdm2, and AAV9-Mdm4 either alone or in combination as indicated. Scale bar = 50 µm.
(B) The percentage of p53+ L2 motor neurons at P11 from the same groups as in (A). Data
represent mean and SEM. n = 3. Statistics were performed with one-way ANOVA with Tukey’s
post hoc test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (C) ChAT and p53 immunostaining of L5
spinal segments at P11 from the same groups as in (A). Scale bar = 50 µm. (D) The percentage
of p53+ L5 MMC motor neurons at P11 in the same groups as in (A). Data represent mean and
SEM. n = 3. Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (*) P <
0.05; (**) P < 0.01; (***) P < 0.001.
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Figure 2.20. Upregulation of p53 target genes in spinal cord of SMA mice. RT-qPCR analysis
of p53 transcriptional targets identified from microarray (Simon et al., 2017) or RNAseq analysis
(Murray et al., 2015) of SMA motor neurons, or additional known p53 targets in the spinal cord at
P11 from wild-type and SMA mice. Data represent mean and SEM. n = 6. Statistics were
performed with two-tailed unpaired Student’s t-test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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Figure 2.21. p53-dependent upregulation of target genes in spinal cord of SMA mice. (A)
RT-qPCR analysis of p53 transcriptional targets in the spinal cords at P11 from wild-type (n = 6),
SMA (n = 6), and SMA p53 null (n = 4) mice. Data represent mean and SEM. Statistics were
performed with two-way ANOVA. (*) P < 0.05; (**) P < 0.01; (****) P < 0.0001. (B) RT-qPCR
analysis of p53 transcriptional targets in the spinal cords at P11 from uninjected wild-type mice
and SMA mice injected at P0 with either AAV9-GFP or AAV9-p53shRNA. Data represent mean
and SEM. n = 6. Statistics were performed with two-way ANOVA. (*) P < 0.05; (***) P < 0.001;
(****) P < 0.0001.
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Figure 2.22. Mdm2 and Mdm4 gene delivery suppresses p53 activation in SMA. (A-F) RTqPCR analysis of p53 transcriptional targets in the spinal cords at P11 from uninjected wild-type
mice and SMA mice injected at P0 with either AAV9-GFP, AAV9-Mdm2, AAV9-Mdm4 and AAV9Mdm2 and AAV9-Mdm4 together. Data represent mean and SEM. n = 6. Statistics were
performed with one-way ANOVA with Tukey's post-hoc test. (*) P < 0.05; (**) P < 0.01; (***) P <
0.001. (G-I) RT-qPCR analysis of the levels of aberrantly spliced Stasimon (Stas Aber) mRNA
(G), 3′ end-extended H1c (H1c pre) mRNA (H), and chondrolectin (Chodl) mRNA (I) in the spinal
cords at P11 from wild-type mice and SMA mice injected at P0 with either AAV9-GFP or AAV9Mdm2 and AAV9-Mdm4 together. Data represent mean and SEM. n = 6. Statistics were
performed with one-way ANOVA with Tukey's post-hoc test. (*) P < 0.05; (**) P < 0.01; (***) P <
0.001; (ns) no significance.
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Figure 2.23. Full-length Mdm2 and Mdm4 overexpression prevents motor neuron
degeneration in SMA mice. (A) ChAT immunostaining of L2 spinal segments at P11 from
uninjected wild-type mice and SMA mice injected with AAV9-GFP, AAV9-Mdm2, and AAV9Mdm4 either alone or in combination. Scale bar = 50 µm. (B) The total number of L2 motor
neurons from the same groups as in (A) at P11. Data represent mean and SEM. n ≥ 3. Statistics
were performed with one-way ANOVA with Tukey's post hoc test. (*) P < 0.05; (**) P < 0.01;
(***) P < 0.001. (C) ChAT immunostaining of L5 spinal segments at P11 from the same groups as
in (A). Scale bar = 100 µm. (D) The total number of L5 MMC motor neurons from the same groups
as in (A) at P11. Data represent mean and SEM. n ≥ 4. Statistics were performed with one-way
ANOVA with Tukey's post hoc test. (*) P < 0.05; (***) P < 0.001.
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Figure 2.24. Full-length Mdm2 and Mdm4 overexpression moderately improves spinal
reflexes but does not restore synaptic deficits in SMA. (A) Traces of extracellular recordings
of L2 ventral roots following L2 dorsal root stimulation from uninjected wild-type mice and SMA
mice injected with either AAV9-GFP or AAV9-Mdm2 and AAV9-Mdm4 at P11. Arrowheads
indicate the stimulus artifact. Arrows indicate the monosynaptic response. Scale bars = 5msec
and 0.5 mV. (B) Spinal reflex amplitudes from the same groups as in (A). Data represent mean
and SEM. n ≥ 3. Statistics were performed with one-way ANOVA with Tukey's post hoc test.
(*) P < 0.05; (***) P < 0.001. (C) ChAT and VGluT1 immunostaining of L2 spinal segments from
the same groups as in (A) at P11. Scale bar = 25 µm. (D) Total number of VGluT1+ synapses on
L2 motor neuron somata from the same groups as in (A) at P11. Data represent mean and SEM. n
≥ 22 neurons from three mice per group. Statistics were performed with one-way ANOVA with
Tukey's post hoc test. (***) P < 0.001; (ns) no significance. (E) Immunostaining of presynaptic
(with NF-M and SYP antibodies) and post-synaptic (with BTX) terminals of neuromuscular
junctions (NMJs) in the QL muscle from the same groups as in (A) at P11. Arrowheads indicate
fully denervated NMJs. Scale bar = 25 µm. (F) The percentage of fully denervated NMJs in the
QL muscle from the same groups as in (A) at P11. Data represent mean and SEM. n ≥ 3. Statistics
were performed with one-way ANOVA with Tukey's post hoc test. (**) P< 0.01; (ns) no significance.
(G) Compound muscle action potential (CMAP) traces recorded from the QL muscle following L2
ventral root stimulation in the same groups as in (A) at P11. Arrowheads indicate the stimulus
artifact. Arrows indicate the peak of the M response. Scale bars = 5 msec and 0.5 mV. (H) The
amplitude of the M response from the QL muscle in the same groups as in (A) at P11. Data
represent mean and SEM. n ≥ 3. Statistics were performed with one-way ANOVA with Tukey's
post hoc test. (**) P< 0.01; (ns) no significance.
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Figure 2.25. Full-length Mdm2 and Mdm4 overexpression moderately improves motor
behavior in SMA mice. (A–C) Righting time (A), weight gain (B), and survival (C) of uninjected
wild-type mice (n = 15) and wild-type and SMA mice injected with AAV9-GFP (n = 16) or AAV9Mdm2 and AAV9-Mdm4 (n = 10) as indicated. Statistics were performed with two-way ANOVA
with Bonferroni's post hoc test. (*) P < 0.05; (***) P < 0.001.
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Figure 2.26. Splicing mechanisms of p53 anti-repression and motor neuron death in SMA.
Schematic summary of the molecular cascade initiated by SMN deficiency, followed by reduction
in the levels of spliceosomal snRNPs of the major spliceosome and consequent dysregulation of
Mdm2 exon 3 and Mdm4 exon 7 alternative splicing, resulting in their increased skipping.
Dysregulation of both splicing events is required to synergistically induce p53 stabilization, which
is the initiating step in the death pathway leading to motor neuron loss in SMA mice.
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Chapter 3
Stasimon contributes to the loss of sensory synapses and motor neuron
loss in a mouse model of spinal muscular atrophy3
3.1 Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder
characterized by the progressive loss of spinal motor neurons and skeletal muscle atrophy
(Burghes and Beattie, 2009; Groen et al., 2018; Tisdale and Pellizzoni, 2015). SMA is a
consequence of ubiquitous reduction in the levels of the survival motor neuron (SMN) protein due
to homozygous deletion or mutation of the SMN1 gene with retention of the hypomorphic SMN2
gene (Lefebvre et al., 1995). SMN has a well-characterized role in the assembly of small nuclear
ribonucleoproteins (snRNPs) of the splicing machinery (Meister et al., 2001b; Pellizzoni et al.,
2002b) as well as U7 snRNP that functions in 3’ end processing of histone mRNAs (Pillai et al.,
2003; Tisdale et al., 2013). SMN has also been implicated in other aspects of RNA regulation
including mRNA transport (Donlin-Asp et al., 2017). Consistent with its central role in RNA
processing (Donlin-Asp et al., 2016; Li et al., 2014), SMN deficiency has been shown to induce
widespread splicing dysregulation and transcriptome alterations in a variety of in vivo models
(Bäumer et al., 2009; Doktor et al., 2017; Jangi et al., 2017; Zhang et al., 2008, 2013). The
identification of downstream RNA targets of SMN deficiency that directly contribute to SMA
pathology is of critical importance for elucidating disease mechanisms and revealing SMNindependent therapeutic approaches. To date, however, this has proven to be challenging due to
the diversity of RNA pathways controlled by SMN and the complexity of SMA pathology in mouse
models that more closely resemble the most severe form of the human disease.

3

This chapter is adapted from an article I co-authored entitled “Stasimon contributes to the loss of sensory
synapses and motor neuron death in a mouse model of spinal muscular atrophy”, Cell Reports (in press).
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Motor neurons are the cell type most severely affected by SMN deficiency, and their
degeneration is a hallmark of SMA pathology (Burghes and Beattie, 2009; Groen et al., 2018;
Tisdale and Pellizzoni, 2015). Importantly, selective genetic restoration of SMN in motor neurons
of SMA mice has demonstrated that neuronal death is a cell autonomous process (Fletcher et al.,
2017; Gogliotti et al., 2012; Martinez et al., 2012; McGovern et al., 2015), which could be
exacerbated by non-autonomous contributions (Hua et al., 2015). We previously demonstrated
that activation of the tumor suppressor p53 drives motor neuron degeneration in the SMND7
mouse model of SMA (Simon et al., 2017). We also showed that selectivity is established through
the convergence of distinct mechanisms of p53 regulation including stabilization and
phosphorylation of its N-terminal transactivation domain (TAD) (Simon et al., 2017), which only
occur in the pool of vulnerable SMA motor neurons destined to die. I also demonstrated that p53
upregulation results from dysregulated alternative splicing of Mdm2 and Mdm4 – the two main
inhibitors of p53’s stability and function (Toledo and Wahl, 2006; Vousden and Prives, 2009) –
due to reduced snRNP levels in SMA motor neurons (Van Alstyne et al., 2018a) (see also Chapter
2), thereby directly linking neurodegeneration to specific splicing changes induced by SMN
deficiency. However, the converging mechanism(s) responsible for selective phosphorylation of
the TAD of p53 required for degeneration of SMA motor neurons is unknown.
Characterization of SMA pathogenesis has identified multiple synaptic deficits in the motor
circuit beyond motor neuron death that include dysfunction and loss of neuromuscular junctions
(NMJs) as well as central proprioceptive sensory synapses onto motor neurons (Shorrock et al.,
2019; Van Alstyne and Pellizzoni, 2016), which likely exert compounding effects on
neuromuscular function. Studies in mouse models indicated that NMJ denervation occurs as a
consequence of intrinsic effects of SMN deficiency in SMA motor neurons rather than skeletal
muscle (Fletcher et al., 2017; Gavrilina et al., 2008; Iyer et al., 2015; Martinez et al., 2012) and
that the pathogenic processes underlying NMJ denervation and death of motor neurons might be
distinct (Kim et al., 2017; Van Alstyne et al., 2018a). The dysfunction and loss of proprioceptive
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synapses on somata and dendrites of SMA motor neurons is an early pathogenic event in SMA
mice (Mentis et al., 2011), which is caused by the effects of SMN deficiency within proprioceptive
neurons (Fletcher et al., 2017). The resulting reduction of excitatory drive from proprioceptive
synapses induces hyperexcitability and reduces the firing of motor neurons contributing to
impaired muscle contraction in SMA mice (Fletcher et al., 2017). Moreover, the deafferentation
and dysfunction of motor neurons are mechanistically uncoupled from motor neuron death
(Fletcher et al., 2017; Simon et al., 2016). However, while multiple insults to the synaptic integrity
of sensory-motor circuits originate from defects in distinct neurons that coalesce to cause SMA
pathology, the underlying SMN-dependent mechanisms are poorly understood.
This work aimed to address the outstanding questions described above by investigating
the potential contribution of Stasimon dysfunction to SMA pathology in a mouse model of the
disease. Stasimon (also known as Tmem41b) was previously identified as an evolutionarily
conserved, U12 intron-containing gene regulated by SMN that is required for proper synaptic
transmission in the motor circuit of Drosophila larvae and motor axon outgrowth in zebrafish (Lotti
et al., 2012). Importantly, Stasimon contributes to motor circuit deficits in Drosophila and zebrafish
models of SMA as its overexpression suppresses specific neuronal phenotypes induced by SMN
deficiency in these model organisms (Lotti et al., 2012). Furthermore, SMN deficiency disrupts
U12 splicing (Boulisfane et al., 2011; Doktor et al., 2017; Jangi et al., 2017; Lotti et al., 2012), and
both misprocessing and reduced expression of Stasimon mRNA was found in disease-relevant
motor circuit neurons of SMA mice (Lotti et al., 2012). Recent studies have also shown that
Stasimon is a transmembrane protein localized to the ER that is essential for mouse embryonic
development (Van Alstyne et al., 2018b) and involved in autophagy (Moretti et al., 2018; Morita
et al., 2018; Shoemaker et al., 2019). However, Stasimon’s normal requirement in the mammalian
motor circuit and a direct involvement in pathogenesis of SMA mouse models has not been
established.
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Here, I investigated the effects of Stasimon restoration in the SMND7 mouse model of
SMA by means of adeno-associated virus serotype 9 (AAV9)-mediated gene delivery. I found that
overexpression of Stasimon rescues the loss of proprioceptive synapses on motor neurons,
improves synaptic transmission, and suppresses motor neuron degeneration. Mechanistically, I
demonstrate that the loss of Stasimon is sufficient to induce p53 phosphorylation – a key event
underlying the selective degeneration of SMA motor neurons (Simon et al., 2017) – through
stimulation of p38 mitogen activated protein kinase (MAPK) signaling. Furthermore,
pharmacological inhibition of p38 MAPK selectively suppresses p53 phosphorylation and motor
neuron death but not synaptic loss in SMA mice. Together, these results establish Stasimon’s
direct involvement in distinct pathogenic cascades induced by SMN deficiency in proprioceptive
neurons and motor neurons, revealing a dual contribution by Stasimon to sensory-motor circuit
dysfunction in a mouse model of SMA. They also suggest that p38 MAPK inhibition might be a
novel neuroprotective approach for combinatorial treatment of SMA together with SMN inducing
drugs.

3.2 Results
AAV9-mediated Stasimon gene delivery improves motor function in SMA mice
I sought to investigate the effects of increased expression of human STASIMON
(abbreviated as STAS) on the phenotype of SMNΔ7 SMA mice by intracerebroventricular (ICV)
injection of self-complementary AAV9 vectors at P0, an established method to study SMA disease
mechanisms in vivo (Passini et al., 2010; Robbins et al., 2014; Simon et al., 2017, Van Alstyne et
al., 2018a). RT-qPCR analysis confirmed that injection of AAV9-STAS as well as AAV9-GFP and
AAV9-SMN, which were used as negative and positive controls, respectively, resulted in robust
expression of the corresponding mRNAs in the spinal cord of SMA mice at P11 (Figure 3.1A).
AAV9-STAS did not increase full-length SMN2 mRNA or SMN protein levels in the spinal cords
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of SMA mice (Figure 3.1A and 3.1B). To rule out any potential indirect effects of AAV9-STAS on
SMN function, I also looked at representative downstream targets of SMN-regulated RNA
pathways. AAV9-STAS did not correct aberrant U12 splicing of endogenous Stasimon pre-mRNA
(Lotti et al., 2012) or other RNA processing events such as U7-dependent histone H1c 3ʹ-end
misprocessing (Tisdale et al., 2013), p53-dependent induction of Cdkn1a mRNA (Simon et al.,
2017; Van Alstyne et al., 2018a) and reduced Chodl mRNA expression (Bäumer et al., 2009;
Zhang et al., 2008) in the spinal cord of SMA mice at P11 (Figure 3.2). In contrast, all of these
SMN-dependent events were robustly corrected by AAV9-SMN as expected (Figure 3.2).
Consistent with Stasimon being a downstream mRNA target of U12 splicing dysfunction induced
by SMN deficiency (Lotti et al., 2012), these results demonstrate that AAV9-STAS does not
enhance SMN expression or function.
I next investigated the effects of AAV9-STAS on the disease phenotype of SMND7 SMA
mice (Le et al., 2005), which exhibit reduced weight, shortened life span and impaired motor
behavior. WT mice injected with AAV9-STAS showed no phenotypic abnormalities relative to
uninjected WT littermates (Figure 3.3), indicating no toxic effects of Stasimon overexpression
during postnatal mouse development. Furthermore, AAV9-SMN corrected all behavioral
parameters and robustly extended survival in SMA (Figure 3.3) as described previously (Foust et
al., 2010; Passini et al., 2010). Remarkably, while AAV9-STAS had no effects on weight gain and
survival, it improved motor behavior of SMA mice assessed by righting time (Figure 3.3). Thus,
Stasimon contributes to the motor phenotype of SMA mice, and the functional improvement
elicited by AAV9-STAS occurs through SMN-independent mechanisms.

AAV9-STAS rescues the loss of proprioceptive synapses on SMA motor neurons
To identify morphological improvements underlying the motor benefit of Stasimon
restoration in SMA mice, I focused on synaptic connectivity of sensory-motor circuits controlling
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disease-relevant axial muscles. First, I analyzed the number of proprioceptive synapses onto
motor neurons in the L1 lumbar spinal segment, which are strongly reduced in SMA mice (Mentis
et al., 2011). To do so, I used immunohistochemistry with antibodies against the vesicular
glutamate transporter 1 (VGluT1) to label proprioceptive synapses, and choline acetyltransferase
(ChAT) as a motor neuron marker. SMA mice injected with AAV9-GFP exhibited a strong
reduction of proprioceptive synapses onto somata and dendrites of L1 motor neurons at P11
relative to WT mice (Figure 3.4). Strikingly, AAV9-STAS rescued the numbers of proprioceptive
inputs on the somata and dendrites of motor neurons in SMA mice to levels similar to AAV9-SMN
(Figure 3.4).
To examine the selectivity of Stasimon’s effects on synaptic loss, I investigated NMJ
innervation of the quadratus lumborum (QL), a disease-relevant axial muscle innervated by
vulnerable L1-L3 motor neurons that is severely denervated in SMA mice (Fletcher et al., 2017;
Simon et al., 2017; Van Alstyne et al., 2018a). To do so, I used antibodies against neurofilament
(NF-M) and synaptophysin (SYP) as presynaptic markers and fluorescently-labeled αbungarotoxin (BTX) to label the acetylcholine receptor clusters on muscle fibers. At P11, NMJs of
the QL in SMA animals injected with AAV9-GFP display ~40% denervation in contrast to being
fully innervated in WT mice (Figure 3.5). Moreover, while AAV9-SMN injection restored NMJ
innervation of the QL to near normal levels, AAV9-STAS did not have any effect on NMJ
denervation in SMA mice (Figure 3.5).
Taken together, these results reveal that Stasimon selectively restores the number of
proprioceptive synapses in the sensory-motor circuit of SMA mice.
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Stasimon acts in proprioceptive neurons to improve sensory-motor synaptic
transmission in SMA mice
I sought to determine whether restoration of proprioceptive synapses on SMA motor
neurons by AAV9-STAS resulted in functional improvement of sensory-motor neurotransmission,
which is severely disrupted in SMA mice (Fletcher et al., 2017; Mentis et al., 2011). To do so, we
used the spinal cord ex vivo preparation and determined the amplitude of the sensory-motor
monosynaptic reflex in the L1 spinal segment by simultaneous stimulation of the L1 dorsal root
and recording from the ventral root of WT and SMA mice at P11 (Mentis et al., 2011). The
amplitude of the monosynaptic reflex was reduced by ~95% in SMA mice injected with AAV9GFP and robustly enhanced upon SMN restoration with AAV9-SMN (Figure 3.6A and 3.6C).
When we analyzed SMA mice injected with AAV9-STAS, we identified two distinct physiological
responses in approximately equal proportions: a group of AAV9-STAS mice that exhibited a
robust improvement of the monosynaptic reflex comparable to that of AAV9-SMN-injected SMA
mice (Figures 3.6A, 3.6C and 3.7A), and another group that did not show increased response
relative to AAV9-GFP treated SMA mice (Figure 3.7A). There were no significant differences
between the two groups of SMA mice treated with AAV9-STAS with regards to their body weight
(Figure 3.7B), the levels of viral-mediated STAS mRNA overexpression in the spinal cord (Figure
3.7C), or the number of proprioceptive synapses on SMA motor neurons (aggregated data are
shown in Figure 3.4B and 3.4C) that could account for this observation. However, there was
correlation with the motor performance of these SMA mice. We found that AAV9-STAS (R,
righting) treated SMA mice that were able to right at the time of the assay (Figure 3.7D) had robust
spinal reflex amplitudes (Figures 3.6A, 3.6C and 3.7A), while AAV9-STAS (NR, non-righting) SMA
mice with poor righting ability (Figure 3.7D) had small amplitudes (Figure 3.7A). Moreover, the
levels of exon 7-containing, full-length SMN2 mRNA were higher in the spinal cord of AAV9-STAS
(R) relative to AAV9-STAS (NR) SMA mice (Figure 3.7E). A marked reduction of SMN2 exon 7
splicing ensues at late symptomatic stages in SMA mice due to hypoxia and malnourishment,
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which exacerbate disease progression (Bebee et al., 2012; Sahashi et al., 2012) likely by
enhancing a negative feedback loop that suppresses exon 7 splicing (Jodelka et al., 2010; Ruggiu
et al., 2012). Thus, the observed differences in the electrophysiological responses of AAV9-STAS
treated mice might reflect a degree of heterogeneity in the underlying severity of the SMA
phenotype. Nevertheless, these experiments suggest that AAV9-STAS-mediated restoration of
proprioceptive

synapses

can

result

in

functional

improvement

of

sensory-motor

neurotransmission that correlates with enhanced motor function in SMA mice.
We next investigated NMJ function by stimulating motor axons in the L1 ventral root and
recording the resultant compound muscle action potential (CMAP) in the QL muscle at P11. The
CMAP of SMA mice injected with AAV9-GFP is strongly reduced compared to WT mice and
significantly improved by AAV9-SMN injection (Figure 3.6B and 3.6D). AAV9-STAS-injected SMA
mice did not show any improvement in the CMAP (Figure 3.6B and 3.6D), which was the case
irrespective of their motor behavior or spinal reflex amplitudes at the time of the assay (Figure
3.7F), and consistent with the lack of effects on NMJ innervation (Figure 3.5A and 3.5B). Thus,
the effects of Stasimon are selective for proprioceptive sensory synapses in SMA mice.
To further dissect the Stasimon-dependent functional improvement of the sensory motor
circuit, we first determined the cellular contribution of motor neurons and proprioceptive synapses
to the amplitude of the monosynaptic reflex in SMA mice. To do so, we restored SMN selectively
in either proprioceptive neurons (SMA+SMN (PV-Cre)) or motor neurons (SMA+SMN (ChAT-Cre))
of SMA mice using a conditional allele for Cre-dependent SMN restoration (Lutz et al., 2011). It
has been previously demonstrated that this approach rescues the number and function of
proprioceptive neurons in SMA+SMN (PV-Cre) mice and motor neuron survival in SMA+SMN
(ChAT-Cre), respectively (Fletcher et al., 2017). Here, we found that motor neurons and
proprioceptive neurons equally contribute to the reduction in the amplitude of the monosynaptic
reflex of SMA mice (Figure 3.8A and 3.8C). To determine the reliability of neurotransmission of
proprioceptive synapses irrespective of the number of motor neurons present, we performed
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repetitive stimulation of the sensory dorsal root L1 with simultaneous recording of the ventral root
at high frequency (10 Hz) and compared the monosynaptic amplitude of the 1st with the 5th
stimulus as in previous studies (Fletcher et al., 2017; Simon et al., 2017). The ventral root
amplitude following a single stimulus is the result of motor neuron activation and depends on the
number and function of proprioceptive synapses and the number of motor neurons present.
However, at higher stimulation frequencies (10Hz) the ventral root amplitude change depends
only on the function of proprioceptive synapses since the number of synapses and the number of
motor neurons is the same for the different sequential stimuli. We found a decrease of the
monosynaptic amplitude of ~40% in WT and ~70% in SMA mice (Figure 3.8B and 3.8D), revealing
higher synaptic depression in SMA mice likely due to impaired neurotransmission. While selective
SMN restoration in motor neurons of SMA+SMN (ChAT-Cre) mice did not have any benefit, SMN
expression in proprioceptive neurons of SMA+SMN (PV-Cre) mice reduced the synaptic
depression of the monosynaptic reflex to WT levels (Figure 3.8B and 3.8D), confirming that this
experimental

approach

distinguishes

the

presynaptic

contribution

of

proprioceptive

neurotransmission in SMA. Importantly, SMA mice injected with AAV9-STAS showed correction
of synaptic depression to levels comparable to WT and AAV9-SMN treated SMA mice (Figure
3.9A and 3.9B). Collectively, these results indicate that AAV9-STAS ameliorates SMN-dependent
sensory-motor circuit deficits at least in part by improving synaptic transmission in proprioceptive
neurons of SMA mice.

Stasimon contributes to motor neuron degeneration in SMA mice
Loss of motor neurons is a hallmark of SMA pathology (Burghes and Beattie, 2009; Groen
et al., 2018; Tisdale and Pellizzoni, 2015) and I investigated whether Stasimon was implicated in
this neurodegenerative process. To do so, I performed immunohistochemistry experiments and
visualized motor neurons in the L1 and L5 spinal segments with antibodies against ChAT (Figure
3.10A and 3.10B). SMA mice injected with AAV-GFP displayed a loss of vulnerable L1 and L5
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medial motor column (MMC) motor neurons at P11 (Figure 3.10C and 3.10D). Importantly, AAV9STAS corrected this loss of SMA motor neurons with an efficacy similar to AAV9-SMN (Figure
3.10C and 3.10D).
We recently showed that motor neuron death is caused by distinct, converging
mechanisms of p53 activation in the SMND7 mouse model (Simon et al., 2017; Van Alstyne et al.,
2018a). To investigate whether Stasimon suppresses motor neuron death through the p53
pathway, I first performed immunostaining against p53 and found no effects of AAV9-STAS on
the number of p53+ L5 MMC motor neurons relative to AAV9-GFP treated SMA mice (Figure
3.11A and 3.11B), consistent with p53 upregulation being dependent on dysregulation of Mdm2
and Mdm4 alternative splicing (Van Alstyne et al., 2018a). Death of SMA neurons requires at least
one other event converging on p53 that includes, but is not limited to, phosphorylation of p53
serine 18 (Simon et al., 2017) – a selective marker of degenerating SMA motor neurons. I found
that AAV9-STAS significantly reduced the percentage of vulnerable L5 MMC motor neurons
expressing phosphorylated p53S18 (p-p53S18) in SMA motor neurons (Figure 3.11C and 3.11D),
consistent with Stasimon overexpression preventing SMA motor neuron death through
modulation of p53 phosphorylation. Altogether, these experiments place Stasimon dysfunction
upstream of the cascade of events driving phosphorylation of p53 and the subsequent process of
motor neuron degeneration in SMA mice.

Stasimon deficiency is sufficient to induce p53S18 phosphorylation
Recent studies have shown that Stasimon is required for autophagy in cultured
mammalian cells (Moretti et al., 2018; Morita et al., 2018; Shoemaker et al., 2019). There have
been also reports of autophagy dysregulation in SMA (Custer and Androphy, 2014; Gonçalves et
al., 2018; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018),
Therefore, I sought to investigate the possible involvement of Stasimon-dependent autophagy
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defects in SMA pathogenesis. First, I established a stable NIH3T3 cell line (NIH3T3-StasRNAi) in
which Stasimon mRNA levels are reduced by RNAi to ~10% of normal as monitored by RT-qPCR
(Figure 3.12A). I then analyzed by Western blot the levels of the autophagy proteins p62 and LC3
in WT and StasRNAi NIH3T3 cells under basal conditions and following autophagy induction with
serum starvation or inhibition by Bafilomycin A1 treatment (Figure 3.12B). I found that the levels
of p62 and lipidated LC3 (LC3-II) were moderately increased in Stasimon-deficient relative to WT
cells, consistent with dysregulation of autophagy (Moretti et al., 2018; Morita et al., 2018;
Shoemaker et al., 2019). However, Western blot analysis showed no changes in the levels of both
p62 and LC3 in spinal cords from WT and SMA mice at P6 and P11 (Figure 3.12C and 3.12D).
Additionally, I performed immunohistochemistry experiments to investigate p62 expression in L1
motor neurons and proprioceptive neurons from L1 dorsal root ganglia (DRGs) of WT and SMA
mice (Figure 3.13A and 3.13B), but did not find any major difference in the levels and localization
of p62 induced by SMN deficiency in these disease-relevant neurons in vivo. These results
suggest that autophagy dysregulation is unlikely to underlie the Stasimon-dependent deficits in
the SMA motor circuit.
Next, I sought to determine whether loss of Stasimon is sufficient to induce p53S18
phosphorylation as suggested by the reduction of p-p53S18 in SMA motor neurons described
above. I have previously shown that upregulation but not N-terminal phosphorylation of p53 in
SMA motor neurons is due to dysregulation of Mdm2 and Mdm4 alternative splicing (Van Alstyne
et al., 2018a). Therefore, I devised a cell-based assay to investigate the role of Stasimon
deficiency on p-p53S18 phosphorylation following p53 anti-repression induced by modulation of
Mdm2 and Mdm4 splicing (Figure 3.14A). To do so, I treated WT and StasRNAi NIH3T3 cells either
with control morpholino oligonucleotides (MOs) or with splice-switching MOs that induce selective
skipping of Mdm2 exon 3 and Mdm4 exon 7 (see Figure 2.12B and 2.12C) as previously reported
(Van Alstyne et al., 2018a). I then performed immunofluorescence analysis and determined the
percentage of treated NIH3T3 cells with nuclear accumulation of either p53 or p-p53S18. Treatment
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with Mdm2/4 MOs induced strong stabilization and nuclear accumulation of p53 in nearly all WT
and StasRNAi NIH3T3 cells (Figure 3.14B and 3.14C), while there was no detectable nuclear p53
in cells treated with control MO. Importantly, I found that p53S18 was phosphorylated in nearly 80%
of StasRNAi NIH3T3 cells treated with Mdm2/4 MOs (Figure 3.14D and 3.14E), while little if any pp53S18 was detected in all other treatment groups. These results show that Stasimon deficiency
does not induce stabilization and nuclear accumulation of p53 in mammalian cells; however, loss
of Stasimon is sufficient to induce N-terminal phosphorylation of p53 when converging with preexisting mechanisms of p53 upregulation, mechanistically paralleling the paradigm driving
degeneration of SMA motor neurons.

Stasimon-dependent p53S18 phosphorylation is mediated by p38 MAPK
SMN deficiency has been shown to activate several kinases (Genabai et al., 2015; Kannan
et al., 2018; Miller et al., 2015; Ng et al., 2015; Wu et al., 2011), including p38 MAPK that directly
phosphorylates serine 18 of p53 (Toledo and Wahl, 2006; Vousden and Prives, 2009). Western
blot analysis of p38 phosphorylation in WT and SMA spinal cord throughout disease progression
showed a significant increase in p38 activation in SMA mice at P6 (Figure 3.15). Therefore, to
gain insight into the mechanisms of Stasimon-mediated p53 phosphorylation, I investigated the
potential involvement of the p38 MAPK pathway. First, I analyzed the effects of MW150 – a highly
selective inhibitor of the a isoform of p38 MAPK (Roy et al., 2015; Watterson et al., 2013) – on
phosphorylation of p53 induced by Stasimon deficiency in the NIH3T3 based model system
(Figure 3.13A). To do so, NIH3T3-StasRNAi cells were cultured in the presence of vehicle (saline)
or MW150 before addition of control and Mdm2/4 MOs followed by analysis of p53 expression
and p53S18 phosphorylation by immunocytochemistry. Remarkably, while MW150 treatment did
not affect the induction of p53 by Mdm2/4MOs (Figure 3.16A and B), it strongly suppressed the
levels of p53S18 phosphorylation (Figure 3.16C and 3.16D). Furthermore, Stasimon deficiency
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stimulated p38 MAPK activation in NIH3T3 cells as indicated by increased levels and nuclear
accumulation of p38 MAPK phosphorylated at threonine 180 and tyrosine 182 (Figure 3.17)
(Plotnikov et al., 2011). These results indicate that Stasimon deficiency induces p53S18
phosphorylation through activation of p38a MAPK signaling.
Next, I investigated whether p38a MAPK activation contributes to p53S18 phosphorylation
in SMA motor neurons by taking advantage of the established permeability of MW150 (Roy et al.,
2019) in the central nervous system (CNS). I treated SMA mice daily by intra-peritoneal (IP)
injection with either saline or 5mg/kg of MW150 – a dose previously demonstrated to effectively
inhibit p38a MAPK in the CNS and to improve the phenotype of mouse models of neurological
disease (Robson et al., 2018; Roy et al., 2015; Rutigliano et al., 2018; Zhou et al., 2017).
Importantly, MW150 treatment robustly decreased the levels of p53S18 phosphorylation but not
the induction of p53 in vulnerable L5 MMC SMA motor neurons relative to vehicle-treated SMA
mice at P11 (Figure 3.18), directly linking p38a MAPK activation to the phosphorylation of p53S18
in SMA motor neurons.

Pharmacological inhibition of p38 MAPK prevents degeneration of SMA motor neurons
I reasoned that p38a MAPK inhibition might have neuroprotective effects in SMA mice
based on the suppression of p53 phosphorylation observed with MW150 treatment. To test this
possibility, I treated SMA mice with daily IP injections of vehicle or MW150 (5mg/kg) and then
determined the number of motor neurons relative to untreated WT mice at P11 by
immunohistochemistry with anti-ChAT antibodies. Remarkably, I found that MW150 treatment
was able to suppress the death of vulnerable L1 and L5 MMC motor neurons in SMA mice (Figure
3.19). I also tested the effects of MW150 treatment on the number of VGluT1+ proprioceptive
synapses on L1 motor neurons (Figure 3.20A and 3.20B) as well as on the percentage of NMJ
innervation in the vulnerable QL muscle (Figure 3.20C and 3.20D). However, I found no evidence
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for correction of either of these synaptic deficits in SMA mice treated with MW150 relative to
vehicle-treated SMA mice. Importantly, MW150 enhanced motor function of SMA mice but did not
affect weight or survival (Figure 3.21C-E). Furthermore, these effects occurred without altering
SMN expression at the mRNA or protein level (Figure 3.21A and 3.21B). Together these results
reveal a direct pathogenic contribution of p38a MAPK activation to p53-mediated motor neuron
death and the robust neuroprotective effects of MW150 treatment in a mouse model of SMA.

3.3 Discussion
Motor dysfunction in SMA involves integration of multiple pathogenic insults induced by
SMN deficiency in distinct neurons of the motor circuit (Shorrock et al., 2019; Van Alstyne and
Pellizzoni, 2016). SMN has key functions in several RNA pathways that control gene expression
(Donlin-Asp et al., 2016; Li et al., 2014) and establishing causal links between dysregulation of
downstream mRNA targets of SMN and SMA pathogenesis is fundamental for understanding
disease mechanisms as well as identifying genes and pathways relevant for sensory-motor
function that may also represent therapeutic targets. Here I show that AAV9-mediated Stasimon
gene delivery improves motor function and corrects select pathogenic events in the motor circuit
of SMA mice. Stasimon overexpression prevents the loss of proprioceptive synapses on somata
and dendrites of SMA motor neurons with consequent functional improvement of sensory-motor
neurotransmission that correlates with improved motor function. Stasimon restoration also
rescues vulnerable SMA motor neurons from degeneration, which we have previously shown to
involve distinct mechanisms of p53 activation including both upregulation as well as
phosphorylation of the N-terminal TAD of p53 (Simon et al., 2017). Importantly, my results indicate
that Stasimon dysfunction induced by SMN deficiency triggers a p38 MAPK-dependent signaling
cascade that drives p53 phosphorylation and motor neuron death in SMA mice. Taken together,
these findings reveal the direct contribution of Stasimon to distinct deficits in the sensory-motor
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circuit of SMA mice. They also highlight also an unexpected link of Stasimon dysfunction with p38
MAPK activation and p53-dependent mechanisms of neurodegeneration as well as a novel
pharmacological approach for neuroprotection in SMA.
The finding that Stasimon restoration improves some but not all of the disease-related
deficits in SMA mice supports the view that a composite set of defects involving SMN-dependent
RNA splicing alterations in specific genes and possibly disruption of other RNA pathways
contribute to SMA pathology. Stasimon was previously discovered as a U12-intron containing
gene regulated by SMN whose dysfunction results in specific neuronal deficits in the motor circuit
of Drosophila and zebrafish models of SMA (Lotti et al., 2012). Here, I reveal the contribution of
Stasimon to SMA pathology in a mouse model that more accurately recapitulates genetic and
phenotypic aspects of the human disease, establishing Stasimon as a disease-relevant target of
SMN deficiency across evolution. Furthermore, as Stasimon expression is affected by U12
splicing dysfunction induced by SMN deficiency (Doktor et al., 2017; Lotti et al., 2012), this study
strengthens the proposed pathogenic role of minor splicing disruption and the identification of
Stasimon as an effector of U12-dependent motor circuit deficits in SMA, expanding our
understanding of the RNA-mediated mechanisms of the disease.
Based on these findings and earlier genetic studies in SMA mice, it is plausible to draw
conclusions with regard to the spatial contribution of Stasimon to motor circuit pathology (Figure
3.22). On one hand, selective restoration of SMN in motor neurons indicated that induction of p53
(Simon et al., 2017) and cell death (Fletcher et al., 2017; Gogliotti et al., 2012; Martinez et al.,
2012; McGovern et al., 2015) are cell autonomous, suggesting that the effects of AAV9-STAS on
SMA motor neuron survival are mediated by Stasimon restoration in these cells. Consistent with
this conclusion, both AAV9-STAS and p38 MAPK inhibition suppress p53 phosphorylation in SMA
motor neurons. On the other hand, deafferentation is caused by the effects of SMN deficiency in
proprioceptive neurons (Fletcher et al., 2017) and these results directly implicate Stasimon
dysfunction in this process. Importantly, the finding that the loss of sensory synapses is
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independent of p53 (Simon et al., 2017; Van Alstyne et al., 2018a) and that p38 MAPK inhibition
does not improve deafferentation in SMA mice point to distinct pathogenic cascades downstream
of Stasimon dysfunction in motor neurons and proprioceptive neurons. In agreement with the
spatial requirement of SMN and Stasimon in the Drosophila motor circuit (Imlach et al., 2012; Lotti
et al., 2012), the studies of synaptic depression further indicate that Stasimon acts in
proprioceptive neurons to improve the function of sensory-motor synapses. Given that silencing
proprioceptive neurotransmission alone does not induce synaptic loss (Fletcher et al., 2017;
Mendelsohn et al., 2015), it is possible that synaptic dysfunction and deafferentation may result
from disruption of distinct Stasimon-dependent events within proprioceptive neurons. These
events are also different from those underlying the loss of NMJ synapses as indicated by the lack
of improvement in neuromuscular innervation by Stasimon overexpression in SMA mice. Lastly,
consistent with previous studies (Kim et al., 2017; Van Alstyne et al., 2018a), the protective effect
of Stasimon on motor neuron survival but not NMJ innervation supports the view that these
pathogenic hallmarks of SMA – while both originating in motor neurons – are mechanistically
uncoupled.
Based on previous studies in the SMND7 mouse model of SMA (Simon et al., 2017), we
have proposed a model in which selective degeneration of vulnerable SMA motor neurons
requires the convergence of p53 stabilization with one or more additional events, which include
post-translational modifications of p53 such as phosphorylation of its N-terminal TAD that
specifically direct the p53 response towards degeneration (Figure 3.18). In Chapter 2, I
demonstrated that dysregulation of Mdm2 and Mdm4 alternative splicing induced by SMN
deficiency underlies the upregulation but not the phosphorylation of p53 in SMA motor neurons
(Van Alstyne et al., 2018a). Consistent with the proposed model, I also showed that these splicing
events are necessary but not sufficient to induce motor neuron death in vivo (Van Alstyne et al.,
2018a), leaving open the question as to which downstream targets of SMN are involved in p53
phosphorylation. My findings that AAV9-STAS and p38 MAPK inhibition reduce phosphorylation
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of p53S18 and rescue survival in SMA motor neurons in vivo together with the observation that
Stasimon deficiency is sufficient to induce p38 MAPK-mediated p53S18 phosphorylation in vitro fill
this knowledge gap, placing Stasimon dysfunction upstream of a p38 MAPK/p53-dependent
neurodegenerative axis (Figure 3.22).
SMN deficiency induces the activation of several kinases that have been implicated in the
degeneration of SMA motor neurons (Genabai et al., 2015; Kannan et al., 2018; Miller et al., 2015;
Ng et al., 2015) and are known to phosphorylate p53 (Toledo and Wahl, 2006; Vousden and
Prives, 2009), including the stress-activated protein kinases JNK and p38 MAPK (Genabai et al.,
2015; Wu et al., 2011). It was recently suggested that loss of SMA motor neurons is not associated
with JNK/c-Jun signaling (Pilato et al., 2019). Here, leveraging on the availability of MW150 – a
highly selective, CNS-permeable inhibitor of p38a MAPK (Roy et al., 2015), I implicate a direct
pathogenic contribution of p38 MAPK activation to p53-mediated motor neuron death in SMA
mice. Furthermore, degeneration of SMA motor neurons requires phosphorylation of the Nterminal TAD of mouse p53 at multiple residues beyond serine 18 (Simon et al., 2017), including
serines 37 and 58 (corresponding to serines 33 and 46 of human p53) that are known to be
phosphorylated by p38 MAPK (Toledo and Wahl, 2006). Although my data does not distinguish
whether p38 MAPK phosphorylates p53 directly or through downstream kinases in SMA motor
neurons, Stasimon dysfunction and p38 MAPK activation likely trigger some of these additional
p53 modifications required for neurodegeneration. The lack of specific reagents prevents further
analysis at this time. Future mechanistic studies are also needed to determine whether Stasimon
deficiency and activation of p38 MAPK-dependent pathways are necessary and sufficient to drive
SMA motor neuron death in the context of Mdm2- and Mdm4-mediated p53 upregulation.
Recent studies have shown that Stasimon is an ER-resident, six-transmembrane pass
protein that is essential for mouse embryonic development (Van Alstyne et al., 2018b) (see also
Chapter 4) and functions in autophagy (Moretti et al., 2018; Morita et al., 2018; Shoemaker et al.,
2019). There have also been reports of autophagy dysregulation in SMA, but there is
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disagreement as to whether this pathway is inhibited (Custer and Androphy, 2014;
Periyakaruppiah et al., 2016; Rodriguez-Muela et al., 2018) or stimulated (Gonçalves et al., 2018;
Piras et al., 2017) by SMN deficiency. Therefore, while autophagy inhibition has been shown to
ameliorate the phenotype of SMA mice by blocking p62-mediated SMN degradation (RodriguezMuela et al., 2018), it remains to be established whether autophagy defects directly contribute to
SMA pathology. I found no evidence for overt autophagy dysregulation in the spinal motor circuit
of SMA mice, suggesting that the Stasimon-dependent effects in these neurons might be
mediated by disruption of other cellular functions. To this regard, Stasimon is enriched at ERmitochondrial contact sites (Van Alstyne et al., 2018b) (see also Chapter 4), which are implicated
in a variety of biological processes beyond autophagy that are important for neuronal physiology
and disease (Paillusson et al., 2016). Elucidation of the specific cellular deficits underlying
Stasimon-dependent motor circuit pathology in SMA will require greater knowledge of the full
breadth of Stasimon functions. It will also need to integrate previous, seemingly unrelated findings
linking dysregulation of endocytosis (Ackermann et al., 2013; Hosseinibarkooie et al., 2016;
Janzen et al., 2018; Riessland et al., 2017) and UBA1/GARS-dependent pathways (Shorrock et
al., 2018) to the loss of SMA proprioceptive synapses into a coherent model.
In summary, my work identifies Stasimon as a determinant of defective synaptic
connectivity and function in the SMA sensory-motor circuit as well as an upstream trigger of a
signaling cascade that feeds into p53 and the motor neuron cell death pathway through p38 MAPK
activation. Moreover, MW150 is in early stage clinical trials for disorders where p38a MAPKmediated pathways are part of pathophysiology progression and our findings argue for future
pursuit of MW150 treatment as a new potential therapeutic approach for neuroprotection in SMA.
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Figure 3.1. AAV9-mediated Stasimon gene delivery does not change SMN levels. (A) RTqPCR analysis of full-length human SMN (SMN FL), GFP, and human STAS mRNAs in the
spinal cord of SMA mice injected with AAV9-GFP, AAV9-STAS or AAV9-SMN as well as
uninjected WT mice at P11. Data represent mean and SEM. n=6. Statistics were performed with
one-way ANOVA with Tukey’s post hoc test. (***) P < 0.001; (ns) no significance. (B) Western
blot analysis of SMN protein levels in the spinal cord of AAV9-injected SMA mice and uninjected
WT controls at P11.
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Figure 3.2. AAV9-mediated Stasimon gene delivery does not correct SMN-dependent
splicing changes. (A-D) RT-qPCR analysis of aberrantly spliced Stasimon mRNA (A), 3ʹ endextended histone H1c mRNA (B), and total Cdkn1a (C) and Chodl (D) mRNAs in the spinal cord
at P11 from SMA mice injected with AAV9-GFP, AAV9-STAS or AAV9-SMN as well as uninjected
WT mice. Schematics of the RNA processing events monitored in the assay are shown at the top.
Data represent mean and SEM. n ≥ 4. Statistics were performed with one-way ANOVA with
Tukey’s post hoc test. (**) P < 0.01; (***) P < 0.001; (ns) no significance.
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Figure 3.3. AAV9-mediated Stasimon gene delivery improves motor behavior in SMA mice.
(A-C) Righting time (A), weight gain (B) and Kaplan-Meyer analysis of survival (C) of uninjected
(n = 10) and AAV9-STAS-injected (n = 10) WT mice as well as SMA mice injected with AAV9GFP (n = 10), AAV9-STAS (n = 24) and AAV9-SMN (n = 15). Data represent mean and SEM.
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Figure 3.4. AAV9-STAS rescues the loss of proprioceptive synapses on SMA motor
neurons. (A) Immunostaining of VGluT1+ synapses (green) and ChAT+ motor neurons (blue) in
L1 spinal cord sections from SMA mice injected with AAV9-GFP, AAV9-STAS or AAV9-SMN as
well as uninjected WT mice at P11. Scale bar = 50 µm. Lower panels show a magnified view of
VGluT1 synaptic density on proximal dendrites, scale bar = 10 µm. (B) Number of VGluT1+
synapses on the somata of L1 motor neurons from the same groups as in (A) at P11. Data
represent mean and SEM from WT (n = 22), SMA+AAV9-GFP (n = 35), SMA+AAV9-STAS (n =
32) and SMA+AAV9-SMN (n = 21). Statistics were performed with one-way ANOVA with Tukey’s
post hoc test. (**) P < 0.01; (***) P < 0.001. (C) Density of VGluT1+ synapses on the proximal
dendrites of L1 motor neurons from the same groups as in (A) at P11. Two dendritic compartments
were defined based on distance from the soma. Number of dendrites scored from the 0-50 µm
compartment: WT (n = 27), SMA+AAV9-GFP (n = 21), SMA+AAV9-STAS (n = 20) and
SMA+AAV9-SMN (n = 15). Number of dendrites scored from the 50-100 µm compartment: WT (n
= 12), SMA+AAV9-GFP (n = 14), SMA+AAV9-STAS (n = 10) and SMA+AAV9-SMN (n = 8). Data
represent mean and SEM. Statistics were performed with one-way ANOVA with Tukey’s post hoc
test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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Figure 3.5. AAV9-STAS does not rescue NMJ denervation. (A) NMJ staining with bungarotoxin
(BTX, red), synaptophysin (Syp, green), and neurofilament (NF-M, blue) of QL muscles from SMA
mice injected with AAV9-GFP, AAV9-STAS or AAV9-SMN as well as uninjected WT mice at P11.
Scale bar = 15 µm. (B) Percentage of fully denervated NMJs in the QL muscle from the same
groups as in (A) at P11. Data represent mean and SEM. n = 5. Statistics were performed with
one-way ANOVA with Tukey’s post hoc test. (*) P < 0.05; (***) P < 0.001; (ns) no significance.
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Figure 3.6. AAV9-STAS improves the spinal reflex in SMA mice. (A) Representative traces of
extracellular recordings from L1 ventral root (VR) following L1 dorsal root (DR) stimulation from
SMA mice injected with AAV9-GFP, AAV9-STAS or AAV9-SMN as well as uninjected WT mice
at P11. Arrows indicate the maximum amplitude of the monosynaptic reflex. Arrowheads indicate
the stimulus artifact. Scale bars = 0.5 mV and 10 ms. (B) CMAP recordings from the QL muscle
following L1 ventral root stimulation in the same groups as in (A) at P11. Arrows indicate maximum
amplitude. Arrowheads indicate the stimulus artifact. Scale bars = 0.5 mV and 5 ms. (C)
Quantification of spinal reflex amplitudes recorded from the same groups as in (A) at P11. Data
represent mean and SEM. n ≥ 4. Statistics were performed with one-way ANOVA with Tukey’s
post hoc test. (***) P < 0.001. (D) Quantification of M response amplitudes recorded from the QL
muscle in the same groups as in (A) at P11. Data represent mean and SEM. n ≥ 3. Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (**) P < 0.01; (***) P < 0.001; (ns) no
significance.
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Figure 3.7. Comparison of parameters between AAV9-STAS righting and non-righting SMA
mice. (A) Quantification of spinal reflex amplitudes recorded from SMA mice injected with AAV9STAS that were either righting (R) or non-righting (NR) at P11. Data represent mean and SEM. n
= 4. Statistics were performed with two-tailed unpaired Student’s t-test. (**) P < 0.01. (B) Body
weight in the same groups as in (A) at P11. Data represent mean and SEM. n = 4. Statistics were
performed with two-tailed unpaired Student’s t-test. (ns) no significance. (C) RT-qPCR analysis
of human STAS mRNA in spinal cords from the same groups as in (A). Data represent mean and
SEM. n = 3. Statistics were performed with two-tailed unpaired Student’s t-test. (ns) no
significance. (D) Righting time in the same groups as in (A) at P11. Data represent mean and
SEM. n = 4. Statistics were performed with two-tailed unpaired Student’s t-test. (*) P < 0.05. (E)
RT-qPCR analysis of human full-length SMN2 (SMN2 FL) mRNA in spinal cords from the same
groups as in (A). Data represent mean and SEM. n = 3. Statistics were performed with two-tailed
unpaired Student’s t-test. (*) P < 0.05. (F) M response amplitudes recorded from the QL muscle
in the same groups as in (A) at P11. Data represent mean and SEM. n = 3. Statistics were
performed with two-tailed unpaired Student’s t-test. (ns) no significance.
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Figure 3.8. Increased synaptic depression of the monosynaptic reflex in SMA mice is due
to proprioceptive neuron dysfunction. (A) Representative traces of extracellular recordings
from L1 ventral root (VR) following L1 dorsal root (DR) stimulation from WT and SMA mice as well
as SMA mice with selective SMN restoration in either proprioceptive neurons (PVCRE) or motor
neurons (ChATCRE) at P11. Arrows indicate the maximum amplitude of the monosynaptic reflex.
Arrowheads indicate the stimulus artifact. Scale bars = 0.5 mV and 10 ms. (B) Representative
traces of the first (black) and fifth (red) ventral root (VR) responses recorded following stimulation
of the homonymous L1 dorsal root (DR) at 10 Hz from WT and SMA mice as well as SMA mice
with selective SMN restoration in either proprioceptive neurons (PVCRE) or motor neurons
(ChATCRE) at P11. Arrows indicate the maximum amplitude of the monosynaptic reflex.
Arrowheads indicate the stimulus artifact. Scale bars = 0.2 mV and 5 ms. (C) Quantification of
spinal reflex amplitudes recorded from the same groups as in (A) at P11. Data represent mean
and SEM. n ≥ 3. Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (*)
P < 0.05; (***) P < 0.001. (D) Quantification of amplitude changes in the monosynaptic reflex
following 10 Hz stimulation from the same groups as in (A). Data represent mean and SEM. n ≥
5. Statistics were performed with two-way ANOVA with Tukey’s post hoc test. (*) P < 0.05; (**) P
< 0.01; (***) P < 0.001.
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Figure 3.9. AAV9-SMN gene delivery improves synaptic transmission in proprioceptive
neurons of SMA mice. (A) Representative traces of the first (black) and fifth (red) VR responses
recorded at P11 following stimulation of the homonymous L1 DR at 10 Hz from SMA mice injected
with AAV9-GFP, AAV9-STAS or AAV9-SMN as well as uninjected WT mice at P11. Scale bars =
0.2 mV and 5 ms. (B) Quantification of amplitude changes in the monosynaptic reflex following
10 Hz stimulation from the same groups as in (B). Data represent mean and SEM. n ≥ 3. Statistics
were performed with two-way ANOVA with Tukey’s post hoc test. (***) P < 0.001.
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Figure 3.10. AAV9-STAS rescues vulnerable SMA motor neurons from degeneration. (A)
ChAT immunostaining of L1 spinal cords from SMA mice injected with AAV9-GFP, AAV9-STAS
or AAV9-SMN as well as uninjected WT mice at P11. Scale bar = 50 µm. (B) ChAT
immunostaining of L5 spinal cords from the same groups as in (A) at P11. L5 MMC motor neurons
are indicated by dotted circles and magnified in the insets. Scale bar = 125 µm. (C) Total number
of L1 motor neurons in the same groups as in (A) at P11. Data represent mean and SEM from
WT (n = 4), SMA+AAV9-GFP (n = 6), SMA+AAV9-STAS (n = 7) and SMA+AAV9-SMN (n = 6).
Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (*) P < 0.05; (**) P <
0.01; (***) P < 0.001. (D) Total number of L5 MMC motor neurons in the same groups as in (A) at
P11. Data represent mean and SEM from WT (n = 5), SMA+AAV9-GFP (n = 5), SMA+AAV9STAS (n = 7) and SMA+AAV9-SMN (n = 6). Statistics were performed with one-way ANOVA with
Tukey’s post hoc test. (**) P < 0.01; (***) P < 0.001.
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Figure 3.11. AAV9-STAS decreases p53S18 phosphorylation in vulnerable SMA motor
neurons. (A) ChAT (red) and p53 (green) immunostaining of L5 spinal cords from uninjected WT
mice and SMA mice injected with AAV9-GFP or AAV9-STAS at P11. L5 MMC motor neurons are
indicated by dotted circles and magnified in the insets. Scale bar = 100 µm. (B) Percentage of
p53+ L5 MMC motor neurons in the same groups as in (A). Data represent mean and SEM from
WT (n = 5), SMA+AAV9-GFP (n = 5) and SMA+AAV9-STAS (n = 5). Statistics were performed
with one-way ANOVA with Tukey’s post hoc test. (***) P < 0.001; (ns) no significance. (C) ChAT
(red) and p-p53S18 (green) immunostaining of L5 spinal cords from the same groups as in (A). L5
MMC motor neurons are indicated by dotted circles and magnified in the insets. Scale bar = 100
µm. (D) Percentage of p-p53S18+ L5 MMC motor neurons in the same groups as in (A). Data
represent mean and SEM from WT (n = 4), SMA+AAV9-GFP (n = 5) and SMA+AAV9-STAS (n =
6). Statistics were performed with one-way ANOVA with Tukey’s post hoc test. ** P < 0.01; *** P
< 0.001.
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Figure 3.12. Analysis of autophagy in Stasimon-deficient NIH3T3 cells and SMA mice. (A)
RT-qPCR analysis of Stasimon mRNA levels in WT and StasRNAi NIH3T3 cells. Data represent
mean and SEM. n = 3. Statistics were performed with two-tailed unpaired Student’s t-test. (**) P
< 0.01. (B) Western blot analysis of the autophagy markers p62 and LC3 in WT and StasRNAi
NIH3T3 cells that were either untreated or treated with Bafilomycin A1 and serum starvation as
indicated. (C) Western blot analysis of p62 and LC3 in spinal cords of WT and SMA mice at P6.
Three biological replicates per groups are shown. (D) Western blot analysis of p62 and LC3 in
spinal cords of WT and SMA mice at P11. Three biological replicates per groups are shown.
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Figure 3.13. Analysis of autophagy in SMA motor neurons and proprioceptive neurons. (A)
Immunostaining of L1 DRGs from WT and SMA mice at P11 with p62 (green) and PV (red). Nuclei
were counterstained with DAPI (blue). Scale bar = 25 μm. (B) Immunostaining of L1 spinal cords
from WT and SMA mice at P11 with p62 (green) and ChAT (red). Nuclei were counterstained with
DAPI (blue). Scale bar = 25 μm.
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Figure 3.14. Stasimon deficiency is sufficient to induce p53S18 phosphorylation in NIH3T3
cells. (A) Schematic of the experimental design. NIH3T3 cells (WT or StasRNAi) were treated either
with control MOs or with splice-switching antisense MOs targeting the 5ʹ splice sites of Mdm2
exon 3 and Mdm4 exon 7. Nuclear accumulation of p53 and p-p53S18 was then assessed by
immunofluorescence analysis. (B) Immunofluorescence analysis of total p53 (green) in WT and
StasRNAi NIH3T3 cells treated with the indicated MOs. Nuclei were counterstained with DAPI (blue).
Scale bar = 25 µm. (C) Percentage of p53+ NIH3T3 cells from the same treatment groups as in
(B). Data represent mean and SEM. n ≥ 3. Statistics were performed with two-tailed unpaired
Student’s t-test. (ns) no significance. (D) Immunofluorescence analysis of p-p53S18 (green) in WT
and StasRNAi NIH3T3 cells treated with the indicated MOs. Nuclei were counterstained with DAPI
(blue). Scale bar = 25 µm. (E) Percentage of p-p53S18+ NIH3T3 cells from the same treatment
groups as in (D). Data represent mean and SEM. n ≥ 3. Statistics were performed with two-tailed
unpaired Student’s t-test. (***) P < 0.001; (ns) no significance.
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Figure 3.15. p38 MAPK is activated in the spinal cord of SMA mice. (A) Western blot analysis
of spinal cord from wild-type and SMA mice at P1. (B) Quantification of p-p38 levels normalized
to total p38 levels as in (A). n = 3. Statistics were performed with two-tailed unpaired Student’s ttest. (ns) no significance. (C) Western blot analysis of spinal cord from wild-type and SMA mice
at P6. (B) Quantification of p-p38 levels normalized to total p38 levels as in (C). n = 3. Statistics
were performed with two-tailed unpaired Student’s t-test. (*) P < 0.05 (E) Western blot analysis of
spinal cord from wild-type and SMA mice at P11. (F) Quantification of p-p38 levels normalized to
total p38 levels as in (E). n = 3. Statistics were performed with two-tailed unpaired Student’s ttest. (ns) no significance.
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Figure 3.16. Stasimon-dependent p53S18 phosphorylation is mediated by p38a MAPK. (A)
Immunofluorescence analysis of total p53 (green) in NIH3T3-StasRNAi cells treated either with
vehicle or with MW150 and the indicated MOs. Nuclei were counterstained with DAPI (blue).
Scale bar = 25 µm. (B) Percentage of p53+ NIH3T3-StasRNAi cells from the same treatment groups
as in (A). Data represent mean and SEM. n = 3. Statistics were performed with two-tailed unpaired
Student’s t-test. (ns) no significance. (C) Immunofluorescence analysis of p-p53S18 (green) in
NIH3T3-StasRNAi cells treated either with vehicle or with MW150 and the indicated MOs. Nuclei
were counterstained with DAPI (blue). Scale bar = 25 µm. (D) Percentage of p-p53S18+ NIH3T3StasRNAi cells from the same treatment groups as in (C). Data represent mean and SEM. n = 3.
Statistics were performed with two-tailed unpaired Student’s t-test. (***) P < 0.001; (ns) no
significance.
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Figure 3.17. Stasimon deficiency induces p38 MAPK activation in NIH3T3 cells. (A-B)
Immunostaining of NIH3T3 WT, StasRNAi and WT UV-treated with 60 mJ/cm2 cells with antibodies
against total (A) and phosphorylated (B) p38 MAPK. Note that p38 MAPK redistributes from the
cytoplasm to the nucleus following activation by phosphorylation. (C) Western blot analysis of the
levels of total and phosphorylated p38 MAPK in WT, StasRNAi, and WT+UV NIH3T3 cells. Twofold serial dilutions of equal amounts of extracts are shown. Tubulin was probed as a loading
control.
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Figure 3.18. p38a MAPK inhibition prevents p53 phosphorylation in vulnerable SMA motor
neurons. (A) ChAT (red) and p53 (green) immunostaining of P11 L5 spinal cords from uninjected
WT mice and SMA mice treated daily either with saline or with MW150 (5mg/kg). L5 MMC motor
neurons are indicated by dotted circles and magnified in the insets. Scale bar = 100 µm. (B)
Percentage of p53+ L5 MMC motor neurons in the same groups as in (A). Data represent mean
and SEM from WT (n = 4), SMA+Vehicle (n = 4) and SMA+MW150 (n = 4). Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (***) P < 0.001; (ns) no significance.
(C) ChAT (red) and p-p53S18 (green) immunostaining of P11 L5 spinal cords from uninjected WT
mice and SMA mice treated daily either with saline or with MW150 (5mg/kg). L5 MMC motor
neurons are indicated by dotted circles and magnified in the insets. Scale bar = 100 µm. (D)
Percentage of p-p53S18+ L5 MMC motor neurons in the same groups as in (C). Data represent
mean and SEM from WT (n = 4), SMA+Vehicle (n = 4) and SMA+MW150 (n = 4). Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (**) P < 0.01; (***) P < 0.001.

171

Figure 3.19. Pharmacological inhibition of p38a MAPK prevents degeneration of SMA
motor neurons. (A) ChAT immunostaining of P11 L1 spinal cords from uninjected WT mice and
SMA mice treated daily either with saline or with MW150 (5mg/kg). Scale bar = 50 µm. (B) Total
number of L1 motor neurons in the same groups as in (A) at P11. Data represent mean and SEM
from WT (n = 6), SMA+Vehicle (n = 5) and SMA+MW150 (n = 3). Statistics were performed with
one-way ANOVA with Tukey’s post hoc test. (*) P < 0.05; (***) P < 0.001. (C) ChAT
immunostaining of P11 L5 spinal cords from the same groups as in (A). L5 MMC motor neurons
are indicated by dotted circles and magnified in the insets. Scale bar = 125 µm. (D) Total number
of L5 MMC motor neurons in the same groups as in (A) at P11. Data represent mean and SEM
from WT (n = 6), SMA+Vehicle (n = 6) and SMA+MW150 (n = 5). Statistics were performed with
one-way ANOVA with Tukey’s post hoc test. (**) P < 0.01; (***) P < 0.001.
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Figure 3.20. Pharmacological inhibition of p38a MAPK does not improve synaptic
connectivity in SMA. (A) Immunostaining of VGluT1+ synapses (grey) and ChAT+ motor neurons
(blue) in P11 L1 spinal cords from uninjected WT mice and SMA mice treated daily either with
saline or with MW150 (5mg/kg). Scale bar = 20 µm. (B) Number of VGluT1+ synapses on the
somata of L1 motor neurons from the same groups as in (A) at P11. Data represent mean and
SEM from WT (n = 39), SMA+Vehicle (n = 39) and SMA+MW150 (n = 36). Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (***) P < 0.001; (ns) no significance.
(C) NMJ staining with bungarotoxin (BTX, red), synaptophysin (Syp, green), and neurofilament
(NF-M, blue) of P11 QL muscles from uninjected WT mice and SMA mice treated daily either with
saline or with MW150 (5mg/kg). Scale bar = 25 µm. (D) Percentage of fully denervated NMJs in
the QL muscle from the same groups as in (C) at P11. Data represent mean and SEM. n = 3.
Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (**) P < 0.01; (ns) no
significance.
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Figure 3.21. p38MAPK inhibition improves motor behavior in SMA mice. (A) RT-qPCR
analysis of full-length human SMN2 (SMN2FL) in the spinal cord of mice from vehicle or MW150
injected SMA mice and uninjected WT controls at P11. n ³ 5. Statistics were performed with oneway ANOVA with Tukey’s post hoc test. (***) P < 0.001; (ns) no significance. (B) Western blot
analysis of SMN protein levels in the spinal cord of mice from the same groups as (A). (C-E)
Righting time (C), Weight gain (D), and Kaplan-Meyer analysis of survival (E) of uninjected (n =
10) WT mice as well as SMA mice injected daily with saline (n = 10) or with MW150 (5mg/kg) (n
= 14). Data represent mean and SEM.
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Figure 3.22. Dual contribution of Stasimon to sensory-motor circuit pathology in SMA. Stasimon
dysfunction induced through impairments in the minor spliceosomal machinery leads to p53
phosphorylation through the activation of p38a MAPK which is a key activating mechanism driving
SMA motor neuron degeneration. This phosphorylation converges with p53 upregulation induced
by U2 dependent dysregulation of Mdm2 and Mdm4 alternative splicing. Additionally, Stasimon
also plays a spatially distinct role in proprioceptive neurons where it mediated the loss of excitatory
synapses on SMA motor neurons.
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Chapter 4
Stasimon localizes to mitochondria-associated ER membranes and is
essential for mouse embryonic development4
4.1 Introduction
Spinal muscular atrophy (SMA) is an inherited neuromuscular disorder caused by
ubiquitous reduction in the levels of the survival motor neuron (SMN) protein (Tisdale and
Pellizzoni, 2015). SMN is part of a protein complex that functions in the assembly of
ribonucleoproteins required for pre-mRNA splicing (Tisdale and Pellizzoni, 2015), and SMNdependent splicing dysregulation of specific genes has been causally linked to select pathogenic
events in animal models of SMA (Lotti et al., 2012; Van Alstyne et al., 2018a). The study of
proximal target genes of SMN deficiency that contribute to the SMA phenotype affords unique
opportunities to discover novel aspects of basic neurobiology as well as disease mechanisms.
A prominent example is Stasimon (also known as Tmem41b), a novel gene we discovered
as a target of splicing dysfunction induced by SMN deficiency in both cellular and animal models
of SMA (Lotti et al., 2012). Functional studies showed that Stasimon is normally required for
synaptic transmission in motor circuit neurons that provide excitatory drive to motor neurons in
Drosophila larvae as well as for motor axon outgrowth during zebrafish development (Lotti et al.,
2012). Importantly, not only does its loss of function elicit neuronal phenotypes that mirror aspects
of SMN deficiency in vivo (Imlach et al., 2012; Lotti et al., 2012), but Stasimon restoration corrects
neurotransmission deficits in the motor circuit of Drosophila SMN mutants and aberrant motor
neuron development in SMN-deficient zebrafish embryos (Lotti et al., 2012). These studies
provided first proof-of-concept causally linking the defective splicing of a gene with important
4

This chapter is adapted from an article I co-authored entitled “Stasimon localizes to mitochondriaassociated ER membranes and is essential for mouse embryonic development”, Biochemical and
Biophysical Research Communications (2018).
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neuronal functions to specific phenotypic consequences of SMN deficiency in animal models of
SMA. However, the localization and function of Stasimon as well as its requirement in the
mammalian system remain poorly understood.
Stasimon is a ubiquitously expressed gene with particularly high levels in the Drosophila
and mouse central nervous system (CNS) that encodes an evolutionarily conserved protein
containing six transmembrane domains (Lotti et al., 2012). Here, I investigated the Stasimon
interactome and found a network of interactions with cellular components of the endomembrane
system and in particular, with the endoplasmic reticulum (ER), mitochondria, and the COPI vesicle
trafficking machinery (Beck et al., 2009). Importantly, I also found that Stasimon is an ER-resident
protein that localizes at specialized sites of juxtaposition between ER and mitochondria known as
mitochondria-associated ER membranes (MAM) (Herrera-Cruz and Simmen, 2017). Lastly,
analysis of novel knockout mice showed that Stasimon is an essential gene required for mouse
embryonic development.

4.2 Results
Stasimon associates with the ER, mitochondria and the COPI complex
I sought to identify proteins associated with human STASIMON (hereafter abbreviated as
STAS) by proteomic approaches. To do so, we performed anti-GFP immunoprecipitation
experiments using cell extracts from HEK293 transfected with either N-terminally tagged GFPSTAS or GFP alone as well as untransfected cells as negative controls followed by SDS-PAGE
and silver staining (Figure 4.1A). This analysis revealed the association of several proteins with
GFP-STAS but not GFP, the identity of which was then determined by LC-MS/MS. I identified 152
proteins that were found specifically in GFP-STAS immunoprecipitates but not in control
immunoprecipitates with GFP alone (Table 4.1). Bioinformatics analysis of the STAS interactome
showed that most of the proteomics hits are part of a functional interaction network that
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prominently features components of ER and mitochondria (Figure 4.2). This was further confirmed
by gene ontology search that revealed strong enrichment for the endomembrane system and
membrane organelles such as ER and mitochondria (Figure 4.1C). Additionally, all the subunits
(COPA, COPB1, COPB2, COPD, COPG1, COPG2, COPE) of the COPI complex involved in
vesicle coating for trafficking from Golgi to ER were among the most enriched proteins in the GFPSTAS immunoprecipitates (Figures 4.1C and 4.2). To validate the proteomics results, we
performed co-immunoprecipitation experiments with GFP and GFP-STAS expressed in HEK293
cells followed by Western blot analysis and confirmed the association of STAS with select,
representative components of the ER (ERLIN2), mitochondria (VDAC1) and COPI complexes
(COPA and COPB1) (Figure 4.1B). SMN was used as a negative control and, as expected, was
not found in GFP-STAS immunoprecipitates (Figure 4.1B). Collectively, these experiments
indicate that STASIMON associates with ER and mitochondria proteins as well as components of
the COPI vesicle trafficking machinery.

Stasimon localizes to mitochondria-associated membranes
To further elucidate the relationship with ER and mitochondria, we sought to determine the
subcellular localization of STASIMON using biochemical fractionation of these membrane
organelles. Given that antibodies which detect endogenous levels of STASIMON could not be
found, we relied on the analysis of HEK293 cells transfected with GFP or GFP-STAS followed by
Western blot analysis. To validate the accuracy of the fractionation procedure, we tested the
distribution of known markers of subcellular compartments such as TUBULIN (cytoplasm), SDHA
(mitochondria), and ERLIN2 (ER and MAM), all of which displayed their expected distribution
(Figure 4.3A). Remarkably, while GFP was found only in the soluble cytoplasmic fraction, GFPSTAS was prominently associated with ER-containing fractions (Figure 4.3A). Furthermore, GFPSTAS was particularly enriched in the ER fractions associated with mitochondria, including the
functionally specialized, lipid raft-rich MAM compartment identified by the protein ERLIN2, but
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was not found in purified mitochondria (Figure 4.3A). Consistent with its role in retrograde vesicle
trafficking from Golgi to ER (Brandizzi and Barlowe, 2013), the COPI complex subunit COPA was
found in the cytoplasmic and ER fractions but not in the MAM.
Next, I investigated Stasimon localization in mammalian cells by immunofluorescence
analysis. To do so, I transiently transfected mouse NIH3T3 fibroblasts with GFP-tagged mouse
Stasimon as well as mCherry-Calnexin to mark the ER, and then carried out triple-label
immunostaining experiments with antibodies against GFP, mCherry and mitochondria as
previously described (Hirabayashi et al., 2017). Confocal microscopy analysis showed striking colocalization of GFP-Stas with mCherry-Calnexin but not mitochondria (Figure 4.3B). To gain
further insight into the localization of Stasimon with respect to ER and mitochondria, I performed
super-resolution imaging by SIM microscopy followed by 3D reconstruction (Figure 4.3C and
4.3D). Remarkably, these experiments revealed that GFP-Stas localizes at the contact sites
between the ER and mitochondria, which is also consistent with its enrichment in biochemically
purified MAM fractions.
Taken together, these experiments identify Stasimon as a novel ER-resident
transmembrane protein that localizes to the specific lipid-raft-rich ER domains at contact sites
with the outer mitochondria membrane.

Stasimon knockout causes early lethality during mouse embryonic development
To study Stasimon in mouse models, I analyzed a knockout allele that was generated by
insertion of a lentiviral gene trap vector in the first intron of the Stasimon gene (Figure 4.4A), which
is expected to be a complete loss of function. Although detailed phenotypic analysis was not
performed, heterozygous Stas mice harboring one copy of this allele are viable and fertile.
Importantly, while heterozygous crosses yielded the expected 2 to 1 ratio of heterozygotes to WT
mice, they failed to produce any homozygous knockout offspring (Figure 4.4B), revealing an
essential requirement for Stasimon during mouse embryonic development. I next sought to
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determine the time of embryonic lethality associated with Stasimon ablation. I performed analysis
at several stages during mouse gestation and was able to identify Stasimon knockout embryos in
the expected Mendelian ratio at ~E8.5, but not at later stages (Figure 4.4C). Stasimon knockout
in E8.5 embryos was confirmed at the molecular level by both genotyping (Figure 4.4D) and
mRNA analysis (Figure 4.4E), which showed that knockout embryos do not express Stasimon
mRNA, while heterozygotes express approximately 50% of WT mRNA levels (Figure 4.4E). Lastly,
morphological assessment of E8.5 embryos showed that Stasimon knockout embryos were
developmentally arrested at around E7.5 (Figure 4.4F). These studies demonstrate that Stasimon
is an essential gene whose ablation causes embryonic lethality at the post-implantation stage of
mouse development.

4.3 Discussion
In this chapter, I report three main findings that are supported by a combination of
biochemistry, proteomics, high-resolution microscopy and mouse genetics data: i) the association
of Stasimon with ER, mitochondria and the COPI vesicle trafficking machinery; ii) the identification
of Stasimon as a novel ER-resident transmembrane protein that localizes at specialized
membrane contact sites between ER and mitochondria known as MAM; and iii) the essential
requirement of Stasimon for mouse embryonic development (Figure 4.5). Collectively, these
findings provide new insights into Stasimon biology and highlight the importance that further
studies on this protein may yield for understanding MAM function, membrane trafficking and
neurodegenerative disease mechanisms.
Investigation of the Stasimon interactome uncovered a network of associations implicating
biological pathways central to the functions of ER and mitochondria, and subsequent analysis
highlighted its localization to the ER. Recently, unbiased genome-wide screens for regulators of
autophagy identified Stasimon as an ER-resident protein required for autophagosome formation
through undefined mechanisms (Moretti et al., 2018; Morita et al., 2018; Shoemaker et al., 2019).
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Our independent work agrees with and significantly expands these observations, showing for the
first time that Stasimon is specifically localized to the specialized MAM compartment at the
interface between the ER and mitochondria membranes. While these ER-mitochondria contact
sites can serve as a source of membranes during early stages of autophagosome formation
(Hailey et al., 2010; Hamasaki et al., 2013) – consistent with a role for Stasimon in autophagy
(Moretti et al., 2018; Morita et al., 2018) – the MAM is a multifunctional site involved in several
additional key cellular processes (Marchi et al., 2014; Wu et al., 2018). The close juxtaposition at
the MAM facilitates cross-talk between the organelles enabling phospholipid transfer and the rapid
exchange of calcium, thereby playing a critical role in the maintenance of lipid homeostasis and
regulation of calcium levels, which can have compounding impact on mitochondrial health and
bioenergetics (Raturi and Simmen, 2013; van Vliet et al., 2014). Therefore, Stasimon could have
broader impact on the maintenance of MAM integrity or function and potentially play a role in
additional cellular processes beyond autophagy, which are regulated by these ER-mitochondria
contacts. Importantly, there has been increasing evidence for a potential role of MAM dysfunction
in neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease among
others (Area-Gomez and Schon, 2017; Paillusson et al., 2016). Evidence of autophagy and
proteostasis impairment as well as mitochondrial dysfunction in SMA models has also been
reported (Chaytow et al., 2018), but MAM dysregulation has not yet been implicated in these
deficits. In light of Stasimon’s link to SMA pathology (Lotti et al., 2012), the emerging role in
autophagy (Moretti et al., 2018; Morita et al., 2018), and the localization to the MAM that I report
here, further characterization of Stasimon’s biology in mouse models may unravel unanticipated
links with MAM-associated biological processes and with both development and disease of motor
circuits.
A prominent feature of the Stasimon interactome is the multisubunit COPI complex, the
association of which I further confirmed biochemically and is also consistent with results of a
recent study (Moretti et al., 2018). The carboxy-terminus of Stasimon contains a dilysine motif
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(KXKXX), a canonical consensus sequence for COPI binding enabling retrieval of ER-resident
proteins by retrograde transport (Brandizzi and Barlowe, 2013). Upon fractionation, COPA is
mostly cytoplasmic and partially overlaps with Stasimon in the ER, but not in the mitochondriaassociated ER membranes. It is therefore plausible, although yet to be experimentally validated,
that the Stasimon and COPI interaction is physically and functionally distinct from those in which
Stasimon engages at the MAM (Figure 4.5). Interestingly, COPI has previously been implicated
in SMA pathology and COPA overexpression has been shown to correct motor axon deficits
induced by SMN deficiency in zebrafish embryos (Li et al., 2015), analogous to the requirement
for Stasimon in this model system (Lotti et al., 2012). While a current model proposes that COPI
role in SMA involves direct binding to SMN (Li et al., 2015), the identification of Stasimon
association with COPI provides an alternative view that may reconcile these seemingly unrelated
experimental observations.
Here, I demonstrate that Stasimon is an essential gene required for mouse embryonic
development as ablation induces early developmental arrest. These findings reveal that complete
loss of Stasimon is not simply lethal to all cells, but halts the progression of mouse embryogenesis
during a post-implantation phase likely comprised between E7.5 and E8.5 as inferred from the
aberrant morphology of E8.5 knockout embryos. Although embryonic lethality is consistent with
its ubiquitous expression, Stasimon’s high levels of expression in the CNS also suggest a key
role in neurons, consistent with its requirement for motor circuit function (Lotti et al., 2012).
Unfortunately, the early embryonic lethality associated with constitutive Stasimon knockout
precludes direct evaluation of its requirement for development and function of the mouse motor
system, and calls for the development of conditional knockout mice.
In the future, the study of the spatial and temporal requirement for Stasimon in vivo,
combined with further molecular characterization of its functions is likely to yield new fundamental
insights into the biology of ER-mitochondria contacts, autophagy and membrane trafficking in
mammalian neurons as well as mechanisms of neurodegenerative disease.
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Figure 4.1. Characterization of the Stasimon interactome. (A) Silver staining of GFP-Trap
immunoprecipitates from HEK293 cells either untransfected (Control) or transfected with GFP
and GFP-STAS. 10% of the material used for mass spectrometry is shown (B) Western blot
analysis of GFP-Trap immunoprecipitates from HEK293 cells expressing GFP or GFP-STAS.
Total represents 5% of the protein input. (C) Gene Ontology (GO) analysis of the most enriched
cellular compartments associated with the specific proteins identified in GFP-STAS
immunoprecipitates using DAVID.
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Figure 4.2. Functional protein association network of specific proteins identified in GFPSTAS immunoprecipitates using STRING. Protein components of mitochondria (blue), ER (red)
and COPI complex (green) are color-coded. The protein names are visible after zoom-in.
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Figure 4.3. Stasimon is an ER-resident protein that localizes to the MAM. (A) Western blot
analysis of the subcellular localization of GFP and GFP-STAS following biochemical fractionation
of transiently transfected HEK293 cells. Equal amounts (20 µg) of proteins for each fraction were
analyzed. (B) Confocal imaging of NIH3T3 cells co-transfected with GFP-Stas and mCherry-Canx
and immunostained with antibodies for dsRed, GFP and a cocktail of mitochondrial oxidative
phosphorylation proteins (mitochondria). Scale bar = 10 µm. (C) Super-resolution 3D SIM
microscopy of NIH3T3 cells immunolabeled as in (B). A single plane image of all three channels
and a merged image are shown. Scale bar = 0.2 µm. (D) 3D reconstruction of SIM microscopy
images from (C). Arrowheads indicate GFP-Stas localization at ER-mitochondria contacts. Scale
bar = 0.2 µm.
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Figure 4.4. Stasimon is essential for mouse embryonic development. (A) Schematic of the
Tmem41bGt(OST208407)Lex knockout allele of the Stasimon gene. The location of genotyping primers
across the insertion site in intron 1 and on the gene-trap vector are shown. (B) Ratio and number
of mice with the indicated genotypes observed at postnatal day 1 (P1) from crosses of Stasimon
heterozygous mice. (C) Ratio and number of E8.5 embryos with the indicated genotypes from
crosses of Stasimon heterozygous mice. (D) Genomic PCR of wild-type (WT) and knockout (KO)
alleles from E8.5 embryos of the indicated genotypes. (E) RT-qPCR of Stasimon mRNA levels
normalized to Gapdh mRNA expression in E8.5 embryos of the indicated genotypes. Data
represent mean and SEM. n = 3. Statistics were performed with one-way ANOVA with Tukey’s
post hoc test. (***) P < 0.001. (F) Images of E8.5 embryos of the indicated genotypes. Scale bars
= 50 µm.
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Figure 4.5. Stasimon is a component of the endomembrane system and localizes at
mitochondria-associated membranes. See the discussion for further details.
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Table 4.1. Proteins identified by mass spectrometry analysis of GFP and GFP-STAS
immunoprecipitates with GFP-Trap from HEK293 cells.
MW
(kDa)

Spectra
Count
GFP

Spectra
Count
GFPSTAS

Identified Proteins

Accession Number

Isoform 2 of Coatomer subunit alpha COPA
DNA-dependent protein kinase catalytic subunit PRKDC
Coatomer subunit beta COPB1
Cluster of Coatomer subunit beta' COPB2
(sp|P35606|COPB2_HUMAN)
Cluster of Dolichyl-diphosphooligosaccharide--protein
glycosyltransferase subunit 1 RPN1 (sp|P04843|RPN1_HUMAN)
Isoform 2 of Mitochondrial inner membrane protein IMMT
Voltage-dependent anion-selective channel protein 1 VDAC1
Cluster of Monocarboxylate transporter 1 SLC16A1
(sp|P53985|MOT1_HUMAN)
Very-long-chain (3R)-3-hydroxyacyl-[acyl-carrier protein]
dehydratase 3 PTPLAD1
Cluster of Isoform 1 of Voltage-dependent anion-selective
channel protein 2 VDAC2 (sp|P45880-1|VDAC2_HUMAN)
Transmembrane protein 41B TMEM41B
Lamin-B1 LMNB1
Coatomer subunit gamma-2 COPG2
Coatomer subunit delta ARCN1
Cluster of Ubiquitin-40S ribosomal protein S27a RPS27A
(sp|P62979|RS27A_HUMAN)
D-3-phosphoglycerate dehydrogenase PHGDH
Cluster of ADP/ATP translocase 2 SLC25A5
(sp|P05141|ADT2_HUMAN)
Isoform 2 of 4F2 cell-surface antigen heavy chain SLC3A2
Neutral amino acid transporter B(0) SLC1A5
Cluster of Calnexin CANX (tr|B4DGP8|B4DGP8_HUMAN)
Coatomer subunit gamma-1 COPG1
Exportin-1 XPO1
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase
subunit 2 RPN2
Prohibitin-2 PHB2
Transitional endoplasmic reticulum ATPase VCP
Nucleolin NCL
Phosphate carrier protein, mitochondrial SLC25A3
Cluster of Heat shock protein HSP 90-beta HSP90AB1
(sp|P08238|HS90B_HUMAN)
Prohibitin PHB
Isoform 2 of Surfeit locus protein 4 SURF4
Translational activator GCN1 GCN1L1
Isoform 2 of ATPase family AAA domain-containing protein 3A
ATAD3A
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase
subunit STT3A STT3A
Isoform 2 of Minor histocompatibility antigen H13 HM13
Transmembrane protein 43 TMEM43
Transmembrane 9 superfamily member 3 TM9SF3
Cluster of Isoform 2 of Transportin-1 TNPO1 (sp|Q929732|TNPO1_HUMAN)
Leucine-rich PPR motif-containing protein, mitochondrial LRPPRC
Cluster of Isoform XA of Plasma membrane calcium-transporting
ATPase 3 ATP2B3 (sp|Q16720-2|AT2B3_HUMAN)

sp|P53621-2|COPA_HUMAN (+1)
sp|P78527|PRKDC_HUMAN
sp|P53618|COPB_HUMAN

139
469
107

0
0
0

280
150
131

sp|P35606|COPB2_HUMAN [3]

102

0

119

sp|P04843|RPN1_HUMAN

69

0

118

sp|Q16891-2|IMMT_HUMAN (+3)
sp|P21796|VDAC1_HUMAN

83
31

0
0

104
96

sp|P53985|MOT1_HUMAN [2]

54

0

93

sp|Q9P035|HACD3_HUMAN

43

0

86

sp|P45880-1|VDAC2_HUMAN [5]

33

0

85

sp|Q5BJD5|TM41B_HUMAN
sp|P20700|LMNB1_HUMAN
sp|Q9UBF2|COPG2_HUMAN
sp|P48444|COPD_HUMAN (+1)

33
66
98
57

0
0
0
0

79
68
60
59

sp|P62979|RS27A_HUMAN [3]

18

0

55

sp|O43175|SERA_HUMAN

57

0

52

sp|P05141|ADT2_HUMAN [3]

33

0

51

sp|P08195-2|4F2_HUMAN (+5)
sp|Q15758|AAAT_HUMAN
tr|B4DGP8|B4DGP8_HUMAN
sp|Q9Y678|COPG1_HUMAN
sp|O14980|XPO1_HUMAN

58
57
72
98
123

0
0
0
0
0

51
50
49
42
41

sp|P04844|RPN2_HUMAN

69

0

39

sp|Q99623|PHB2_HUMAN (+1)
sp|P55072|TERA_HUMAN
sp|P19338|NUCL_HUMAN
sp|Q00325|MPCP_HUMAN

33
89
77
40

0
0
0
0

38
37
34
33

sp|P08238|HS90B_HUMAN [2]

83

0

32

sp|P35232|PHB_HUMAN (+2)
sp|O15260-2|SURF4_HUMAN (+2)
sp|Q92616|GCN1L_HUMAN

30
18
293

0
0
0

30
29
27

sp|Q9NVI7-2|ATD3A_HUMAN (+1)

66

0

27

sp|P46977|STT3A_HUMAN

81

0

26

sp|Q8TCT9-2|HM13_HUMAN (+3)
sp|Q9BTV4|TMM43_HUMAN
sp|Q9HD45|TM9S3_HUMAN

47
45
68

0
0
0

25
24
24

sp|Q92973-2|TNPO1_HUMAN [3]

101

0

23

sp|P42704|LPPRC_HUMAN

158

0

23

sp|Q16720-2|AT2B3_HUMAN [14]

129

0

22
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MW
(kDa)

Spectra
Count
GFP

Spectra
Count
GFPSTAS

Identified Proteins

Accession Number

Transmembrane protein 165 TMEM165
7-dehydrocholesterol reductase DHCR7
PRA1 family protein 3 ARL6IP5
Exportin-5 XPO5
Cluster of Ras-related protein Rab-8A RAB8A
(sp|P61006|RAB8A_HUMAN)
Isoform 2 of Voltage-dependent anion-selective channel protein 3
VDAC3
Potassium-transporting ATPase alpha chain 1 ATP4A
Cluster of Isoform 2 of Neutral alpha-glucosidase AB GANAB
(sp|Q14697-2|GANAB_HUMAN)
Isoform 2 of GPI ethanolamine phosphate transferase 2 PIGG
Erlin-1 ERLIN1
Bifunctional glutamate/proline--tRNA ligase EPRS
Cluster of ATP-binding cassette sub-family D member 3 ABCD3
(sp|P28288|ABCD3_HUMAN)
Cluster of Protein transport protein Sec61 subunit alpha isoform 1
SEC61A1 (sp|P61619|S61A1_HUMAN)
Isoform 3 of Apoptosis-inducing factor 1, mitochondrial AIFM1
Cluster of Isoform 2 of Zinc transporter ZIP14 SLC39A14
(sp|Q15043-2|S39AE_HUMAN)
Cluster of Elongation factor 1-alpha 1 EEF1A1
(sp|P68104|EF1A1_HUMAN)
Sodium/potassium-transporting ATPase subunit beta-3 ATP1B3
Large neutral amino acids transporter small subunit 1 SLC7A5
Elongation factor Tu, mitochondrial TUFM
Sterol O-acyltransferase 1 SOAT1
Serine palmitoyltransferase 1 SPTLC1
Isoform 2 of ER membrane protein complex subunit 1 EMC1
Vesicle transport protein GOT1B GOLT1B
Erlin-2 ERLIN2
Isoform 2 of Calcium-binding mitochondrial carrier protein Aralar2
SLC25A13
Isoform 2 of Reticulon-4 RTN4
Cluster of Putative Golgi pH regulator C GPR89C
(sp|A6NKF9|GPHRC_HUMAN)
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase
48 kDa subunit DDOST
CAD protein CAD
Isoform 2 of Basigin BSG
DnaJ homolog subfamily A member 1 DNAJA1
Heat shock protein 75 kDa, mitochondrial TRAP1
Cluster of Nodal modulator 1 NOMO1
(sp|Q15155|NOMO1_HUMAN)
Cluster of Transferrin receptor protein 1 TFRC
(sp|P02786|TFR1_HUMAN)
Cluster of Heterogeneous nuclear ribonucleoprotein U HNRNPU
(sp|Q00839|HNRPU_HUMAN)
Apolipoprotein B-100 APOB
Importin-7 IPO7
Fanconi anemia group I protein FANCI
Cluster of Delta(24)-sterol reductase DHCR24
(sp|Q15392|DHC24_HUMAN)
High affinity cationic amino acid transporter 1 SLC7A1
Isoform B of Probable cation-transporting ATPase 13A1 ATP13A1

sp|Q9HC07|TM165_HUMAN
sp|Q9UBM7|DHCR7_HUMAN
sp|O75915|PRAF3_HUMAN
sp|Q9HAV4|XPO5_HUMAN

35
54
22
136

0
0
0
0

21
20
20
19

sp|P61006|RAB8A_HUMAN [8]

24

0

18

sp|Q9Y277-2|VDAC3_HUMAN (+2)

31

0

18

sp|P20648|ATP4A_HUMAN

114

0

18

sp|Q14697-2|GANAB_HUMAN [3]

109

0

17

sp|Q5H8A4-2|PIGG_HUMAN (+2)
sp|O75477|ERLN1_HUMAN
sp|P07814|SYEP_HUMAN

107
39
171

0
0
0

17
16
15

sp|P28288|ABCD3_HUMAN [3]

75

0

15

sp|P61619|S61A1_HUMAN [3]

52

0

15

sp|O95831-3|AIFM1_HUMAN (+1)

66

0

15

sp|Q15043-2|S39AE_HUMAN [5]

53

0

15

sp|P68104|EF1A1_HUMAN [3]

50

0

14

sp|P54709|AT1B3_HUMAN
sp|Q01650|LAT1_HUMAN
sp|P49411|EFTU_HUMAN
sp|P35610|SOAT1_HUMAN (+1)
sp|O15269|SPTC1_HUMAN
sp|Q8N766-2|EMC1_HUMAN (+2)
sp|Q9Y3E0|GOT1B_HUMAN (+1)
sp|O94905|ERLN2_HUMAN (+1)

32
55
50
65
53
112
15
38

0
0
0
0
0
0
0
0

14
13
13
13
13
13
13
13

sp|Q9UJS0-2|CMC2_HUMAN (+1)

74

0

12

sp|Q9NQC3-2|RTN4_HUMAN

40

0

12

sp|A6NKF9|GPHRC_HUMAN [4]

37

0

12

sp|P39656|OST48_HUMAN

51

0

11

sp|P27708|PYR1_HUMAN (+1)
sp|P35613-2|BASI_HUMAN (+1)
sp|P31689|DNJA1_HUMAN
sp|Q12931|TRAP1_HUMAN (+1)

243
29
45
80

0
0
0
0

11
11
11
11

sp|Q15155|NOMO1_HUMAN

134

0

10

sp|P02786|TFR1_HUMAN

85

0

10

sp|Q00839|HNRPU_HUMAN [2]

91

0

10

sp|P04114|APOB_HUMAN
sp|O95373|IPO7_HUMAN
sp|Q9NVI1|FANCI_HUMAN

516
120
149

0
0
0

10
10
10

sp|Q15392|DHC24_HUMAN [2]

60

0

10

sp|P30825|CTR1_HUMAN
sp|Q9HD20-2|AT131_HUMAN (+1)
sp|Q96N66-2|MBOA7_HUMAN
(+1)

68
121

0
0

10
9

45

0

9

Isoform 2 of Lysophospholipid acyltransferase 7 MBOAT7
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MW
(kDa)

Spectra
Count
GFP

Spectra
Count
GFPSTAS

Identified Proteins

Accession Number

Cluster of Rab-like protein 3 RABL3 (sp|Q5HYI8|RABL3_HUMAN)
Sorting and assembly machinery component 50 homolog
SAMM50
Isoform 2 of Stomatin-like protein 2, mitochondrial STOML2
Sodium-dependent multivitamin transporter SLC5A6
Isoform 3 of Transportin-3 TNPO3
Phosphatidate cytidylyltransferase 2 CDS2
Lamin-B receptor LBR
Transmembrane emp24 domain-containing protein 10 TMED10
Protein spinster homolog 1 (Fragment) SPNS1
Cluster of 40S ribosomal protein S27 RPS27
(sp|P42677|RS27_HUMAN)
Mitochondrial Rho GTPase 2 RHOT2
Cytochrome b-c1 complex subunit 2, mitochondrial UQCRC2
Exportin-T XPOT
Isoform 2 of Multidrug resistance-associated protein 1 ABCC1

sp|Q5HYI8|RABL3_HUMAN

26

0

9

sp|Q9Y512|SAM50_HUMAN

52

0

9

sp|Q9UJZ1-2|STML2_HUMAN (+1)
sp|Q9Y289|SC5A6_HUMAN
sp|Q9Y5L0-3|TNPO3_HUMAN (+2)
sp|O95674|CDS2_HUMAN
sp|Q14739|LBR_HUMAN
sp|P49755|TMEDA_HUMAN
tr|H3BR82|H3BR82_HUMAN

33
69
103
51
71
25
57

0
0
0
0
0
0
0

9
9
9
9
8
8
8

9

0

8

sp|Q8IXI1|MIRO2_HUMAN (+1)
sp|P22695|QCR2_HUMAN
sp|O43592|XPOT_HUMAN
sp|P33527-2|MRP1_HUMAN (+8)
sp|Q9BQG0-2|MBB1A_HUMAN
(+1)
sp|Q9H9B4|SFXN1_HUMAN (+1)
sp|Q9UKV5|AMFR_HUMAN (+1)
sp|P38646|GRP75_HUMAN
sp|Q9Y4W6|AFG32_HUMAN
sp|P18124|RL7_HUMAN
sp|O95573|ACSL3_HUMAN
sp|P62195-2|PRS8_HUMAN (+1)
sp|O96005|CLPT1_HUMAN (+1)
sp|Q14165|MLEC_HUMAN
sp|P00403|COX2_HUMAN

68
48
110
165

0
0
0
0

8
7
7
7

149

0

7

36
73
74
89
29
80
45
76
32
26

0
0
0
0
0
0
0
0
0
0

7
7
6
6
6
6
6
6
6
6

sp|P28331-2|NDUS1_HUMAN

81

0

5

sp|Q92621|NU205_HUMAN
sp|O60725|ICMT_HUMAN
sp|P48651|PTSS1_HUMAN
sp|Q9NVH1-2|DJC11_HUMAN (+4)
sp|Q5SRE5-2|NU188_HUMAN (+1)
sp|Q9BVG9|PTSS2_HUMAN

228
32
56
59
182
56

0
0
0
0
0
0

5
5
5
5
5
5

sp|Q9Y5Y0|FLVC1_HUMAN

60

0

5

sp|P57678|GEMI4_HUMAN (+1)
sp|O14654|IRS4_HUMAN
sp|P00387|NB5R3_HUMAN
sp|P40227|TCPZ_HUMAN (+1)
sp|Q8TEM1|PO210_HUMAN
sp|Q9Y5A9|YTHD2_HUMAN
sp|Q9BXW9-2|FACD2_HUMAN

120
134
34
58
205
62
164

0
0
0
0
0
0
0

5
4
4
4
4
4
4

tr|B3KQV6|B3KQV6_HUMAN

46

0

4

sp|O95347-2|SMC2_HUMAN (+1)

125

0

4

sp|Q9H583|HEAT1_HUMAN (+1)
sp|P31930|QCR1_HUMAN
sp|Q86UL3|GPAT4_HUMAN
sp|P48029|SC6A8_HUMAN
sp|O00410-2|IPO5_HUMAN (+4)

242
53
52
71
117

0
0
0
0
0

4
4
4
4
4

sp|O75746-2|CMC1_HUMAN (+1)

63

0

4

Isoform 2 of Myb-binding protein 1A MYBBP1A
Sideroflexin-1 SFXN1
E3 ubiquitin-protein ligase AMFR AMFR
Stress-70 protein, mitochondrial HSPA9
AFG3-like protein 2 AFG3L2
60S ribosomal protein L7 RPL7
Long-chain-fatty-acid--CoA ligase 3 ACSL3
Isoform 2 of 26S protease regulatory subunit 8 PSMC5
Cleft lip and palate transmembrane protein 1 CLPTM1
Malectin MLEC
Cytochrome c oxidase subunit 2 MT-CO2
Isoform 2 of NADH-ubiquinone oxidoreductase 75 kDa subunit,
mitochondrial NDUFS1
Nuclear pore complex protein Nup205 NUP205
Protein-S-isoprenylcysteine O-methyltransferase ICMT
Phosphatidylserine synthase 1 PTDSS1
Isoform 2 of DnaJ homolog subfamily C member 11 DNAJC11
Isoform 2 of Nucleoporin NUP188 homolog NUP188
Phosphatidylserine synthase 2 PTDSS2
Feline leukemia virus subgroup C receptor-related protein 1
FLVCR1
Gem-associated protein 4 GEMIN4
Insulin receptor substrate 4 IRS4
NADH-cytochrome b5 reductase 3 CYB5R3
T-complex protein 1 subunit zeta CCT6A
Nuclear pore membrane glycoprotein 210 NUP210
YTH domain-containing family protein 2 YTHDF2
Isoform 2 of Fanconi anemia group D2 protein FANCD2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory
subunit A alpha isoform PPP2R1A
Isoform 2 of Structural maintenance of chromosomes protein 2
SMC2
HEAT repeat-containing protein 1 HEATR1
Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1
Glycerol-3-phosphate acyltransferase 4 AGPAT6
Sodium- and chloride-dependent creatine transporter 1 SLC6A8
Isoform 2 of Importin-5 IPO5
Isoform 2 of Calcium-binding mitochondrial carrier protein Aralar1
SLC25A12

sp|P42677|RS27_HUMAN
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MW
(kDa)

Spectra
Count
GFP

Spectra
Count
GFPSTAS

Identified Proteins

Accession Number

26S proteasome non-ATPase regulatory subunit 2 PSMD2
Sodium-dependent neutral amino acid transporter B(0)AT2
SLC6A15
Isoform 2 of Clathrin heavy chain 1 CLTC
T-complex protein 1 subunit theta CCT8
Isoform 2 of PERQ amino acid-rich with GYF domain-containing
protein 2 GIGYF2
Importin-8 IPO8
Isoform 3 of Coatomer subunit epsilon COPE
ATP-dependent RNA helicase A DHX9
Cluster of HLA class I histocompatibility antigen, A-1 alpha chain
HLA-A (sp|P30443|1A01_HUMAN)
Centromere/kinetochore protein zw10 homolog ZW10
Transmembrane protein 115 TMEM115
Transmembrane 9 superfamily member 1 TM9SF1
Isoform 2 of Adenosine 3'-phospho 5'-phosphosulfate transporter
1 SLC35B2
Cluster of Isoform 5 of MMS19 nucleotide excision repair protein
homolog MMS19 (sp|Q96T76-8|MMS19_HUMAN)
Membrane-associated progesterone receptor component 1
PGRMC1
Protein YIPF6 YIPF6
Zinc finger ZZ-type and EF-hand domain-containing protein 1
ZZEF1
T-complex protein 1 subunit gamma CCT3
60S ribosomal protein L3 RPL3
Far upstream element-binding protein 2 KHSRP
Isoform 2 of 116 kDa U5 small nuclear ribonucleoprotein
component EFTUD2
Sulfhydryl oxidase 2 QSOX2
26S protease regulatory subunit 7 PSMC2
Cluster of Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
ATP2A2 (sp|P16615|AT2A2_HUMAN)
60 kDa heat shock protein, mitochondrial HSPD1
Isoleucine--tRNA ligase, cytoplasmic IARS
Isoform 3 of Exportin-2 CSE1L
Importin subunit beta-1 KPNB1
Cluster of Heat shock 70 kDa protein 1A/1B HSPA1A
(sp|P08107|HSP71_HUMAN)
Cluster of Dermcidin DCD (sp|P81605|DCD_HUMAN)
Filaggrin-2 FLG2
ATP synthase subunit beta, mitochondrial ATP5B
78 kDa glucose-regulated protein HSPA5
Histone deacetylase 6 HDAC6
Cluster of Heat shock cognate 71 kDa protein HSPA8
(sp|P11142|HSP7C_HUMAN)
Isoform 2 of ATP synthase subunit alpha, mitochondrial ATP5A1
Cluster of Isoform 3 of Sodium/potassium-transporting ATPase
subunit alpha-1 ATP1A1 (sp|P05023-3|AT1A1_HUMAN)
Cluster of Tubulin beta chain TUBB (sp|P07437|TBB5_HUMAN)
Cluster of Tubulin alpha-1B chain TUBA1B
(sp|P68363|TBA1B_HUMAN)
Hornerin HRNR
Cluster of Albumin (sp|P02769|ALBU_BOVIN)
Green fluorescent protein GFP

sp|Q13200|PSMD2_HUMAN

100

0

3

sp|Q9H2J7|S6A15_HUMAN

82

0

3

sp|Q00610-2|CLH1_HUMAN (+1)
sp|P50990|TCPQ_HUMAN
sp|Q6Y7W6-3|PERQ2_HUMAN
(+5)
sp|O15397|IPO8_HUMAN
sp|O14579-3|COPE_HUMAN (+2)
sp|Q08211|DHX9_HUMAN

188
60

0
0

3
3

152

0

3

120
29
141

0
0
0

3
3
3

?

0

3

sp|O43264|ZW10_HUMAN (+1)
sp|Q12893|TM115_HUMAN
tr|E9PSI1|E9PSI1_HUMAN

89
38
92

0
0
0

3
3
3

sp|Q8TB61-2|S35B2_HUMAN (+2)

43

0

3

sp|Q96T76-8|MMS19_HUMAN

116

0

3

sp|O00264|PGRC1_HUMAN

22

0

3

sp|Q96EC8|YIPF6_HUMAN

26

0

3

sp|O43149|ZZEF1_HUMAN

331

0

2

sp|P49368|TCPG_HUMAN (+1)
sp|P39023|RL3_HUMAN (+2)
sp|Q92945|FUBP2_HUMAN

61
46
73

0
0
0

2
2
2

sp|Q15029-2|U5S1_HUMAN (+2)

105

0

2

sp|Q6ZRP7|QSOX2_HUMAN
sp|P35998|PRS7_HUMAN (+1)

78
49

0
0

2
2

sp|P16615|AT2A2_HUMAN [11]

115

2

186

sp|P10809|CH60_HUMAN
sp|P41252|SYIC_HUMAN (+1)
sp|P55060-3|XPO2_HUMAN (+1)
sp|Q14974|IMB1_HUMAN

61
145
108
97

2
2
3
5

74
10
33
38

sp|P08107|HSP71_HUMAN [3]

70

8

54

sp|P81605|DCD_HUMAN [2]
sp|Q5D862|FILA2_HUMAN
sp|P06576|ATPB_HUMAN
sp|P11021|GRP78_HUMAN
sp|Q9UBN7|HDAC6_HUMAN (+1)

11
248
57
72
131

9
10
11
12
18

3
8
114
20
4

sp|P11142|HSP7C_HUMAN [3]

71

19

82

sp|P25705-2|ATPA_HUMAN (+1)

54

20

69

sp|P05023-3|AT1A1_HUMAN [12]

110

21
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sp|P07437|TBB5_HUMAN [7]

50

28

205

sp|P68363|TBA1B_HUMAN [6]

50

30

231

sp|Q86YZ3|HORN_HUMAN
sp|P02769|ALBU_BOVIN [2]
sp|P42212|GFP_AEQVI

282
69
27

32
52
779

33
33
778

sp|P30443|1A01_HUMAN [2]

196

Chapter 5
Long-term AAV9-mediated SMN overexpression
induces motor circuit dysfunction
5.1 Introduction
Spinal muscular atrophy (SMA) – the leading genetic cause of infant mortality – is an
autosomal recessive disorder characterized by degeneration of motor neurons in the spinal cord
and skeletal muscle atrophy (Burghes and Beattie, 2009; Tisdale and Pellizzoni, 2015). SMA
patients have homozygous deletions or mutations in the survival motor neuron 1 (SMN1) gene
and retain at least one copy of the nearly identical SMN2 gene (Burghes and Beattie, 2009;
Tisdale and Pellizzoni, 2015). A single nucleotide difference functionally distinguishes SMN1 from
SMN2 (Lorson et al., 1999; Monani et al., 1999), reducing the amount of exon 7 inclusion in the
SMN mRNA transcribed from the SMN2 gene (Cartegni and Krainer, 2002; Kashima and Manley,
2003), the skipping of which leads to a rapidly degraded form of the SMN protein (Burnett et al.,
2009; Cho and Dreyfuss, 2010; Lorson and Androphy, 2000). Therefore, the SMN2 gene
produces only low levels of full-length SMN protein leading to SMA.
The SMN protein functions in the assembly of small nuclear ribonucleoproteins (snRNPs)
that carry out pre-mRNA splicing (Meister et al., 2001b; Pellizzoni et al., 2002b) and 3’-end
processing of histone mRNAs (Pillai et al., 2003; Tisdale et al., 2013), and has also been
implicated in the biology of other RNPs through less defined mechanisms (Donlin-Asp et al., 2017;
Li et al., 2014). In recent years, greater knowledge of the central role of SMN in RNA regulation
combined with deep characterization of animal models has significantly advanced our
understanding of SMA pathogenesis (Shorrock et al., 2019; Tisdale and Pellizzoni, 2015; Van
Alstyne and Pellizzoni, 2016), indicating that SMA could be the convergence of deficits in multiple
RNA processing pathways induced by SMN deficiency (Lotti et al., 2012; Simon et al.; Van Alstyne
et al., 2018a) (see also Chapters 2 and 3). Furthermore, it is becoming clear that SMA pathology
197

is not limited to motor neurons, but rather involves dysfunction of motor circuits comprised of
multiple neuronal subpopulations (Fletcher et al., 2017; Mentis et al., 2011) and possibly other
cell types both within and outside the CNS (Hamilton and Gillingwater, 2013; Hua et al., 2011,
2015).
Therapeutic approaches for SMA have mainly focused on increasing expression of SMN
through antisense oligonucleotides (ASO) (Hua et al., 2011; Porensky et al., 2012) or small
molecules that correct SMN2 exon 7 splicing (Naryshkin et al., 2014; Palacino et al., 2015), as
well as SMN replacement by gene therapy with adeno-associated AAV9 viral vectors (Dominguez
et al., 2011; Foust et al., 2010; Passini et al., 2010; Valori et al., 2010), all of which have
demonstrated efficacy in preclinical and clinical studies (Groen et al., 2018; Sumner and Crawford,
2018; Van Alstyne and Pellizzoni, 2016). Repeated intrathecal injections of an SMN2 splicingmodifying ASO (Spinraza, Biogen) have shown clinical benefit in SMA patients and been
approved for treatment of severe and mild forms of the disease (Finkel et al., 2016, 2017; Mercuri
et al., 2018). Furthermore, gene therapy via a single intravenous administration of AAV9-SMN
(Zolgensma, Avexis/Novartis) was recently granted FDA approval for use in SMA patients prior
to two years of age, and additional clinical trials are underway testing the safety and efficacy of
intrathecal CNS delivery in clinically milder SMA patients (Mendell et al., 2017). Although it is well
recognized that these treatments alone do not provide a complete cure for SMA (Sumner and
Crawford, 2018), the recent approvals represent a milestone achievement for the SMA community
and the neurodegenerative disease field altogether (Groen et al., 2018; Sumner and Crawford,
2018). Unlike SMA therapeutics aimed at correcting splicing of endogenous SMN2, the potential
for expression of SMN well beyond physiological levels is a unique feature associated with AAV9SMN gene therapy. Importantly, the biology of SMN overexpression is poorly understood and the
long-term safety profile as well as potential for late-onset side effects of AAV9-SMN treatment in
humans are unknown as only a handful of years have passed since the first patients were treated.
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This study stemmed from my unexpected observation of toxicity associated with AAV9SMN gene delivery in mouse models and aimed to determine the underlying mechanisms. I found
that long-term, AAV9-mediated overexpression of SMN leads to impairment in sensory-motor
function of both wild-type and “rescued” SMA mice, affecting the same group of spinal motor
circuit neurons that are particularly vulnerable to SMN deficiency in SMA. Furthermore, the
exceedingly high levels of SMN in motor neurons and proprioceptive neurons associated with
AAV9-SMN gene delivery induces aggregation and sequestration of Sm proteins in the cytoplasm
interfering with snRNP biogenesis. Accordingly, RNA sequencing revealed widespread
transcriptional abnormalities and RNA splicing changes in sensory neurons associated with
AAV9-mediated SMN overexpression. These findings uncover a new facet of SMN biology and a
previously unrecognized gain of toxic function induced by SMN overexpression which is of
particular clinical relevance in light of current treatment of SMA patients with AAV9-SMN.

5.2 Results
AAV9-SMN induces late-onset motor dysfunction
AAV9-SMN has been shown to effectively rescue the SMA phenotype in mouse models
(Bevan et al., 2010; Dominguez et al., 2011; Foust et al., 2010; Meyer et al., 2015; Passini et al.,
2010; Valori et al., 2010). Consistent with previous studies, I found strong improvement of several
disease parameters of SMA mice following a one-time intracerebroventricular (ICV) delivery of a
dose 5x1010vg/g of self-complementary AAV9-SMN driven by the GUSB promoter at P0 (Figure
5.1). AAV9-SMN treated SMA mice show increased weight gain relative to AAV9-GFP treated
SMA mice used as a negative control (Figure 5.1A). AAV9-SMN also greatly improves motor
function of SMA mice as assessed by righting time (Figure 5.1B), and strongly extends the median
survival relative to AAV9-GFP treated SMA mice from 14 days to 132 days (Figure 5.1C).
Surprisingly, I observed that “rescued” SMA mice treated with AAV9-SMN developed a late-onset
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hindlimb clasping phenotype (Figure 5.2A) – a neurological feature observed in mouse models of
neurodegeneration such as Parkinson’s and Huntington’s disease (Carter et al., 1999; Lei et al.,
2014; Lieu et al., 2013; Mangiarini et al., 1996). AAV9-SMN treated SMA mice showed onset of
this phenotype around four months of age which was not present in uninjected SMNΔ7 wild-type
littermates (Figure 5.2A and 5.2B) and could not be assessed in SMA mice injected with AAV9GFP due to shortened survival (Figure 5.1C).
To investigate potential toxicities associated with SMN overexpression without the
confounding factors associated with an SMA model, I analyzed the long-term effects of AAV9mediated gene delivery in WT mice. I delivered AAV9-SMN by ICV injection in WT mice at P1
using 4 two-fold escalating doses of 1.25x1010 vg/g (1.25), 2.5x1010 vg/g (2.5), 5x1010 vg/g (5),
and 1x1011 vg/g (10), as well as 5x1010 vg/g of AAV9-GFP as a negative control. Remarkably, I
found that AAV9-SMN but not AAV9-GFP selectively induced hindlimb clasping in a dosedependent manner in WT mice (Figure 5.2C and 5.2D). At doses in which hindlimb clasping was
observed, the phenotype was fully penetrant in all treated animals (Figure 5.2D) and grew
progressively more pronounced following initial onset. I also noted some premature deaths and
reduced weight gain in WT mice treated with the highest dose of AAV9-SMN (Figure 5.3A and
5.3B).
To further dissect the deleterious effects of AAV9-SMN, I monitored the motor
performance of WT mice that were untreated or injected with either AAV9-GFP or AAV9-SMN
using additional assays. I performed the inverted grid assay to assess any deficits in grip and
muscle strength and observed that WT mice treated with AAV9-SMN show dose-dependent,
progressive impairment in performance relative to both uninjected and AAV9-GFP treated
controls (Figure 5.3C). I also monitored motor coordination and endurance using the rotarod
assay and again observed a progressive, dose-dependent decline in performance in AAV9-SMN
injected WT mice (Figure 5.3D). In addition to effects in WT mice, I also monitored SMA mice
injected with AAV9-SMN along with WT littermates on the same behavioral assays. While
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“rescued” SMA mice are able to perform well on the rotarod during the time window analyzed,
consistent with previous analysis (Valori et al., 2010), they never gain the ability to perform on the
inverted grid assay (Figure 5.4A and B).
Taken together, these results demonstrate that long-term AAV9-mediated SMN
overexpression induces late-onset motor deficits in a dose-dependent manner in mouse models.

AAV9-mediated SMN overexpression induces motor neuron deafferentation
To investigate the cellular basis of the motor deficits induced by AAV9-SMN, I analyzed the
effects of long-term SMN overexpression on key neurons of the motor circuit. As hindlimb clasping
is a characteristic neurological phenotype associated with dysfunction of proprioceptive neurons
(Li et al., 2006; Taylor et al., 2001; Wang et al., 2007), we first performed functional analysis of
the M-response and H-reflex by recording EMG activity from the interosseous muscle of the
hindpaw of WT mice either uninjected or injected with AAV9-GFP or AAV9-SMN after sciatic nerve
stimulation at low frequencies (Figure 5.5A-D). This analysis can reveal potential differences in
proprioceptive synaptic function (H-amplitude) and motor neuron function (M-response), and
calculation of the H/M ratio can determine whether either response is more affected. While there
were no alterations in the amplitude of the M-response between the three groups, indicating no
measurable synaptic impairment at the neuromuscular junction (NMJ) (Figure 5.5B), the
amplitude of the H-reflex and the H/M ratio were significantly reduced in AAV9-SMN treated mice
relative to controls (Figure 5.5C and 5.5D), providing evidence of proprioceptive synaptic
dysfunction.
Next, I quantified the proprioceptive synapses on L5 lateral motor column (LMC) motor
neurons and found a strong reduction in the number of VGluT1+ synapses on both somata and
proximal dendrites in AAV9-SMN injected mice relative to AAV9-GFP injected or uninjected WT
mice that progressively worsened with aging (Figure 5.6). This loss was specific for VGluT1+
proprioceptive synapses as the number of cholinergic C-boutons on motor neurons was not
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altered by AAV9-SMN (Figure 5.7A and B). Furthermore, quantification of the number of
proprioceptive neurons in the L5 DRG showed a significant loss of parvalbumin (PV)+ neurons in
AAV9-SMN injected WT mice relative to control at P300 (Figure 5.8). I also assessed the number
of L5 LMC and MMC motor neurons that innervate hindlimb muscles involved in clasping and
observed no changes (Figure 5.9). Lastly, I monitored innervation of the hindlimb extensor
digitorum longus (EDL) muscle and found no effects of AAV9-SMN on NMJ innervation (Figure
5.10). These results indicate that AAV9-mediated SMN overexpression in WT mice induces
selective deafferentation of motor neurons and late degeneration of proprioceptive neurons.
Prompted by these findings, I sought to determine the status of motor circuit connectivity in
AAV9-SMN treated SMA mice that might reflect the situation of severe SMA patients treated by
gene therapy. SMA mice have multiple deficits throughout the motor circuit (Tisdale and Pellizzoni,
2015), including motor neuron death, NMJ denervation, and the loss of proprioceptive inputs.
Treatment with AAV9-SMN significantly improved all of these deficits when assessed at P11 as
compared to AAV9-GFP treated SMA mice (Figures 5.11, 5.13, and 5.14) consistent with
published studies (Dominguez et al., 2011; Foust et al., 2010; Passini et al., 2010). However,
when I compared the number of proprioceptive synapses onto motor neuron somata in aged
AAV9-SMN treated SMA mice relative to WT littermates (AAV9-GFP treated SMA mice could not
be analyzed due to their short survival) I found that the VGluT1+ synapses that were robustly
rescued at P11 showed a strong reduction by P190 (Figure 5.11). Unlike WT mice at P300 (Figure
5.8A), however, there was no evidence of loss of proprioceptive neurons in AAV9-SMN treated
SMA mice at P190 (Figure 5.12). Moreover, the number of L2 motor neurons and the percentage
of NMJ innervation in AAV9-SMN treated SMA mice did not change across time relative to control
WT mice (Figures 5.13 and 5.14). Therefore, while the rescue of motor neuron number and NMJ
denervation is maintained over time, proprioceptive inputs on motor neurons are initially restored,
but later lost in AAV9-SMN injected SMA mice.
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In sum, the selective deafferentation of motor neurons underlies AAV9-SMN induced
sensory-motor toxicity in both WT and SMA mice.

AAV9-SMN induces cytoplasmic aggregation in motor circuit neurons
To gain insight into the toxic mechanisms of long-term SMN overexpression in the motor
circuit, I first assessed transgene expression over time in several relevant tissues after a single
AAV9 injection in WT mice at P1 and SMA mice at P0. Immunohistochemistry showed strong
GFP expression in motor neurons and proprioceptive neurons at both P11 and P300, indicating
high transduction and prolonged expression in WT mice (Figure 5.15A). Further, the percent
transduction at P300 is comparable to levels previously reported at P11 in motor neurons and
proprioceptive neurons (Figure 5.15B-D) (Fletcher et al., 2017; Simon et al., 2017). In contrast to
neurons, GFP expression is high and widespread at P11, but nearly absent by P300 in the liver,
likely due to turnover of transduced cells (Figure 5.15A). These findings are further supported by
both RNA (Figure 5.16) and protein (Figure 5.17) analysis showing that viral-mediated expression
of both GFP and SMN in WT mice is greatly reduced in the liver, but not in the spinal cord and
DRG at P300 relative to P11.
Importantly, analysis of human SMN mRNA levels at P11 and P190 in SMA mice shows
dramatic AAV9-mediated SMN overexpression that is maintained over time in neuronal tissue but
lost in the liver (Figure 5.18). This was confirmed by protein analysis of tissue from SMA mice,
which confirmed sustained high expression levels of GFP and SMN in the spinal cord but not the
liver at late timepoints (Figure 5.19). Taken together, these results reveal that AAV9-mediated
gene delivery leads to massive levels of prolonged overexpression in post-mitotic neuronal cells
that are efficiently transduced, but is diluted over time in more regenerative tissue such as the
liver.
I then sought to analyze the subcellular distribution of SMN expressed by AAV9 over time.
The expected localization of SMN is throughout the cytoplasm and concentrated in nuclear bodies
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called Gems (Liu and Dreyfuss, 1996). This profile was observed in motor neurons and
proprioceptive neurons from uninjected and AAV-GFP injected WT mice at all time points (Figures
5.20, 5.21, and 5.22). Remarkably, I found that motor neurons and proprioceptive neurons from
WT mice injected with AAV9-SMN show strong accumulation of SMN in cytoplasmic aggregates
that grow larger and more spherical in appearance over time (Figures 5.20, and 5.21). SMN
aggregates are widespread and present in over 85% of motor neurons and ~90% of
proprioceptive neurons at P300 (Figures 5.20C, and 5.21C). Large cytoplasmic aggregates of
SMN are also present in ~70% of motor neurons and ~80% of proprioceptive neurons from SMA
mice injected with AAV9-SMN (Figure 5.22). Thus, AAV9-mediated overexpression of SMN is
associated with its accumulation into large cytoplasmic aggregates that persist over time in motor
circuit neurons.

SMN overexpression disrupts snRNP biogenesis by sequestering Sm proteins in
cytoplasmic aggregates
To determine whether these SMN aggregates could exert toxic effects by trapping
physiological substrates, I monitored SmB — one of the components of the Sm-core that is
assembled on snRNAs by SMN in the cytoplasm prior to their nuclear import as snRNPs (Li et al.,
2014). Strikingly, in contrast to the expected nuclear localization which was observed in neurons
from uninjected and AAV-GFP injected WT mice, I found that SmB was prominently accumulated
in cytoplasmic aggregates in motor neurons and proprioceptive neurons of AAV9-SMN injected
WT mice (Figures 5.23 and 5.24). Immunostaining in AAV9-SMN injected SMA mice revealed
similar cytoplasmic redistribution of SmB in both motor neurons and proprioceptive neurons
(Figure 5.25). Additionally, cytoplasmic aggregates of SmB in WT and SMA neurons from mice
injected with AAV9-SMN show time-dependent increases in size similar to what was observed by
SMN staining. Importantly, double immunostaining of SMN and SmB in motor neurons and
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proprioceptive neurons of WT mice injected with AAV9-SMN demonstrated their colocalization in
cytoplasmic aggregates (Figure 5.26).
Next, to determine whether sequestration of SmB in the cytoplasm was associated with
an impairment in snRNP biogenesis, I quantified SmB nuclear intensity that can be used as a
readout of nuclear snRNP levels and whose reduction is a feature of SMA motor neurons (Ruggiu
et al., 2012; Tisdale and Pellizzoni, 2015; Van Alstyne et al., 2018a) (see also Figures 2.8 and
2.9). Remarkably, I found that SmB levels in L5 LMC motor neurons and L5 DRG proprioceptive
neurons were significantly reduced in AAV9-SMN injected mice relative to controls at P300
(Figure 5.27), indicating that SMN overexpression affects the nuclear levels of snRNPs, likely as
a result of impaired cytoplasmic assembly of Sm cores.
To determine the selectivity of SmB sequestration in SMN aggregates, I next assessed
the subcellular distribution of other factors that associate with SMN and/or are implicated in
neuronally-relevant RNA pathways in motor neurons transduced by AAV9-SMN. I performed
immunohistochemistry analysis of several RNA-binding proteins (RBPs): i) KSRP – a proposed
interactor of SMN (Tadesse et al., 2008); ii) FUS – an ALS-linked gene that interacts with SMN
and U1 snRNP (Gerbino et al., 2013; Groen et al., 2013; Mirra et al., 2017; Sun et al., 2015;
Yamazaki et al., 2012); iii) hnRNPA1 – an RBP that shuttles between the nucleus and cytoplasm
in association with mRNAs (Piñol-Roma and Dreyfuss, 1992) that has also been linked to ALS
pathogenesis (Kim et al., 2013); and iv) HuR – an RBP that can regulate mRNA stability (Srikantan
and Gorospe, 2012). All of these abundant RBPs showed their canonical nuclear staining and no
cytoplasmic aggregation in AAV9-SMN transduced motor neurons (Figure 5.28A-D). I also
performed immunostaining of Crm1 and Ran proteins to analyze the distribution of factors
involved in RNA export including that of snRNAs (Fischer et al., 2011; Pellizzoni, 2007), which
showed no localization into cytoplasmic aggregates and normal appearance of the nuclear
envelope (Figure 5.28E and 5.28F). To determine whether SMN aggregates were associated with
cytosolic RNP granules, I performed immunostaining with GW182 and TIA-1 that are markers for
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P-bodies (Eystathioy et al., 2002, 2003) and stress granules (Eystathioy et al., 2003), respectively,
and observed no overlap with SMN aggregates (Figure 5.28 G and H). Lastly, I also found that
SMN aggregates are neither co-labeled by ubiquitin – a hallmark of protein aggregates in other
neurodegenerative diseases (Eystathioy et al., 2003) – nor by the autophagic vesicles marker
LC3B (Tanida et al., 2008), indicating that they are not actively engaged with cellular pathways
of protein degradation (Figure 5.28I and 5.28J).
Taken together, these results indicate that AAV9-mediated long-term overexpression of
SMN induces cytoplasmic aggregates of SMN that are highly selective and specifically sequester
Sm-proteins, leading to a disruption of snRNP biogenesis and consequent reduction in the nuclear
pool of spliceosomal snRNPs.

AAV9-mediated SMN overexpression induces genome-wide RNA dysregulation in DRG
neurons
In order to ascertain potential downstream consequences of overexpression and
cytoplasmic aggregation SMN on gene expression, I sought to perform RNA-Seq analysis on
relevant neurons. To do so, I collected lumbar DRGs from WT mice at P300 that were untreated
or injected with either AAV9-GFP or AAV9-SMN at P1. I extracted total RNA from three
independent biological replicates per experimental group and subjected them to deep-sequencing
with the HiSeq 4000 platform at the Columbia Genome Center, which yielded about 80 million
2x100 paired-end reads per sample, followed by bioinformatic analysis using the Quantas pipeline
as previously described (Yan et al., 2015).
Analysis of RNA processing identified a total of 405 high-confidence splicing changes
(FDR<0,05; -0.1<dI>0.1) that are specifically induced by AAV9-SMN relative to both AAV9-GFP
injected and uninjected WT mice (Figure 5.29A). Importantly, differentially spliced individual
cassette exons (51%) as well as intron retention (18%) were the most common SMN-dependent
changes (Figure 5.31B). Alterations in the usage of 5’- (14%) and 3’- (4%) splice sites as well as
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changes in the inclusion of tandem cassette exons (10%) and mutually exclusive exons (3%)
were also detected at lower frequency (Figure 5.29B). A detailed analysis of each type of splicing
changes in the different experimental groups is shown in Figure 5.30. Closer inspection revealed
that decreased inclusion of alternatively spliced cassette exons and increased retention of introns
accounted for >75% of these types of splicing changes induced by SMN overexpression (Figure
5.31), consistent with the expected effects of reduced snRNP availability on splicing (Hsieh et al.,
2019; Saltzman et al., 2011).
RNA-seq analysis also revealed widespread transcriptome alterations associated with
AAV9-SMN gene delivery while AAV9-GFP had essentially no effects at the mRNA level (Figure
5.32). Among these changes, I identified 531 high-confidence differentially expressed mRNAs in
DRGs of AAV9-SMN injected mice relative to both AAV9-GFP injected and uninjected WT mice
(adjusted p<0,05; -1<Log2FC>1; 375 upregulated and 156 downregulated), while AAV9-GFP
changed the expression levels of only 2 genes relative to uninjected WT controls (Figure 5.33A
and 5.33B). By performing gene ontology analysis to identify cellular pathways particularly
affected by AAV9-SMN dependent gene dysregulation, I found strong induction of genes
associated with inflammation and the innate immune response (Figure 5.33C). Interestingly, I
observed that AAV9-SMN induced significant upregulation of the mRNAs of all three subunits of
the C1q complex (C1qa, C1qb and C1qc) as well as downregulation of Chondrolectin (Chodl)
mRNA (Figure 5.34), which have previously been identified as downstream gene changes
induced by SMN deficiency in mouse models of SMA (Bäumer et al., 2009; Wertz et al., 2016;
Zhang et al., 2008; Zhang et al., 2013).
Together, these results indicate that long-term AAV9-mediated SMN overexpression
induces splicing dysregulation and widespread transcriptome alterations in neural tissue,
including some SMA-like abnormalities.
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5.3 Discussion
The development of therapeutics for SMA have largely focused on alternative strategies
to upregulate SMN expression, including the use of AAV9-mediated SMN gene therapy that has
an intrinsic potential for inducing SMN beyond physiological levels. However, the biology of SMN
overexpression is largely unknown. My findings provide direct evidence of toxicity induced by
AAV9-mediated SMN gene delivery in the motor circuit of both WT and SMA mice that is
associated with motor neuron deafferentation and degeneration of proprioceptive neurons.
Sensory-motor toxicity is elicited by exceedingly high levels of SMN that accumulate over time in
highly transduced, non-dividing motor and proprioceptive neurons and lead to inhibition of SMN’s
normal activity in RNA regulation with consequent induction of SMA-like functional abnormalities
through toxic gain of function mechanisms (Figure 5.35). Thus, I identify a paradoxical situation
where a large excess of SMN and a deficiency of SMN both have prominent deleterious effects
on the motor circuit, which likely act through the same molecular pathway involving impairment of
snRNP biogenesis. The gain of toxic function of SMN overexpression is a newly identified aspect
of SMN biology which has important clinical implications due to the use of AAV9-mediated gene
delivery for SMA therapy in humans.
Here, I observe that long-term AAV9-mediated SMN overexpression leads to sensory-motor
toxicity, which is driven at least in part by late-onset, progressive deafferentation of motor neurons
that occurs in WT mice and in aged SMA mice treated with therapeutic doses of AAV9-SMN.
Furthermore, AAV9-SMN is associated with degeneration of proprioceptive neurons in WT mice
which is not observed in rescued SMA mice perhaps due to analysis being performed at an earlier
timepoint or as a result of SMA mice having less basal levels of SMN and thus showing milder
toxic effects. A recent study reported sensory deficits following systemic administration of an
AAV9-like SMN vector in non-human primates and piglets (Hinderer et al., 2018), though whether
deleterious effects were specific for SMN or a consequence of AAV9 gene delivery was not
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assessed. I identify that sensory toxicity is strictly SMN-dependent as no effects are observed
following GFP gene delivery. Other studies in transgenic mouse models expressing high levels of
SMN or SMA mice treated with AAV9-SMN did not identify toxicities associated with SMN
overexpression over relatively long time periods (Foust et al., 2010; Gavrilina et al., 2008; Meyer
et al., 2015; Passini et al., 2010). However, in transgenic models the levels of SMN expression
achieved in motor circuit neurons are much lower than those achieved with AAV9-SMN. In
addition, prior AAV studies have lacked a detailed investigation of motor function or assessment
of motor circuit connectivity at late timepoints, while focused primarily on extension in survival.
Furthermore, pre-clinical pharmacology and safety studies in healthy animals have profiled AAV9
transduction following systemic or CNS targeted delivery of AAV9-GFP (Bevan et al., 2011; Foust
et al., 2009, 2010; Meyer et al., 2015), which would occlude the possibility of observing any SMNdependent toxicities. Acute toxicity following SMN gene delivery has been shown in pre-clinical
studies to be associated with liver and heart pathology with doses two times above therapeutic
levels proving lethal in mouse models (AveXis., 2019; Hinderer et al., 2018). Similarly, clinical
trials have revealed liver-related toxicities in patients (AveXis., 2019; Mendell et al., 2017).
Through the profiling of time-dependent changes in viral mediated transgene expression, I
observe that high expression levels can be detected early in tissues such as the liver, but this is
diluted due to turnover and expression is only maintained over long timeframes in post-mitotic
neuronal tissues. Thus, in contrast to these known acute toxicities associated with high systemic
doses of AAV9 in target organs such as the liver, my study is the first to characterize a different
long-term toxicity that appears to be slow-progressing, neuron-specific and dependent on SMN
overexpression which interferes with the synaptic connectivity of the motor circuit.
My findings show that AAV9-SMN induces progressive accumulation of SMN in cytoplasmic
aggregates which sequester Sm-proteins, leading to a reduction in nuclear snRNP levels of
proprioceptive and motor neurons. Consistent with these results, transgenic overexpression of
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SMN and AAV9-mediated SMN gene delivery have previously shown some evidence of
cytoplasmic SMN aggregation in motor neurons (Gavrilina et al., 2008; Passini et al., 2010),
though this has generally been considered benign. Characterization of SMN-induced toxicity
necessitates reevaluation of the propensity of SMN to aggregate and how this leads to deleterious
consequences on motor circuit neurons. SMN forms a large macromolecular complex with
Gemins2-8 and Unrip (Pellizzoni, 2007; So et al., 2017) which is heterodisperse in nature
reflecting the self-oligomerization properties of SMN (Lorson et al., 1998; Pellizzoni et al., 1999).
It is conceivable that overexpression of SMN disrupts the normal balance of the complex in which
it functions and the lack of stoichiometric amount of core binding partners along with SMN’s
intrinsic ability to self-associate likely promotes accumulation of non-functional, cytoplasmic
aggregates. This phenomenon is also reminiscent of a dominant negative SMN mutant which can
sequester Sm-proteins and snRNAs in aggregates (Pellizzoni et al., 1998). Similarly, I observe
that AAV9-SMN induced cytoplasmic aggregates of SMN sequester SmB protein, one of SMN’s
normal physiological substrates of Sm core assembly whose direct interaction with SMN is
enhanced by self-association (Pellizzoni et al., 1999). The pathogenic aggregation of RNA binding
proteins has been implicated in numerous neurodegenerative diseases which can disrupt both
RNA and protein homeostasis (Ling et al., 2013; Ramaswami et al., 2013). Importantly, SMN
aggregates are devoid of other abundant RNA-binding proteins and SMN interactors, highlighting
specificity and supporting a snRNP-dependent contribution towards toxicity. In line with this, I
provide evidence that selective cytoplasmic sequestration of SmB is coincident with an
impairment of SMN’s normal role in snRNP biogenesis leading to reduced steady-state levels of
snRNPs in the nucleus of motor circuit neurons – a shared characteristic feature with SMA motor
neurons (Ruggiu et al., 2012; Tisdale and Pellizzoni, 2015; Van Alstyne et al., 2018a) (see also
Figures 2.8 and 2.9). Taken together, my results suggest a link between AAV9-mediated SMN
overexpression and inhibition of the biogenesis and function of the splicing machinery.
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Investigation of other therapeutic approaches for SMA such as small molecules and
antisense oligonucleotides designed to correct SMN2 splicing have included transcriptome-wide
analysis to evaluate specificity and off-target effects on gene regulation, which showed little if any
impact on the mammalian transcriptome (Naryshkin et al., 2014; Sivaramakrishnan et al., 2017;
Staropoli et al., 2015) Surprisingly, however, to my knowledge similar studies have never been
performed in the context of AAV9-SMN gene delivery in animal models (Foust et al., 2010; Passini
et al., 2010). In this study, I reveal widespread transcriptome alterations induced by AAV9-SMN
in sensory neurons of WT mice. While I identify very few effects due to AAV9-GFP delivery, AAV9SMN is associated with extensive gene expression changes at the transcript level as well as
dysregulation of splicing events – in particular cassette and tandem exons – that are associated
predominantly with increased skipping and consistent with a reduction in snRNP abundance
(Hsieh et al., 2019; Saltzman et al., 2011). Interestingly, gene ontology analysis revealed AAV9SMN dependent activation of the innate immune response, in particular the complement cascade
including the C1q genes, which play important roles in neurological disease (Heneka et al., 2018;
Presumey et al., 2017) and have been implicated as the mechanism of synaptic stripping leading
to motor neuron deafferentation in SMA (Vukojicic et al.; Zhang et al., 2013). In addition, RNAseq analysis also uncovered a decrease in Chondrolectin expression – another RNA alteration
shared with SMA (Bäumer et al., 2009; Wertz et al., 2016; Zhang et al., 2008). Thus, this study is
the first to characterize widespread transcriptome alterations induced by AAV9-SMN gene
therapy that include SMA-like signatures and has clinically relevant implications for the risk of
unintended consequences of gene dysregulation associated with long-term SMN overexpression.
My findings have uncovered a yet-to-be appreciated damaging role of SMN when
expressed at high levels. The SMN1 and SMN2 genes are a result of a gene duplication which
occurred prior to divergence between humans and chimpanzees, and was succeeded by
emergence of the SMN2 gene which is unique to humans and absent in non-human primates

211

(Rochette et al., 2001). Following gene duplication, the evolutionary emergence of SMN2 as a
hypomorphic allele could have occurred as a compensatory mechanism to dampen SMN
expression in humans. In line with this, several mechanisms appear to have evolved which serve
to downregulate SMN levels. Most notably, the C to T transition from SMN1 to SMN2 which leads
to exon 7 skipping and a dramatic reduction in the stability of SMN (Burnett et al., 2009; Cartegni
and Krainer, 2002; Cho and Dreyfuss, 2010; Kashima and Manley, 2003; Lorson and Androphy,
2000; Lorson et al., 1999; Monani et al., 1999). Human SMN1 and SMN2 are subject to additional
alternative splicing events producing isoforms of SMN lacking exons 3 and/or exon 5 that are
anticipated to be loss of function (Gennarelli et al., 1995; Hsieh-Li et al., 2000; Lefebvre et al.,
1995; Singh et al., 2009). Lastly, distinct long non-coding RNAs transcribed in the antisense
direction from within the SMN loci have been identified which are neuronally enriched and
downregulate SMN expression through recruitment of the transcriptional repressor complex
Polycomb repressive complex 2 (d’Ydewalle et al., 2017; Woo et al., 2017). Thus, my discovery
of a gain of toxic function associated with excess SMN is conceptually consistent with a selective
pressure for modulation of SMN dosage and the evolution of regulatory mechanisms to prevent
its overexpression in humans.
At a time when SMN-inducing therapies with different mechanisms of action are given to
SMA patients, it is critical to compare and contrast their benefits and potential liabilities. SMN
overexpression is a unique feature associated with gene therapy and my results have several
implications regarding the use of AAV9-SMN as a gene therapy. I observe that CNS-targeted
AAV9-SMN leads to exceptionally high levels of expression in DRG neurons underlying
proprioceptive toxicity. As the degree of transduction of sensory neurons can differ following
systemic or CNS administration of AAV9 (Schuster et al., 2014), the delivery mode may serve as
a key modulator of the toxic gain of function I report here. However, sensory deficits were also
detected following systemic delivery in non-human primates and piglets (Hinderer et al., 2018).
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With this in mind, a current clinical trial in milder SMA patients utilizing intrathecal delivery
(NCT03381729) – an approach directly targeting the CNS which may lead to even higher
expression of SMN in the particularly susceptible proprioceptive neurons – was recently halted
due to safety concerns of sensory inflammation in DRGs of non-human primates receiving AAV9SMN by spinal injection. Furthermore, as multiple SMN-inducing therapies are now available,
combinatorial treatment with both gene therapy and splice-modulating antisense oligonucleotides
is being pursued in patients (Lee et al., 2019), with increased risk of SMN overload. In addition to
SMA, the overexpression of SMN has been proposed as a modifier of ALS pathology (RodriguezMuela et al., 2017; Turner et al., 2014). These approaches should be more carefully considered
and the potential for toxicity associated with AAV9-SMN gene therapy deserves careful
examination in treated patients. Importantly, my findings provide an explanation of the molecular,
cellular and circuit mechanisms underlying the toxic effects of AAV9-SMN in the motor circuit that
are likely applicable to other species beyond mice. Moreover, they clearly demonstrate that the
toxicity of AAV9-SMN is intrinsic to the overexpression of the therapeutic agent (i.e. SMN).
Collectively, this study characterizes a new deleterious role for SMN when expressed at
supraphysiological levels which shares common features associated with SMN-deficiency in SMA.
Mechanistically, these results are accompanied with impairments in snRNP levels and splicing
dysfunction highlighting the importance of this RNP pathway with regards to synaptic function in
neuronal health and disease while also raising concerns of potential liabilities of long-term SMN
overexpression. Here, I assess detrimental effects on the mouse motor circuit, though future
studies will need to be performed to carefully evaluate potential toxicities in other post-mitotic
neurons that are highly transduced by AAV9. While it is not known whether the toxicity I observe
here will be found in SMA patients treated with gene therapy, these results deserve consideration
of the potential negative consequences associated with long-term overexpression of SMN and
careful monitoring in clinical settings.
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Figure 5.1. AAV9-SMN rescues behavioral parameters of SMND7 SMA mice. (A-C) Weight
gain (A), righting time (B), and survival (C) of SMND7 wild-type (n = 17) and SMA mice injected
with 5x1010vg/g (5) of AAV9-GFP (n = 16) or AAV9-SMN (n = 21) at P0. Data represent mean
and SEM.
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Figure 5.2. Long-term AAV9-mediated SMN overexpression induces hindlimb clasping in
SMND7 SMA and wild-type mice. (A) Example of hindlimb clasping phenotype observed in P190
AAV9-SMN (5) treated SMND7 SMA mice. (B) Date of onset of hindlimb clasping phenotype in
AAV9-SMN treated SMND7 SMA mice. Data represent median and interquartile range as the box
and whiskers show the minimum and maximum values. WT mice do not display hindlimb clasping.
n = 5. (C) Example of hindlimb clasping phenotype in AAV9-SMN injected C57Bl6J wild-type mice
at P300 compared to uninjected and AAV9-GFP treated age-matched controls. (D) Date of onset
of hindlimb clasping phenotype in wild-type mice injected with 2.5x1010vg/g (2.5) (n = 7),
5x1010vg/g (5) (n = 10), and 1x1011vg/g (10) (n = 10) of AAV-SMN. Uninjected (n = 17) wild-type
mice or wild type mice treated with 5x1010vg/g (5) of AAV9-GFP (n = 16) and 1.25x1010vg/g (1.25)
of AAV-SMN (n = 10) do not display hindlimb clasping. Data represent median and interquartile
range as the box and whiskers show the minimum and maximum values.
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Figure 5.3. Long-term AAV9-mediated SMN overexpression induces motor toxicity in wildtype mice. (A) Weight of uninjected (n = 17), AAV9-GFP (n = 16), AAV9-SMN (1.25) (n = 10),
AAV9-SMN (2.5) (n = 7), AAV9-SMN (5) (n = 10) and AAV9-SMN (10) (n = 10) injected C57Bl6J
wild-type mice. Data represent mean and SEM. Statistics were performed with two-way ANOVA
with Sidak’s multiple comparisons test. (*) p < 0.05; (**) p < 0.01. (B) Survival of uninjected and
AAV9-injected C57Bl6 mice from the same groups as in (A). (C) Latency to fall on the inverted
grid test from the same groups as (A) measured weekly and reported as an average per month.
Data represent mean and SEM. Statistics were performed with two-way ANOVA with Sidak’s
multiple comparisons test. (*) p < 0.05; (***) p < 0.001; (****) p < 0.0001. (D) Performance of wildtype mice from the same groups as in (A) on the rotarod assay assessed weekly and reported as
an average per month. Data represent mean and SEM. Statistics were performed with two-way
ANOVA with Sidak’s multiple comparisons test. (*) p < 0.05; (**) p < 0.01; (***) p < 0.001; (****) p
< 0.0001.
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Figure 5.4. AAV9-SMN treated SMA mice never gain ability to perform select motor assays.
(A) Performance of SMN7 wild-type mice (n = 5) uninjected and SMA mice injected with AAV9SMN (5) (n = 5) on the rotarod assay. Animals were assessed weekly and reported as an average
per month. Data represent mean and SEM. (B) Latency to fall on the inverted grid test from the
same groups as (A) measured weekly and reported as an average per month. Data represent
mean and SEM. Statistics were performed with two-way ANOVA with Sidak’s multiple
comparisons test. (*) p < 0.05; (**) p < 0.01.

220

221

Figure 5.5. Long-term AAV9-mediated SMN overexpression impairs sensory-motor
neurotransmission. (A) Representative EMG recordings from the footpad of P300 C57Bl6
animals uninjected, or AAV9-GFP (5) and AAV9-SMN (5) treated. Scale bars = 1 ms and 1 mV.
(B) Quantification of the amplitude of M-response recorded from wild-type mice in the same
groups as in (A). Data represent median and interquartile range as the box and whiskers show
the minimum and maximum values. n = 8. Statistics were performed with one-way ANOVA with
Tukey’s post hoc test. (ns) no significance. (C) Quantification of the amplitude of H-reflex recorded
from wild-type mice in the same groups as in (A). Data represent median and interquartile range
as the box and whiskers show the minimum and maximum values. n = 8. Statistics were
performed with one-way ANOVA with Tukey’s post-hoc test. (*) P < 0.05. (D) Quantification of the
ratio of the H-reflex and M-response recorded from wild-type mice in the same groups as in (A).
Data represent median and interquartile range as the box and whiskers show the minimum and
maximum values. n = 8. Statistics were performed with one-way ANOVA with Tukey’s post hoc
test. (*) P < 0.05.
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Figure 5.6. AAV9-SMN induces late-onset deafferentation of motor neurons. (A) ChAT and
VGluT1 immunostaining of L5 LMC motor neuron somata and dendrites from uninjected, AAV9GFP (5) and AAV9-SMN (5) injected wild-type mice at P150. Scalebar = 25 µm. Dendrites scale
bar = 10 µm (B) ChAT and VGluT1 immunostaining of L5 LMC motor neuron somata and
dendrites from the same groups as (A) at P300. Scale bar = 25 µm. Dendrites scale bar = 10 µm
(C) Total number of VGluT1+ synapses on L5 LMC motor neuron somata at P150 and P300 from
the same groups as in (A). Data represent mean and SEM. n ³ 36 neurons from n = 3 animals
per group. Statistics were performed with two-way ANOVA with Sidak’s multiple comparisons test.
(***) P < 0.001; (****) P < 0.0001. (D) Total number of VGluT1+ synapses on L5 LMC motor neuron
proximal dendrites 0-50 µm from the soma at P150 and P300 from the same groups as in (A).
Data represent mean and SEM. n ³ 26 dendrites from n = 3 animals per group. Statistics were
performed with two-way ANOVA with Sidak’s multiple comparisons test. (*) P < 0.05; (****) P <
0.0001.
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Figure 5.7. AAV9-SMN does not alter C-bouton number. (A) ChAT immunostaining of L5 LMC
motor neuron somata from uninjected, AAV9-GFP (5) and AAV9-SMN (5) injected wild-type mice
at P300. Scale bar = 25 µm. (B) Total number of C-boutons on L5 LMC motor neuron somata at
P150 and P300 from the same groups as in (A). Data represent mean and SEM. n = 3. Statistics
were performed with two-way ANOVA with Sidak’s multiple comparisons test. (ns) no significance.
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Figure 5.8. AAV9-SMN leads to degeneration of proprioceptive neurons in wild type mice.
(A) PV immunostaining of L5 DRG at P300 from uninjected, AAV9-GFP (5) and AAV9-SMN (5)
injected wild-type mice. Scale bar = 250 µm. (B) Quantification of the total number of
proprioceptive neurons in L5 DRG from the same groups as (A). Data represent mean and SEM.
n = 3. Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (*) P < 0.05.
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Figure 5.9. AAV9-SMN does not change MN number in wild-type mice. (A) ChAT
immunostaining of L5 spinal segments at P150 from uninjected, AAV9-GFP (5) and AAV9-SMN
(5) injected wild-type mice. Scale bar = 100 µm. (B) ChAT immunostaining of L5 spinal segments
at P300 from the same groups as in (A). Scale bar = 100 µm. (C) Number of L5 LMC motor
neurons per 75 µm section at P150 and P300 in the same groups as in (A). Data represent mean
and SEM. n ³ 14 sections per animal from n = 3 animals for each group. Statistics were performed
with two-way ANOVA with Sidak’s multiple comparisons test. (ns) no significance. (D) Number of
L5 MMC motor neurons per 75 µm section at P150 and P300 in the same groups as in (A). Data
represent mean and SEM. n ³ 14 sections per animal from n = 3 animals for each group. Statistics
were performed with two-way ANOVA with Sidak’s multiple comparisons test. (ns) no significance.

228

229

Figure 5.10. AAV9-SMN does not change NMJ innervation in wild-type mice. (A)
Immunostaining of presynaptic (with NF-M and SYP antibodies) and post-synaptic (with BTX)
terminals of neuromuscular junctions (NMJs) in the EDL muscles at P150 from uninjected, AAV9GFP (5) and AAV9-SMN (5) injected wild-type mice. Scale bar = 50 µm. (B) Immunostaining of
presynaptic and post-synaptic terminals of NMJs in the EDL muscles at P300 from the same
groups as (A). Scale bar = 25 µm. (C) The percentage of innervated NMJs in the EDL muscle at
P150 and P300 from the same groups as in (A). Data represent mean and SEM. n = 3. Statistics
were performed with two-way ANOVA with Sidak’s multiple comparisons test. (ns) no significance.
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Figure 5.11. AAV9-SMN leads to the early rescue and late loss of proprioceptive inputs on
motor neurons of SMA mice. (A) ChAT and VGluT1 immunostaining of L2 spinal segments from
untreated WT and SMA mice treated with AAV9-GFP (5) or AAV9-SMN (5) at P11 and WT and
SMA mice treated with AAV9-SMN (5) at P190. Scale bar = 10 µm (B) Total number of VGluT1+
synapses on L2 motor neuron somata at P11 and P190 from the same groups as in (A). Data
represent mean and SEM. n ³ 27 soma from n = 3 animals per group. Statistics were performed
with one-way ANOVA with Tukey’s post hoc test. (****) P < 0.0001

231

Figure 5.12. AAV9-SMN does not induce degeneration of proprioceptive neurons in SMA
mice. (A) PV immunostaining of L2 DRG from WT untreated and AAV9-SMN (5) treated SMA
mice at P190. Scale bar = 100 µm. (B) Quantification of the total number of proprioceptive neurons
in L2 DRG from the same groups as (A). Data represent mean and SEM. n = 3. Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (ns) no significance.
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Figure 5.13. AAV9-SMN rescues MN loss at early and late timepoints in SMA mice. (A)
ChAT immunostaining of L2 motor neurons from WT untreated, and AAV9-GFP (5) and AAV9SMN (5) treated SMA mice at P11 and WT untreated and AAV9-SMN (5) treated SMA mice at
P190. Scale bar = 75 µm at P11 and 100 µm at P190. (B) Number of L2 motor neurons per section
as a percentage relative to WT in the same groups as in (A). Data represent mean and SEM. n ³
11 sections from n ³ 3 animals per group. Statistics were performed with one-way ANOVA with
Tukey’s post hoc test. (*) P < 0.05; (***) P < 0.001; (ns) no significance.
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Figure 5.14. AAV9-SMN rescues NMJ denervation in SMA mice at early and late timepoints.
(A) Immunostaining of presynaptic (with NF-M and SYP antibodies) and post-synaptic (with BTX)
terminals of neuromuscular junctions (NMJs) in the QL muscles from the same groups as in (A).
Scalebar = 25 µm at P11 and 50 µm at P190. (B) The percentage of innervated NMJs in the QL
muscle from the same groups as in (A). Data represent mean and SEM. n ³ 3. Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (*) P < 0.05; (***) P < 0.001; (ns) no
significance.
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Figure 5.15. AAV9 efficiently and stably transduces motor neurons and proprioceptive
neurons. (A) DAPI, ChAT and GFP immunostaining of L5 spinal cord, DAPI, PV and GFP
immunostaining of L5 DRGs and DAPI and GFP immunostaining of liver from uninjected and
AAV9-GFP (5) injected wild-type mice at P11 and P300. Spinal cord scale bar = 250 µm. DRG
scale bar = 200 µm. Liver scale bar = 100 µm. (B) Percentage of GFP+ L5 LMC motor neurons
(ChAT+) at P300 in AAV9-GFP (5) injected wild-type mice. Data represent mean and SEM. n =
3. (C) Percentage of GFP+ L5 MMC motor neurons (ChAT+) at P300 in AAV9-GFP (5) injected
wild-type mice. n = 3. (D) Percentage of GFP+ proprioceptive neurons (PV+) in the L5 DRG at
P300 in AAV9-GFP (5) injected wild-type mice. Data represent mean and SEM. n = 3.
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Figure 5.16. AAV9-mediated mRNA expression is maintained in neuronal tissues of wildtype mice. (A) RT-qPCR analysis of GFP mRNA in the spinal cords, dorsal root ganglia (DRGs)
and livers of P11 and P300 C57 WT mice injected with AAV9-GFP (5). Data represent mean and
SEM. n = 3. Statistics were performed with two-way ANOVA with Sidak’s multiple comparisons
test. (**) P < 0.01. (B) RT-qPCR analysis of full-length human SMN (hSMNFL) mRNA in the spinal
cords, dorsal root ganglia (DRGs) and livers of P11 and P300 C57 WT mice injected with AAV9SMN (5). Data represent mean and SEM. n = 3. Statistics were performed with two-way ANOVA
with Sidak’s multiple comparisons test. (**) P < 0.01.
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Figure 5.17. AAV9-mediated expression is maintained in neuronal tissue of wild-type mice.
(A) Western blot analysis of spinal cord from C57 WT mice uninjected, or injected at P1 with
AAV9-GFP (5) or AAV9-SMN (5) at P11 and P300. (B) Western blot analysis of liver from the
same groups as (A).
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Figure 5.18. AAV9-SMN leads to dramatic overexpression in the spinal cord and DRGs of
SMND7 mice. (A) RT-qPCR analysis of hSMNFL mRNA levels in spinal cords of SMND7
uninjected WT mice, or SMA mice injected with AAV9-GFP (5) or AAV9-SMN (5) at P11, and
uninjected WT mice and SMA mice injected with AAV9-SMN (5) at P190. Data represent mean
and SEM. n = 3. Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (ns)
no significance. (B) RT-qPCR analysis of hSMNFL mRNA levels in DRGs of mice from the same
groups as (A). Data represent mean and SEM. n = 3. Statistics were performed with one-way
ANOVA with Tukey’s post hoc test. (*) P < 0.05. (C) RT-qPCR analysis of hSMNFL mRNA levels
in livers of mice from the same groups as (A). Data represent mean and SEM. n = 3. Statistics
were performed with one-way ANOVA with Tukey’s post hoc test. (****) P < 0.0001.
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Figure 5.19. AAV9-mediated expression is maintained in neuronal tissue of SMND7 mice.
(A) Western blot analysis of spinal cord from SMND7 uninjected WT mice, or SMA mice injected
with AAV9-GFP (5) or AAV9-SMN (5) at P11, and uninjected WT mice and SMA mice injected
with AAV9-SMN (5) at P190. (B) Western blot analysis of liver from the same groups as (A).
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Figure 5.20. AAV9-SMN induces cytoplasmic aggregates in motor neurons. (A) ChAT and
SMN immunostaining at P11 and P150 of L5 LMC motor neurons from C57Bl6 wild-type mice
uninjected and injected with AAV9-GFP (5) and AAV9-SMN (5). Scale bar = 10 µm. (B) ChAT
and SMN immunostaining at P300 of L5 LMC motor neurons from the same groups as in (A).
Scale bar = 10 µm. (C) Percentage of L5 LMC motor neurons with SMN aggregates at P300 in
the same groups as in (A). Data represent mean and SEM. n = 3.
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Figure 5.21. AAV9-SMN induces cytoplasmic aggregates in proprioceptive neurons. (A)
Parvalbumin (PV) and SMN immunostaining at P11 and P150 of L5 DRG proprioceptive neurons
from C57Bl6 wild-type mice uninjected and injected with AAV9-GFP (5) and AAV9-SMN (5). Scale
bar = 10 µm. (B) PV and SMN immunostaining at P300 of L5 proprioceptive neurons from the
same groups as in (A). Scale bar = 10 µm. (C) Percentage of L5 DRG proprioceptive neurons
with SMN aggregates at P300 in the same groups as in (A). Data represent mean and SEM. n =
3.
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Figure 5.22. AAV9-SMN induces cytoplasmic aggregates of SMN in motor circuit neurons
of SMND7 SMA mice. (A) ChAT and SMN immunostaining at P11 from SMND7 wild-type and
AAV9-GFP (5) or AAV9-SMN (5) injected SMA mice and at P190 from SMND7 wild-type and
AAV9-SMN (5) injected SMA mice. Scale bar = 10 µm. (B) PV and SMN immunostaining at P11
and P190 of L2 proprioceptive neurons from the same groups as in (A). Scale bar = 10 µm. (C)
Percentage of L2 motor neurons with SMN aggregates at P190 in the same groups as in (A). Data
represent mean and SEM. n = 3. (D) Percentage of L2 proprioceptive neurons with SMN
aggregates at P190 in the same groups as in (A). Data represent mean and SEM. n = 3.
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Figure 5.23. AAV9-SMN induces cytoplasmic aggregates of SmB in motor neurons. (A)
ChAT and SmB immunostaining at P11 of L5 LMC motor neurons from C57Bl6 wild-type mice
uninjected and injected with AAV9-GFP (5) and AAV9-SMN (5). Scale bar = 10 µm. (B) ChAT
and SmB immunostaining at P150 of L5 LMC motor neurons from the same groups as in (A).
Scale bar = 10 µm. (C) ChAT and SmB immunostaining at P300 of L5 LMC motor neurons from
the same groups as in (A). Scale bar = 10 µm.
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Figure 5.24. AAV9-SMN induces cytoplasmic aggregates of SmB in proprioceptive neurons.
(A) PV and SmB immunostaining at P11 of L5 DRG proprioceptive neurons from C57Bl6 wildtype mice uninjected and injected with AAV9-GFP (5) and AAV9-SMN (5). Scale bar = 10 µm. (B)
PV and SmB immunostaining at P150 of L5 DRG proprioceptive neurons from the same groups
as in (A). Scale bar = 10 µm. (C) PV and SmB immunostaining at P300 of L5 DRG proprioceptive
neurons from the same groups as in (A). Scale bar = 10 µm.
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Figure 5.25. AAV9-SMN induces cytoplasmic aggregates of SMN in motor circuit neurons
of SMND7 SMA mice. (A) ChAT and SmB immunostaining at P11 and P190 of L2 motor neurons
from SMND7 wild-type and AAV9-GFP (5) or AAV9-SMN (5) injected SMA mice and at P190 from
SMND7 wild-type and AAV9-SMN (5) injected SMA mice. Scale bar = 10 µm. (B) PV and SmB
immunostaining at P11 and P190 of L2 proprioceptive neurons from the same groups as in (A).
Scale bar = 10 µm.
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Figure 5.26. AAV9-SMN induced cytoplasmic aggregates colocalize with SmB. (A) ChAT,
SmB and SMN immunostaining of an L5 LMC motor neuron in a C57Bl6 wild-type mouse at P150
injected with AAV9-SMN (5). Scale bar = 5 µm. (B) PV, SmB and SMN immunostaining of an L5
proprioceptive neuron in a C57Bl6 wild-type mouse at P150 injected with AAV9-SMN (5). Scale
bar = 5 µm.
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Figure 5.27. Long-term AAV9-SMN overexpression reduces nuclear snRNP levels in motor
circuit neurons. (A) Normalized nuclear SmB fluorescence intensity in L5 LMC motor neurons
from C57Bl6 wild-type mice uninjected and injected with AAV9-GFP (5) and AAV9-SMN (5) at
P300. Each point represents SmB fluorescent intensity in a single motor neuron, and data were
collected from n ³ 210 motor neurons from three mice for each group. Mean and SEM are
represented. Statistics were performed with one-way ANOVA with Tukey’s post hoc test. (****) P
< 0.0001. (B) Normalized nuclear SmB fluorescence intensity in L5 proprioceptive neurons from
C57Bl6 mice in the same groups as in (A) at P300. Each point represents SmB fluorescent
intensity in a single proprioceptive neuron, and data were collected from n ³ 172 proprioceptive
neurons from three mice for each group. Mean and SEM are represented. Statistics were
performed with one-way ANOVA with Tukey’s post hoc test. (**) P < 0.01.
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Figure 5.28. SMN aggregates do not colocalize with other markers. (A-J) Immunostaining of
DAPI, ChAT, SMN, and other markers (as labeled) of L5 LMC motor neurons from C57 mice
injected with AAV9-SMN (5) at P300. Scale bar = 5 µm.
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Figure 5.29. AAV9-SMN gene delivery results in splicing alterations in dorsal root
ganglia. (A) Venn-diagram of the total number of high confidence splicing changes in dorsal
root ganglia between WT uninjected, AAV9-GFP or AAV9-SMN treated mice at P300 with a
differential inclusion (dI) greater than ten percent and a false discovery rate (FDR) less than
0.05. (B) Pie chart of the proportion of each event in the 405 high confidence AAV9-SMN
dependent splicing changes. Monitored splicing events include cassette exons (CAS), intron
retention (IRET), alternative 3’ splice sites (ALT 3’), tandem cassette exons (TACA), alternative
5’ splice sites (ALT 5’), and mutually exclusive exons (MUTX).
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Figure 5.30. AAV9-SMN gene delivery results in alterations of many splicing events in
dorsal root ganglia. Venn-diagrams of the total number of high confidence splicing changes of
(A) cassette exons, (B) alternative 3’ splice sites, (C) alternative 5’ splice sites, (D) tandem
cassette exons, (E) mutually exclusive exons and (F) intron retention events in dorsal root
ganglia between WT uninjected, AAV9-GFP or AAV9-SMN treated mice at P300 with a
differential inclusion (dI) greater than ten percent and a false discovery rate (FDR) less than
0.05.
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Figure 5.31. AAV9-SMN induces RNA misprocessing consistent with impairment of the
spliceosomal machinery. (A) Pie chart displaying the number of high confidence skipped or
included cassette exons altered by AAV9-SMN in DRGs from wild type mice at P300 with a
differential inclusion (dI) greater than ten percent and a false discovery rate (FDR) less than
0.05. (B) Pie chart displaying the number of high confidence skipped or included tandem
cassette exons (TACA) altered by AAV9-SMN in DRGs from wild type mice at P300 with a
differential inclusion (dI) greater than ten percent and a false discovery rate (FDR) less than
0.05. (C) Pie chart displaying the increase or decrease of high confidence intron retention
events altered by AAV9-SMN in DRGs from wild type mice at P300 with a differential inclusion
(dI) greater than ten percent and a false discovery rate (FDR) less than 0.05.
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Figure 5.32. AAV9-SMN induces widespread gene expression changes in dorsal root
ganglia. (A) Volcano plot of gene expression changes in dorsal root ganglia from AAV9-GFP
injected wild-type mice relative to uninjected at P300. (B) Volcano plot of gene expression
changes in dorsal root ganglia from AAV9-SMN injected wild-type mice relative to uninjected at
P300. (C) Volcano plot of gene expression changes in dorsal root ganglia from AAV9-SMN
injected wild-type mice relative to AAV9-GFP injected at P300. Targets with an adjusted p-value
< 0.05 are shown in red.
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Figure 5.33. Gene ontology analysis of SMN-dependent differentially expressed genes.
(A) Venn diagram of gene expression changes in dorsal root ganglia between WT uninjected,
and AAV9-GFP and AAV9-SMN injected wild-type mice at P300. Data was filtered based on an
adjusted p-value < 0.05 and a fold change greater than 2. (B) Pie chart of the 531 AAV9-SMN
dependent gene expression changes showing direction of fold change. (C) Gene ontology
analysis of the top 15 most enriched biological pathways associated with the 531 high
confidence AAV9-SMN dependent differentially expressed genes using DAVID.
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Figure 5.34. AAV9-SMN induces SMA-like transcriptional changes. (A) RNA-seq tracks for
C1qa reads from the DRGs of wild-type mice either uninjected or injected with AAV9-GFP and
AAV9-SMN at P300. A representative profile from one biological replicate is shown. (B) RNA-seq
tracks for C1qb from the same groups as (A). A representative profile from one biological replicate
is shown. (C) RNA-seq tracks for C1qc from the same groups as (A). A representative profile from
one biological replicate is shown. (D) RNA-seq tracks for chondrolectin (Chodl) from the same
groups as (A). A representative profile from one biological replicate is shown.
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Figure 5.35. Features of AAV9-SMN mediated gain of toxic function on the mouse motor
circuit. AAV9-SMN leads to cytoplasmic aggregation of SMN and sequestration of SmB in motor
circuit neurons. Long-term overexpression leads to several morphological deficits including a
reduction in nuclear snRNP levels, motor neuron deafferentation and degeneration of
proprioceptive neurons. RNA seq analysis also revealed widespread gene expression and
splicing changes in dorsal root ganglia.
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Chapter 6
General Discussion
Several neurodegenerative diseases share features of RNA dysregulation due to mutations
in RNA binding proteins or factors involved in RNA processing (Conlon and Manley, 2017; Cooper
et al., 2009). SMA is one prominent example where a deficit in a ubiquitous protein involved in
critical RNA pathways leads to selective degeneration and dysfunction of specific neuronal cell
types (Li et al., 2014; Tisdale and Pellizzoni, 2015). While motor neuron death is the key hallmark
of SMA, it is increasingly appreciated that SMA pathology is a consequence of multiple deficits
throughout the motor circuit and beyond (Tisdale and Pellizzoni, 2015). The use of animal models
has enabled thorough characterization of these defects at the cellular and circuit levels (Tisdale
and Pellizzoni, 2015; Van Alstyne and Pellizzoni, 2016); however, the molecular mechanisms
underlying death and dysfunction of motor neurons remain incompletely understood. Elucidation
of the cellular pathways driving SMA pathogenesis are fundamental for understanding disease
mechanisms and can uncover SMN-independent therapeutic targets as well as novel factors
involved in motor circuit function.

Contributions of SMN-dependent RNA pathways to SMA pathology
The role of SMN in snRNP assembly is well established (Li et al., 2014), but debate persists
in the field regarding the contribution of splicing dysfunction and other less defined functions of
SMN such as axonal mRNA transport to SMA pathology. This is mainly a consequence of the
seemingly discordant features of impairment in an RNA pathway critical for all cells causing the
selective vulnerability of motor neurons. In order to assess this, it is fundamental to selectively
restore implicated RNA pathways – or key downstream effectors – and evaluate their specific
contribution(s) to SMA pathology in animal models. Additionally, impairment of the same
pathways or effector genes should be able to phenocopy disease-associated deficits.
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In this dissertation, I used mouse models to establish the direct contribution of select
splicing targets affected by disruption of SMN’s activity in snRNP assembly to key hallmarks of
SMA pathology. My work identified Mdm2 and Mdm4 as two downstream genes whose alternative
splicing is affected by dysfunction of the major (U2-dependent) spliceosomal machinery induced
by SMN deficiency and underlies motor neuron degeneration (Chapter 2). Similarly, I show that
Stasimon – a U12 intron containing gene regulated by SMN previously identified for its
contribution to motor circuit dysfunction in both Drosophila and zebrafish models of SMA (Lotti et
al., 2012) – plays a role in multiple aspects of motor circuit dysfunction in SMA mice including
motor neuron degeneration, the loss of proprioceptive synapses and impaired synaptic
transmission (Chapter 3). In addition to mediating the assembly of spliceosomal snRNPs, SMN
also plays a critical role in the biogenesis of U7 snRNP which functions in histone 3’end mRNA
processing (Li et al., 2014). Independent work in the lab has selectively restored the U7 pathway
in SMA mice and identified an unexpected role in NMJ denervation through dysregulation of the
synaptic organizer Agrin (Tisdale et al. manuscript in preparation, see also Appendix).
Elucidation of these molecular mechanisms provides evidence for the direct contribution of
distinct SMN-regulated RNA pathways (U2-dependent alternative splicing, U12-dependent
splicing, and U7-mediated histone mRNA processing) to select aspects of motor circuit
dysfunction in SMA (Figure 6.1). Little overlap is observed in the contribution of these SMNdependent RNA pathways to SMA etiology, demonstrating that key disease features of SMA – i.e.
motor neuron degeneration, NMJ denervation, and proprioceptive synaptic loss – result from the
convergence of unique molecular pathways occurring in parallel. Furthermore, these studies have
identified specific effector genes in each pathway that are dysregulated in the context of SMN
deficiency and play critical roles in SMA pathogenesis. This draws a scenario in which
dysregulation of particular genes rather than a global collapse in RNA processing selectively
affects the motor circuit in SMA. Thus, these findings support a model where SMA is a result of
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an amalgamation of select, mechanistically uncoupled RNA misprocessing events that contribute
to distinct disease features.

Mechanisms of SMA motor neuron death and neuroprotective approaches
Motor neuron degeneration is a key characteristic of SMA pathology (Tisdale and Pellizzoni,
2015; Van Alstyne and Pellizzoni, 2016). This dissertation expands upon our prior knowledge of
the p53-dependent mechanisms of motor neuron death that involve converging activating
mechanisms of upregulation and phosphorylation, the latter of which occurs selectively in
vulnerable SMA motor neurons (Simon et al., 2017). Here, I characterize the upstream
mechanisms responsible for p53 activation in SMA. I show that dysregulation of Mdm2 and Mdm4
alternative splicing underlies p53 upregulation, while U12-dependent impairment of Stasimon
expression triggers N-terminal TAD p53 phosphorylation. These findings provide mechanistic
insight into the RNA pathways leading to selective degeneration of motor neurons in SMA and
how they relate to molecularly defined roles of SMN, providing direct evidence for snRNPdependent mechanisms of motor neuron death in SMA. While p53 upregulation alone is not
sufficient to drive motor neuron death and N-terminal phosphorylation is required (Simon et al.,
2017), whether additional modifications are necessary has not yet been established. Future
studies are needed to determine whether Stasimon-dependent phosphorylation of p53 – in
combination with p53 upregulation – is sufficient to mediate the degenerative process, or whether
there further converging mechanisms are at play. Similarly, evaluation of the sufficiency of p38α
MAPK activation in concert with p53 upregulation to mediate motor neuron death will provide
insight as to whether additional kinases are required for phosphorylation of p53. Lastly, further
investigation is also necessary to establish whether the p53-dependent mechanisms of motor
neuron death that I characterized in the SMND7 model are conserved across other SMA models
as well as in patients.
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Elucidation of the molecular mechanisms underlying degenerative processes in SMA has
the translational potential to uncover new targets for therapeutic approaches. While SMN
upregulating strategies have proven effective in the clinic, they do not represent a complete cure
for SMA and further treatments which can be used in combinatorial therapies are sought after
(Sumner and Crawford, 2018). In characterizing the molecular mechanisms of motor neuron
death, I found that activation of p38α MAPK underlies N-terminal phosphorylation of p53 in
vulnerable SMA motor neurons. Accordingly, treatment with MW150 – a specific pharmacological
inhibitor of p38α MAPK – is able to rescue the loss of motor neurons in SMA mice. MW150 is
undergoing clinical development for the treatment of mild cognitive impairment and Alzheimer’s
related dementia among other indications, and my findings warrant further exploration of
pharmacological inhibition of p38α MAPK as a candidate neuroprotective approach for
combinatorial SMA therapy.
Additionally, having characterized the role of p38α MAPK in the phosphorylation of p53 in
SMA motor neurons, future studies can profile the downstream targets of p53 that are upregulated
in SMA following inhibition of either p53 or p38α MAPK. The subset of genes that are
transcriptionally activated in a phospho-specific manner would represent key candidate effectors
of motor neuron degeneration. This analysis could reveal not only the non-apoptotic death
mechanisms occurring in SMA motor neurons but also therapeutically relevant targets to elicit
neuroprotective effects for disease treatment.

Novel players and pathways regulating motor circuit function
Understanding the mechanisms underlying disease etiology in SMA can also uncover novel
players involved in normal maintenance of the motor system and synaptic function. Stasimon loss
is associated with altered neurotransmitter release at the NMJ in Drosophila larvae through non
cell-autonomous motor circuit dysfunction as well as abnormal motor axon outgrowth in zebrafish
embryos (Lotti et al., 2012). In this dissertation, I establish that Stasimon is required for
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mammalian development; however, the precise abnormalities occurring during embryogenesis
are unknown. The lethality of Stasimon ablation underlines also the necessity for generation of
conditional knockout mice to evaluate the temporal and spatial requirement of Stasimon in the
motor circuit. These models will allow addressing whether Stasimon is also essential when
depleted postnatally and whether it is particularly important for neuronal functions. As the rescue
studies in SMA mice suggest a key requirement for Stasimon in the mouse motor circuit, these
genetic models will also enable the precise assessment of the effects of Stasimon loss in
proprioceptive or motor neurons and whether this can phenocopy Stasimon-dependent aspects
of SMA pathology. These avenues of investigation will serve to further evaluate the importance
of Stasimon as a novel factor required for proper neuronal maintenance and connectivity in
mammalian models as suggested by our studies to date.
While Stasimon has been implicated in motor system dysfunction in SMA, its cellular
functions are still poorly understood. In this dissertation, I found that Stasimon localizes at the
MAM which mediates key cellular functions that can have broad consequences on ER and
mitochondrial biology. Initial studies suggest a role in autophagy (Moretti et al., 2018; Morita et
al., 2018; Shoemaker et al., 2019), consistent with localization at the MAM which has been
identified as a source for autophagosomal membranes (Hailey et al., 2010; Hamasaki et al., 2013).
Further investigation is required to assess whether Stasimon impacts the integrity of MAM contact
sites, and/or has a functional role in other MAM-dependent cellular pathways such as calcium
buffering, lipid biogenesis, and mitochondrial health among others (Marchi et al., 2014; Wu et al.,
2018). Moreover, the ER has functional contact sites with many other membrane organelles in
addition to mitochondria, including peroxisomes, the plasma membrane, the Golgi apparatus, and
endosomes (Wu et al., 2018). Future studies of Stasimon biology should also address the
potential for a role at other ER membrane contact sites.
The current understanding of Stasimon function and requirement suggests it sits at an
intersect poised to provide a wealth of information related to both fundamental cell biology and
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specialized neuronal functions in health and disease. MAM dysfunction has been implicated in
several neurodegenerative disorders including amyotrophic lateral sclerosis/frontotemporal
dementia (ALS/FTD), Parkinson’s (PD) and Alzheimer’s (AD) disease (Paillusson et al., 2016).
Garnering a better understanding of the role of Stasimon at ER-mitochondria contact sites can
therefore provide insight into neurodegenerative pathways that may be conserved across
diseases. Furthermore, evaluating the importance of Stasimon-dependent MAM regulated cellular
pathways for neuronal function can lead to key insight into basic neurobiology.

Deleterious role of SMN overexpression and implications for therapies
In developing therapies for SMA, the field has focused much attention on developing diverse
strategies to upregulate SMN expression. However, despite the key importance of proper SMN
levels – as underlined by the consequences of SMN deficiency in SMA – investigation of the
effects of excess SMN have been largely ignored based on the premise that they would benign.
The work in this dissertation identifies an unexpected new aspect of SMN biology through the
study of gain of toxic mechanisms induced by its overexpression in post-mitotic neurons. These
findings have especially important clinical implications considering the utilization of AAV9mediated gene therapy for SMA patients. While future investigation is required to determine
whether the long-term neuronal toxicity observed in mouse models are applicable to patients, my
findings emphasize a deleterious role for supraphysiological levels of SMN that has not received
much attention as a potential caveat of SMA gene therapy. Interestingly, this toxicity of AAV9SMN is associated with impairments in snRNP biogenesis as well as widespread transcriptome
alterations and splicing changes. Moreover, both a deficiency of SMN that occurs in SMA as well
as an excess of SMN caused by AAV9-mediated gene delivery share features of motor circuit
dysfunction that likely occur through snRNP-dependent mechanisms, further underlining the
importance of this RNA pathway for proper functionality of the motor system.
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Collectively, this dissertation aimed to establish SMN-dependent RNA mediated
mechanisms underlying SMA pathology, and in particular the pathways driving motor neuron
degeneration. Characterization of these pathways has provided further support to the critical
contribution of snRNP disruption to SMA etiology. It has also identified key effector genes
dependent on specific SMN-dependent RNA pathways that mediated distinct aspects of SMA
pathology, mechanistically uncoupling disease processes. These studies have opened exciting
new avenues of exploration in the characterization of Stasimon biology at the molecular, cellular
and circuit levels. Furthermore, this work has led to a degree of molecular definition of the SMA
motor neuron death pathway which has long remained elusive, revealing potential targets for
development of combinatorial treatments of SMA that might build upon current available
treatments to maximize therapeutic efficacy. In an effort to provide the best possible care for SMA
patients, the work described here also has important implications regarding the mechanisms of
SMN-dependent toxicity resulting from its long-term overexpression – providing new insights into
SMN biology and SMA therapy with AAV9-SMN. Initial insight into these toxic mechanisms once
again highlights the importance of snRNP pathways for motor circuit function and uncovers
parallel themes between the dysregulation of RNA pathways and neuronal dysfunction that can
occur upon depletion or overexpression of SMN.
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Figure 6.1. Contributions of SMN-dependent RNA pathways to SMA pathology. Investigation
into SMN-dependent RNA pathways has uncovered contributions of select pathways to distinct
aspects of SMA pathology. SMN deficiency leads to a reduction in major splicosomal snRNPs
which leads to increased skipping of key regulatory exons in Mdm2 and Mdm4 driving p53
upregulation which underlies SMA motor neuron degeneration (Chapter 2). Impairment of the
minor spliceosomal machinery leads to misprocessing of the U12-intron containing gene
Stasimon, which plays dual roles in the loss of proprioceptive synapses and p53 phosphorylation
which occurs through p38α MAPK and drives the selectivity of motor neuron death (Chapter 3).
Lastly, deficits in U7 snRNP biogenesis lead to the misprocessing of histone mRNAs, which
reduces Agrin expression and NMJ denervation in SMA (Tisdale et al. manuscript in preparation,
see also Appendix).
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Chapter 7
Experimental Methods
DNA constructs
For the experiments in Chapter 2, plasmids containing cDNAs for full-length mouse Mdm2
and Mdm4 were purchased from DharmaconTM (Mdm2 Clone ID: 6415937, Accession: BC050902;
Mdm4 Clone ID: 3599906, Accession: BC003750). DNA fragments corresponding to the open
reading frames of GFP and full-length Mdm2 and Mdm4 generated by PCR using these plasmids
as templates were cloned downstream of the GUSB promoter of vectors harboring AAV2 ITRs for
the production of self-complementary AAV9. Mdm2 and Mdm4 constructs used for transient
transfection were generated from the plasmids containing cDNAs described above and cloned
downstream of the GUSB promoter of the same AAV vector by PCR with primers designed for
addition a 3x myc tag at the N-terminus. For AAV9-mediated p53 knockdown, a selfcomplementary AAV9 vector containing AAV2 ITRs was engineered to harbor a mouse U6
promoter driving expression of an shRNA targeting the sequence “GTACTCTCCTCCCCTCAAT”
of mouse p53 in addition to a CMV promoter driving GFP expression in the opposite direction.
For the experiments in Chapter 3, DNA fragments corresponding to the open reading frames
of GFP, human SMN (NM_000344), and human STAS (NM_015012) were generated by PCR
using plasmid templates obtained from OriGene and cloned downstream of the CMV enhancer
and chicken beta-actin (CB) hybrid promoter in the dsAAV-CB plasmid (a gift from Brian Kaspar)
harboring AAV2 ITRs for the production of self-complementary AAV9 (Foust et al., 2010). For
generating stable cell lines with Stasimon knockdown by lentiviral production, complementary
oligonucleotide

templates

for

an

shRNA

targeting

mouse

Stasimon

mRNA

(5’-

GGAAGACCCGTTGTATACA-3’) were annealed and cloned into pSUPERIOR.puro OligoEngine).
To generate the pLenti.pur/StasRNAi lentiviral vector, a fragment comprising the shRNA cassette
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under the control of a tetracyline-regulated promoter and the puromycin resistance gene driven
by the PGK promoter were excised from pSUPERIOR.puro and cloned into a modified
pRRLSIN.cPPT.PGK-GFP.WPRE vector (Addgene plasmid 12252) lacking the PGK-GFP
cassette as a backbone. Viral stocks pseudotyped with the vesicular stomatitis G protein (VSVG) were prepared by transient co-transfection of HEK293T cells using the ViraPower™ Lentiviral
Packaging Mix (Invitrogen) following manufacturer’s instructions.
For the experiments in Chapter 4, the open reading frames of human (NM_015012.3) and
mouse (NM_153525.5) Stasimon were PCR amplified from plasmids purchased from OriGene
and cloned into the BglII and HindIII sites of pEGFP-C1 (Clontech) to generate N-terminally
tagged GFP fusions. The plasmid for expression of mCherry-tagged mouse Calnexin was a gift
from Franck Polleux (Hirabayashi et al., 2017).
For the experiments in Chapter 5, vectors containing the open reading frames of GFP and
human SMN cloned downstream of the GUSB promoter of vectors harboring AAV2 ITRs
generated previously (Passini et al., 2010) were used for AAV9 generation.
All constructs were verified by DNA sequencing.

Cell lines and treatments
For all experiments human HEK293 cells and mouse NIH3T3 fibroblasts were grown in
DMEM with high glucose (Invitrogen) containing 10% of FBS (HyClone), 2 mM glutamine (Gibco),
and 1% penicillin and streptomycin (Gibco) unless otherwise described below.
The inducible NIH3T3 cell lines used for experiments in Chapter 2 were described
previously (Lotti et al., 2012; Ruggiu et al., 2012). Here, NIH3T3 cells were treated with
doxycycline (100ng/ml) for 5 days (SmnRNAi and SMN/SmnRNAi) or 60 hours (SmBRNAi) prior to
analysis.
For transient transfection experiments in Chapter 2, NIH3T3 cells were plated onto glass
coverslips in 24 well plates. For transfection 500 ng of each construct was used for each 24-well
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with a 1:3 ratio of DNA:Lipofectamine 2000 (Invitrogen). UV treatment for p53 induction was
performed 12 hours prior to collection. For UV treatment, media was removed and cells were
exposed to 10 mJ/cm2 at 254 nm using a Spectrolinker XL-1000 UV Crosslinker (Spectronics
Corporation). The same media was then returned and cells were allowed to recover for 12 hours
at 37°C. A total of 72 hours after transfection, cells were fixed on the coverslip for downstream
analysis.
For cell culture experiments involving MOs in Chapter 2 and Chapter 3, each MO was
resuspended in H2O for a stock concentration of 1mM and stored at room temperature. MOs were
obtained from GeneTools, LLC and the sequences are shown in Table 7.1. MO was added to
culture media at a final concentration of 10 µM followed by addition of DMSO based Endo-porter
(GeneTools) at a final concentration of 6 µL/mL. For immunofluorescence experiments, cells were
plated on glass coverslips in 24 well plates and allowed to adhere prior to addition of MO, then
incubated for 60 or 72 total hours as described. For RNA analysis of Mdm2 and Mdm4 skipping,
cells were plated in a 12-well format and collected after 72 hours of MO treatment. For treatment
with MW150, a final concentration of 8 µM was added to media for 8 hours prior to the addition of
MOs.
For experiments in Chapter 4, the NIH3T3-StasRNAi cell line was generated by
transduction of NIH3T3 cells with pLenti.pur/StasRNAi, followed by antibiotic selection with 5
μg/ml Puromycin (Sigma) and cloning by limiting dilution as described before (Lotti et al., 2012;
Ruggiu et al., 2012). For treatments to induce or block autophagy, NIH3T3 cells were plated one
day prior to addition of compounds. Cells were then cultured for 4 hours in the presence of 100
nM Bafilomycin A (Alfa Aesar) to block autophagy and/or in DMEM media without glutamine and
serum for autophagy induction prior to collection. For the induction of p38 MAPK by UV treatment,
media was removed and cells were exposed to 600 mJ/cm2 at 254 nm using a Spectrolinker XL1000 UV Crosslinker (Spectronics Corporation). The same media was then returned and cells
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were allowed to recover for 1 hour at 37°C before fixation for immunofluorescence analysis or
collection for Western blotting.
For experiments related to analysis of the Stasimon interactome in Chapter 4, HEK293
cells were transfected using the CalPhos mammalian transfection kit (Clontech) and processed
72 hours after transfection. For analysis of Stasimon localization, NIH3T3 cells were plated in a
10cm format one day prior, then transfected with 10 µg of each construct for each plate with a
1:2:2 DNA:P3000:Lipofectamine 3000 (Invitrogen) ratio. 48 hours post-transfection, cells were
trypsinized and plated on Zeiss high performance coverslips then fixed for immunofluorescence
analysis 72 total hours post-transfection.

Immunoprecipitation
For the immunoprecipitation experiments in Chapter 4, protein extracts were prepared by
resuspending HEK293 cell pellets in ice-cold lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl;
0.5 mM EDTA; 0.5% NP-40) supplemented with protease and phosphatase inhibitors (Roche),
followed by passing through a 27-gauge syringe five times. Following centrifugation at 4°C for 15
min at 12,000 g, the protein supernatant was collected, diluted to adjust detergent concentration
to binding buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.1% NP-40), and cleared
through a 45 µm filter prior to addition to GFP-Trap agarose beads (Chromotek). Incubation was
carried out at 4°C for 1 h, followed by five washes with 1 ml of ice-cold binding buffer. Proteins
were eluted in SDS/PAGE sample buffer prior to downstream applications.

Mass spectrometry and bioinformatics
For analysis in Chapter 4, protein identification by liquid chromatography coupled to tandem
mass spectrometry (LC MS/MS) was carried out at the Proteomics Shared Resource in the
Herbert

Irving

Comprehensive

Cancer

Center
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of

Columbia

University.

GFP-Trap

immunoprecipitates were separated on 4-12% gradient gels, followed by in-gel digestion with
trypsin. The resulting peptides were processed using a Dionex Ultimate 3000 Nano liquid
chromatography system, and electrosprayed into an Orbitrap Fusion Tribrid mass spectrometer
equipped with an EASY-Spray source (Thermo Scientific). Tandem mass spectra were analyzed
using the Proteome Discoverer 1.4 software (Thermo Finnigan) to search the human Uniprot
protein database (September 2014 release). SEQUEST search results from Proteome Discoverer
were further analyzed by Scaffold (Proteome Software Inc.) with protein and peptide false
discovery rates set at 1% to generate the protein list and spectral counts shown in Table 4.1.
Gene ontology analysis was performed using DAVID version 6.7. Functional protein association
networks were analyzed using STRING version 10.5.

Organelle fractionation
For fractionation experiments in Chapter 4, purification of mitochondria, ER and MAM was
performed as previously described (Area-Gomez, 2014; Wieckowski et al., 2009). HEK293 cells
transfected with GFP and GFP-STAS were homogenized in isolation buffer (250 mM mannitol, 5
mM HEPES pH 7.4, and 0.5 mM EGTA). The homogenate was centrifuged for 5 min at 600g to
remove cells debris and nuclei. The supernatant was then centrifuged for 15 min at 10,500g to
yield the ER/microsomal fraction (supernatant) and the crude mitochondrial fraction (pellet). The
supernatant was further centrifuged for 1 h at 100,000g to pellet the ER/microsomal fraction. The
crude mitochondrial fraction was layered on a 30% Percoll gradient, ultracentrifuged for 30 min at
95,000 g, and the upper (MAM) and lower (mitochondria free of ER) layers were collected. The
upper layer fraction was then centrifuged at 100,000g for 1 h and the resulting MAM pellet was
resuspended in isolation buffer. The lower layer fraction was diluted fivefold with isolation buffer
and washed twice by centrifugation at 6,300g for 10 min, after which pure mitochondria were
resuspended in isolation buffer. All fractions were quantitated for total protein content using the
Bradford system (BioRad).
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AAV9 production
For the experiments in Chapter 2, DNA for production of AAV9 vectors was purified using
endotoxin free Mega prep kit (Qiagen) according to the manufacturer’s instructions. The
generation of AAV9 was then performed by Sanofi. The recombinant plasmids were each
packaged into AAV serotype-9 capsid by triple-plasmid transfection of human HEK293 cells, and
virions were purified by CsCl gradient centrifugation as previously described (Mueller et al., 2012).
The resulting vectors were concentrated to final titers of about 2x1013 genome copies/ml using
Amicon Ultracel centrifugal filter devices with a 30,000 nominal molecular weight limit (Millipore).
For the experiments in Chapter 3, the corresponding AAV9 vectors packaged into serotype9 capsid were custom produced by Vector BioLabs using triple plasmid transfection of HEK293
cells and purification by two rounds of CsCl gradient centrifugation.
For the experiments in Chapter 5, GFP and SMN constructs as previously described
(Passini et al., 2010) were used to generate AAV9 by Sanofi detailed above.
The titer and purity of each AAV9 preparation were confirmed in-house by qPCR (see Table
7.1 for primers) and silver staining, respectively. For qPCR analysis of titer, 2 µl of virus was
added to 48 µl of alkaline digestion buffer (25 mM NaOH, 0.2 mM EDTA) and incubated at 100°C
for 10 minutes before cooling on ice and addition of 50 µl of neutralization buffer (40 mM Tris-HCl,
pH 5.0). qPCR was performed using serial dilutions of the virus which were compared relative to
a standard curve.

Experimental procedures with mice
All mouse work was performed in accordance with the National Institutes of Health
Guidelines on the Care and Use of Animals and approved by the IACUC committee of Columbia
University. Equal proportions of mice of both sexes were used and aggregated data are presented
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because gender-specific differences were not found. Genotyping for sex determination was
performed using tail DNA PCR and the primers are listed in Table 7.1.
The SMND7 mouse line (Smn+/–/SMN2+/+/SMNΔ7+/+) used to generate SMA mice and
utilized for experiments in Chapter 2, Chapter 3 and Chapter 5 was on a pure FVB background
and was obtained from Jackson Mice (Jax stock #005025). Genotyping of the Smn knockout allele
was performed using tail DNA PCR and the primers listed in Table 7.1 as previously described
(Fletcher et al., 2017). To generate SMA mice that were p53 null used in Chapter 2, the p53
knockout strain Trp53tm1Tyj (Jax stock #002101) was crossed onto a SMND7 background and
genotyped using tail DNA PCR and the primers listed in Table 7.1. As described in Chapter 4,
heterozygous mice harboring the gene trapped Tmem41bGt(OST208407)Lex knockout allele in a
129S5/SvEvBrd x FVB/NJ background were obtained from Lexicon Pharmaceuticals and crossed
with pure FVB mice for over ten generations. Genotyping was carried out with genomic DNA
isolated from mouse tails or whole embryos by PCR amplification using primers across the
integration site using a common forward primer and either a reverse primer specific for the wildtype allele or a reverse primer located in the gene trap cassette for the knockout allele (see Table
7.1). For experiments in Chapter 5, C57BL6J mice were obtained from the Jackson Laboratory
(Jax stock #000664).
All ICV injections in SMA mice were performed at P0 and ICV injections in C57BL6J mice
were performed at P1. First, mice were anesthetized by 5% isoflurane inhalation with 3% oxygen
for an initial induction period of one minute then lowered to 2.5% isoflurane for an additional two
minutes before injection. Injections were performed under a microscope using a 25 µl Hamilton
syringe with a 32G needle in the right lateral ventricle of the brain at a site located 1 mm lateral
to the sagittal sinus and 1 mm rostral to the transverse sinus and at a depth of 2 mm. After a 30
min recovery period, pups were placed in their breeder cage.
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For experiments in Chapters 2 and 3, I delivered ~1x1011 genome copies of the indicated
AAV9 vectors in a PBS solution containing a final concentration of 0.05% of a vital dye (Fast
Green, Sigma) by ICV injection. For ICV injections of MOs in Chapter 2, stock solutions of the
described oligonucleotides at 50 µg/µL in a PBS solution were diluted to the described doses (25400 µg) in a final volume of 5µL with the exception of the highest dose which was in a final volume
of 10 µL. A final concentration of 0.05% of a vital dye (Fast Green, Sigma) was added prior to
injection. MOs were obtained from GeneTools, LLC and the sequences are shown in Table 7.1.
For experiments in Chapter 5, a dose response of 1.25x1010vg/g, 2.5x1010vg/g, 5x1010vg/g, and
1x1011vg/g of AAV9-SMN and 5x1010vg/g of AAV9-GFP were delivered by ICV injection. All ICV
injections for delivery of AAV9 were performed in a final volume of 5µL with the exception of the
highest dose of AAV9-SMN in Chapter 5 which was in a final volume of 10 µL.
For experiments in Chapter 3, IP injections were performed daily using a 10 or 25 µL
Hamilton syringe with a 32G needle at a volume of 2.5 µL per gram. MW150 dissolved in a saline
solution was delivered at a final dose of 5 mg/kg. For vehicle treatment, the same volume of a
saline solution was delivered by IP injection. Injections were performed following daily behavioral
monitoring.
For experiments in SMA mice for Chapters 2, 3, and 5, daily measurements of weight,
righting time and survival were recorded from neonatal mice. To perform the righting time assay,
pups were placed on their back and the time required to right and stand on four limbs was
recorded with a cut off time of 60 seconds. This measurement was taken three times per pup
each day and an average value was recorded as the performance for each animal. Experimental
SMND7 mice were weighed and monitored for survival every day beginning at P0.
As described in Chapter 5, motor behavioral assays in adult mice were performed as follows.
For assessment of hindlimb clasping, mice were suspended by the tail and observed for 60
seconds for significant clasping of the hindlimbs. Animals were monitored once weekly and the
date of onset was recorded as the first observation of hindlimb clasping for either limb. For the
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inverted grid assay, animals were placed on a metal grid with 1 cm by 1 cm dimensions and slowly
inverted over a 30 cm tall cylinder then timed until falling. Three trials were performed for each
animal with a minimum of ten minutes rest between trials and a cut-off time of 180 seconds. Data
across all trials was averaged for a single value representing the performance of each animal.
Beginning at three weeks of age, animals were assayed on the inverted grid weekly, and
performance across each 4 weeks was averaged and reported in monthly time bins. For
assessment of performance on the rotarod, animals were first trained at a constant speed of 4
rpm for three trials of 60 seconds each. For data collection the following week, animals were
placed on the rotarod and the speed was accelerated from 4 rpm to 40 rpm over a period of 300
seconds. Three trials were performed for each animal with a minimum of 10 minutes between
each and the times of fall were recorded and averaged for each data point representing the
performance of one animal. Training was performed at four weeks of age and beginning at five
weeks of age animals were assayed on the rotarod weekly, and performance across each four
week period was averaged and reported in monthly time bins. Experimental adult mice used for
data in Chapter 5 were weighed once per week and monitored for survival daily. Weekly
measurements of weight were averaged across four week periods and reported in monthly time
bins.
For dissection animals were first anesthetized with 5% Avertin. Subsequently, mice were
sacrificed by decapitation and tissue collection was performed in a dissection chamber under
continuous oxygenation (95%O2/5%CO2) in the presence of cold (~12°C) artificial cerebrospinal
fluid (aCSF) containing 128.35mM NaCl, 4mM KCl, 0.58mM NaH2PO4, 21mM NaHCO3, 30mM
D-Glucose, 1.5mM CaCl2, and 1mM MgSO4. Tissue collected for immunofluorescence analysis
was submerged in 4% PFA for post-fixation. Muscle tissue collected from neonatal mice was postfixed for 1 hour before being moved to PBS, and all other tissues were post-fixed overnight.
Muscle tissue collected from adult mice was post-fixed for 2 hours before being moved to PBS
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and all other tissues were post-fixed overnight. Tissue collected for RNA and protein analysis was
flash frozen on dry ice and stored at -80°C.
For the embryo analysis described in Chapter 5, pregnant females were first euthanized
CO2 asphyxiation. An incision was made to open the peritonium and expose the body cavity. The
uterus was then removed and placed in cold PBS where each embryo was separated, cleaned of
the uterine lining and removed from the decidua. Embryos were then imaged and processed for
genotyping analysis.

Electrophysiology
Recordings of the monosynaptic reflex for experiments in Chapter 2 and 3 were performed
as previously described (Simon et al., 2017). The intact ex vivo spinal cord preparation was
perfused continuously with oxygenated (95%O2/5%CO2) aCSF (~10ml/min). The dorsal root and
ventral root of the L2 (Chapter 2) or L1 (Chapter 3) segment were placed into suction electrodes
for stimulation or recording respectively. The extracellular recorded potentials were recorded (DC
- 3kHz, Cyberamp, Molecular Devices) in response to a brief (0.2ms) stimulation (A365, current
stimulus isolator, WPI, Sarasota, FL) of the corresponding dorsal root. The stimulus threshold
was defined as the current at which the minimal evoked response was recorded in three out of
five trials. Recordings were fed to an A/D interface (Digidata 1440A, Molecular Devices) and
acquired with Clampex (v10.2, Molecular Devices) at a sampling rate of 10kHz. Data were
analyzed off-line using Clampfit (v10.2, Molecular Devices). Measurements were taken from
averaged traces of five trials elicited at 0.1Hz. The temperature of the physiological solution
ranged between 21-25°C. Synaptic depression experiments were performed and analyzed for all
experimental groups at P11. The dorsal root was stimulated at 10Hz for five stimuli and the
resulting monosynaptic component of the amplitude recorded and analyzed off-line. The
amplitude of the second to fifth stimuli was expressed as a percentage of the amplitude of the first
amplitude.
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For experiments in Chapters 2 and 3, the function of the neuromuscular junctions of the
QL muscle at P11 was assessed ex vivo as previously described (Fletcher et al., 2017). After the
removal of the spinal cord, the remaining vertebral column with the ventral root L1-L3 in continuity
to the QL was transferred to the recording chamber into aCSF. The ventral root L2 was placed
into a suction electrode to stimulate the motor neuron axons. Visual twitching of the QL after
stimulation of the ventral root L2 ensured proper stimulation of the muscle. Subsequently, to
measure the compound muscle action potential (CMAP), a concentric bipolar electrode was
inserted in the QL between the insertion point of ventral roots L1 and L2. The stimulus threshold
was defined as the current at which the minimal evoked response was recorded in three out of
five trials. The nerve was stimulated at 1, 2, 5 and 10X threshold to ensure a supramaximal
stimulation of the muscle. The maximum CMAP amplitude (baseline-to-peak) was determined as
the average from five measurements.
For measurements of the H-reflex, EMG recordings were performed under isoflurane
anesthesia (2% vaporized in O2 at a 2 liters per minute flow rate). A pair of needle electrodes was
inserted in the thigh for sciatic nerve stimulation and another pair of electrodes was inserted in
the hind paw for interosseous muscles electromyogram recording. A constant-current stimulator
was used to deliver short pulses (0.1ms in duration) at increasing intensities of low-frequency
(0.1Hz to 10Hz). The stimulation intensity was ranged from sub-threshold levels for the induction
of Compound Muscle Action Potentials to twice this intensity (sufficient to elicit maximal M-waves
amplitude). The maximal amplitude reached throughout the stimulation intensity range for the Hreflex was acquired and stored for analysis. Body temperature was monitored and maintained at
38°C with a heating pad throughout the entire recording session and the mouse was euthanized
immediately thereafter with an intraperitoneal injection of tribromoethanol (300 mg/kg) followed
by cervical dislocation.

285

Motor neuron isolation by LCM
The LCM of motor neurons for experiments in Chapter 2 was carried out essentially as
previously described (Lotti et al., 2012). In order to retrogradely label motor neurons, the IL and
QL muscles of P2 WT and SMA mice were exposed, and ~1 µl of cholera toxin B subunit (CTb)
conjugated to Alexa 488 was delivered by intramuscular injection using a finely pulled glass
microelectrode. At P6, the spinal cord was dissected, and the L1 through L3 segments were
embedded in OCT and flash frozen using liquid nitrogen. Segments were sectioned longitudinally
at a thickness of 14µm and mounted on PEN-Membrane Slides 2.0 (Zeiss) then stored at -80°C
until LCM. Frozen slides immediately submerged in fresh 100% ethanol for 15 seconds to fix prior
to laser capture microdissection. Following air-drying for 30 seconds to allow remaining ethanol
to evaporate, individual motor neurons were microdissected using a DM6000B microscope
equipped with a LMD6000 laser capture unit (Leica). Each slide was processed for a maximum
of 30 minutes and cells were collected into a tube containing lysis buffer to preserve RNA quality.
Approximately 200 motor neurons were collected bilaterally from L1-L3 spinal segments of one
or more mice for each sample group and biological replicate.

RNA and protein analysis
For RNA analysis in Chapters 2, 3, 4 and 5, purification of total RNA from mouse tissue
(except DRGs and LCM motor neurons) and NIH3T3 cells was carried out using TRIzol reagent
(Invitrogen). Each cell pellet was resuspended in 1 mL of TRIzol the passed through a 25G needle.
For tissue samples 0.5 mL of TRIzol was added and a manual pestle was used to homogenize
the tissue. Another 0.5 mL of TRIzol was then added and the sample was passed through a 21G
needle followed by a 25G needle. 200 µl of chloroform was added to each sample and then
vigorously vortexed. After a 3 minute incubation at room temperature, samples were centrifuged
for 15 minutes at 12,000 g at 4°C. The top aqueous phase was removed and added to 0.5 mL of
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isopropanol, vortexed and incubated at room temperature for 10 minutes. Samples were then
centrifuged for 10 minutes at 12,000 g to pellet precipitated RNA. Following two washes with 70%
ethanol and 5 minute centrifugations at 7,600 g, pellets were allowed to air-dry for 10 minutes at
room temperature. Pellets were then resuspended in nuclease free H2O and treated with RNAsefree DNaseI (Ambion). A final phenol/chloroform extraction was performed and RNA was ethanol
precipitated with glycogen at -80°C. Prior to running an RT reaction, samples were centrifuged
for 30 minutes at 16,100g then washed once with 70% ethanol. After air-drying and resuspension
in nuclease free H2O the concentration was measured with a Nanodrop (ThermoFisher). For each
RT reaction 1 µg of RNA was used. cDNA was generated using RevertAid RT Reverse
Transcription Kit (ThermoFisher) with equal amounts of random hexamer and oligo dT primers.
For RNA analysis by RT-qPCR and RNA seq from DRGs in Chapter 5, total RNA was
isolated using RNAqueous®-Micro Kit (Ambion) including DNaseI treatment. For RT-qPCR
analysis, cDNA was generated using RevertAid RT Reverse Transcription Kit (ThermoFisher)
with equal amounts of random hexamer and oligo dT primers. For each RT reaction 200 ng of
RNA was used.
For experiments in Chapter 2, total RNA was purified from LCM motor neurons using the
Absolutely RNA Nanoprep Kit (Agilent). RNA quality and quantity was assessed using the 2100
Bioanalyzer (Agilent) to ensure a RIN value greater than 7. Amplified cDNA was prepared from
total RNA using the Ovation PicoSL WTA System V2 Kit (Nugen) and purified with the MinElute
Reaction Cleanup Kit (Qiagen).
For experiments in Chapter 2, RT-PCRs were first performed at increasing cycle numbers
to ensure analysis was performed within the linear range of amplification using AmpliTaq Gold
DNA Polymerase (Thermo Fisher). The identity of all the RT-PCR products was confirmed by
DNA sequencing. Quantification of RT-PCR bands was performed with ImageJ. For all RT-qPCR
data, analysis was done using SYBR Green (Applied Biosystems) in technical triplicates. Each
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reaction was run with 2.0 µl of a 100 µl RT reaction in a final volume of 25 µl. The primers used
for RT-PCR and RT-qPCR experiments are listed in Table 7.1.
For protein extract preparation for Western blot analysis from NIH3T3 cells, samples were
resuspended in 2X SDS PAGE sample buffer and vigorously mixed. Two cycles of a 10 minute
sonication in a water bath, and 5 minutes heating at 95°C were followed by passing through a
27G needle. For protein extracts from mouse tissue, 2X sample buffer was added based on mass
of the tissue at a concentration of 100 µg/µl for liver and 200 µg/µl for spinal cord. Tissue was
homogenized first using a manual pestle, then the Microson Ultrasonic Cell Disruptor XL (Misonix).
Sonication was performed at a setting of 2.5 for 10 seconds, followed by 30 seconds on ice and
repeated three times. Samples were then heated at 95°C for 5 minutes then passed through a
27G needle before quantification. Protein samples in sample buffer were quantified using the
compatible RC DCTM protein assay (BioRad). Protein extracts were run on 12% polyacrylamide
gels and transferred to nitrocellulose membranes for probing. Membranes were blocked for 1 hour
in 5% milk in PBS/0.1% Tween or in 5% BSA in PBS/0.1% Tween for probing with phosphospecific antibodies. Primary antibodies were diluted in PBS/0.1% Tween and incubated for 2
hours at room temperature. Following three 10 minute washes, membranes were incubated in
secondary antibodies diluted in PBS/0.1% Tween for 1 hour. After probing with secondary
antibodies membranes were subject to three 10 minute washes before developing with
SuperSignalÒ West Pico Chemiluminescent Substrate. The antibodies and dilutions used
Western blot are listed in Tables 7.2 and 7.3.

RNA sequencing and analysis
Total RNA was isolated from lumbar DRGs using RNAqueous®-Micro Kit (Ambion)
followed by DNaseI treatment as detailed above. RNA quality and quantity was assessed using
the 2100 Bioanalyzer (Agilent) to ensure a RIN value greater than 8.5. Total RNA from three

288

independent replicates per experimental group were deep-sequenced with the HiSeq 4000
platform, yielding about 80 million 2x100 paired-end reads per sample. All RNA-Seq data were
mapped to the reference mouse genome (mm10) and a database of exon junctions using OLego
(v1.1.5) (Wu et al., 2013). As described previously (Yan et al., 2015), the Quantas pipeline
(http://zhanglab.c2b2.columbia.edu/index.php/Quantas) was used to quantify alternative splicing
(AS) and perform differential splicing analysis, requiring read coverage ≥ 20 reads and false
discovery rate (FDR) ≤ 0.05 (FDR was estimated by the Benjamini-Hochberg procedure)
(Benjamini, Yoav ; Hochberg, 1995). The edgeR method included in the Quantas pipeline was
used to perform differential expression analysis between WT, AAV-GFP, and AAV-SMN. All the
biological replicates were combined for quantification. To identify exons with differential splicing
in two compared conditions, statistical significance of splicing changes was evaluated using both
exonic and junction reads that support each of the two splice isoforms. In the two compared
conditions, an AS event was determined to be differentially spliced if the event had sufficient read
coverage (coverage ≥ 20), proportional change of exon inclusion |∆I| ≥ 0.1, and FDR ≤ 0.05.
Similarly, statistical significance of differentially expressed genes within two compared conditions
was called by requiring FDR < 0.05, fold change > 2, and RPKM greater than median in either
condition. Gene ontology analysis was performed using DAVID version 6.8.

Immunofluorescence and immunohistochemistry analysis
For immunofluorescence analysis, NIH3T3 fibroblasts plated on coverslips were fixed in
4% PFA for 15 minutes then permeabilized with 0.5% Triton-X 100 in PBS for 10 minutes at room
temperature. Samples were blocked in 3% BSA/0.05% sodium azide in PBS for 1 hour, and
incubated with primary antibodies in blocking buffer for 2 hours. Following three 5 minutes washes,
coverslips were incubated with secondary antibodies (Jackson ImmunoResearch) and DAPI
diluted in blocking buffer for 1 hour, washed three times in PBS, and mounted on slides using
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ProLongTM Gold Antifade Mountant (Thermo Fisher). Coverslips were allowed to cure overnight
at room temperature before being sealed.
For spinal cord analysis, specific lumbar segments were identified by the relative thickness
and location of the ventral roots. Prior to sectioning, the specific segment of interest was cut from
the spinal cord and the dura mater and roots were thoroughly removed. Similarly, DRGs were
also identified by the ventral roots. Spinal cord segments, DRGs, or liver used for
immunohistochemical analysis were embedded in 5% agar in PBS. Blocks were then cut to size
and sectioned at 75 µm with a VT1000 S vibratome (Leica) at a speed of 4 and a frequency of 7.
No more than five sections were placed in each well of a 12 well plate and stained as free-floating
sections. First, blocking was performed in 10% donkey serum in 0.01M PBS/0.4% Triton-X for 1.5
hours. For the staining of DRGs in Chapter 5 that were performed with mouse primary antibodies,
an additional blocking step with 40 µg/ml of Anti-mouse IgG Fab Fragment (Jackson) in 0.01M
PBS/0.4% Triton-X for two hours was performed after normal blocking with donkey serum. After
blocking, sections were then incubated with primary antibodies at a volume of 700 µl overnight at
room temperature. Six washing steps of 10 minutes each with 0.01M PBS/0.4% Triton-X were
done prior to incubation with secondary antibodies (Jackson ImmunoResearch) at a volume of
750 µl diluted in 0.01M PBS for 3 hours at room temperature. Another six washing steps with
0.01M PBS were performed before sections were mounted on slides with 30% glycerol/PBS. For
co-staining of SMN and SmB described in Chapter 5, the protocol above was followed first staining
with ChAT for spinal cord sections and PV for DRG sections. After the last washing step following
incubation with secondary antibodies, SMN primary antibody was added to the section and the
protocol was repeated using an isotype specific secondary antibody. The protocol was repeated
once again for SmB using an isotype specific secondary antibody before mounting on slides as
described above. For co-staining of PV and mouse primary antibodies in DRGs shown in Chapter
5, DRG sections were stained sequentially in the manner described above, first with PV, then with
SMN or SmB using isotype specific secondaries.
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For NMJ analysis of skeletal muscle (QL or EDL), tissue was first cryoprotected in 10%
sucrose for 1 hour, 20% sucrose for 2 hours, and 30% sucrose overnight. The next day, muscles
were embedded in OCT, and flash frozen on dry ice before storing at -80°C. Before sectioning,
blocks were equilibrated at -20°C for 30 minutes. 30µm cryosections were cut and adhered to
Superfrost Plus slides and stored at -80°C. Upon staining, slides were brought to room
temperature and a hydrophobic barrier was drawn around the sections with a PAP pen. PBS was
added on top of sections for 10 minutes to dissolve remaining OCT. Sections were then blocked
with 5% donkey serum in TBS/0.2% Triton-X for 1 hour at room temperature prior to staining. 700
µl primary antibody in blocking buffer was added to the top of sections and incubated overnight
at 4°C. The next day, sections were washed three times for 10 minutes in TBS/0.2% Triton-X,
then incubated with secondary antibodies in TBS/0.2% Triton-X for 1 hour at room temperature,
followed by three washing steps of 5 minutes each. Slides were mounted with Fluoromount-G®
(SouthernBiotech) and allowed to cure overnight at room temperature.
The antibodies and dilutions used for immunohistochemistry and immunofluorescence
experiments are listed in Table 7.2.

Confocal microscopy and quantification
All imaging of immunofluorescence and immunohistochemistry experiments were
acquired using a Leica SP5 confocal microscope and analyzed off-line using the Leica LASAX
software from z-stack images.
For motor neuron number quantification in P11 neonatal mice for Chapters 2 and 3, entire
segments of the L1, L2 or L5 spinal cord were sectioned and scanned using a 20X objective at 3
µm steps in the z-axis. The number of motor neurons of one hemi cord from each section was
quantified and 11 sections were added to obtain the total number of motor neurons for that
segment in each biological replicate. For motor neuron quantification of adult mice in Chapter 5,
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a minimum of 14 sections were sectioned, scanned and quantified as detailed in the figure
legends and each biological replicate is reported as an average value of all sections. For motor
neuron quantification of P11 neonatal mice in Chapter 5, 11 sections for each spinal segment
were quantified and each biological replicate is reported as an average value of all sections. In
Chapter 5 motor neuron number in the SMNΔ7 mice was normalized to the average number of
all wild-type replicates for each age of analysis.
For quantification of proprioceptive synapses images were acquired using a 40X objective
at 0.3 µm steps in the z-axis. Gamma motor neurons which do not receive VGluT+ inputs were
excluded from the analysis. The number of the total proprioceptive inputs on single motor neurons
were quantified from scans that spanned the entire soma and data is reported as an average of
all neurons that were counted from multiple biological replicates. For analysis of proprioceptive
inputs on motor neuron dendrites in Chapter 5, the number of VGluT1+ synapses on the proximal
50 µm of dendrites were counted and divided by the length to determine the synaptic density.
For the quantification of MNJ denervation, images were obtained using a 20X objective at
2 µm steps in the z-axis. Scans were set through visualization of bungarotoxin – a marker of the
post-synaptic terminus – in order to remain unbiased. A minimum of ~200 NMJs from each
biological replicate of neonatal mice or ~100 NMJs from adult mice were quantified per animal
and data is reported as an average percent for multiple biological replicates.
For SmB intensity analysis in Chapters 2 and 5, images were acquired using a 40X
objective (for L2) or 20X objective (for L5 and DRG) at identical settings for WT and SMA or WT
and AAV-injected samples which were collected and processed in parallel. Scans were collected
at 3 µm steps and analysis was performed using LASAX software by measuring the peak intensity
per unit area of the nuclear region of motor neurons and proprioceptive neurons. The data for
each individual neuron is represented with multiple biological replicates being pooled together for
an average measurement.
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For the quantification of p53 and p-p53 positivity in cell culture experiments in Chapter 3
scans were performed using a 40X objective with a 2 µm step using identical settings for all
treatment groups which were processed in parallel. Positivity was scored as a significant nuclear
signal relative to background. For quantification of in vivo experiments in Chapters 2 and 3, scans
were performed using a 20X objective with a 3 µm step using identical settings for all treatment
groups which were processed in parallel. Positivity was again scored as a significant nuclear
signal relative to background.

Structured illumination microscopy (SIM)
Cells plated on high-performance coverslips (Zeiss) were imaged on a Nikon Ti Eclipse
inverted microscope with a SIM illuminator and iXon Ultra 897 camera (Andor) using an apo TIRF
100X oil immersion objective. Image reconstruction was performed with NIS-Elements software
(Nikon). Reconstruction parameters were set as follows. Illumination modulation contrast of 2 for
all channels. High-resolution noise suppression of 0.33, 0.29, and 0.10 for 561, 488, and 405
channels, respectively. Out of focus blur suppression of 0.26, 0.28, 0.23 for 561, 388 and 405
channels, respectively.

Statistics
Results are expressed as mean + standard error of the mean (SEM) from at least three
independent experiments and biological replicates unless otherwise indicated. For statistical
analysis, differences between two groups were analyzed by two-tailed unpaired Student's t-test
and differences among three or more groups were analyzed by one-way followed by Tukey’s post
hoc test or two-way ANOVA with Sidak’s multiple comparisons test as appropriate. Statistical
analyses used are described in detail in the figure legends. GraphPad Prism 5 or GraphPad Prism
8 was used for all statistical analyses and P values are indicated as follows: (*) P < 0.05; (**) P <
0.01; (***) P < 0.001. (****) P < 0.0001.
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Table 7.1 Primers and Oligonucleotides used in this study.
RT-qPCR primers for analysis of mRNA expression
Gene Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

mouse Mdm2 total

TGGAGTCCCGAGTTTCTCTG

GATGTGCCAGAGTCTTGCTG

mouse Mdm4 total

GTTCAGCATCTGACAGTGC

CACCTGCTGCATGCAAAATC

mouse Mdm2 E3 incl

CAAGCACCTCACAGATTCCAGC

GTAAGTGTCGTTTTGCGCTCC

mouse Mdm4 E7 incl

CTCAGACTCTCGCTCTCGCAC

TCAGTTCTTTTTCTGGGATTGG

mouse p53

GCCAAGTCTGTTATGTGCAC

GACTTCTTGTAGATGGCCATG

mouse Cdkn1a

GACATTCAGAGCCACAGGCACC

GAGCGCATCGCAATCACGGCGC

mouse Perp1

CAGAGCCTCATGGAGTACGC

GAGAATGAAGCAGATGCACAGG

mouse Ccng1

CAGTTCTTTGGCTTTGACAC

CTTTCCTCTTCAGTCGCTTT

mouse Gtse1

TGACAAAGAGAACGTGGACTCAC

GAGGTGGGAGGCTTAGGTTC

mouse Ptprv

GGAGCGCTCATTTTGTCTTC

TGAGGCTAAGGCGGTAAGAA

mouse Pmaip

CACCTGAGTTCGCAGCTCAAC

CATCTGCGCCAGAACCACAG

mouse Fas

GCTTGCTGGCTCACAGTTAAG

CAGCAAAATGGGCCTCCTTG

mouse Plk2

CGTACAGGTGCATAAGGGAAG

GGACAGCATGCTAGCTATCAAG

mouse Crip2

CACGATGGCCAGCCCTACTGC

CGGGTCCTTGTCGTAGATATAG

mouse Sesn1

GCCTTCTGAAAGCAGAGGAGC

GTAGTGTGTGAGCAGAACCAC

mouse Mmp2

CACCACGTGACAAGCCCACAG

GCCTCATACACAGCGTCAATC

mouse Aldh4aI

GTGGAAGCCCAGTGACACTGC

CCGTCGGCTGGCACAAACTG

mouse c-Fos

CATCCTTACGGACTCCCCACC

CTTCTGCCGATGCTCTGCGCTC

mouse Pten

CTGCAGAGTTGCACAGTATC

GCTGCAACATGATTGTCATC

mouse Stas

GAACGAAAAGCCTTGTGCAGAAGC

TTCACCCTCTCTTCCTCACTAAGCTG

mouse Stas Aber

TGACGCCAAGGCTCTAGGAAAA

CCAAGTCCGGAGCATTGTACATAAAAGG

mouse H1c pre

GAGCCACCACTCCCACTTAAG

GGATCGAGTCCCTTGCAAC

mouse Chodl

CCTACCTTTACCAGTGGAATGACG

TGGGTCTCTTCAGGTTGGTTTG

mouse Smn

TGCTCCGTGGACCTCATTTCTT

TGGCTTTCCTGGTCCTAATCCTGA

mouse SmB

ATCGGGACCTTCAAAGCCTTTGAC

GAAGCAACACCAGACCAAGGACT

mouse Gapdh

AATGTGTCCGTCGTGGATCTGA

GATGCCTGCTTCACCACCTTCT

human SMN2FL

CACCACCTCCCATATGTCCAGATT

GAATGTGAGCACCTTCCTTCTTT

human STAS

AGCAGAGACCACCAGAAGGAAA

GCTGCAGATAAGAAAATGGACACCAAT

GFP

CGTCTATATCATGGCCGACAAGCA

TTGTGGCGGATCTTGAAGTTCACC

RT-PCR primers for analysis of Mdm2 and Mdm4 alternative splicing
Gene Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

mouse Mdm2 E2-5

GATCACCGCGCTTCTCCTGC

CAATGTGCTGCTGCTTCTCG

mouse Mdm2 E2-6/7

GATCACCGCGCTTCTCCTGC

GATGTGCCAGAGTCTTGCTG

mouse Mdm2 E6/7-12

CAGCAAGACTCTGGCACATC

GTGTGATGGAAGGGGAGGATTC

mouse Mdm4 E5-8

TGTGGTGGAGATCTTTTGGG

TCAGTTCTTTTTCTGGGATTGG

mouse Mdm4 E1-E5

CAGCTAGGAGGGGGAGCGACTC

GCTCTGACATCCAAGTAGATCTCC

mouse Mdm4 E5-E11

TGTGGTGGAGATCTTTTGGG

CATCCTTTCCCACCTCCACCG
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qPCR primers for AAV titration
Gene Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

GUSB

CACCTCCCGCGCTTTTCTTAGC

CGGGCCATGCTTCCCGGTCCC

AAV-5‘

GTTGCCTTTACTTCTAGGCCTGTACG

TCGGCCCTTAAAACCGGTGGAT

AAV-3’

CCTTCTAGTTGCCAGCCATCTGTT

AGTGGCACCTTCCAGGGTCAA

Antisense morpholino oligonucleotides
Gene Name

Sequence (5’ to 3’)

Control

CCTCTTACCTCAGTTACAATTTATA

Mdm2

GAGGCAGAAATACCAACCAG

Mdm4

GTGCGGTGATTTTACCTTCA

PCR primers for mouse genotyping
Gene Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

WT

GATGATTCTGACATTTGGGATG

TGGCTTATCTGGAGTTTCACAA

KO

Smn
Smn

GATGATTCTGACATTTGGGATG

GAGTAACAACCCGTCGGATTC

WT

AGGCTTAGAGGTGCAAGCTG

TGGATGGTGGTATACTCAGAGC

KO

p53

CAGCCTCTGTTCCACATACACT

TGGATGGTGGTATACTCAGAGC

SmnRes

ACGCGTACCGTTCGTATAGC

TGAGCACCTTCCTTCTTTTTG

StasWT

ACCAAATAGACCGGTTCGTTATCC

AAAAGGACGCGCAACTACAACTACC

KO

ACCAAATAGACCGGTTCGTTATCC

ATAAACCCTCTTGCAGTTGCATC

GGATGCTTGCCGAAGATAAGAGTG

CGAGGGCCATAGAGGATGG

p53

Stas

WT

PV

CRE

PV

GGATGCTTGCCGAAGATAAGAGTG

GCGGAATTCTTAATTAATCAGCG

WT

GTTTGCAGAAGCGGTGGG

GGCCACTTAGATAGATAATGAGGGGCTC

CRE

ChAT

TCGCCTTCTTGACGAGTTCTTCTG

GGCCACTTAGATAGATAATGAGGGGCTC

SMCX/SMCY

CCGCTGCCAAATTCTTTGG

TGAAGCTTTTGGCTTTGAG

ChAT
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Table 7.2 Antibodies used in this study.
The antibodies used in this work are as follows. The dilutions are indicated for Western blot (WB)
and immunofluorescence (IF), and immunohistochemistry (IHC).

Primary Antibodies
Name

Source

Cat #

Host

Application

Dilution

SMN (clone 8)

BD Transd Lab

610646

Mouse

WB,
IHC

1:10,000,
1:100

Tubulin (DM1A)

Sigma

T9026

Mouse

WB

1:10,000

p53

Leica Novocastra

NCL-p53-CM5p

Rabbit

IHC

1:1,000

p53

Cell Signaling

2524

Mouse

1:1,000,
1:200

p-p53S15

Cell Signaling

9284 (Lots: 12,15)

Rabbit

SmB

Carissimi et al., 2006

N/A

Mouse

WB,
IF
IF,
IHC
WB,
IF, IHC

GFP

Aves

GFP-1020

Chicken

IF, IHC

1:500

VGluT1

Covance (custom
made)

N/A

IHC

1:5,000

Synaptophysin

Synaptic Systems

101-004

IHC

1:500

Neurofilament

Millipore

AB1987

Rabbit

IHC

1:1000

ChAT

Millipore

AB144P

Goat

IHC

1:100

Bungarotoxin

Invitrogen

T1175

N/A

IHC

1:500
1:1,000,
1:500

Guinea
pig
Guinea
pig

1:500,
1:200
1:10,
1:2

p62

MBL

PM045

Rabbit

WB,
IF, IHC

LC3B

Novus

NB600-1384

Rabbit

WB

1:4,000

p38 MAPK

Cell Signalling

8690

Rabbit

WB

1:1000

p-p38 MAPK

Cell Signalling

4511

Rabbit

WB

1:1000

COPA (H-3)

Santa Cruz

sc-398099

Mouse

WB

1:1000

COPB (D-10)

Santa Cruz

sc-393615

Mouse

WB

1:1000

VDAC1

Abcam

ab34726

Rabbit

WB

1:2000

ERLIN2

Cell Signaling

2959

Rabbit

WB

1:1000

GFP

Sigma

G1544

Rabbit

WB

1:5000

SDHA

Abcam

ab14715

Mouse

WB

1:1000

dsRed

Takara

632496

Rabbit

IF

1:250

OXPHOS

Abcam

ab110413

Mouse

IF

1:250

Parvalbumin

Covance

custom made

Chicken

IF

1:10,000

Parvalbumin

Swant

PV25

Rabbit

IHC

1:1000

hSMN ex7

Pellizzoni et al., 1998

N/A

Rabbit

WB

1:250
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GW182

Bethyl

330A-1

Rabbit

IHC

1:200

FUS

Bethyl

A300-A393

Rabbit

IF

1:1,000

HuR

Santa Cruz

sc-5261

Rabbit

IF

KSRP

Bethyl

021A-1

Rabbit

IF

1:100

hnRNPA1 (4B10)

Santa Cruz

sc-32301

Mouse

IHC

1:100

Crm1

BD

611832

Mouse

IHC

1:200

Ran

BD

610340

Mouse

IHC

1:200

TIA-1

Santa Cruz

sc-1751

Goat

IHC

1:200

ubiquitin

Santa Cruz

sc-6085

Goat

IHC

1:100

Actin

Proteintech

66009

Mouse

WB

1:10,000

Gapdh

Millipore

MAB374

Mouse

WB

1:5,000

Secondary Antibodies
Name

Source

Cat #

Host

Application

Dilution

DAPI

Molecular probes

D3571

N/A

IF, IHC

1:1,000

488 Anti-rabbit

Jackson

711-545-152

Donkey

IHC

1:250

488 Anti-goat

Jackson

705-545-147

Donkey

IHC

1:250

Cy3 Anti-rabbit

Jackson

711-165-152

Donkey

IHC

1:250

Cy3 Anti-mouse

Jackson

715-165-150

Donkey

IHC

1:250

Cy3 Anti-goat

Jackson

705-165-147

Donkey

IHC

1:250

Cy5 Anti-goat

Jackson

705-175-147

Donkey

IHC

1:250

Cy5 Anti-guinea pig

Jackson

706-175-148

Donkey

IHC

1:250

488 Anti-chicken

Jackson

703-545-155

Donkey

IF

1:400

405 Anti-mouse

Jackson

715-475-150

Donkey

IF

1:400

HRP Anti-mouse

Jackson

115-035-044

Goat

WB

1:10,000

HRP Anti-rabbit

Jackson

111-035-003

Goat

WB

1:5000

488 CT-B

Invitrogen

C34775

297

This page intentionally left blank

298

Bibliography
Achsel, T., Brahms, H., Kastner, B., Bachi, A., Wilm, M., and Lührmann, R. (1999). A doughnutshaped heteromer of human Sm-like proteins binds to the 3’-end of U6 snRNA, thereby facilitating
U4/U6 duplex formation in vitro. EMBO J. 18, 5789–5802.
Ackermann, B., Kröber, S., Torres-Benito, L., Borgmann, A., Peters, M., Hosseini Barkooie, S.M.,
Tejero, R., Jakubik, M., Schreml, J., Milbradt, J., et al. (2013). Plastin 3 ameliorates spinal
muscular atrophy via delayed axon pruning and improves neuromuscular junction functionality.
Hum. Mol. Genet. 22, 1328–1347.
Akamatsu, W., Fujihara, H., Mitsuhashi, T., Yano, M., Shibata, S., Hayakawa, Y., Okano, H.J.,
Sakakibara, S. -i., Takano, H., Takano, T., et al. (2005). The RNA-binding protein HuD regulates
neuronal cell identity and maturation. Proc. Natl. Acad. Sci. 102, 4625–4630.
Akten, B., Kye, M.J., Hao, L.T., Wertz, M.H., Singh, S., Nie, D., Huang, J., Merianda, T.T., Twiss,
J.L., Beattie, C.E., et al. (2011). Interaction of survival of motor neuron (SMN) and HuD proteins
with mRNA cpg15 rescues motor neuron axonal deficits. Proc. Natl. Acad. Sci. U. S. A. 108,
10337–10342.
Araki, S., Hayashi, M., Tamagawa, K., Saito, M., Kato, S., Komori, T., Sakakihara, Y., Mizutani,
T., and Oda, M. (2003). Neuropathological analysis in spinal muscular atrophy type II. Acta
Neuropathol. 106, 441–448.
Area-Gomez, E. (2014). Assessing the Function of Mitochondria-Associated ER Membranes. In
Methods in Enzymology, pp. 181–197.
Area-Gomez, E., and Schon, E.A. (2017). On the Pathogenesis of Alzheimer’s Disease: The MAM
Hypothesis. FASEB J. 31, 864–867.
Arnold, W., McGovern, V.L., Sanchez, B., Li, J., Corlett, K.M., Kolb, S.J., Rutkove, S.B., and
Burghes, A.H. (2016). The neuromuscular impact of symptomatic SMN restoration in a mouse
model of spinal muscular atrophy. Neurobiol. Dis. 87, 116–123.
Avantaggiati, M.L., Ogryzko, V., Gardner, K., Giordano, A., Levine, A.S., and Kelly, K. (1997).
Recruitment of p300/CBP in p53-Dependent Signal Pathways. Cell 89, 1175–1184.
AveXis. (2019). ZOLGENSMA (onasemnogene abeparvovec-xioi) [package insert]. U.S. Food
and Drug Administration.
Baccon, J., Pellizzoni, L., Rappsilber, J., Mann, M., and Dreyfuss, G. (2002). Identification and
Characterization of Gemin7, a Novel Component of the Survival of Motor Neuron Complex. J.
Biol. Chem. 277, 31957–31962.
Bachand, F., Boisvert, F.-M., Côté, J., Richard, S., and Autexier, C. (2002). The product of the
survival of motor neuron (SMN) gene is a human telomerase-associated protein. Mol. Biol. Cell
13, 3192–3202.
Bae, B.-I., Xu, H., Igarashi, S., Fujimuro, M., Agrawal, N., Taya, Y., Hayward, S.D., Moran, T.H.,
Montell, C., Ross, C.A., et al. (2005). p53 Mediates Cellular Dysfunction and Behavioral

299

Abnormalities in Huntington’s Disease. Neuron 47, 29–41.
Bandele, O.J., Wang, X., Campbell, M.R., Pittman, G.S., and Bell, D.A. (2011). Human singlenucleotide polymorphisms alter p53 sequence-specific binding at gene regulatory elements.
Nucleic Acids Res. 39, 178–189.
Banin, S., Moyal, L., Shieh, S., Taya, Y., Anderson, C.W., Chessa, L., Smorodinsky, N.I., Prives,
C., Reiss, Y., Shiloh, Y., et al. (1998). Enhanced Phosphorylation of p53 by ATM in Response to
DNA Damage. Science (80-. ). 281, 1674–1677.
Bardot, B., Bouarich-Bourimi, R., Leemput, J., Lejour, V., Hamon, A., Plancke, L., Jochemsen,
A.G., Simeonova, I., Fang, M., and Toledo, F. (2015). Mice engineered for an obligatory Mdm4
exon skipping express higher levels of the Mdm4-S isoform but exhibit increased p53 activity.
Oncogene 34, 2943–2948.
Barlev, N.A., Liu, L., Chehab, N.H., Mansfield, K., Harris, K.G., Halazonetis, T.D., and Berger,
S.L. (2001). Acetylation of p53 activates transcription through recruitment of coactivators/histone
acetyltransferases. Mol. Cell 8, 1243–1254.
Barres, B.A. (2008). The Mystery and Magic of Glia: A Perspective on Their Roles in Health and
Disease. Neuron 60, 430–440.
Bates, S., Phillips, A.C., Clark, P.A., Stott, F., Peters, G., Ludwig, R.L., and Vousden, K.H. (1998).
p14ARF links the tumour suppressors RB and p53. Nature 395, 124–125.
Battle, D.J., Lau, C.-K., Wan, L., Deng, H., Lotti, F., and Dreyfuss, G. (2006). The Gemin5 Protein
of the SMN Complex Identifies snRNAs. Mol. Cell 23, 273–279.
Battle, D.J., Kasim, M., Wang, J., and Dreyfuss, G. (2007). SMN-independent subunits of the
SMN complex. Identification of a small nuclear ribonucleoprotein assembly intermediate. J. Biol.
Chem. 282, 27953–27959.
Bäumer, D., Lee, S., Nicholson, G., Davies, J.L., Parkinson, N.J., Murray, L.M., Gillingwater, T.H.,
Ansorge, O., Davies, K.E., and Talbot, K. (2009). Alternative Splicing Events Are a Late Feature
of Pathology in a Mouse Model of Spinal Muscular Atrophy. PLoS Genet. 5, e1000773.
Bebee, T.W., Dominguez, C.E., Samadzadeh-Tarighat, S., Akehurst, K.L., and Chandler, D.S.
(2012). Hypoxia is a modifier of SMN2 splicing and disease severity in a severe SMA mouse
model. Hum. Mol. Genet. 21, 4301–4313.
Béchade, C., Rostaing, P., Cisterni, C., Kalisch, R., Bella, V. La, Pettmann, B., and Triller, A.
(1999). Subcellular distribution of survival motor neuron (SMN) protein: possible involvement in
nucleocytoplasmic and dendritic transport. Eur. J. Neurosci. 11, 293–304.
Beck, R., Rawet, M., Ravet, M., Wieland, F.T., and Cassel, D. (2009). The COPI system:
molecular mechanisms and function. FEBS Lett. 583, 2701–2709.
Beevor, C.E. (1902). A case of congenital spinal muscular atrophy (family type) and a case of
hemorrhage into the spinal cord at birth, giving similar symptoms. Brain 25, 85–108.
Bell, S., Klein, C., Müller, L., Hansen, S., and Buchner, J. (2002). p53 contains large unstructured

300

regions in its native state. J. Mol. Biol. 322, 917–927.
Benjamini, Yoav ; Hochberg, Y. (1995). Controlling the False Discovery Rate - a Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society Series BMethodological 1995.pdf. J. R. Stat. Soc. Ser. B 57, 289–300.
Bevan, A.K., Hutchinson, K.R., Foust, K.D., Braun, L., McGovern, V.L., Schmelzer, L., Ward, J.G.,
Petruska, J.C., Lucchesi, P.A., Burghes, A.H.M., et al. (2010). Early heart failure in the
SMNDelta7 model of spinal muscular atrophy and correction by postnatal scAAV9-SMN delivery.
Hum. Mol. Genet. 19, 3895–3905.
Bevan, A.K., Duque, S., Foust, K.D., Morales, P.R., Braun, L., Schmelzer, L., Chan, C.M.,
McCrate, M., Chicoine, L.G., Coley, B.D., et al. (2011). Systemic Gene Delivery in Large Species
for Targeting Spinal Cord, Brain, and Peripheral Tissues for Pediatric Disorders. Mol. Ther. 19,
1971–1980.
Bezzi, M., Teo, S.X., Muller, J., Mok, W.C., Sahu, S.K., Vardy, L.A., Bonday, Z.Q., and Guccione,
E. (2013). Regulation of constitutive and alternative splicing by PRMT5 reveals a role for Mdm4
pre-mRNA in sensing defects in the spliceosomal machinery. Genes Dev. 27, 1903–1916.
Biogen (2016). Nusinersen [package insert] U.S. Food and Drug Administration.
Boesten, L.S.M., Zadelaar, S.M., De Clercq, S., Francoz, S., van Nieuwkoop, A., Biessen, E.A.L.,
Hofmann, F., Feil, S., Feil, R., Jochemsen, A.G., et al. (2006). Mdm2, but not Mdm4, protects
terminally differentiated smooth muscle cells from p53-mediated caspase-3-independent cell
death. Cell Death Differ. 13, 2089–2098.
Boulisfane, N., Choleza, M., Rage, F., Neel, H., Soret, J., and Bordonné, R. (2011). Impaired
minor tri-snRNP assembly generates differential splicing defects of U12-type introns in
lymphoblasts derived from a type I SMA patient. Hum. Mol. Genet. 20, 641–648.
Bouveret, E., Rigaut, G., Shevchenko, A., Wilm, M., and Séraphin, B. (2000). A Sm-like protein
complex that participates in mRNA degradation. EMBO J. 19, 1661–1671.
Bowerman, M., Swoboda, K.J., Michalski, J.-P., Wang, G.-S., Reeks, C., Beauvais, A., Murphy,
K., Woulfe, J., Screaton, R.A., Scott, F.W., et al. (2012). Glucose metabolism and pancreatic
defects in spinal muscular atrophy. Ann. Neurol. 72, 256–268.
Bowerman, M., Michalski, J.-P., Beauvais, A., Murray, L.M., DeRepentigny, Y., and Kothary, R.
(2014). Defects in pancreatic development and glucose metabolism in SMN-depleted mice
independent of canonical spinal muscular atrophy neuromuscular pathology. Hum. Mol. Genet.
23, 3432–3444.
Boyd, S.D., Tsai, K.Y., and Jacks, T. (2000). An intact HDM2 RING-finger domain is required for
nuclear exclusion of p53. Nat. Cell Biol. 2, 563–568.
Brady, C.A., Jiang, D., Mello, S.S., Johnson, T.M., Jarvis, L.A., Kozak, M.M., Kenzelmann Broz,
D., Basak, S., Park, E.J., McLaughlin, M.E., et al. (2011). Distinct p53 transcriptional programs
dictate acute DNA-damage responses and tumor suppression. Cell 145, 571–583.
Brahms, H., Raymackers, J., Union, A., De Keyser, F., Meheus, L., and Lührmann, R. (2000).

301

The C-terminal RG dipeptide repeats of the spliceosomal Sm proteins D1 and D3 contain
symmetrical dimethylarginines, which form a major B-cell epitope for anti-Sm autoantibodies. J.
Biol. Chem. 275, 17122–17129.
Brahms, H., Meheus, L., De Brabandere, V., Fischer, U., and Lührmann, R. (2001). Symmetrical
dimethylation of arginine residues in spliceosomal Sm protein B/B′ and the Sm-like protein LSm4,
and their interaction with the SMN protein. RNA 7, 1531–1542.
Brandizzi, F., and Barlowe, C. (2013). Organization of the ER-Golgi interface for membrane traffic
control. Nat. Rev. Mol. Cell Biol. 14, 382–392.
Brooks, C.L., and Gu, W. (2003). Ubiquitination, phosphorylation and acetylation: the molecular
basis for p53 regulation. Curr. Opin. Cell Biol. 15, 164–171.
Bruins, W., Zwart, E., Attardi, L.D., Iwakuma, T., Hoogervorst, E.M., Beems, R.B., Miranda, B.,
van Oostrom, C.T.M., van den Berg, J., van den Aardweg, G.J., et al. (2004). Increased sensitivity
to UV radiation in mice with a p53 point mutation at Ser389. Mol. Cell. Biol. 24, 8884–8894.
Buchthal, F., and Olsen, P.Z. (1970). Electromyography and Muscle Biopsy In Infantile Spinal
Muscular Atrophy. Brain 93, 15–30.
Bulavin, D. V, Saito, S., Hollander, M.C., Sakaguchi, K., Anderson, C.W., Appella, E., Fornace,
A.J., and Jr (1999). Phosphorylation of human p53 by p38 kinase coordinates N-terminal
phosphorylation and apoptosis in response to UV radiation. EMBO J. 18, 6845–6854.
Burgess, R.W., Nguyen, Q.T., Son, Y.J., Lichtman, J.W., and Sanes, J.R. (1999). Alternatively
spliced isoforms of nerve- and muscle-derived agrin: their roles at the neuromuscular junction.
Neuron 23, 33–44.
Burghes, A.H.M., and Beattie, C.E. (2009). Spinal muscular atrophy: why do low levels of survival
motor neuron protein make motor neurons sick? Nat. Rev. Neurosci. 10, 597–609.
Burnett, B.G., Munoz, E., Tandon, A., Kwon, D.Y., Sumner, C.J., and Fischbeck, K.H. (2009).
Regulation of SMN Protein Stability. Mol. Cell. Biol. 29, 1107–1115.
Byers, R.K., and Banker, B.Q. (1961). Infantile Muscular Atrophy. Arch. Neurol. 5, 140–164.
Cahilly-Snyder, L., Yang-Feng, T., Francke, U., and George, D.L. (1987). Molecular analysis and
chromosomal mapping of amplified genes isolated from a transformed mouse 3T3 cell line. Somat.
Cell Mol. Genet. 13, 235–244.
Campagne, S., Boigner, S., Rüdisser, S., Moursy, A., Gillioz, L., Knörlein, A., Hall, J., Ratni, H.,
Cléry, A., and Allain, F.H.-T. (2019). Structural basis of a small molecule targeting RNA for a
specific splicing correction. Nat. Chem. Biol.
Candau, R., Scolnick, D.M., Darpino, P., Ying, C.Y., Halazonetis, T.D., and Berger, S.L. (1997).
Two tandem and independent sub-activation domains in the amino terminus of p53 require the
adaptor complex for activity. Oncogene 15, 807–816.
Canman, C.E., Lim, D.S., Cimprich, K.A., Taya, Y., Tamai, K., Sakaguchi, K., Appella, E., Kastan,
M.B., and Siliciano, J.D. (1998). Activation of the ATM Kinase by Ionizing Radiation and
Phosphorylation of p53. Science (80-. ). 281, 1677–1679.

302

Carissimi, C., Baccon, J., Straccia, M., Chiarella, P., Maiolica, A., Sawyer, A., Rappsilber, J., and
Pellizzoni, L. (2005). Unrip is a component of SMN complexes active in snRNP assembly. FEBS
Lett. 579, 2348–2354.
Carissimi, C., Saieva, L., Gabanella, F., and Pellizzoni, L. (2006a). Gemin8 Is Required for the
Architecture and Function of the Survival Motor Neuron Complex. J. Biol. Chem. 281, 37009–
37016.
Carissimi, C., Saieva, L., Baccon, J., Chiarella, P., Maiolica, A., Sawyer, A., Rappsilber, J., and
Pellizzoni, L. (2006b). Gemin8 Is a Novel Component of the Survival Motor Neuron Complex and
Functions in Small Nuclear Ribonucleoprotein Assembly. J. Biol. Chem. 281, 8126–8134.
Carrel, T.L., McWhorter, M.L., Workman, E., Zhang, H., Wolstencroft, E.C., Lorson, C., Bassell,
G.J., Burghes, A.H.M., and Beattie, C.E. (2006). Survival motor neuron function in motor axons
is independent of functions required for small nuclear ribonucleoprotein biogenesis. J. Neurosci.
26, 11014–11022.
Cartegni, L., and Krainer, A.R. (2002). Disruption of an SF2/ASF-dependent exonic splicing
enhancer in SMN2 causes spinal muscular atrophy in the absence of SMN1. Nat. Genet. 30, 377–
384.
Carter, R.J., Lione, L.A., Humby, T., Mangiarini, L., Mahal, A., Bates, G.P., Dunnett, S.B., and
Jennifer Morton, A. (1999). Characterization of progressive motor deficits in mice transgenic for
the human Huntington’s disease mutation. J. Neurosci. 19, 3248–3257.
Carter, S., Bischof, O., Dejean, A., and Vousden, K.H. (2007). C-terminal modifications regulate
MDM2 dissociation and nuclear export of p53. Nat. Cell Biol. 9, 428–435.
Cawley, S., Bekiranov, S., Ng, H.H., Kapranov, P., Sekinger, E.A., Kampa, D., Piccolboni, A.,
Sementchenko, V., Cheng, J., Williams, A.J., et al. (2004). Unbiased Mapping of Transcription
Factor Binding Sites along Human Chromosomes 21 and 22 Points to Widespread Regulation of
Noncoding RNAs. Cell 116, 499–509.
Cenini, G., Sultana, R., Memo, M., and Butterfield, D.A. (2008). Elevated levels of pro-apoptotic
p53 and its oxidative modification by the lipid peroxidation product, HNE,in brain from subjects
with amnestic mild cognitive impairment and Alzheimer’s disease. J. Cell. Mol. Med. 12, 987–994.
Chao, C., Hergenhahn, M., Kaeser, M.D., Wu, Z., Saito, S., Iggo, R., Hollstein, M., Appella, E.,
and Xu, Y. (2003). Cell Type- and Promoter-specific Roles of Ser 18 Phosphorylation in Regulating
p53 Responses. J. Biol. Chem. 278, 41028–41033.
Chao, C., Herr, D., Chun, J., and Xu, Y. (2006). Ser18 and 23 phosphorylation is required for p53dependent apoptosis and tumor suppression. EMBO J. 25, 2615–2622.
Chari, A., Golas, M.M., Klingenhäger, M., Neuenkirchen, N., Sander, B., Englbrecht, C., Sickmann,
A., Stark, H., and Fischer, U. (2008). An Assembly Chaperone Collaborates with the SMN
Complex to Generate Spliceosomal SnRNPs. Cell 135, 497–509.
Charroux, B., Pellizzoni, L., Perkinson, R.A., Shevchenko, A., Mann, M., and Dreyfuss, G. (1999).
Gemin3: A novel DEAD box protein that interacts with SMN, the spinal muscular atrophy gene

303

product, and is a component of gems. J. Cell Biol. 147, 1181–1194.
Charroux, B., Pellizzoni, L., Perkinson, R.A., Yong, J., Shevchenko, A., Mann, M., and Dreyfuss,
G. (2000). Gemin4. A novel component of the SMN complex that is found in both gems and
nucleoli. J. Cell Biol. 148, 1177–1186.
Chaytow, H., Huang, Y.-T., Gillingwater, T.H., and Faller, K.M.E. (2018). The role of survival motor
neuron protein (SMN) in protein homeostasis. Cell. Mol. Life Sci. 75, 3877–3894.
Cheever, T.R., Olson, E.A., and Ervasti, J.M. (2011). Axonal regeneration and neuronal function
are preserved in motor neurons lacking ß-actin in vivo. PLoS One 6, e17768.
Chen, L., and Chen, J. (2003). MDM2-ARF complex regulates p53 sumoylation. Oncogene 22,
5348–5357.
Chen, D., Kon, N., Li, M., Zhang, W., Qin, J., and Gu, W. (2005). ARF-BP1/Mule Is a Critical
Mediator of the ARF Tumor Suppressor. Cell 121, 1071–1083.
Chen, J., Marechal, V., and Levine, A.J. (1993). Mapping of the p53 and mdm-2 interaction
domains. Mol. Cell. Biol. 13, 4107–4114.
Chen, X., Ko, L.J., Jayaraman, L., and Prives, C. (1996). p53 levels, functional domains, and DNA
damage determine the extent of the apoptotic response of tumor cells. Genes Dev. 10, 2438–
2451.
Chiriboga, C.A., Swoboda, K.J., Darras, B.T., Iannaccone, S.T., Montes, J., De Vivo, D.C., Norris,
D.A., Bennett, C.F., and Bishop, K.M. (2016). Results from a phase 1 study of nusinersen (ISISSMNRx) in children with spinal muscular atrophy. Neurology 86, 890–897.
Cho, S., and Dreyfuss, G. (2010). A degron created by SMN2 exon 7 skipping is a principal
contributor to spinal muscular atrophy severity. Genes Dev. 24, 438–442.
Chuikov, S., Kurash, J.K., Wilson, J.R., Xiao, B., Justin, N., Ivanov, G.S., McKinney, K., Tempst,
P., Prives, C., Gamblin, S.J., et al. (2004). Regulation of p53 activity through lysine methylation.
Nature 432, 353–360.
Coffey, E.T. (2014). Nuclear and cytosolic JNK signalling in neurons. Nat. Rev. Neurosci. 15,
285–299.
Conlon, E.G., and Manley, J.L. (2017). RNA-binding proteins in neurodegeneration: mechanisms
in aggregate. Genes Dev. 31, 1509–1528.
Consorthium, T.D.-B.F.X., Bakker, C.E., Verheij, C., Willemsen, R., Helm, R. van der, Oerlemans,
F., Vermey, M., Bygrave, A., Hoogeveen, A., Oostra, B.A., et al. (1994). Fmr1 knockout mice: a
model to study fragile X mental retardation. The Dutch-Belgian Fragile X Consortium. Cell 78, 23–
33.
Cooper, M., Johnston, L.H., and Beggs, J.D. (1995). Identification and characterization of Uss1p
(Sdb23p): a novel U6 snRNA-associated protein with significant similarity to core proteins of small
nuclear ribonucleoproteins. EMBO J. 14, 2066–2075.

304

Cooper, T.A., Wan, L., and Dreyfuss, G. (2009). RNA and disease. Cell 136, 777–793.
Coovert, D.D., Le, T.T., McAndrew, P.E., Strasswimmer, J., Crawford, T.O., Mendell, J.R.,
Coulson, S.E., Androphy, E.J., Prior, T.W., and Burghes, A.H.M. (1997). The survival motor
neuron protein in spinal muscular atrophy. Hum. Mol. Genet. 6, 1205–1214.
Craig, A.L., Burch, L., Vojtesek, B., Mikutowska, J., Thompson, A., and Hupp, T.R. (1999). Novel
phosphorylation sites of human tumour suppressor protein p53 at Ser20 and Thr18 that disrupt
the binding of mdm2 (mouse double minute 2) protein are modified in human cancers. Biochem.
J. 342, 133.
Crumrine, R.C., Thomas, A.L., and Morgan, P.F. (1994). Attenuation of p53 Expression Protects
against Focal Ischemic Damage in Transgenic Mice. J. Cereb. Blood Flow Metab. 14, 887–891.
Culmsee, C., and Mattson, M.P. (2005). p53 in neuronal apoptosis. Biochem. Biophys. Res.
Commun. 331, 761–777.
Culmsee, C., Zhu, X., Yu, Q.-S., Chan, S.L., Camandola, S., Guo, Z., Greig, N.H., and Mattson,
M.P. (2001). A synthetic inhibitor of p53 protects neurons against death induced by ischemic and
excitotoxic insults, and amyloid beta-peptide. J. Neurochem. 77, 220–228.
Custer, S.K., and Androphy, E.J. (2014). Autophagy dysregulation in cell culture and animals
models of spinal muscular atrophy. Mol. Cell. Neurosci. 61, 133–140.
d’Ydewalle, C., Ramos, D.M., Pyles, N.J., Ng, S.Y., Gorz, M., Pilato, C.M., Ling, K., Kong, L.,
Ward, A.J., Rubin, L.L., et al. (2017). The Antisense Transcript SMN-AS1 Regulates SMN
Expression and Is a Novel Therapeutic Target for Spinal Muscular Atrophy. Neuron 93, 66–79.
Dai, M.-S., and Lu, H. (2004). Inhibition of MDM2-mediated p53 Ubiquitination and Degradation
by Ribosomal Protein L5. J. Biol. Chem. 279, 44475–44482.
Das, S., Raj, L., Zhao, B., Kimura, Y., Bernstein, A., Aaronson, S.A., and Lee, S.W. (2007). Hzf
Determines cell survival upon genotoxic stress by modulating p53 transactivation. Cell 130, 624–
637.
Davison, T.S., Yin, P., Nie, E., Kay, C., and Arrowsmith, C.H. (1998). Characterization of the
oligomerization defects of two p53 mutants found in families with Li–Fraumeni and Li–Fraumenilike syndrome. Oncogene 17, 651–656.
DeBoer, E.M., Azevedo, R., Vega, T.A., Brodkin, J., Akamatsu, W., Okano, H., Wagner, G.C.,
and Rasin, M.-R. (2014). Prenatal deletion of the RNA-binding protein HuD disrupts postnatal
cortical circuit maturation and behavior. J. Neurosci. 34, 3674–3686.
Deguise, M.-O., De Repentigny, Y., McFall, E., Auclair, N., Sad, S., and Kothary, R. (2017).
Immune dysregulation may contribute to disease pathogenesis in spinal muscular atrophy mice.
Hum. Mol. Genet. 26, ddw434.
Dewaele, M., Tabaglio, T., Willekens, K., Bezzi, M., Teo, S.X., Low, D.H.P., Koh, C.M., Rambow,
F., Fiers, M., Rogiers, A., et al. (2016). Antisense oligonucleotide-mediated MDM4 exon 6
skipping impairs tumor growth. J. Clin. Invest. 126, 68–84.
Doktor, T.K., Hua, Y., Andersen, H.S., Brøner, S., Liu, Y.H., Wieckowska, A., Dembic, M., Bruun,

305

G.H., Krainer, A.R., and Andresen, B.S. (2017). RNA-sequencing of a mouse-model of spinal
muscular atrophy reveals tissue-wide changes in splicing of U12-dependent introns. Nucleic Acids
Res. 45, 395–416.
Dominguez, E., Marais, T., Chatauret, N., Benkhelifa-Ziyyat, S., Duque, S., Ravassard, P.,
Carcenac, R., Astord, S., Pereira de Moura, A., Voit, T., et al. (2011). Intravenous scAAV9 delivery
of a codon-optimized SMN1 sequence rescues SMA mice. Hum. Mol. Genet. 20, 681–693.
Donehower, L.A., Harvey, M., Slagle, B.L., McArthur, M.J., Montgomery, C.A., Butel, J.S., and
Bradley, A. (1992). Mice deficient for p53 are developmentally normal but susceptible to
spontaneous tumours. Nature 356, 215–221.
Donlin-Asp, P.G., Bassell, G.J., and Rossoll, W. (2016). A role for the survival of motor neuron
protein in mRNP assembly and transport. Curr. Opin. Neurobiol. 39, 53–61.
Donlin-Asp, P.G., Fallini, C., Campos, J., Chou, C.-C., Merritt, M.E., Phan, H.C., Bassell, G.J.,
and Rossoll, W. (2017). The Survival of Motor Neuron Protein Acts as a Molecular Chaperone for
mRNP Assembly. Cell Rep. 18, 1660–1673.
Donnelly, C.J., Park, M., Spillane, M., Yoo, S., Pacheco, A., Gomes, C., Vuppalanchi, D.,
McDonald, M., Kim, H.H., Kim, H.K., et al. (2013). Axonally synthesized β-actin and GAP-43
proteins support distinct modes of axonal growth. J. Neurosci. 33, 3311–3322.
Dornan, D., Wertz, I., Shimizu, H., Arnott, D., Frantz, G.D., Dowd, P., O’ Rourke, K., Koeppen, H.,
and Dixit, V.M. (2004). The ubiquitin ligase COP1 is a critical negative regulator of p53. Nature
429, 86–92.
Duan, W., Zhu, X., Ladenheim, B., Yu, Q.-S., Guo, Z., Oyler, J., Cutler, R.G., Cadet, J.L., Greig,
N.H., and Mattson, M.P. (2002). p53 inhibitors preserve dopamine neurons and motor function in
experimental parkinsonism. Ann. Neurol. 52, 597–606.
Dubowitz, V. (1964). Infantile muscular atrophy. A prospective study with particular reference to
a slowly progressive variety. Brain 87, 707–718.
Dubowitz, V. (1999). Very severe spinal muscular atrophy (SMA type 0): an expanding clinical
phenotype. Eur. J. Paediatr. Neurol. 3, 49–51.
Dubowitz, V., Sewry, C.A., Oldfors, A., and Lane, R.J.M. (2013). Muscle biopsy : a practical
approach (Elsevier).
Duque, S.I., Arnold, W.D., Odermatt, P., Li, X., Porensky, P.N., Schmelzer, L., Meyer, K., Kolb,
S.J., Schümperli, D., Kaspar, B.K., et al. (2015). A large animal model of spinal muscular atrophy
and correction of phenotype. Ann. Neurol. 77, 399–414.
Edens, B.M., Ajroud-Driss, S., Ma, L., and Ma, Y.C. (2015). Molecular mechanisms and animal
models of spinal muscular atrophy. Biochim. Biophys. Acta - Mol. Basis Dis. 1852, 685–692.
Egan, E.D., and Collins, K. (2012). Biogenesis of telomerase ribonucleoproteins. RNA 18, 1747–
1759.
El-Deiry, W.S., Kern, S.E., Pietenpol, J.A., Kinzler, K.W., and Vogelstein, B. (1992). Definition of

306

a consensus binding site for p53. Nat. Genet. 1, 45–49.
Espinosa, J.M., and Emerson, B.M. (2001). Transcriptional Regulation by p53 through Intrinsic
DNA/Chromatin Binding and Site-Directed Cofactor Recruitment. Mol. Cell 8, 57–69.
Eystathioy, T., Chan, E.K.L., Tenenbaum, S.A., Keene, J.D., Griffith, K., and Fritzler, M.J. (2002).
A phosphorylated cytoplasmic autoantigen, GW182, associates with a unique population of
human mRNAs within novel cytoplasmic speckles. Mol. Biol. Cell 13, 1338–1351.
Eystathioy, T., Jakymiw, A., Chan, E.K.L., Séraphin, B., Cougot, N., and Fritzler, M.J. (2003). The
GW182 protein colocalizes with mRNA degradation associated proteins hDcp1 and hLSm4 in
cytoplasmic GW bodies. RNA 9, 1171–1173.
Fakharzadeh, S.S., Trusko, S.P., and George, D.L. (1991). Tumorigenic potential associated with
enhanced expression of a gene that is amplified in a mouse tumor cell line. EMBO J. 10, 1565–
1569.
Fallini, C., Zhang, H., Su, Y., Silani, V., Singer, R.H., Rossoll, W., and Bassell, G.J. (2011). The
Survival of Motor Neuron (SMN) Protein Interacts with the mRNA-Binding Protein HuD and
Regulates Localization of Poly(A) mRNA in Primary Motor Neuron Axons. J. Neurosci. 31, 3914–
3925.
Fallini, C., Rouanet, J.P., Donlin-Asp, P.G., Guo, P., Zhang, H., Singer, R.H., Rossoll, W., and
Bassell, G.J. (2014). Dynamics of survival of motor neuron (SMN) protein interaction with the
mRNA-binding protein IMP1 facilitates its trafficking into motor neuron axons. Dev. Neurobiol. 74,
319–332.
Fallini, C., Donlin-Asp, P.G., Rouanet, J.P., Bassell, G.J., and Rossoll, W. (2016). Deficiency of
the Survival of Motor Neuron Protein Impairs mRNA Localization and Local Translation in the
Growth Cone of Motor Neurons. J. Neurosci. 36, 3811–3820.
Feng, L., Lin, T., Uranishi, H., Gu, W., and Xu, Y. (2005). Functional Analysis of the Roles of
Posttranslational Modifications at the p53 C Terminus in Regulating p53 Stability and Activity. Mol.
Cell. Biol. 25, 5389–5395.
Feng, Z., Ling, K.K.Y., Zhao, X., Zhou, C., Karp, G., Welch, E.M., Naryshkin, N., Ratni, H., Chen,
K.S., Metzger, F., et al. (2016). Pharmacologically induced mouse model of adult spinal muscular
atrophy to evaluate effectiveness of therapeutics after disease onset. Hum. Mol. Genet. 25, 964–
975.
Ferns, M.J., Campanelli, J.T., Hoch, W., Scheller, R.H., and Hall, Z. (1993). The ability of agrin to
cluster AChRs depends on alternative splicing and on cell surface proteoglycans. Neuron 11,
491–502.
Fields, S., and Jang, S. (1990). Presence of a potent transcription activating sequence in the p53
protein. Science (80-. ). 249, 1046–1049.
Finch, R.A., Donoviel, D.B., Potter, D., Shi, M., Fan, A., Freed, D.D., Wang, C.-Y., Zambrowicz,
B.P., Ramirez-Solis, R., Sands, A.T., et al. (2002). mdmx is a negative regulator of p53 activity in
vivo. Cancer Res. 62, 3221–3225.

307

Finkel, R.S., Chiriboga, C.A., Vajsar, J., Day, J.W., Montes, J., De Vivo, D.C., Yamashita, M.,
Rigo, F., Hung, G., Schneider, E., et al. (2016). Treatment of infantile-onset spinal muscular
atrophy with nusinersen: a phase 2, open-label, dose-escalation study. Lancet 388, 3017–3026.
Finkel, R.S., Mercuri, E., Darras, B.T., Connolly, A.M., Kuntz, N.L., Kirschner, J., Chiriboga, C.A.,
Saito, K., Servais, L., Tizzano, E., et al. (2017). Nusinersen versus Sham Control in InfantileOnset Spinal Muscular Atrophy. N. Engl. J. Med. 377, 1723–1732.
Fischer, M. (2017). Census and evaluation of p53 target genes. Oncogene 36, 3943–3956.
Fischer, U., Englbrecht, C., and Chari, A. (2011). Biogenesis of spliceosomal small nuclear
ribonucleoproteins. Wiley Interdiscip. Rev. RNA 2, 718–731.
Fletcher, E. V, Simon, C.M., Pagiazitis, J.G., Chalif, J.I., Vukojicic, A., Drobac, E., Wang, X., and
Mentis, G.Z. (2017). Reduced sensory synaptic excitation impairs motor neuron function via Kv2.1
in spinal muscular atrophy. Nat. Neurosci. 20, 905–916.
Foust, K.D., Nurre, E., Montgomery, C.L., Hernandez, A., Chan, C.M., and Kaspar, B.K. (2009).
Intravascular AAV9 preferentially targets neonatal neurons and adult astrocytes. Nat. Biotechnol.
27, 59–65.
Foust, K.D., Wang, X., McGovern, V.L., Braun, L., Bevan, A.K., Haidet, A.M., Le, T.T., Morales,
P.R., Rich, M.M., Burghes, A.H.M., et al. (2010). Rescue of the spinal muscular atrophy
phenotype in a mouse model by early postnatal delivery of SMN. Nat. Biotechnol. 28, 271–274.
Francoz, S., Froment, P., Bogaerts, S., De Clercq, S., Maetens, M., Doumont, G., Bellefroid, E.,
and Marine, J.-C. (2006). Mdm4 and Mdm2 cooperate to inhibit p53 activity in proliferating and
quiescent cells in vivo. Proc. Natl. Acad. Sci. U. S. A. 103, 3232–3237.
Friesen, W.J., and Dreyfuss, G. (2000). Specific Sequences of the Sm and Sm-like (Lsm) Proteins
Mediate Their Interaction with the Spinal Muscular Atrophy Disease Gene Product (SMN). J. Biol.
Chem. 275, 26370–26375.
Friesen, W.J., Massenet, S., Paushkin, S., Wyce, A., and Dreyfuss, G. (2001a). SMN, the product
of the spinal muscular atrophy gene, binds preferentially to dimethylarginine-containing protein
targets. Mol. Cell 7, 1111–1117.
Friesen, W.J., Paushkin, S., Wyce, A., Massenet, S., Pesiridis, G.S., Van Duyne, G., Rappsilber,
J., Mann, M., and Dreyfuss, G. (2001b). The Methylosome, a 20S Complex Containing JBP1 and
pICln, Produces Dimethylarginine-Modified Sm Proteins. Mol. Cell. Biol. 21, 8289–8300.
Fuchs, S.Y., Adler, V., Pincus, M.R., and Ronai, Z. (1998). MEKK1/JNK signaling stabilizes and
activates p53. Proc. Natl. Acad. Sci. U. S. A. 95, 10541–10546.
Fuller, H.R., Mandefro, B., Shirran, S.L., Gross, A.R., Kaus, A.S., Botting, C.H., Morris, G.E., and
Sareen, D. (2016). Spinal Muscular Atrophy Patient iPSC-Derived Motor Neurons Have Reduced
Expression of Proteins Important in Neuronal Development. Front. Cell. Neurosci. 9, 506.
Funk, W.D., Pak, D.T., Karas, R.H., Wright, W.E., and Shay, J.W. (1992). A transcriptionally active
DNA-binding site for human p53 protein complexes. Mol. Cell. Biol. 12, 2866–2871.
Gabanella, F., Carissimi, C., Usiello, A., and Pellizzoni, L. (2005). The activity of the spinal

308

muscular atrophy protein is regulated during development and cellular differentiation. Hum. Mol.
Genet. 14, 3629–3642.
Gabanella, F., Butchbach, M.E.R., Saieva, L., Carissimi, C., Burghes, A.H.M., and Pellizzoni, L.
(2007). Ribonucleoprotein assembly defects correlate with spinal muscular atrophy severity and
preferentially affect a subset of spliceosomal snRNPs. PLoS One 2, e921.
Garcia-Campmany, L., Stam, F.J., and Goulding, M. (2010). From circuits to behaviour: motor
networks in vertebrates. Curr. Opin. Neurobiol. 20, 116–125.
Gavrilina, T.O., McGovern, V.L., Workman, E., Crawford, T.O., Gogliotti, R.G., DiDonato, C.J.,
Monani, U.R., Morris, G.E., and Burghes, A.H.M. (2008). Neuronal SMN expression corrects
spinal muscular atrophy in severe SMA mice while muscle-specific SMN expression has no
phenotypic effect. Hum. Mol. Genet. 17, 1063–1075.
Genabai, N.K., Ahmad, S., Zhang, Z., Jiang, X., Gabaldon, C.A., and Gangwani, L. (2015).
Genetic inhibition of JNK3 ameliorates spinal muscular atrophy. Hum. Mol. Genet. 24, ddv401.
Gennarelli, M., Lucarelli, M., Capon, F., Pizzuti, A., Merlini, L., Angelini, C., Novelli, G., and
Dallapiccola, B. (1995). Survival motor-neuron gene transcript analysis in muscles from spinal
muscular-atrophy patients. Biochem. Biophys. Res. Commun. 213, 342–348.
Gerbino, V., Carrì, M.T., Cozzolino, M., and Achsel, T. (2013). Mislocalised FUS mutants stall
spliceosomal snRNPs in the cytoplasm. Neurobiol. Dis. 55, 120–128.
Giglio, S., Mancini, F., Pellegrino, M., Di Conza, G., Puxeddu, E., Sacchi, A., Pontecorvi, A., and
Moretti, F. (2010). Regulation of MDM4 (MDMX) function by p76(MDM2): a new facet in the
control of p53 activity. Oncogene 29, 5935–5945.
Gilkes, D.M., Chen, L., and Chen, J. (2006). MDMX regulation of p53 response to ribosomal
stress. EMBO J. 25, 5614–5625.
Glinka, M., Herrmann, T., Funk, N., Havlicek, S., Rossoll, W., Winkler, C., and Sendtner, M. (2010).
The heterogeneous nuclear ribonucleoprotein-R is necessary for axonal β-actin mRNA
translocation in spinal motor neurons. Hum. Mol. Genet. 19, 1951–1966.
Glisovic, T., Bachorik, J.L., Yong, J., and Dreyfuss, G. (2008). RNA-binding proteins and posttranscriptional gene regulation. FEBS Lett. 582, 1977–1986.
Glover, J.C. (2000). Development of specific connectivity between premotor neurons and
motoneurons in the brain stem and spinal cord. Physiol. Rev. 80, 615–647.
Gogliotti, R.G., Quinlan, K.A., Barlow, C.B., Heier, C.R., Heckman, C.J., and Didonato, C.J.
(2012). Motor neuron rescue in spinal muscular atrophy mice demonstrates that sensory-motor
defects are a consequence, not a cause, of motor neuron dysfunction. J. Neurosci. 32, 3818–
3829.
Golembe, T.J., Yong, J., Battle, D.J., Feng, W., Wan, L., and Dreyfuss, G. (2005). Lymphotropic
Herpesvirus saimiri Uses the SMN Complex To Assemble Sm Cores on Its Small RNAs. Mol. Cell.
Biol. 25, 602–611.

309

Golomb, L., Volarevic, S., and Oren, M. (2014). p53 and ribosome biogenesis stress: The
essentials. FEBS Lett. 588, 2571–2579.
Gombash, S.E., Cowley, C.J., Fitzgerald, J.A., Iyer, C.C., Fried, D., McGovern, V.L., Williams,
K.C., Burghes, A.H.M., Christofi, F.L., Gulbransen, B.D., et al. (2015). SMN deficiency disrupts
gastrointestinal and enteric nervous system function in mice. Hum. Mol. Genet. 24, 3847–3860.
Gonçalves, I. do C.G., Brecht, J., Thelen, M.P., Rehorst, W.A., Peters, M., Lee, H.J., Motameny,
S., Torres-Benito, L., Ebrahimi-Fakhari, D., Kononenko, N.L., et al. (2018). Neuronal activity
regulates DROSHA via autophagy in spinal muscular atrophy. Sci. Rep. 8, 7907.
Gostissa, M., Hengstermann, A., Fogal, V., Sandy, P., Schwarz, S.E., Scheffner, M., and Del Sal,
G. (1999). Activation of p53 by conjugation to the ubiquitin-like protein SUMO-1. EMBO J. 18,
6462–6471.
Goulet, B., Kothary, R., and Parks, R. (2013). At the “Junction” of Spinal Muscular Atrophy
Pathogenesis: The Role of Neuromuscular Junction Dysfunction in SMA Disease Progression.
Curr. Mol. Med. 13, 1160–1174.
Grimmler, M., Otter, S., Peter, C., Müller, F., Chari, A., and Fischer, U. (2005). Unrip, a factor
implicated in cap-independent translation, associates with the cytosolic SMN complex and
influences its intracellular localization. Hum. Mol. Genet. 14, 3099–3111.
Groen, E.J.N., Fumoto, K., Blokhuis, A.M., Engelen-Lee, J., Zhou, Y., van den Heuvel, D.M.A.,
Koppers, M., van Diggelen, F., van Heest, J., Demmers, J.A.A., et al. (2013). ALS-associated
mutations in FUS disrupt the axonal distribution and function of SMN. Hum. Mol. Genet. 22, 3690–
3704.
Groen, E.J.N., Talbot, K., and Gillingwater, T.H. (2018). Advances in therapy for spinal muscular
atrophy: promises and challenges. Nat. Rev. Neurol. 14, 214–224.
Grossman, S.R., Deato, M.E., Brignone, C., Chan, H.M., Kung, A.L., Tagami, H., Nakatani, Y.,
and Livingston, D.M. (2003). Polyubiquitination of p53 by a ubiquitin ligase activity of p300.
Science 300, 342–344.
Grundke-Iqbal, I., Iqbal, K., Quinlan, M., Tung, Y.C., Zaidi, M.S., and Wisniewski, H.M. (1986).
Microtubule-associated protein tau. A component of Alzheimer paired helical filaments. J. Biol.
Chem. 261, 6084–6089.
Gu, W., and Roeder, R.G. (1997). Activation of p53 sequence-specific DNA binding by acetylation
of the p53 C-terminal domain. Cell 90, 595–606.
Gu, W., Pan, F., Zhang, H., Bassell, G.J., and Singer, R.H. (2002). A predominantly nuclear
protein affecting cytoplasmic localization of β-actin mRNA in fibroblasts and neurons. J. Cell Biol.
156, 41–52.
Gubitz, A.K., Mourelatos, Z., Abel, L., Rappsilber, J., Mann, M., and Dreyfuss, G. (2002). Gemin5,
a Novel WD Repeat Protein Component of the SMN Complex That Binds Sm Proteins. J. Biol.
Chem. 277, 5631–5636.
Hafner, A., Bulyk, M.L., Jambhekar, A., and Lahav, G. (2019). The multiple mechanisms that

310

regulate p53 activity and cell fate. Nat. Rev. Mol. Cell Biol. 20, 199–210.
Hailey, D.W., Rambold, A.S., Satpute-Krishnan, P., Mitra, K., Sougrat, R., Kim, P.K., and
Lippincott-Schwartz, J. (2010). Mitochondria Supply Membranes for Autophagosome Biogenesis
during Starvation. Cell 141, 656–667.
Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita, N., Oomori, H., Noda, T.,
Haraguchi, T., Hiraoka, Y., et al. (2013). Autophagosomes form at ER–mitochondria contact sites.
Nature 495, 389–393.
Hamilton, G., and Gillingwater, T.H. (2013). Spinal muscular atrophy: going beyond the motor
neuron. Trends Mol. Med. 19, 40–50.
Hammond, E.M., Denko, N.C., Dorie, M.J., Abraham, R.T., and Giaccia, A.J. (2002). Hypoxia
links ATR and p53 through replication arrest. Mol. Cell. Biol. 22, 1834–1843.
Hannus, S., Bühler, D., Romano, M., Seraphin, B., and Fischer, U. (2000). The
Schizosaccharomyces pombe protein Yab8p and a novel factor, Yip1p, share structural and
functional similarity with the spinal muscular atrophy-associated proteins SMN and SIP1. Hum.
Mol. Genet. 9, 663–674.
Hansen, T.V.O., Hammer, N.A., Nielsen, J., Madsen, M., Dalbaeck, C., Wewer, U.M.,
Christiansen, J., and Nielsen, F.C. (2004). Dwarfism and impaired gut development in insulin-like
growth factor II mRNA-binding protein 1-deficient mice. Mol. Cell. Biol. 24, 4448–4464.
Hao, L.T., Duy, P.Q., Jontes, J.D., and Beattie, C.E. (2015). Motoneuron development influences
dorsal root ganglia survival and Schwann cell development in a vertebrate model of spinal
muscular atrophy. Hum. Mol. Genet. 24, 346–360.
Harding, B.N., Kariya, S., Monani, U.R., Chung, W.K., Benton, M., Yum, S.W., Tennekoon, G.,
and Finkel, R.S. (2015). Spectrum of neuropathophysiology in spinal muscular atrophy type I. J.
Neuropathol. Exp. Neurol. 74, 15–24.
Hayashi, M. (2004). A 5-year-old girl with muscle atrophy lacking motor developments after
spontaneous sitting. Neuropathology 24, 347–349.
Heneka, M.T., McManus, R.M., and Latz, E. (2018). Inflammasome signalling in brain function
and neurodegenerative disease. Nat. Rev. Neurosci. 19, 610–621.
Herrera-Cruz, M.S., and Simmen, T. (2017). Over Six Decades of Discovery and Characterization
of the Architecture at Mitochondria-Associated Membranes (MAMs). Adv. Exp. Med. Biol. 997,
13–31.
Hetz, C. (2012). The unfolded protein response: controlling cell fate decisions under ER stress
and beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102.
Hinderer, C., Katz, N., Buza, E.L., Dyer, C., Goode, T., Bell, P., Richman, L.K., and Wilson, J.M.
(2018). Severe Toxicity in Nonhuman Primates and Piglets Following High-Dose Intravenous
Administration of an Adeno-Associated Virus Vector Expressing Human SMN. Hum. Gene Ther.
29, 285–298.

311

Hirabayashi, Y., Kwon, S.-K., Paek, H., Pernice, W.M., Paul, M.A., Lee, J., Erfani, P., Raczkowski,
A., Petrey, D.S., Pon, L.A., et al. (2017). ER-mitochondria tethering by PDZD8 regulates Ca2+
dynamics in mammalian neurons. Science 358, 623–630.
Hoffmann, J. (1893). Ueber chronische spinale Muskelatrophie im Kindesalter, auf familiärer
Basis. Dtsch. Z. Nervenheilkd. 3, 427–470.
Hoffmann, J. (1897). Weiterer Beitrag zur Lehre von der hereditären progressiven spinalen
Muskelatrophie im Kindesalter. Dtsch Z Nervenheilkd 10, 292–320.
Hoffmann, J. (1900). Dritter Beitrag zur Lehre von der hereditären progres- siven spinalen
Muskelatrophie im Kindesalter. Dtsch Z Nervenheilkd 18, 217–224.
Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C. (1991). p53 mutations in human
cancers. Science (80-. ). 253, 49–53.
Honda, R., and Yasuda, H. (1999). Association of p19(ARF) with Mdm2 inhibits ubiquitin ligase
activity of Mdm2 for tumor suppressor p53. EMBO J. 18, 22–27.
Honda, R., and Yasuda, H. (2000). Activity of MDM2, a ubiquitin ligase, toward p53 or itself is
dependent on the RING finger domain of the ligase. Oncogene 19, 1473–1476.
Höpker, K., Hagmann, H., Khurshid, S., Chen, S., Hasskamp, P., Seeger-Nukpezah, T., Schilberg,
K., Heukamp, L., Lamkemeyer, T., Sos, M.L., et al. (2012). AATF/Che-1 acts as a
phosphorylation-dependent molecular modulator to repress p53-driven apoptosis. EMBO J. 31,
3961–3975.
Hosseinibarkooie, S., Peters, M., Torres-Benito, L., Rastetter, R.H., Hupperich, K., Hoffmann, A.,
Mendoza-Ferreira, N., Kaczmarek, A., Janzen, E., Milbradt, J., et al. (2016). The Power of Human
Protective Modifiers: PLS3 and CORO1C Unravel Impaired Endocytosis in Spinal Muscular
Atrophy and Rescue SMA Phenotype. Am. J. Hum. Genet. 99, 647–665.
Hsieh-Li, H.M., Chang, J.G., Jong, Y.J., Wu, M.H., Wang, N.M., Tsai, C.H., and Li, H. (2000). A
mouse model for spinal muscular atrophy. Nat. Genet. 24, 66–70.
Hsieh, Y.-C., Guo, C., Yalamanchili, H.K., Abreha, M., Al-Ouran, R., Li, Y., Dammer, E.B., Lah,
J.J., Levey, A.I., Bennett, D.A., et al. (2019). Tau-Mediated Disruption of the Spliceosome
Triggers Cryptic RNA Splicing and Neurodegeneration in Alzheimer’s Disease. Cell Rep. 29, 301316.e10.
Hsin, J.-P., and Manley, J.L. (2012). The RNA polymerase II CTD coordinates transcription and
RNA processing. Genes Dev. 26, 2119–2137.
Hua, Y., Vickers, T.A., Baker, B.F., Bennett, C.F., and Krainer, A.R. (2007). Enhancement of
SMN2 exon 7 inclusion by antisense oligonucleotides targeting the exon. PLoS Biol. 5, e73.
Hua, Y., Vickers, T.A., Okunola, H.L., Bennett, C.F., and Krainer, A.R. (2008). Antisense masking
of an hnRNP A1/A2 intronic splicing silencer corrects SMN2 splicing in transgenic mice. Am. J.
Hum. Genet. 82, 834–848.
Hua, Y., Sahashi, K., Rigo, F., Hung, G., Horev, G., Bennett, C.F., and Krainer, A.R. (2011).

312

Peripheral SMN restoration is essential for long-term rescue of a severe spinal muscular atrophy
mouse model. Nature 478, 123–126.
Hua, Y., Liu, Y.H., Sahashi, K., Rigo, F., Bennett, C.F., and Krainer, A.R. (2015). Motor neuron
cell-nonautonomous rescue of spinal muscular atrophy phenotypes in mild and severe transgenic
mouse models. Genes Dev. 29, 288–297.
Huang, L., Yan, Z., Liao, X., Li, Y., Yang, J., Wang, Z.-G., Zuo, Y., Kawai, H., Shadfan, M.,
Ganapathy, S., et al. (2011). The p53 inhibitors MDM2/MDMX complex is required for control of
p53 activity in vivo. Proc. Natl. Acad. Sci. U. S. A. 108, 12001–12006.
Huang, Y.-N., Yang, L.-Y., Greig, N.H., Wang, Y.-C., Lai, C.-C., and Wang, J.-Y. (2018).
Neuroprotective effects of pifithrin-α against traumatic brain injury in the striatum through
suppression of neuroinflammation, oxidative stress, autophagy, and apoptosis. Sci. Rep. 8, 2368.
Huber, J., Cronshagen, U., Kadokura, M., Marshallsay, C., Wada, T., Sekine, M., and Lührmann,
R. (1998). Snurportin1, an m3G-cap-specific nuclear import receptor with a novel domain
structure. EMBO J. 17, 4114–4126.
Hunter, G., Aghamaleky Sarvestany, A., Roche, S.L., Symes, R.C., and Gillingwater, T.H. (2014).
SMN-dependent intrinsic defects in Schwann cells in mouse models of spinal muscular atrophy.
Hum. Mol. Genet. 23, 2235–2250.
Hunter, G., Powis, R.A., Jones, R.A., Groen, E.J.N., Shorrock, H.K., Lane, F.M., Zheng, Y.,
Sherman, D.L., Brophy, P.J., and Gillingwater, T.H. (2016). Restoration of SMN in Schwann cells
reverses myelination defects and improves neuromuscular function in spinal muscular atrophy.
Hum. Mol. Genet. 25, ddw141.
Huo, Q., Kayikci, M., Odermatt, P., Meyer, K., Michels, O., Saxena, S., Ule, J., and Schümperli,
D. (2014). Splicing changes in SMA mouse motoneurons and SMN-depleted neuroblastoma cells:
evidence for involvement of splicing regulatory proteins. RNA Biol. 11, 1430–1446.
Hupp, T.R., Meek, D.W., Midgley, C.A., and Lane, D.P. (1992). Regulation of the specific DNA
binding function of p53. Cell 71, 875–886.
Imlach, W.L., Beck, E.S., Choi, B.J., Lotti, F., Pellizzoni, L., and McCabe, B.D. (2012). SMN is
required for sensory-motor circuit function in Drosophila. Cell 151, 427–439.
Inga, A., Storici, F., Darden, T.A., and Resnick, M.A. (2002). Differential transactivation by the
p53 transcription factor is highly dependent on p53 level and promoter target sequence. Mol. Cell.
Biol. 22, 8612–8625.
Ishikawa, H., Nobe, Y., Izumikawa, K., Yoshikawa, H., Miyazawa, N., Terukina, G., Kurokawa, N.,
Taoka, M., Yamauchi, Y., Nakayama, H., et al. (2014). Identification of truncated forms of U1
snRNA reveals a novel RNA degradation pathway during snRNP biogenesis. Nucleic Acids Res.
42, 2708–2724.
Ito, A., Lai, C.H., Zhao, X., Saito, S., Hamilton, M.H., Appella, E., and Yao, T.P. (2001). p300/CBPmediated p53 acetylation is commonly induced by p53-activating agents and inhibited by MDM2.
EMBO J. 20, 1331–1340.

313

Ito, Y., Shibata, N., Saito, K., Kobayashi, M., and Osawa, M. (2011). New insights into the
pathogenesis of spinal muscular atrophy. Brain Dev. 33, 321–331.
Iyer, C.C., McGovern, V.L., Murray, J.D., Gombash, S.E., Zaworski, P.G., Foust, K.D., Janssen,
P.M.L., and Burghes, A.H.M. (2015). Low levels of Survival Motor Neuron protein are sufficient
for normal muscle function in the SMNΔ7 mouse model of SMA. Hum. Mol. Genet. 24, 6160–
6173.
Jangi, M., Fleet, C., Cullen, P., Gupta, S. V, Mekhoubad, S., Chiao, E., Allaire, N., Bennett, C.F.,
Rigo, F., Krainer, A.R., et al. (2017). SMN deficiency in severe models of spinal muscular atrophy
causes widespread intron retention and DNA damage. Proc. Natl. Acad. Sci. U. S. A. 114, E2347–
E2356.
Janzen, E., Mendoza-Ferreira, N., Hosseinibarkooie, S., Schneider, S., Hupperich, K., Tschanz,
T., Grysko, V., Riessland, M., Hammerschmidt, M., Rigo, F., et al. (2018). CHP1 reduction
ameliorates spinal muscular atrophy pathology by restoring calcineurin activity and endocytosis.
Brain 141, 2343–2361.
Jin, A., Itahana, K., O’Keefe, K., and Zhang, Y. (2004). Inhibition of HDM2 and Activation of p53
by Ribosomal Protein L23. Mol. Cell. Biol. 24, 7669–7680.
Jodelka, F.M., Ebert, A.D., Duelli, D.M., and Hastings, M.L. (2010). A feedback loop regulates
splicing of the spinal muscular atrophy-modifying gene, SMN2. Hum. Mol. Genet. 19, 4906–4917.
Johnson, T.M., Hammond, E.M., Giaccia, A., and Attardi, L.D. (2005). The p53QS transactivationdeficient mutant shows stress-specific apoptotic activity and induces embryonic lethality. Nat.
Genet. 37, 145–152.
Jones, K.W., Gorzynski, K., Hales, C.M., Fischer, U., Badbanchi, F., Terns, R.M., and Terns, M.P.
(2001). Direct interaction of the spinal muscular atrophy disease protein SMN with the small
nucleolar RNA-associated protein fibrillarin. J. Biol. Chem. 276, 38645–38651.
Jones, S.N., Roe, A.E., Donehower, L.A., and Bradley, A. (1995). Rescue of embryonic lethality
in Mdm2-deficient mice by absence of p53. Nature 378, 206–208.
Kaeser, M.D., and Iggo, R.D. (2002). Chromatin immunoprecipitation analysis fails to support the
latency model for regulation of p53 DNA binding activity in vivo. Proc. Natl. Acad. Sci. U. S. A. 99,
95–100.
Kamijo, T., Weber, J.D., Zambetti, G., Zindy, F., Roussel, M.F., and Sherr, C.J. (1998). Functional
and physical interactions of the ARF tumor suppressor with p53 and Mdm2. Proc. Natl. Acad. Sci.
U. S. A. 95, 8292–8297.
Kannan, A., Bhatia, K., Branzei, D., and Gangwani, L. (2018). Combined deficiency of Senataxin
and DNA-PKcs causes DNA damage accumulation and neurodegeneration in spinal muscular
atrophy. Nucleic Acids Res. 46, 8326–8346.
Kapoor, M., and Lozano, G. (1998). Functional activation of p53 via phosphorylation following
DNA damage by UV but not radiation. Proc. Natl. Acad. Sci. 95, 2834–2837.
Karijolich, J., and Yu, Y.T. (2010). Spliceosomal snRNA modifications and their function. RNA

314

Biol. 7, 192–204.
Kariya, S., Park, G.-H., Maeno-Hikichi, Y., Leykekhman, O., Lutz, C., Arkovitz, M.S., Landmesser,
L.T., and Monani, U.R. (2008). Reduced SMN protein impairs maturation of the neuromuscular
junctions in mouse models of spinal muscular atrophy. Hum. Mol. Genet. 17, 2552–2569.
Kariya, S., Obis, T., Garone, C., Akay, T., Sera, F., Iwata, S., Homma, S., and Monani, U.R.
(2014). Requirement of enhanced Survival Motoneuron protein imposed during neuromuscular
junction maturation. J. Clin. Invest. 124, 785–800.
Kashima, T., and Manley, J.L. (2003). A negative element in SMN2 exon 7 inhibits splicing in
spinal muscular atrophy. Nat. Genet. 34, 460–463.
Kastan, M.B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R.W. (1991). Participation
of p53 protein in the cellular response to DNA damage. Cancer Res. 51, 6304–6311.
Kawaguchi, T., Kato, S., Otsuka, K., Watanabe, G., Kumabe, T., Tominaga, T., Yoshimoto, T.,
and Ishioka, C. (2005). The relationship among p53 oligomer formation, structure and
transcriptional activity using a comprehensive missense mutation library. Oncogene 24, 6976–
6981.
Kawai, H., Wiederschain, D., and Yuan, Z.-M. (2003). Critical contribution of the MDM2 acidic
domain to p53 ubiquitination. Mol. Cell. Biol. 23, 4939–4947.
Keenan, R.J., Freymann, D.M., Stroud, R.M., and Walter, P. (2001). The Signal Recognition
Particle. Annu. Rev. Biochem. 70, 755–775.
Khairallah, M.-T., Astroski, J., Custer, S.K., Androphy, E.J., Franklin, C.L., and Lorson, C.L.
(2017). SMN deficiency negatively impacts red pulp macrophages and spleen development in
mouse models of Spinal Muscular Atrophy. Hum. Mol. Genet. ddx008.
Khazanov, N., and Levy, Y. (2011). Sliding of p53 along DNA Can Be Modulated by Its Oligomeric
State and by Cross-Talks between Its Constituent Domains. J. Mol. Biol. 408, 335–355.
Kim, H.J., Kim, N.C., Wang, Y.-D., Scarborough, E.A., Moore, J., Diaz, Z., MacLea, K.S.,
Freibaum, B., Li, S., Molliex, A., et al. (2013). Mutations in prion-like domains in hnRNPA2B1 and
hnRNPA1 cause multisystem proteinopathy and ALS. Nature 495, 467–473.
Kim, J.-K., Caine, C., Awano, T., Herbst, R., and Monani, U.R. (2017). Motor neuronal repletion
of the NMJ organizer, Agrin, modulates the severity of the spinal muscular atrophy disease
phenotype in model mice. Hum. Mol. Genet. 26, 2377–2385.
Kiss, T. (2004). Biogenesis of small nuclear RNPs. J. Cell Sci. 117, 5949–5951.
Kitamura, Y., Shimohama, S., Kamoshima, W., Matsuoka, Y., Nomura, Y., and Taniguchi, T.
(1997). Changes of p53 in the Brains of Patients with Alzheimer’s Disease. Biochem. Biophys.
Res. Commun. 232, 418–421.
Knights, C.D., Catania, J., Di Giovanni, S., Muratoglu, S., Perez, R., Swartzbeck, A., Quong, A.A.,
Zhang, X., Beerman, T., Pestell, R.G., et al. (2006). Distinct p53 acetylation cassettes differentially
influence gene-expression patterns and cell fate. J. Cell Biol. 173, 533–544.

315

Kong, L., Wang, X., Choe, D.W., Polley, M., Burnett, B.G., Bosch-Marce, M., Griffin, J.W., Rich,
M.M., and Sumner, C.J. (2009). Impaired Synaptic Vesicle Release and Immaturity of
Neuromuscular Junctions in Spinal Muscular Atrophy Mice. J. Neurosci. 29, 842–851.
Kroiss, M., Schultz, J., Wiesner, J., Chari, A., Sickmann, A., and Fischer, U. (2008). Evolution of
an RNP assembly system: a minimal SMN complex facilitates formation of UsnRNPs in
Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 105, 10045–10050.
Krummel, K.A., Lee, C.J., Toledo, F., and Wahl, G.M. (2005). The C-terminal lysines fine-tune
P53 stress responses in a mouse model but are not required for stability control or transactivation.
Proc. Natl. Acad. Sci. 102, 10188–10193.
Kugelberg, E., and Welander, L. (1956). Heredofamilial Juvenile muscular Atrophy Simulating
muscular Dystrophy. Arch. Neurol. Psychiatry 75, 500.
Kulikov, R., Winter, M., and Blattner, C. (2006). Binding of p53 to the Central Domain of Mdm2 Is
Regulated by Phosphorylation. J. Biol. Chem. 281, 28575–28583.
Kuru, S., Sakai, M., Konagaya, M., Yoshida, M., Hashizume, Y., and Saito, K. (2009). An autopsy
case of spinal muscular atrophy type III (Kugelberg-Welander disease). Neuropathology 29, 63–
67.
de la Monte, S.M., Sohn, Y.K., and Wands, J.R. (1997). Correlates of p53- and Fas (CD95)mediated apoptosis in Alzheimer’s disease. J. Neurol. Sci. 152, 73–83.
Lambert, P.F., Kashanchi, F., Radonovich, M.F., Shiekhattar, R., and Brady, J.N. (1998).
Phosphorylation of p53 Serine 15 Increases Interaction with CBP. J. Biol. Chem. 273, 33048–
33053.
Laptenko, O., Beckerman, R., Freulich, E., and Prives, C. (2011). p53 binding to nucleosomes
within the p21 promoter in vivo leads to nucleosome loss and transcriptional activation. Proc. Natl.
Acad. Sci. U. S. A. 108, 10385–10390.
Laptenko, O., Shiff, I., Freed-Pastor, W., Zupnick, A., Mattia, M., Freulich, E., Shamir, I., Kadouri,
N., Kahan, T., Manfredi, J., et al. (2015). The p53 C Terminus Controls Site-Specific DNA Binding
and Promotes Structural Changes within the Central DNA Binding Domain. Mol. Cell 57, 1034–
1046.
Lau, C., Bachorik, J.L., and Dreyfuss, G. (2009). Gemin5-snRNA interaction reveals an RNA
binding function for WD repeat domains. Nat. Struct. Mol. Biol. 16, 486–491.
Lavin, M.F., and Gueven, N. (2006). The complexity of p53 stabilization and activation. Cell Death
Differ. 13, 941–950.
Le, T.T., Pham, L.T., Butchbach, M.E.R., Zhang, H.L., Monani, U.R., Coovert, D.D., Gavrilina,
T.O., Xing, L., Bassell, G.J., and Burghes, A.H.M. (2005). SMNDelta7, the major product of the
centromeric survival motor neuron (SMN2) gene, extends survival in mice with spinal muscular
atrophy and associates with full-length SMN. Hum. Mol. Genet. 14, 845–857.
Le, T.T., McGovern, V.L., Alwine, I.E., Wang, X., Massoni-Laporte, A., Rich, M.M., and Burghes,

316

A.H.M. (2011). Temporal requirement for high SMN expression in SMA mice. Hum. Mol. Genet.
20, 3578–3591.
Lee, J.T., and Gu, W. (2010). The multiple levels of regulation by p53 ubiquitination. Cell Death
Differ. 17, 86–92.
Lee, B.H., Collins, E., Lewis, L., Guntrum, D., Eichinger, K., Voter, K., Abdel-Hamid, H.Z., and
Ciafaloni, E. (2019). Combination therapy with nusinersen and AVXS-101 in SMA type 1.
Neurology 10.1212/WNL.0000000000008207.
Lee, D., Kim, J.W., Seo, T., Hwang, S.G., Choi, E.-J., and Choe, J. (2002). SWI/SNF complex
interacts with tumor suppressor p53 and is necessary for the activation of p53-mediated
transcription. J. Biol. Chem. 277, 22330–22337.
Lee, J.-H., Kim, H.-S., Lee, S.-J., and Kim, K.-T. (2007). Stabilization and activation of p53
induced by Cdk5 contributes to neuronal cell death. J. Cell Sci. 120, 2259–2271.
Lees-Miller, S.P., Sakaguchi, K., Ullrich, S.J., Appella, E., and Anderson, C.W. (1992). Human
DNA-activated protein kinase phosphorylates serines 15 and 37 in the amino-terminal
transactivation domain of human p53. Mol. Cell. Biol. 12, 5041–5049.
Lefebvre, S., Bürglen, L., Reboullet, S., Clermont, O., Burlet, P., Viollet, L., Benichou, B., Cruaud,
C., Millasseau, P., and Zeviani, M. (1995). Identification and characterization of a spinal muscular
atrophy-determining gene. Cell 80, 155–165.
Lefebvre, S., Burlet, P., Liu, Q., Bertrandy, S., Clermont, O., Munnich, A., Dreyfuss, G., and Melki,
J. (1997). Correlation between severity and SMN protein level in spinal muscular atrophy. Nat.
Genet. 16, 265–269.
Lei, P., Ayton, S., Moon, S., Zhang, Q., Volitakis, I., Finkelstein, D.I., and Bush, A.I. (2014). Motor
and cognitive deficits in aged tau knockout mice in two background strains. Mol. Neurodegener.
9, 29.
Leng, R.P., Lin, Y., Ma, W., Wu, H., Lemmers, B., Chung, S., Parant, J.M., Lozano, G., Hakem,
R., and Benchimol, S. (2003). Pirh2, a p53-induced ubiquitin-protein ligase, promotes p53
degradation. Cell 112, 779–791.
Levine, A.J. (1997). p53, the cellular gatekeeper for growth and division. Cell 88, 323–331.
Li, A.G., Piluso, L.G., Cai, X., Gadd, B.J., Ladurner, A.G., and Liu, X. (2007). An Acetylation
Switch in p53 Mediates Holo-TFIID Recruitment. Mol. Cell 28, 408–421.
Li, D.K., Tisdale, S., Lotti, F., and Pellizzoni, L. (2014). SMN control of RNP assembly: from posttranscriptional gene regulation to motor neuron disease. Semin. Cell Dev. Biol. 32, 22–29.
Li, H., Custer, S.K., Gilson, T., Hao, L.T., Beattie, C.E., and Androphy, E.J. (2015). α-COP binding
to the survival motor neuron protein SMN is required for neuronal process outgrowth. Hum. Mol.
Genet. 24, 7295–7307.
Li, L.Y., Wang, Z., Šedý, J., Quazi, R., Walro, J.M., Frank, E., and Kucera, J. (2006).
Neurotrophin-3 ameliorates sensory-motor deficits in Er81-deficient mice. Dev. Dyn. 235, 3039–
3050.

317

Li, M., Brooks, C.L., Wu-Baer, F., Chen, D., Baer, R., and Gu, W. (2003). Mono- Versus
Polyubiquitination: Differential Control of p53 Fate by Mdm2. Science (80-. ). 302, 1972–1975.
Li, Y., Chopp, M., Zhang, Z.G., Zaloga, C., Niewenhuis, L., and Gautam, S. (1994). p53immunoreactive protein and p53 mRNA expression after transient middle cerebral artery
occlusion in rats. Stroke 25, 849–855; discussion 855-6.
Lidor Nili, E., Field, Y., Lubling, Y., Widom, J., Oren, M., and Segal, E. (2010). p53 binds
preferentially to genomic regions with high DNA-encoded nucleosome occupancy. Genome Res.
20, 1361–1368.
Lieu, C.A., Chinta, S.J., Rane, A., and Andersen, J.K. (2013). Age-Related Behavioral Phenotype
of an Astrocytic Monoamine Oxidase-B Transgenic Mouse Model of Parkinson’s Disease. PLoS
One 8.
Lill, N.L., Grossman, S.R., Ginsberg, D., DeCaprio, J., and Livingston, D.M. (1997). Binding and
modulation of p53 by p300/CBP coactivators. Nature 387, 823–827.
Lin, J., Chen, J., Elenbaas, B., and Levine, A.J. (1994). Several hydrophobic amino acids in the
p53 amino-terminal domain are required for transcriptional activation, binding to mdm-2 and the
adenovirus 5 E1B 55-kD protein. Genes Dev. 8, 1235–1246.
Lin, W.-J., Zheng, X., Lin, C.-C., Tsao, J., Zhu, X., Cody, J.J., Coleman, J.M., Gherzi, R., Luo, M.,
Townes, T.M., et al. (2011). Posttranscriptional control of type I interferon genes by KSRP in the
innate immune response against viral infection. Mol. Cell. Biol. 31, 3196–3207.
Linares, L.K., Hengstermann, A., Ciechanover, A., Muller, S., and Scheffner, M. (2003). HdmX
stimulates Hdm2-mediated ubiquitination and degradation of p53. Proc. Natl. Acad. Sci. 100,
12009–12014.
Ling, K.K.Y., Lin, M.-Y., Zingg, B., Feng, Z., and Ko, C.-P. (2010). Synaptic defects in the spinal
and neuromuscular circuitry in a mouse model of spinal muscular atrophy. PLoS One 5, e15457.
Ling, K.K.Y., Gibbs, R.M., Feng, Z., and Ko, C.-P. (2012). Severe neuromuscular denervation of
clinically relevant muscles in a mouse model of spinal muscular atrophy. Hum. Mol. Genet. 21,
185–195.
Ling, S.-C., Polymenidou, M., and Cleveland, D.W. (2013). Converging mechanisms in ALS and
FTD: disrupted RNA and protein homeostasis. Neuron 79, 416–438.
Liu, Q., and Dreyfuss, G. (1996). A novel nuclear structure containing the survival of motor
neurons protein. EMBO J. 15, 3555–3565.
Liu, L., Scolnick, D.M., Trievel, R.C., Zhang, H.B., Marmorstein, R., Halazonetis, T.D., and Berger,
S.L. (1999). p53 sites acetylated in vitro by PCAF and p300 are acetylated in vivo in response to
DNA damage. Mol. Cell. Biol. 19, 1202–1209.
Liu, Q., Fischer, U., Wang, F., and Dreyfuss, G. (1997). The spinal muscular atrophy disease
gene product, SMN, and its associated protein SIP1 are in a complex with spliceosomal snRNP
proteins. Cell 90, 1013–1021.

318

Lohrum, M.A.E., Ludwig, R.L., Kubbutat, M.H.G., Hanlon, M., and Vousden, K.H. (2003).
Regulation of HDM2 activity by the ribosomal protein L11. Cancer Cell 3, 577–587.
Lorson, C.L., and Androphy, E.J. (2000). An exonic enhancer is required for inclusion of an
essential exon in the SMA-determining gene SMN. Hum. Mol. Genet. 9, 259–265.
Lorson, C.L., Strasswimmer, J., Yao, J.-M., Baleja, J.D., Hahnen, E., Wirth, B., Le, T., Burghes,
A.H.M., and Androphy, E.J. (1998). SMN oligomerization defect correlates with spinal muscular
atrophy severity. Nat. Genet. 19, 63–66.
Lorson, C.L., Hahnen, E., Androphy, E.J., and Wirth, B. (1999). A single nucleotide in the SMN
gene regulates splicing and is responsible for spinal muscular atrophy. Proc. Natl. Acad. Sci. U.
S. A. 96, 6307–6311.
Lotti, F., Imlach, W.L., Saieva, L., Beck, E.S., Hao, L.T., Li, D.K., Jiao, W., Mentis, G.Z., Beattie,
C.E., McCabe, B.D., et al. (2012). An SMN-dependent U12 splicing event essential for motor
circuit function. Cell 151, 440–454.
Lu, H., Taya, Y., Ikeda, M., and Levine, A.J. (1998). Ultraviolet radiation, but not radiation or
etoposide-induced DNA damage, results in the phosphorylation of the murine p53 protein at
serine-389. Proc. Natl. Acad. Sci. 95, 6399–6402.
Luo, J., Su, F., Chen, D., Shiloh, A., and Gu, W. (2000). Deacetylation of p53 modulates its effect
on cell growth and apoptosis. Nature 408, 377–381.
Luo, J., Li, M., Tang, Y., Laszkowska, M., Roeder, R.G., and Gu, W. (2004). Acetylation of p53
augments its site-specific DNA binding both in vitro and in vivo. Proc. Natl. Acad. Sci. 101, 2259–
2264.
Lutz, C.M., Kariya, S., Patruni, S., Osborne, M.A., Liu, D., Henderson, C.E., Li, D.K., Pellizzoni,
L., Rojas, J., Valenzuela, D.M., et al. (2011). Postsymptomatic restoration of SMN rescues the
disease phenotype in a mouse model of severe spinal muscular atrophy. J. Clin. Invest. 121,
3029–3041.
MacLeod, M.J., Taylor, J.E., Lunt, P.W., Mathew, C.G., and Robb, S.A. (1999). Prenatal onset
spinal muscular atrophy. Eur. J. Paediatr. Neurol. 3, 65–72.
MacPherson, D., Kim, J., Kim, T., Rhee, B.K., Oostrom, C.T.M. van, DiTullio, R.A., Jr, Venere,
M., Halazonetis, T.D., Bronson, R., et al. (2004). Defective apoptosis and B-cell lymphomas in
mice with p53 point mutation at Ser 23. EMBO J. 23, 3689.
Maetens, M., Doumont, G., Clercq, S.D., Francoz, S., Froment, P., Bellefroid, E., Klingmuller, U.,
Lozano, G., and Marine, J.-C. (2007). Distinct roles of Mdm2 and Mdm4 in red cell production.
Blood 109, 2630–2633.
Maltzman, W., and Czyzyk, L. (1984). UV irradiation stimulates levels of p53 cellular tumor
antigen in nontransformed mouse cells. Mol. Cell. Biol. 4, 1689–1694.
Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A., Hetherington, C., Lawton, M.,
Trottier, Y., Lehrach, H., Davies, S.W., et al. (1996). Exon I of the HD gene with an expanded
CAG repeat is sufficient to cause a progressive neurological phenotype in transgenic mice. Cell

319

87, 493–506.
Marchi, S., Patergnani, S., and Pinton, P. (2014). The endoplasmic reticulum-mitochondria
connection: one touch, multiple functions. Biochim. Biophys. Acta 1837, 461–469.
Marine, J.-C., Francoz, S., Maetens, M., Wahl, G., Toledo, F., and Lozano, G. (2006). Keeping
p53 in check: essential and synergistic functions of Mdm2 and Mdm4. Cell Death Differ. 13, 927–
934.
Martin, L.J. (2000). p53 Is Abnormally Elevated and Active in the CNS of Patients with
Amyotrophic Lateral Sclerosis. Neurobiol. Dis. 7, 613–622.
Martínez-Hernández, R., Bernal, S., Also-Rallo, E., Alías, L., Barceló, M.J., Hereu, M., Esquerda,
J.E., and Tizzano, E.F. (2013). Synaptic defects in type I spinal muscular atrophy in human
development. J. Pathol. 229, 49–61.
Martinez, T.L., Kong, L., Wang, X., Osborne, M.A., Crowder, M.E., Van Meerbeke, J.P., Xu, X.,
Davis, C., Wooley, J., Goldhamer, D.J., et al. (2012). Survival motor neuron protein in motor
neurons determines synaptic integrity in spinal muscular atrophy. J. Neurosci. 32, 8703–8715.
Marzluff, W.F., Wagner, E.J., and Duronio, R.J. (2008). Metabolism and regulation of canonical
histone mRNAs: life without a poly(A) tail. Nat. Rev. Genet. 9, 843–854.
Massenet, S., Pellizzoni, L., Paushkin, S., Mattaj, I.W., and Dreyfuss, G. (2002). The SMN
complex is associated with snRNPs throughout their cytoplasmic assembly pathway. Mol. Cell.
Biol. 22, 6533–6541.
Mastaglia, F.L., and Walton, J.N. (1971). Histological and histochemical changes in skeletal
muscle from cases of chronic juvenile and early adult spinal muscular atrophy (the KugelbergWelander syndrome). J. Neurol. Sci. 12, 15–44.
Mauer, J., Sindelar, M., Despic, V., Guez, T., Hawley, B.R., Vasseur, J.J., Rentmeister, A., Gross,
S.S., Pellizzoni, L., Debart, F., et al. (2019). FTO controls reversible m 6 Am RNA methylation
during snRNA biogenesis. Nat. Chem. Biol. 15, 340–347.
Maya, R., Balass, M., Kim, S.T., Shkedy, D., Leal, J.F., Shifman, O., Moas, M., Buschmann, T.,
Ronai, Z., Shiloh, Y., et al. (2001). ATM-dependent phosphorylation of Mdm2 on serine 395: role
in p53 activation by DNA damage. Genes Dev. 15, 1067–1077.
McAndrew, P.E., Parsons, D.W., Simard, L.R., Rochette, C., Ray, P.N., Mendell, J.R., Prior, T.W.,
and Burghes, A.H. (1997). Identification of proximal spinal muscular atrophy carriers and patients
by analysis of SMNT and SMNC gene copy number. Am. J. Hum. Genet. 60, 1411–1422.
McGovern, V.L., Gavrilina, T.O., Beattie, C.E., and Burghes, A.H.M. (2008). Embryonic motor
axon development in the severe SMA mouse. Hum. Mol. Genet. 17, 2900–2909.
McGovern, V.L., Iyer, C.C., Arnold, W.D., Gombash, S.E., Zaworski, P.G., Blatnik, A.J., Foust,
K.D., and Burghes, A.H.M. (2015). SMN expression is required in motor neurons to rescue
electrophysiological deficits in the SMNΔ7 mouse model of SMA. Hum. Mol. Genet. 24, 5524–
5541.

320

McKinney, K., Mattia, M., Gottifredi, V., and Prives, C. (2004). p53 Linear Diffusion along DNA
Requires Its C Terminus. Mol. Cell 16, 413–424.
McWhorter, M.L., Monani, U.R., Burghes, A.H.M., and Beattie, C.E. (2003). Knockdown of the
survival motor neuron (Smn) protein in zebrafish causes defects in motor axon outgrowth and
pathfinding. J. Cell Biol. 162, 919–931.
Meek, D.W., and Anderson, C.W. (2009). Posttranslational modification of p53: cooperative
integrators of function. Cold Spring Harb. Perspect. Biol. 1, a000950.
Meister, G., and Fischer, U. (2002). Assisted RNP assembly: SMN and PRMT5 complexes
cooperate in the formation of spliceosomal UsnRNPs. EMBO J. 21, 5853–5863.
Meister, G., Eggert, C., Bühler, D., Brahms, H., Kambach, C., and Fischer, U. (2001a).
Methylation of Sm proteins by a complex containing PRMT5 and the putative U snRNP assembly
factor pICln. Curr. Biol. 11, 1990–1994.
Meister, G., Bühler, D., Pillai, R., Lottspeich, F., and Fischer, U. (2001b). A multiprotein complex
mediates the ATP-dependent assembly of spliceosomal U snRNPs. Nat. Cell Biol. 3, 945–949.
Mendell, J.R., Al-Zaidy, S., Shell, R., Arnold, W.D., Rodino-Klapac, L.R., Prior, T.W., Lowes, L.,
Alfano, L., Berry, K., Church, K., et al. (2017). Single-Dose Gene-Replacement Therapy for Spinal
Muscular Atrophy. N. Engl. J. Med. 377, 1713–1722.
Mendelsohn, A.I., Simon, C.M., Abbott, L.F., Mentis, G.Z., and Jessell, T.M. (2015). Activity
Regulates the Incidence of Heteronymous Sensory-Motor Connections. Neuron 87, 111–123.
Mentis, G.Z., Blivis, D., Liu, W., Drobac, E., Crowder, M.E., Kong, L., Alvarez, F.J., Sumner, C.J.,
and O’Donovan, M.J. (2011). Early Functional Impairment of Sensory-Motor Connectivity in a
Mouse Model of Spinal Muscular Atrophy. Neuron 69, 453–467.
Mercuri, E., Darras, B.T., Chiriboga, C.A., Day, J.W., Campbell, C., Connolly, A.M., Iannaccone,
S.T., Kirschner, J., Kuntz, N.L., Saito, K., et al. (2018). Nusinersen versus sham control in lateronset spinal muscular atrophy. N. Engl. J. Med. 378, 625–635.
Meulmeester, E., Frenk, R., Stad, R., de Graaf, P., Marine, J.-C., Vousden, K.H., and Jochemsen,
A.G. (2003). Critical role for a central part of Mdm2 in the ubiquitylation of p53. Mol. Cell. Biol. 23,
4929–4938.
Meyer, K., Ferraiuolo, L., Schmelzer, L., Braun, L., McGovern, V., Likhite, S., Michels, O., Govoni,
A., Fitzgerald, J., Morales, P., et al. (2015). Improving single injection CSF delivery of AAV9mediated gene therapy for SMA: a dose-response study in mice and nonhuman primates. Mol.
Ther. 23, 477–487.
Migliorini, D., Danovi, D., Colombo, E., Carbone, R., Pelicci, P.G., and Marine, J.-C. (2002a).
Hdmx recruitment into the nucleus by Hdm2 is essential for its ability to regulate p53 stability and
transactivation. J. Biol. Chem. 277, 7318–7323.
Migliorini, D., Lazzerini Denchi, E., Danovi, D., Jochemsen, A., Capillo, M., Gobbi, A., Helin, K.,
Pelicci, P.G., and Marine, J.-C. (2002b). Mdm4 (Mdmx) regulates p53-induced growth arrest and
neuronal cell death during early embryonic mouse development. Mol. Cell. Biol. 22, 5527–5538.

321

Miller, N., Feng, Z., Edens, B.M., Yang, B., Shi, H., Sze, C.C., Hong, B.T., Su, S.C., Cantu, J.A.,
Topczewski, J., et al. (2015). Non-aggregating tau phosphorylation by cyclin-dependent kinase 5
contributes to motor neuron degeneration in spinal muscular atrophy. J. Neurosci. 35, 6038–6050.
Min, S., Kim, K., Kim, S.-G., Cho, H., and Lee, Y. (2018). Chromatin-remodeling factor, RSF1,
controls p53-mediated transcription in apoptosis upon DNA strand breaks. Cell Death Dis. 9, 1079.
Mirra, A., Rossi, S., Scaricamazza, S., DI Salvio, M., Salvatori, I., Valle, C., Rusmini, P., Poletti,
A., Cestra, G., Carrì, M.T., et al. (2017). Functional interaction between FUS and SMN underlies
SMA-like splicing changes in wild-type hFUS mice. Sci. Rep. 7.
Mogi, M., Kondo, T., Mizuno, Y., and Nagatsu, T. (2007). p53 protein, interferon-γ, and NF-κB
levels are elevated in the parkinsonian brain. Neurosci. Lett. 414, 94–97.
Momand, J., Zambetti, G.P., Olson, D.C., George, D., and Levine, A.J. (1992). The mdm-2
oncogene product forms a complex with the p53 protein and inhibits p53-mediated transactivation.
Cell 69, 1237–1245.
Monani, U.R. (2000). The human centromeric survival motor neuron gene (SMN2) rescues
embryonic lethality in Smn-/- mice and results in a mouse with spinal muscular atrophy. Hum. Mol.
Genet. 9, 333–339.
Monani, U.R., Lorson, C.L., Parsons, D.W., Prior, T.W., Androphy, E.J., Burghes, A.H., and
McPherson, J.D. (1999). A single nucleotide difference that alters splicing patterns distinguishes
the SMA gene SMN1 from the copy gene SMN2. Hum. Mol. Genet. 8, 1177–1183.
Moretti, F., Bergman, P., Dodgson, S., Marcellin, D., Claerr, I., Goodwin, J.M., DeJesus, R., Kang,
Z., Antczak, C., Begue, D., et al. (2018). TMEM41B is a novel regulator of autophagy and lipid
mobilization. EMBO Rep. 19, e45889.
Morita, K., Hama, Y., Izume, T., Tamura, N., Ueno, T., Yamashita, Y., Sakamaki, Y., Mimura, K.,
Morishita, H., Shihoya, W., et al. (2018). Genome-wide CRISPR screen identifies TMEM41B as
a gene required for autophagosome formation. J. Cell Biol. jcb.201804132.
Mouaikel, J., Verheggen, C., Bertrand, E., Tazi, J., and Bordonné, R. (2002). Hypermethylation
of the Cap Structure of Both Yeast snRNAs and snoRNAs Requires a Conserved
Methyltransferase that Is Localized to the Nucleolus. Mol. Cell 9, 891–901.
Mueller, C., Ratner, D., Zhong, L., Esteves-Sena, M., and Gao, G. (2012). Production and
Discovery of Novel Recombinant Adeno-Associated Viral Vectors. In Current Protocols in
Microbiology, (Hoboken, NJ, USA: John Wiley & Sons, Inc.), pp. 14D.1.1-14D.1.21.
Munsat, T.L., and Davies, K.E. (1992). International SMA consortium meeting. (26-28 June 1992,
Bonn, Germany). Neuromuscul. Disord. 2, 423–428.
Muralidharan, K., Wilson, R.B., Ogino, S., Nagan, N., Curtis, C., and Schrijver, I. (2011).
Population carrier screening for spinal muscular atrophy: A position statement of the association
for molecular pathology. J. Mol. Diagnostics 13, 3–6.
Murray, L.M., Comley, L.H., Thomson, D., Parkinson, N., Talbot, K., and Gillingwater, T.H. (2008).

322

Selective vulnerability of motor neurons and dissociation of pre- and post-synaptic pathology at
the neuromuscular junction in mouse models of spinal muscular atrophy. Hum. Mol. Genet. 17,
949–962.
Murray, L.M., Lee, S., Bäumer, D., Parson, S.H., Talbot, K., and Gillingwater, T.H. (2010). Presymptomatic development of lower motor neuron connectivity in a mouse model of severe spinal
muscular atrophy. Hum. Mol. Genet. 19, 420–433.
Murray, L.M., Beauvais, A., Gibeault, S., Courtney, N.L., and Kothary, R. (2015). Transcriptional
profiling of differentially vulnerable motor neurons at pre-symptomatic stage in the Smn (2b/-)
mouse model of spinal muscular atrophy. Acta Neuropathol. Commun. 3, 55.
Napieralski, J.A., Raghupathi, R., and McIntosh, T.K. (1999). The tumor-suppressor gene, p53,
is induced in injured brain regions following experimental traumatic brain injury. Brain Res. Mol.
Brain Res. 71, 78–86.
Narayanan, U., Achsel, T., Lührmann, R., and Matera, A.G. (2004). Coupled in vitro import of U
snRNPs and SMN, the spinal muscular atrophy protein. Mol. Cell 16, 223–234.
Naryshkin, N.A., Weetall, M., Dakka, A., Narasimhan, J., Zhao, X., Feng, Z., Ling, K.K.Y., Karp,
G.M., Qi, H., Woll, M.G., et al. (2014). Motor neuron disease. SMN2 splicing modifiers improve
motor function and longevity in mice with spinal muscular atrophy. Science 345, 688–693.
Ng, S.-Y., Soh, B.S., Rodriguez-Muela, N., Hendrickson, D.G., Price, F., Rinn, J.L., and Rubin,
L.L. (2015). Genome-wide RNA-Seq of Human Motor Neurons Implicates Selective ER Stress
Activation in Spinal Muscular Atrophy. Cell Stem Cell 17, 569–584.
Nishina, H., Wada, T., and Katada, T. (2004). Physiological Roles of SAPK/JNK Signaling
Pathway. J. Biochem. 136, 123–126.
de Oca Luna, R.M., Wagner, D.S., and Lozano, G. (1995). Rescue of early embryonic lethality in
mdm2-deficient mice by deletion of p53. Nature 378, 203–206.
Oprişoreanu, A.-M., Smith, H.L., Arya, S., Webster, R., Zhong, Z., Wehner, D., Cardozo, M.J.,
Becker, T., Talbot, K., and Becker, C.G. (2019). Interaction of Axonal Chondrolectin with Collagen
XIXa1 Is Necessary for Precise Neuromuscular Junction Formation. Cell Rep. 29, 1082-1098.e10.
Oskoui, M., Darras, B.T., and De Vivo, D.C. (2017). Spinal Muscular Atrophy: 125 Years Later
and on the Verge of a Cure. In Spinal Muscular Atrophy, (Elsevier), pp. 3–19.
Osman, E.Y., Miller, M.R., Robbins, K.L., Lombardi, A.M., Atkinson, A.K., Brehm, A.J., and Lorson,
C.L. (2014). Morpholino antisense oligonucleotides targeting intronic repressor Element1 improve
phenotype in SMA mouse models. Hum. Mol. Genet. 23, 4832–4845.
Ottesen, E.W., Howell, M.D., Singh, N.N., Seo, J., Whitley, E.M., and Singh, R.N. (2016). Severe
impairment of male reproductive organ development in a low SMN expressing mouse model of
spinal muscular atrophy. Sci. Rep. 6, 20193.
Pagliardini, S., Giavazzi, A., Setola, V., Lizier, C., Di Luca, M., DeBiasi, S., and Battaglia, G.
(2000). Subcellular localization and axonal transport of the survival motor neuron (SMN) protein
in the developing rat spinal cord. Hum. Mol. Genet. 9, 47–56.

323

Pagliarini, V., Pelosi, L., Bustamante, M.B., Nobili, A., Berardinelli, M.G., D’Amelio, M., Musaro,
A., and Sette, C. (2015). SAM68 is a physiological regulator of SMN2 splicing in spinal muscular
atrophy. J. Cell Biol. 211, 77–90.
Paillusson, S., Stoica, R., Gomez-Suaga, P., Lau, D.H.W., Mueller, S., Miller, T., and Miller, C.C.J.
(2016). There’s Something Wrong with my MAM; the ER-Mitochondria Axis and
Neurodegenerative Diseases. Trends Neurosci. 39, 146–157.
Paknia, E., Chari, A., Stark, H., and Fischer, U. (2016). The Ribosome Cooperates with the
Assembly Chaperone pICln to Initiate Formation of snRNPs. Cell Rep. 16, 3103–3112.
Palacino, J., Swalley, S.E., Song, C., Cheung, A.K., Shu, L., Zhang, X., Van Hoosear, M., Shin,
Y., Chin, D.N., Keller, C.G., et al. (2015). SMN2 splice modulators enhance U1-pre-mRNA
association and rescue SMA mice. Nat. Chem. Biol. 11, 511–517.
Pan, Y., and Chen, J. (2003). MDM2 promotes ubiquitination and degradation of MDMX. Mol. Cell.
Biol. 23, 5113–5121.
Pant, V., Xiong, S., Iwakuma, T., Quintás-Cardama, A., and Lozano, G. (2011).
Heterodimerization of Mdm2 and Mdm4 is critical for regulating p53 activity during embryogenesis
but dispensable for p53 and Mdm2 stability. Proc. Natl. Acad. Sci. U. S. A. 108, 11995–12000.
Parant, J., Chavez-Reyes, A., Little, N.A., Yan, W., Reinke, V., Jochemsen, A.G., and Lozano, G.
(2001). Rescue of embryonic lethality in Mdm4-null mice by loss of Trp53 suggests a
nonoverlapping pathway with MDM2 to regulate p53. Nat. Genet. 29, 92–95.
París, R., Henry, R.E., Stephens, S.J., McBryde, M., and Espinosa, J.M. (2008). Multiple p53independent gene silencing mechanisms define the cellular response to p53 activation. Cell Cycle
7, 2427–2433.
Park, G.-H., Maeno-Hikichi, Y., Awano, T., Landmesser, L.T., and Monani, U.R. (2010). Reduced
survival of motor neuron (SMN) protein in motor neuronal progenitors functions cell autonomously
to cause spinal muscular atrophy in model mice expressing the human centromeric (SMN2) gene.
J. Neurosci. 30, 12005–12019.
Passini, M.A., Bu, J., Roskelley, E.M., Richards, A.M., Sardi, S.P., O’Riordan, C.R., Klinger, K.W.,
Shihabuddin, L.S., and Cheng, S.H. (2010). CNS-targeted gene therapy improves survival and
motor function in a mouse model of spinal muscular atrophy. J. Clin. Invest. 120, 1253–1264.
Passini, M.A., Bu, J., Richards, A.M., Kinnecom, C., Sardi, S.P., Stanek, L.M., Hua, Y., Rigo, F.,
Matson, J., Hung, G., et al. (2011). Antisense oligonucleotides delivered to the mouse CNS
ameliorate symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 3, 72ra18.
Patel, A.A., and Steitz, J.A. (2003). Splicing double: insights from the second spliceosome. Nat.
Rev. Mol. Cell Biol. 4, 960–970.
Pavletich, N.P., Chambers, K.A., and Pabo, C.O. (1993). The DNA-binding domain of p53
contains the four conserved regions and the major mutation hot spots. Genes Dev. 7, 2556–2564.
Pedrotti, S., Bielli, P., Paronetto, M.P., Ciccosanti, F., Fimia, G.M., Stamm, S., Manley, J.L., and

324

Sette, C. (2010). The splicing regulator Sam68 binds to a novel exonic splicing silencer and
functions in SMN2 alternative splicing in spinal muscular atrophy. EMBO J. 29, 1235–1247.
Pellizzoni, L. (2007). Chaperoning ribonucleoprotein biogenesis in health and disease. EMBO
Rep. 8, 340–345.
Pellizzoni, L., Kataoka, N., Charroux, B., and Dreyfuss, G. (1998). A Novel Function for SMN, the
Spinal Muscular Atrophy Disease Gene Product, in Pre-mRNA Splicing. Cell 95, 615–624.
Pellizzoni, L., Charroux, B., and Dreyfuss, G. (1999). SMN mutants of spinal muscular atrophy
patients are defective in binding to snRNP proteins. Proc. Natl. Acad. Sci. U. S. A. 96, 11167–
11172.
Pellizzoni, L., Baccon, J., Charroux, B., and Dreyfuss, G. (2001a). The survival of motor neurons
(SMN) protein interacts with the snoRNP proteins fibrillarin and GAR1. Curr. Biol. 11, 1079–1088.
Pellizzoni, L., Charroux, B., Rappsilber, J., Mann, M., and Dreyfuss, G. (2001b). A Functional
Interaction between the Survival Motor Neuron Complex and RNA Polymerase II. J. Cell Biol. 152,
75–86.
Pellizzoni, L., Baccon, J., Rappsilber, J., Mann, M., and Dreyfuss, G. (2002a). Purification of
Native Survival of Motor Neurons Complexes and Identification of Gemin6 as a Novel Component.
J. Biol. Chem. 277, 7540–7545.
Pellizzoni, L., Yong, J., and Dreyfuss, G. (2002b). Essential role for the SMN complex in the
specificity of snRNP assembly. Science 298, 1775–1779.
Pereg, Y., Shkedy, D., de Graaf, P., Meulmeester, E., Edelson-Averbukh, M., Salek, M., Biton, S.,
Teunisse, A.F.A.S., Lehmann, W.D., Jochemsen, A.G., et al. (2005). Phosphorylation of Hdmx
mediates its Hdm2- and ATM-dependent degradation in response to DNA damage. Proc. Natl.
Acad. Sci. 102, 5056–5061.
Periyakaruppiah, A., de la Fuente, S., Arumugam, S., Bahí, N., Garcera, A., and Soler, R.M.
(2016). Autophagy modulators regulate survival motor neuron protein stability in motoneurons.
Exp. Neurol. 283, 287–297.
Perry, M.E., Mendrysa, S.M., Saucedo, L.J., Tannous, P., and Holubar, M. (2000). p76(MDM2)
inhibits the ability of p90(MDM2) to destabilize p53. J. Biol. Chem. 275, 5733–5738.
Pestov, D.G., Strezoska, Z., and Lau, L.F. (2001). Evidence of p53-dependent cross-talk between
ribosome biogenesis and the cell cycle: effects of nucleolar protein Bop1 on G(1)/S transition. Mol.
Cell. Biol. 21, 4246–4255.
Piazzon, N., Rage, F., Schlotter, F., Moine, H., Branlant, C., and Massenet, S. (2008). In Vitro
and in Cellulo Evidences for Association of the Survival of Motor Neuron Complex with the Fragile
X Mental Retardation Protein. J. Biol. Chem. 283, 5598–5610.
Piazzon, N., Schlotter, F., Lefebvre, S., Dodré, M., Méreau, A., Soret, J., Besse, A., Barkats, M.,
Bordonné, R., Branlant, C., et al. (2013). Implication of the SMN complex in the biogenesis and
steady state level of the signal recognition particle. Nucleic Acids Res. 41, 1255–1272.

325

Pilato, C.M., Park, J.H., Kong, L., d’Ydewalle, C., Valdivia, D., Chen, K.S., Griswold-Prenner, I.,
and Sumner, C.J. (2019). Motor neuron loss in SMA is not associated with somal stress-activated
JNK/c-Jun signaling. Hum. Mol. Genet.
Pillai, R.S. (2003). Unique Sm core structure of U7 snRNPs: assembly by a specialized SMN
complex and the role of a new component, Lsm11, in histone RNA processing. Genes Dev. 17,
2321–2333.
Pillai, R.S., Will, C.L., Lührmann, R., Schümperli, D., and Müller, B. (2001). Purified U7 snRNPs
lack the Sm proteins D1 and D2 but contain Lsm10, a new 14 kDa Sm D1-like protein. EMBO J.
20, 5470–5479.
Pillai, R.S., Grimmler, M., Meister, G., Will, C.L., Lührmann, R., Fischer, U., and Schümperli, D.
(2003). Unique Sm core structure of U7 snRNPs: assembly by a specialized SMN complex and
the role of a new component, Lsm11, in histone RNA processing. Genes Dev. 17, 2321–2333.
Piñol-Roma, S., and Dreyfuss, G. (1992). Shuttling of pre-mRNA binding proteins between
nucleus and cytoplasm. Nature 355, 730–732.
Piras, A., Schiaffino, L., Boido, M., Valsecchi, V., Guglielmotto, M., De Amicis, E., Puyal, J.,
Garcera, A., Tamagno, E., Soler, R.M., et al. (2017). Inhibition of autophagy delays motoneuron
degeneration and extends lifespan in a mouse model of spinal muscular atrophy. Cell Death Dis.
8, 3223.
Plesnila, N., von Baumgarten, L., Retiounskaia, M., Engel, D., Ardeshiri, A., Zimmermann, R.,
Hoffmann, F., Landshamer, S., Wagner, E., and Culmsee, C. (2007). Delayed neuronal death
after brain trauma involves p53-dependent inhibition of NF-κB transcriptional activity. Cell Death
Differ. 14, 1529–1541.
Plotnikov, A., Zehorai, E., Procaccia, S., and Seger, R. (2011). The MAPK cascades: Signaling
components, nuclear roles and mechanisms of nuclear translocation. Biochim. Biophys. Acta Mol. Cell Res. 1813, 1619–1633.
Pomerantz, J., Schreiber-Agus, N., Liégeois, N.J., Silverman, A., Alland, L., Chin, L., Potes, J.,
Chen, K., Orlow, I., Lee, H.-W., et al. (1998). The Ink4a Tumor Suppressor Gene Product, p19Arf,
Interacts with MDM2 and Neutralizes MDM2’s Inhibition of p53. Cell 92, 713–723.
Porensky, P.N., Mitrpant, C., McGovern, V.L., Bevan, A.K., Foust, K.D., Kaspar, B.K., Wilton, S.D.,
and Burghes, A.H.M. (2012). A single administration of morpholino antisense oligomer rescues
spinal muscular atrophy in mouse. Hum. Mol. Genet. 21, 1625–1638.
Powis, R.A., and Gillingwater, T.H. (2016). Selective loss of alpha motor neurons with sparing of
gamma motor neurons and spinal cord cholinergic neurons in a mouse model of spinal muscular
atrophy. J. Anat. 228, 443–451.
Powis, R.A., Karyka, E., Boyd, P., Côme, J., Jones, R.A., Zheng, Y., Szunyogova, E., Groen, E.J.,
Hunter, G., Thomson, D., et al. (2016). Systemic restoration of UBA1 ameliorates disease in
spinal muscular atrophy. JCI Insight 1, e87908.
Presumey, J., Bialas, A.R., and Carroll, M.C. (2017). Complement System in Neural Synapse
Elimination in Development and Disease. In Advances in Immunology, (Academic Press Inc.), pp.

326

53–79.
Prior, T.W., Swoboda, K.J., Scott, H.D., and Hejmanowski, A.Q. (2004). Homozygous SMN1
deletions in unaffected family members and modification of the phenotype by SMN2. Am. J. Med.
Genet. A 130A, 307–310.
Prusty, A.B., Meduri, R., Prusty, B.K., Vanselow, J., Schlosser, A., and Fischer, U. (2017).
Impaired spliceosomal UsnRNP assembly leads to Sm mRNA down-regulation and Sm protein
degradation. J. Cell Biol. 216, 2391–2407.
Qi, X., Davis, B., Chiang, Y.-H., Filichia, E., Barnett, A., Greig, N.H., Hoffer, B., and Luo, Y. (2016).
Dopaminergic neuron-specific deletion of p53 gene is neuroprotective in an experimental
Parkinson’s disease model. J. Neurochem. 138, 746–757.
Qian, H., Wang, T., Naumovski, L., Lopez, C.D., and Brachmann, R.K. (2002). Groups of p53
target genes involved in specific p53 downstream effects cluster into different classes of DNA
binding sites. Oncogene 21, 7901–7911.
Rage, F., Boulisfane, N., Rihan, K., Neel, H., Gostan, T., Bertrand, E., Bordonne, R., and Soret,
J. (2013). Genome-wide identification of mRNAs associated with the protein SMN whose
depletion decreases their axonal localization. RNA 19, 1755–1766.
Raker, V.A., Hartmuth, K., Kastner, B., and Lührmann, R. (1999). Spliceosomal U snRNP Core
Assembly: Sm Proteins Assemble onto an Sm Site RNA Nonanucleotide in a Specific and
Thermodynamically Stable Manner. Mol. Cell. Biol. 19, 6554–6565.
Ramaswami, M., Taylor, J.P., and Parker, R. (2013). Altered ribostasis: RNA-protein granules in
degenerative disorders. Cell 154, 727–736.
Ramser, J., Ahearn, M.E., Lenski, C., Yariz, K.O., Hellebrand, H., von Rhein, M., Clark, R.D.,
Schmutzler, R.K., Lichtner, P., Hoffman, E.P., et al. (2008). Rare missense and synonymous
variants in UBE1 are associated with X-linked infantile spinal muscular atrophy. Am. J. Hum.
Genet. 82, 188–193.
Ranganathan, S., and Bowser, R. (2010). p53 and Cell Cycle Proteins Participate in Spinal Motor
Neuron Cell Death in ALS. Open Pathol. J. 4, 11–22.
Raturi, A., and Simmen, T. (2013). Where the endoplasmic reticulum and the mitochondrion tie
the knot: The mitochondria-associated membrane (MAM). Biochim. Biophys. Acta - Mol. Cell Res.
1833, 213–224.
Raycroft, L., Wu, H.Y., and Lozano, G. (1990). Transcriptional activation by wild-type but not
transforming mutants of the p53 anti-oncogene. Science 249, 1049–1051.
Renvoisé, B., Colasse, S., Burlet, P., Viollet, L., Meier, U.T., and Lefebvre, S. (2009). The loss of
the snoRNP chaperone Nopp140 from Cajal bodies of patient fibroblasts correlates with the
severity of spinal muscular atrophy. Hum. Mol. Genet. 18, 1181–1189.
Riessland, M., Kaczmarek, A., Schneider, S., Swoboda, K.J., Löhr, H., Bradler, C., Grysko, V.,
Dimitriadi, M., Hosseinibarkooie, S., Torres-Benito, L., et al. (2017). Neurocalcin Delta
Suppression Protects against Spinal Muscular Atrophy in Humans and across Species by

327

Restoring Impaired Endocytosis. Am. J. Hum. Genet. 100, 297–315.
Rigo, F., Chun, S.J., Norris, D.A., Hung, G., Lee, S., Matson, J., Fey, R.A., Gaus, H., Hua, Y.,
Grundy, J.S., et al. (2014). Pharmacology of a central nervous system delivered 2’-Omethoxyethyl-modified survival of motor neuron splicing oligonucleotide in mice and nonhuman
primates. J. Pharmacol. Exp. Ther. 350, 46–55.
Rindt, H., Feng, Z., Mazzasette, C., Glascock, J.J., Valdivia, D., Pyles, N., Crawford, T.O.,
Swoboda, K.J., Patitucci, T.N., Ebert, A.D., et al. (2015). Astrocytes influence the severity of spinal
muscular atrophy. Hum. Mol. Genet. 24, 4094–4102.
Robbins, K.L., Glascock, J.J., Osman, E.Y., Miller, M.R., and Lorson, C.L. (2014). Defining the
therapeutic window in a severe animal model of spinal muscular atrophy. Hum. Mol. Genet. 23,
4559–4568.
Robertson, W.C., Kawamura, Y., and Dyck, P.J. (1978). Morphometric study of motoneurons in
congenital nemaline myopathy and Werdnig-Hoffmann disease. Neurology 28, 1057–1061.
Robson, M.J., Quinlan, M.A., Margolis, K.G., Gajewski-Kurdziel, P.A., Veenstra-VanderWeele, J.,
Gershon, M.D., Watterson, D.M., and Blakely, R.D. (2018). p38α MAPK signaling drives
pharmacologically reversible brain and gastrointestinal phenotypes in the SERT Ala56 mouse.
Proc. Natl. Acad. Sci. 115, E10245–E10254.
Rochette, C., Gilbert, N., and Simard, L. (2001). SMN gene duplication and the emergence of the
SMN2 gene occurred in distinct hominids: SMN2 is unique to Homo sapiens. Hum. Genet. 108,
255–266.
Rodriguez-Muela, N., Litterman, N.K., Norabuena, E.M., Mull, J.L., Galazo, M.J., Sun, C., Ng, S.Y., Makhortova, N.R., White, A., Lynes, M.M., et al. (2017). Single-Cell Analysis of SMN Reveals
Its Broader Role in Neuromuscular Disease. Cell Rep. 18, 1484–1498.
Rodriguez-Muela, N., Parkhitko, A., Grass, T., Gibbs, R.M., Norabuena, E.M., Perrimon, N., Singh,
R., and Rubin, L.L. (2018). Blocking p62-dependent SMN degradation ameliorates spinal
muscular atrophy disease phenotypes. J. Clin. Invest. 128, 3008–3023.
Rodriguez, M.S., Desterro, J.M., Lain, S., Midgley, C.A., Lane, D.P., and Hay, R.T. (1999). SUMO1 modification activates the transcriptional response of p53. EMBO J. 18, 6455–6461.
Rossoll, W., Kröning, A.-K., Ohndorf, U.-M., Steegborn, C., Jablonka, S., and Sendtner, M. (2002).
Specific interaction of Smn, the spinal muscular atrophy determining gene product, with hnRNPR and gry-rbp/hnRNP-Q: a role for Smn in RNA processing in motor axons? Hum. Mol. Genet.
11, 93–105.
Rossoll, W., Jablonka, S., Andreassi, C., Kröning, A.-K., Karle, K., Monani, U.R., and Sendtner,
M. (2003). Smn, the spinal muscular atrophy–determining gene product, modulates axon growth
and localization of β-actin mRNA in growth cones of motoneurons. J. Cell Biol. 163, 801–812.
Roth, J., Dobbelstein, M., Freedman, D.A., Shenk, T., and Levine, A.J. (1998). Nucleocytoplasmic shuttling of the hdm2 oncoprotein regulates the levels of the p53 protein via a
pathway used by the human immunodeficiency virus rev protein. EMBO J. 17, 554–564.

328

Roy, S.M., Grum-Tokars, V.L., Schavocky, J.P., Saeed, F., Staniszewski, A., Teich, A.F., Arancio,
O., Bachstetter, A.D., Webster, S.J., Van Eldik, L.J., et al. (2015). Targeting human central
nervous system protein kinases: An isoform selective p38αMAPK inhibitor that attenuates disease
progression in Alzheimer’s disease mouse models. ACS Chem. Neurosci. 6, 666–680.
Roy, S.M., Minasov, G., Arancio, O., Chico, L.W., Van Eldik, L.J., Anderson, W.F., Pelletier, J.C.,
and Watterson, D.M. (2019). A Selective and Brain Penetrant p38αMAPK Inhibitor Candidate for
Neurologic and Neuropsychiatric Disorders That Attenuates Neuroinflammation and Cognitive
Dysfunction. J. Med. Chem. 62, 5298–5311.
Ruggiu, M., McGovern, V.L., Lotti, F., Saieva, L., Li, D.K., Kariya, S., Monani, U.R., Burghes,
A.H.M., and Pellizzoni, L. (2012). A role for SMN exon 7 splicing in the selective vulnerability of
motor neurons in spinal muscular atrophy. Mol. Cell. Biol. 32, 126–138.
Rutigliano, G., Stazi, M., Arancio, O., Watterson, D.M., and Origlia, N. (2018). An isoformselective p38α mitogen-activated protein kinase inhibitor rescues early entorhinal cortex
dysfunctions in a mouse model of Alzheimer’s disease. Neurobiol. Aging 70, 86–91.
Ryan, A.B., Zeitlin, S.O., and Scrable, H. (2006). Genetic interaction between expanded murine
Hdh alleles and p53 reveal deleterious effects of p53 on Huntington’s disease pathogenesis.
Neurobiol. Dis. 24, 419–427.
Sahashi, K., Hua, Y., Ling, K.K.Y., Hung, G., Rigo, F., Horev, G., Katsuno, M., Sobue, G., Ko, C.P., Bennett, C.F., et al. (2012). TSUNAMI: an antisense method to phenocopy splicing-associated
diseases in animals. Genes Dev. 26, 1874–1884.
Saito, S., Goodarzi, A.A., Higashimoto, Y., Noda, Y., Lees-Miller, S.P., Appella, E., and Anderson,
C.W. (2002). ATM mediates phosphorylation at multiple p53 sites, including Ser(46), in response
to ionizing radiation. J. Biol. Chem. 277, 12491–12494.
Sakaguchi, K., Herrera, J.E., Saito, S. ’i., Miki, T., Bustin, M., Vassilev, A., Anderson, C.W., and
Appella, E. (1998). DNA damage activates p53 through a phosphorylation-acetylation cascade.
Genes Dev. 12, 2831–2841.
Sakamuro, D., Sabbatini, P., White, E., and Prendergast, G.C. (1997). The polyproline region of
p53 is required to activate apoptosis but not growth arrest. Oncogene 15, 887–898.
Salgado-Garrido, J., Bragado-Nilsson, E., Kandels-Lewis, S., and Séraphin, B. (1999). Sm and
Sm-like proteins assemble in two related complexes of deep evolutionary origin. EMBO J. 18,
3451–3462.
Saltzman, A.L., Pan, Q., and Blencowe, B.J. (2011). Regulation of alternative splicing by the core
spliceosomal machinery. Genes Dev. 25, 373–384.
Sammons, M.A., Zhu, J., Drake, A.M., and Berger, S.L. (2015). TP53 engagement with the
genome occurs in distinct local chromatin environments via pioneer factor activity. Genome Res.
25, 179–188.
Samuels-Lev, Y., O’Connor, D.J., Bergamaschi, D., Trigiante, G., Hsieh, J.-K., Zhong, S.,
Campargue, I., Naumovski, L., Crook, T., and Lu, X. (2001). ASPP Proteins Specifically Stimulate
the Apoptotic Function of p53. Mol. Cell 8, 781–794.

329

Saretzki, G., Sitte, N., Merkel, U., Wurm, R.E., and von Zglinicki, T. (1999). Telomere shortening
triggers a p53-dependent cell cycle arrest via accumulation of G-rich single stranded DNA
fragments. Oncogene 18, 5148–5158.
Saucedo, L.J., Myers, C.D., and Perry, M.E. (1999). Multiple murine double minute gene 2 (MDM2)
proteins are induced by ultraviolet light. J. Biol. Chem. 274, 8161–8168.
Schellino, R., Boido, M., Borsello, T., and Vercelli, A. (2018). Pharmacological c-Jun NH2Terminal Kinase (JNK) Pathway Inhibition Reduces Severity of Spinal Muscular Atrophy Disease
in Mice. Front. Mol. Neurosci. 11, 308.
Schmid, A., and DiDonato, C.J. (2007). Animal models of spinal muscular atrophy. J. Child Neurol.
22, 1004–1012.
Schoch, K.M., and Miller, T.M. (2017). Antisense Oligonucleotides: Translation from Mouse
Models to Human Neurodegenerative Diseases. Neuron 94, 1056–1070.
Schrank, B., Götz, R., Gunnersen, J.M., Ure, J.M., Toyka, K. V., Smith, A.G., and Sendtner, M.
(1997). Inactivation of the survival motor neuron gene, a candidate gene for human spinal
muscular atrophy, leads to massive cell death in early mouse embryos. Proc. Natl. Acad. Sci. U.
S. A. 94, 9920–9925.
Schröder, M., and Kaufman, R.J. (2005). ER stress and the unfolded protein response. Mutat.
Res. Mol. Mech. Mutagen. 569, 29–63.
Schroth, M.K. (2009). Special considerations in the respiratory management of spinal muscular
atrophy. Pediatrics 123 Suppl 4, S245-9.
Schumperli, D., and Pillai, R.S. (2004). The special Sm core structure of the U7 snRNP: farreaching significance of a small nuclear ribonucleoprotein. Cell. Mol. Life Sci. 61, 2560–2570.
Schuster, D.J., Dykstra, J.A., Riedl, M.S., Kitto, K.F., Belur, L.R., McIvor, R.S., Elde, R.P.,
Fairbanks, C.A., and Vulchanova, L. (2014). Biodistribution of adeno-associated virus serotype 9
(AAV9) vector after intrathecal and intravenous delivery in mouse. Front. Neuroanat. 8, 42.
See, K., Yadav, P., Giegerich, M., Cheong, P.S., Graf, M., Vyas, H., Lee, S.G.P., Mathavan, S.,
Fischer, U., Sendtner, M., et al. (2014). SMN deficiency alters Nrxn2 expression and splicing in
zebrafish and mouse models of spinal muscular atrophy. Hum. Mol. Genet. 23, 1754–1770.
Shadfan, M., Lopez-Pajares, V., and Yuan, Z.-M. (2012). MDM2 and MDMX: Alone and together
in regulation of p53. Transl. Cancer Res. 1, 88–89.
Sharp, D.A., Kratowicz, S.A., Sank, M.J., and George, D.L. (1999). Stabilization of the MDM2
Oncoprotein by Interaction with the Structurally Related MDMX Protein. J. Biol. Chem. 274,
38189–38196.
Shaulian, E., Zauberman, A., Ginsberg, D., and Oren, M. (1992). Identification of a minimal
transforming domain of p53: negative dominance through abrogation of sequence-specific DNA
binding. Mol. Cell. Biol. 12, 5581–5592.

330

She, Q.-B., Chen, N., and Dong, Z. (2000). ERKs and p38 Kinase Phosphorylate p53 Protein at
Serine 15 in Response to UV Radiation. J. Biol. Chem. 275, 20444–20449.
Shi, D., Pop, M.S., Kulikov, R., Love, I.M., Kung, A.L., Grossman, S.R., and Grossman, S.R.
(2009). CBP and p300 are cytoplasmic E4 polyubiquitin ligases for p53. Proc. Natl. Acad. Sci.
106, 16275–16280.
Shieh, S.Y., Ikeda, M., Taya, Y., and Prives, C. (1997). DNA damage-induced phosphorylation of
p53 alleviates inhibition by MDM2. Cell 91, 325–334.
Shoemaker, C.J., Huang, T.Q., Weir, N.R., Polyakov, N., Schultz, S.W., and Denic, V. (2019).
CRISPR screening using an expanded toolkit of autophagy reporters identifies TMEM41B as a
novel autophagy factor. PLOS Biol. 17, e2007044.
Shorrock, H.K., van der Hoorn, D., Boyd, P.J., Llavero Hurtado, M., Lamont, D.J., Wirth, B., Sleigh,
J.N., Schiavo, G., Wishart, T.M., Groen, E.J.N., et al. (2018). UBA1/GARS-dependent pathways
drive sensory-motor connectivity defects in spinal muscular atrophy. Brain 141, 2878–2894.
Shorrock, H.K., Gillingwater, T.H., and Groen, E.J.N. (2019). Molecular Mechanisms Underlying
Sensory-Motor Circuit Dysfunction in SMA. Front. Mol. Neurosci. 12, 59.
Shukla, S., and Parker, R. (2014). Quality control of assembly-defective U1 snRNAs by decapping
and 5’-to-3’ exonucleolytic digestion. Proc. Natl. Acad. Sci. U. S. A. 111, E3277-86.
Shvarts, A., Steegenga, W.T., Riteco, N., van Laar, T., Dekker, P., Bazuine, M., van Ham, R.C.,
van der Houven van Oordt, W., Hateboer, G., van der Eb, A.J., et al. (1996). MDMX: a novel p53binding protein with some functional properties of MDM2. EMBO J. 15, 5349–5357.
Shvarts, A., Bazuine, M., Dekker, P., Ramos, Y.F.M., Steegenga, W.T., Merckx, G., van Ham,
R.C.A., van der Houven van Oordt, W., van der Eb, A.J., and Jochemsen, A.G. (1997). Isolation
and Identification of the Human Homolog of a New p53-Binding Protein, Mdmx. Genomics 43,
34–42.
Simic, G., Seso-Simic, D., Lucassen, P.J., Islam, A., Krsnik, Z., Cviko, A., Jelasic, D., Barisic, N.,
Winblad, B., Kostovic, I., et al. (2000). Ultrastructural analysis and TUNEL demonstrate motor
neuron apoptosis in Werdnig-Hoffmann disease. J. Neuropathol. Exp. Neurol. 59, 398–407.
Simon, C.M., Van Alstyne, M., Lotti, F., Bianchetti, E., Tisdale, S., Watterson, D.M., Mentis, G.Z.,
and Pellizzoni, L. Stasimon contributes to the loss of sensory synapses and motor neuron death
in a mouse model of spinal muscular atrophy. Cell Rep. in press.
Simon, C.M., Janas, A.M., Lotti, F., Tapia, J.C., Pellizzoni, L., and Mentis, G.Z. (2016). A Stem
Cell Model of the Motor Circuit Uncouples Motor Neuron Death from Hyperexcitability Induced by
SMN Deficiency. Cell Rep. 16, 1416–1430.
Simon, C.M., Dai, Y., Van Alstyne, M., Koutsioumpa, C., Pagiazitis, J.G., Chalif, J.I., Wang, X.,
Rabinowitz, J.E., Henderson, C.E., Pellizzoni, L., et al. (2017). Converging Mechanisms of p53
Activation Drive Motor Neuron Degeneration in Spinal Muscular Atrophy. Cell Rep. 21, 3767–
3780.
Singh, N.K., Singh, N.N., Androphy, E.J., and Singh, R.N. (2006). Splicing of a critical exon of

331

human Survival Motor Neuron is regulated by a unique silencer element located in the last intron.
Mol. Cell. Biol. 26, 1333–1346.
Singh, N.N., Shishimorova, M., Lu, C.C., Gangwani, L., and Singh, R.N. (2009). A short antisense
oligonucleotide masking a unique intronic motif prevents skipping of a critical exon in spinal
muscular atrophy. RNA Biol. 6, 130–139.
Sivaramakrishnan, M., McCarthy, K.D., Campagne, S., Huber, S., Meier, S., Augustin, A., Heckel,
T., Meistermann, H., Hug, M.N., Birrer, P., et al. (2017). Binding to SMN2 pre-mRNA-protein
complex elicits specificity for small molecule splicing modifiers. Nat. Commun. 8.
Sleigh, J.N., Barreiro-Iglesias, A., Oliver, P.L., Biba, A., Becker, T., Davies, K.E., Becker, C.G.,
and Talbot, K. (2014). Chondrolectin affects cell survival and neuronal outgrowth in in vitro and in
vivo models of spinal muscular atrophy. Hum. Mol. Genet. 23, 855–869.
Sluss, H.K., Armata, H., Gallant, J., and Jones, S.N. (2004). Phosphorylation of serine 18
regulates distinct p53 functions in mice. Mol. Cell. Biol. 24, 976–984.
So, B.R., Wan, L., Zhang, Z., Li, P., Babiash, E., Duan, J., Younis, I., and Dreyfuss, G. (2016). A
U1 snRNP-specific assembly pathway reveals the SMN complex as a versatile hub for RNP
exchange. Nat. Struct. Mol. Biol. 23, 225–230.
So, B.R., Zhang, Z., and Dreyfuss, G. (2017). The Function of Survival Motor Neuron Complex
and Its Role in Spinal Muscular Atrophy Pathogenesis. Spinal Muscular Atrophy 99–111.
Soler-Botija, C., Ferrer, I., Gich, I., Baiget, M., and Tizzano, E.F. (2002). Neuronal death is
enhanced and begins during foetal development in type I spinal muscular atrophy spinal cord.
Brain 125, 1624–1634.
Somers, E., Lees, R.D., Hoban, K., Sleigh, J.N., Zhou, H., Muntoni, F., Talbot, K., Gillingwater,
T.H., and Parson, S.H. (2016). Vascular Defects and Spinal Cord Hypoxia in Spinal Muscular
Atrophy. Ann. Neurol. 79, 217–230.
Soubeyrand, S., Schild-Poulter, C., and Haché, R.J.G. (2004). Structured DNA promotes
phosphorylation of p53 by DNA-dependent protein kinase at serine 9 and threonine 18. Eur. J.
Biochem. 271, 3776–3784.
Srikantan, S., and Gorospe, M. (2012). HuR function in disease. Front. Biosci. 17, 189–205.
Stad, R., Ramos, Y.F., Little, N., Grivell, S., Attema, J., van Der Eb, A.J., and Jochemsen, A.G.
(2000). Hdmx stabilizes Mdm2 and p53. J. Biol. Chem. 275, 28039–28044.
Staropoli, J.F., Li, H., Chun, S.J., Allaire, N., Cullen, P., Thai, A., Fleet, C.M., Hua, Y., Bennett,
C.F., Krainer, A.R., et al. (2015). Rescue of gene-expression changes in an induced mouse model
of spinal muscular atrophy by an antisense oligonucleotide that promotes inclusion of SMN2 exon
7. Genomics 105, 220–228.
Sullivan, K.D., Galbraith, M.D., Andrysik, Z., and Espinosa, J.M. (2018). Mechanisms of
transcriptional regulation by p53. Cell Death Differ. 25, 133–143.
Sumner, C.J., and Crawford, T.O. (2018). Two breakthrough gene-targeted treatments for spinal
muscular atrophy: challenges remain. J. Clin. Invest. 128, 3219–3227.

332

Sun, S., Ling, S.-C., Qiu, J., Albuquerque, C.P., Zhou, Y., Tokunaga, S., Li, H., Qiu, H., Bui, A.,
Yeo, G.W., et al. (2015). ALS-causative mutations in FUS/TLS confer gain and loss of function
by altered association with SMN and U1-snRNP. Nat. Commun. 6, 6171.
Sylvestre, M. (1899). Paralysie flasque de quatre membres et des muscles du tronc (sauf le
diaphragme) chez un nouveau-ne. Bull Soc Pediatr Paris 1, 3–10.
Szak, S.T., Mays, D., and Pietenpol, J.A. (2001). Kinetics of p53 binding to promoter sites in vivo.
Mol. Cell. Biol. 21, 3375–3386.
Szybińska, A., and Leśniak, W. (2017). P53 Dysfunction in Neurodegenerative Diseases - The
Cause or Effect of Pathological Changes? Aging Dis. 8, 506–518.
Tadesse, H., Deschênes-Furry, J., Boisvenue, S., and Côté, J. (2008). KH-type splicing regulatory
protein interacts with survival motor neuron protein and is misregulated in spinal muscular atrophy.
Hum. Mol. Genet. 17, 506–524.
Tafvizi, A., Huang, F., Leith, J.S., Fersht, A.R., Mirny, L.A., and van Oijen, A.M. (2008). Tumor
Suppressor p53 Slides on DNA with Low Friction and High Stability. Biophys. J. 95, L01–L03.
Tafvizi, A., Huang, F., Fersht, A.R., Mirny, L.A., and van Oijen, A.M. (2011). A single-molecule
characterization of p53 search on DNA. Proc. Natl. Acad. Sci. U. S. A. 108, 563–568.
Tamagno, E., Parola, M., Guglielmotto, M., Santoro, G., Bardini, P., Marra, L., Tabaton, M., and
Danni, O. (2003). Multiple signaling events in amyloid beta-induced, oxidative stress-dependent
neuronal apoptosis. Free Radic. Biol. Med. 35, 45–58.
Tanaka, T., Ohkubo, S., Tatsuno, I., and Prives, C. (2007). hCAS/CSE1L Associates with
Chromatin and Regulates Expression of Select p53 Target Genes. Cell 130, 638–650.
Tang, Y., Zhao, W., Chen, Y., Zhao, Y., and Gu, W. (2008). Acetylation Is Indispensable for p53
Activation. Cell 133, 612–626.
Tanida, I., Ueno, T., and Kominami, E. (2008). LC3 and autophagy - Methods in Molecular Biology.
Methods Mol. Biol. 445, 77–88.
Tanimura, S., Ohtsuka, S., Mitsui, K., Shirouzu, K., Yoshimura, A., and Ohtsubo, M. (1999).
MDM2 interacts with MDMX through their RING finger domains. FEBS Lett. 447, 5–9.
Tao, W., and Levine, A.J. (1999). P19(ARF) stabilizes p53 by blocking nucleo-cytoplasmic
shuttling of Mdm2. Proc. Natl. Acad. Sci. U. S. A. 96, 6937–6941.
Tatton, N.A. (2000). Increased Caspase 3 and Bax Immunoreactivity Accompany Nuclear
GAPDH Translocation and Neuronal Apoptosis in Parkinson’s Disease. Exp. Neurol. 166, 29–43.
Taylor, M.D., Vancura, R., Patterson, C.L., Williams, J.M., Riekhof, J.T., and Wright, D.E. (2001).
Postnatal regulation of limb proprioception by muscle-derived neurotrophin-3. J. Comp. Neurol.
432, 244–258.
Tharun, S., He, W., Mayes, A.E., Lennertz, P., Beggs, J.D., and Parker, R. (2000). Yeast Sm-like

333

proteins function in mRNA decapping and decay. Nature 404, 515–518.
Thomson, J., and Bruce, A. (1893). A Case of Progressive Muscular Atrophy in a Child with a
Spinal Lesion. Edinburgh Hosp. Reports 1, 3616–363.
Tian, C., Xing, G., Xie, P., Lu, K., Nie, J., Wang, J., Li, L., Gao, M., Zhang, L., and He, F. (2009).
KRAB-type zinc-finger protein Apak specifically regulates p53-dependent apoptosis. Nat. Cell Biol.
11, 580–591.
Tisdale, S., and Pellizzoni, L. (2015). Disease Mechanisms and Therapeutic Approaches in Spinal
Muscular Atrophy. J. Neurosci. 35, 8691–8700.
Tisdale, S., Lotti, F., Saieva, L., Van Meerbeke, J.P., Crawford, T.O., Sumner, C.J., Mentis, G.Z.,
and Pellizzoni, L. (2013). SMN is essential for the biogenesis of U7 small nuclear
ribonucleoprotein and 3’-end formation of histone mRNAs. Cell Rep. 5, 1187–1195.
Toledo, F., and Wahl, G.M. (2006). Regulating the p53 pathway: in vitro hypotheses, in vivo
veritas. Nat. Rev. Cancer 6, 909–923.
Tomso, D.J., Inga, A., Menendez, D., Pittman, G.S., Campbell, M.R., Storici, F., Bell, D.A., and
Resnick, M.A. (2005). Functionally distinct polymorphic sequences in the human genome that are
targets for p53 transactivation. Proc. Natl. Acad. Sci. 102, 6431–6436.
Torres-Benito, L., Schneider, S., Rombo, R., Ling, K.K., Grysko, V., Upadhyay, A., Kononenko,
N.L., Rigo, F., Bennett, C.F., and Wirth, B. (2019). NCALD Antisense Oligonucleotide Therapy in
Addition to Nusinersen further Ameliorates Spinal Muscular Atrophy in Mice. Am. J. Hum. Genet.
105, 221–230.
Tripsianes, K., Madl, T., Machyna, M., Fessas, D., Englbrecht, C., Fischer, U., Neugebauer, K.M.,
and Sattler, M. (2011). Structural basis for dimethylarginine recognition by the Tudor domains of
human SMN and SPF30 proteins. Nat. Struct. Mol. Biol. 18, 1414–1420.
Turner, B.J., Alfazema, N., Sheean, R.K., Sleigh, J.N., Davies, K.E., Horne, M.K., and Talbot, K.
(2014). Overexpression of survival motor neuron improves neuromuscular function and motor
neuron survival in mutant SOD1 mice. Neurobiol. Aging 35, 906–915.
Uldrijan, S., Pannekoek, W.-J., and Vousden, K.H. (2007). An essential function of the extreme
C-terminus of MDM2 can be provided by MDMX. EMBO J. 26, 102–112.
Valentin-Vega, Y.A., Okano, H., and Lozano, G. (2008). The intestinal epithelium compensates
for p53-mediated cell death and guarantees organismal survival. Cell Death Differ. 15, 1772–
1781.
Valentin-Vega, Y.A., Box, N., Terzian, T., and Lozano, G. (2009). Mdm4 loss in the intestinal
epithelium leads to compartmentalized cell death but no tissue abnormalities. Differentiation. 77,
442–449.
Valianatos, G., Valcikova, B., Growkova, K., Verlande, A., Mlcochova, J., Radova, L., Stetkova,
M., Vyhnakova, M., Slaby, O., and Uldrijan, S. (2017). A small molecule drug promoting miRNA
processing induces alternative splicing of MdmX transcript and rescues p53 activity in human
cancer cells overexpressing MdmX protein. PLoS One 12, e0185801.

334

Valori, C.F., Ning, K., Wyles, M., Mead, R.J., Grierson, A.J., Shaw, P.J., and Azzouz, M. (2010).
Systemic delivery of scAAV9 expressing SMN prolongs survival in a model of spinal muscular
atrophy. Sci. Transl. Med. 2, 35ra42.
Van Alstyne, M., and Pellizzoni, L. (2016). Advances in modeling and treating spinal muscular
atrophy. Curr. Opin. Neurol. 29, 549–556.
Van Alstyne, M., Simon, C.M., Sardi, S.P., Shihabuddin, L.S., Mentis, G.Z., and Pellizzoni, L.
(2018a). Dysregulation of Mdm2 and Mdm4 alternative splicing underlies motor neuron death in
spinal muscular atrophy. Genes Dev. 32, 1045–1059.
Van Alstyne, M., Lotti, F., Dal Mas, A., Area-Gomez, E., and Pellizzoni, L. (2018b).
Stasimon/Tmem41b localizes to mitochondria-associated ER membranes and is essential for
mouse embryonic development. Biochem. Biophys. Res. Commun. 506, 463–470.
Venot, C., Maratrat, M., Dureuil, C., Conseiller, E., Bracco, L., and Debussche, L. (1998). The
requirement for the p53 proline-rich functional domain for mediation of apoptosis is correlated with
specific PIG3 gene transactivation and with transcriptional repression. EMBO J. 17, 4668–4679.
Veprintsev, D.B., Freund, S.M. V., Andreeva, A., Rutledge, S.E., Tidow, H., Cañadillas, J.M.P.,
Blair, C.M., and Fersht, A.R. (2006). Core domain interactions in full-length p53 in solution. Proc.
Natl. Acad. Sci. 103, 2115–2119.
Verma, B., Akinyi, M. V., Norppa, A.J., and Frilander, M.J. (2018). Minor spliceosome and disease.
Semin. Cell Dev. Biol. 79, 103–112.
van Vliet, A.R., Verfaillie, T., and Agostinis, P. (2014). New functions of mitochondria associated
membranes in cellular signaling. Biochim. Biophys. Acta - Mol. Cell Res. 1843, 2253–2262.
Vousden, K.H., and Lane, D.P. (2007). p53 in health and disease. Nat. Rev. Mol. Cell Biol. 8,
275–283.
Vousden, K.H., and Prives, C. (2009). Blinded by the Light: The Growing Complexity of p53. Cell
137, 413–431.
Vukojicic, A., Delestree, N., Fletcher, E. V., Pagiazitis, J.G., Sankaranarayanan, S., Yednock,
T.A., Barres, B.A., and Mentis, G.Z. The classical complement pathway mediates microgliadependent remodeling of spinal motor circuits during development and in spinal muscular atrophy.
Cell Rep. in press.
Wade, M., Wang, Y. V, and Wahl, G.M. (2010). The p53 orchestra: Mdm2 and Mdmx set the tone.
Trends Cell Biol. 20, 299–309.
Wade, M., Li, Y.-C., and Wahl, G.M. (2013). MDM2, MDMX and p53 in oncogenesis and cancer
therapy. Nat. Rev. Cancer 13, 83–96.
Wadman, R.I., Vrancken, A.F.J.E., van den Berg, L.H., and van der Pol, W.L. (2012). Dysfunction
of the neuromuscular junction in spinal muscular atrophy types 2 and 3. Neurology 79, 2050–
2055.

335

Wahl, M.C., Will, C.L., and Lührmann, R. (2009). The Spliceosome: Design Principles of a
Dynamic RNP Machine. Cell 136, 701–718.
Walker, K.K., and Levine, A.J. (1996). Identification of a novel p53 functional domain that is
necessary for efficient growth suppression. Proc. Natl. Acad. Sci. U. S. A. 93, 15335–15340.
Wan, L., Battle, D.J., Yong, J., Gubitz, A.K., Kolb, S.J., Wang, J., and Dreyfuss, G. (2005). The
survival of motor neurons protein determines the capacity for snRNP assembly: biochemical
deficiency in spinal muscular atrophy. Mol. Cell. Biol. 25, 5543–5551.
Wang, B., Xiao, Z., and Ren, E.C. (2009). Redefining the p53 response element. Proc. Natl. Acad.
Sci. 106, 14373–14378.
Wang, Y., Schwedes, J.F., Parks, D., Mann, K., and Tegtmeyer, P. (1995). Interaction of p53 with
its consensus DNA-binding site. Mol. Cell. Biol. 15, 2157–2165.
Wang, Z., Ling, Y.L., Taylor, M.D., Wright, D.E., and Frank, E. (2007). Prenatal exposure to
elevated NT3 disrupts synaptic selectivity in the spinal cord. J. Neurosci. 27, 3686–3694.
Watkins, N.J., and Bohnsack, M.T. (2012). The box C/D and H/ACA snoRNPs: key players in the
modification, processing and the dynamic folding of ribosomal RNA. Wiley Interdiscip. Rev. RNA
3, 397–414.
Watterson, D.M., Grum-Tokars, V.L., Roy, S.M., Schavocky, J.P., Bradaric, B.D., Bachstetter,
A.D., Xing, B., Dimayuga, E., Saeed, F., Zhang, H., et al. (2013). Development of Novel In Vivo
Chemical Probes to Address CNS Protein Kinase Involvement in Synaptic Dysfunction. PLoS
One 8, e66226.
Weber, J.D., Taylor, L.J., Roussel, M.F., Sherr, C.J., and Bar-Sagi, D. (1999). Nucleolar Arf
sequesters Mdm2 and activates p53. Nat. Cell Biol. 1, 20–26.
Wehner, K.A., Ayala, L., Kim, Y., Young, P.J., Hosler, B.A., Lorson, C.L., Baserga, S.J., and
Francis, J.W. (2002). Survival motor neuron protein in the nucleolus of mammalian neurons. Brain
Res. 945, 160–173.
Weinberg, R.L., Veprintsev, D.B., and Fersht, A.R. (2004). Cooperative Binding of Tetrameric p53
to DNA. J. Mol. Biol. 341, 1145–1159.
Werdnig, Z. (1891). Zwei fruihnfantile hereditare Falle von progressive Muskelatrophie unter dem
Bilde der Dystrophie, aber auf neuro- tischer Grundlage. Arch Psychiatr Neurol 22, 437–470.
Wertz, M.H., Winden, K., Neveu, P., Ng, S.-Y., Ercan, E., and Sahin, M. (2016). Cell-type-specific
miR-431 dysregulation in a motor neuron model of spinal muscular atrophy. Hum. Mol. Genet.
Whitehead, S.E., Jones, K.W., Zhang, X., Cheng, X., Terns, R.M., and Terns, M.P. (2002).
Determinants of the interaction of the spinal muscular atrophy disease protein SMN with the
dimethylarginine-modified box H/ACA small nucleolar ribonucleoprotein GAR1. J. Biol. Chem.
277, 48087–48093.
Wieckowski, M.R., Giorgi, C., Lebiedzinska, M., Duszynski, J., and Pinton, P. (2009). Isolation of
mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat. Protoc.

336

4, 1582–1590.
Will, C.L., and Lührmann, R. (2001). Spliceosomal UsnRNP biogenesis, structure and function.
Curr. Opin. Cell Biol. 13, 290–301.
Will, C.L., and Lührmann, R. (2011). Spliceosome structure and function. Cold Spring Harb.
Perspect. Biol. 3.
Winkler, C., Eggert, C., Gradl, D., Meister, G., Giegerich, M., Wedlich, D., Laggerbauer, B., and
Fischer, U. (2005). Reduced U snRNP assembly causes motor axon degeneration in an animal
model for spinal muscular atrophy. Genes Dev. 19, 2320–2330.
Wirth, B., Brichta, L., Schrank, B., Lochmüller, H., Blick, S., Baasner, A., and Heller, R. (2006).
Mildly affected patients with spinal muscular atrophy are partially protected by an increased SMN2
copy number. Hum. Genet. 119, 422–428.
Wishart, T.M., Mutsaers, C.A., Riessland, M., Reimer, M.M., Hunter, G., Hannam, M.L., Eaton,
S.L., Fuller, H.R., Roche, S.L., Somers, E., et al. (2014). Dysregulation of ubiquitin homeostasis
and β-catenin signaling promote spinal muscular atrophy. J. Clin. Invest. 124, 1821–1834.
Wohlfart, G., Fex, J., and Eliasson, S. (1955). Hereditary proximal spinal muscular atrophy, a
clinical entity simulating progressive muscular dystrophy. Acta Psychiatr. Neurol. Scand. 30, 395–
406.
Woo, C.J., Maier, V.K., Davey, R., Brennan, J., Li, G., Brothers, J., Schwartz, B., Gordo, S.,
Kasper, A., Okamoto, T.R., et al. (2017). Gene activation of SMN by selective disruption of
lncRNA-mediated recruitment of PRC2 for the treatment of spinal muscular atrophy. Proc. Natl.
Acad. Sci. U. S. A. 114, E1509–E1518.
Workman, E., Saieva, L., Carrel, T.L., Crawford, T.O., Liu, D., Lutz, C., Beattie, C.E., Pellizzoni,
L., and Burghes, A.H.M. (2009). A SMN missense mutation complements SMN2 restoring
snRNPs and rescuing SMA mice. Hum. Mol. Genet. 18, 2215–2229.
Wu, C.-Y., Whye, D., Glazewski, L., Choe, L., Kerr, D., Lee, K.H., Mason, R.W., and Wang, W.
(2011). Proteomic assessment of a cell model of spinal muscular atrophy. BMC Neurosci. 12, 25.
Wu, H., Carvalho, P., and Voeltz, G.K. (2018). Here, there, and everywhere: The importance of
ER membrane contact sites. Science 361, eaan5835.
Wu, J., Anczuków, O., Krainer, A.R., Zhang, M.Q., and Zhang, C. (2013). OLego: fast and
sensitive mapping of spliced mRNA-Seq reads using small seeds. Nucleic Acids Res. 41, 5149–
5163.
Wu, X., Bayle, J.H., Olson, D., and Levine, A.J. (1993). The p53-mdm-2 autoregulatory feedback
loop. Genes Dev. 7, 1126–1132.
Wu, Z., Earle, J., Saito, S., Anderson, C.W., Appella, E., and Xu, Y. (2002). Mutation of Mouse
p53 Ser23 and the Response to DNA Damage. Mol. Cell. Biol. 22, 2441.
Xiong, S., Pelt, C.S. Van, Elizondo-Fraire, A.C., Liu, G., and Lozano, G. (2006). Synergistic roles
of Mdm2 and Mdm4 for p53 inhibition in central nervous system development. Proc. Natl. Acad.

337

Sci. U. S. A. 103, 3226.
Xirodimas, D.P., Saville, M.K., Bourdon, J.-C., Hay, R.T., and Lane, D.P. (2004). Mdm2-Mediated
NEDD8 Conjugation of p53 Inhibits Its Transcriptional Activity. Cell 118, 83–97.
Yamazaki, T., Chen, S., Yu, Y., Yan, B., Haertlein, T.C., Carrasco, M.A., Tapia, J.C., Zhai, B.,
Das, R., Lalancette-Hebert, M., et al. (2012). FUS-SMN protein interactions link the motor neuron
diseases ALS and SMA. Cell Rep. 2, 799–806.
Yan, Q., Weyn-Vanhentenryck, S.M., Wu, J., Sloan, S.A., Zhang, Y., Chen, K., Wu, J.Q., Barres,
B.A., and Zhang, C. (2015). Systematic discovery of regulated and conserved alternative exons
in the mammalian brain reveals NMD modulating chromatin regulators. Proc. Natl. Acad. Sci. U.
S. A. 112, 3445–3450.
Yang, L.-Y., Greig, N.H., Huang, Y.-N., Hsieh, T.-H., Tweedie, D., Yu, Q.-S., Hoffer, B.J., Luo, Y.,
Kao, Y.-C., and Wang, J.-Y. (2016). Post-traumatic administration of the p53 inactivator pifithrinα oxygen analogue reduces hippocampal neuronal loss and improves cognitive deficits after
experimental traumatic brain injury. Neurobiol. Dis. 96, 216–226.
Yong, J., Kasim, M., Bachorik, J.L., Wan, L., and Dreyfuss, G. (2010). Gemin5 Delivers snRNA
Precursors to the SMN Complex for snRNP Biogenesis. Mol. Cell 38, 551–562.
Zalneraitis, E.L., Halperin, J.J., Grunnet, M.L., Russman, B.S., and Peress, N. (1991). Muscle
Biopsy and the Clinical Course of Infantile Spinal Muscular Atrophy. J. Child Neurol. 6, 324–328.
Zerres, K., and Rudnik-Schöneborn, S. (1995). Natural History in Proximal Spinal Muscular
Atrophy. Arch. Neurol. 52, 518.
Zhang, Y., and Xiong, Y. (1999). Mutations in Human ARF Exon 2 Disrupt Its Nucleolar
Localization and Impair Its Ability to Block Nuclear Export of MDM2 and p53. Mol. Cell 3, 579–
591.
Zhang, H., Somasundaram, K., Peng, Y., Tian, H., Zhang, H., Bi, D., Weber, B.L., and El-Deiry,
W.S. (1998). BRCA1 physically associates with p53 and stimulates its transcriptional activity.
Oncogene 16, 1713–1721.
Zhang, H., Xing, L., Rossoll, W., Wichterle, H., Singer, R.H., and Bassell, G.J. (2006). Multiprotein
Complexes of the Survival of Motor Neuron Protein SMN with Gemins Traffic to Neuronal
Processes and Growth Cones of Motor Neurons. J. Neurosci. 26, 8622–8632.
Zhang, Y., Wolf, G.W., Bhat, K., Jin, A., Allio, T., Burkhart, W.A., and Xiong, Y. (2003). Ribosomal
Protein L11 Negatively Regulates Oncoprotein MDM2 and Mediates a p53-Dependent
Ribosomal-Stress Checkpoint Pathway. Mol. Cell. Biol. 23, 8902–8912.
Zhang, Z., Lotti, F., Dittmar, K., Younis, I., Wan, L., Kasim, M., and Dreyfuss, G. (2008). SMN
deficiency causes tissue-specific perturbations in the repertoire of snRNAs and widespread
defects in splicing. Cell 133, 585–600.
Zhang, Z., Pinto, A.M., Wan, L., Wang, W., Berg, M.G., Oliva, I., Singh, L.N., Dengler, C., Wei,
Z., and Dreyfuss, G. (2013). Dysregulation of synaptogenesis genes antecedes motor neuron
pathology in spinal muscular atrophy. Proc. Natl. Acad. Sci. U. S. A. 110, 19348–19353.

338

Zhao, D.Y., Gish, G., Braunschweig, U., Li, Y., Ni, Z., Schmitges, F.W., Zhong, G., Liu, K., Li, W.,
Moffat, J., et al. (2016a). SMN and symmetric arginine dimethylation of RNA polymerase II Cterminal domain control termination. Nature 529, 48–53.
Zhao, X., Feng, Z., Ling, K.K.Y., Mollin, A., Sheedy, J., Yeh, S., Petruska, J., Narasimhan, J.,
Dakka, A., Welch, E.M., et al. (2016b). Pharmacokinetics, pharmacodynamics, and efficacy of a
small-molecule SMN2 splicing modifier in mouse models of spinal muscular atrophy. Hum. Mol.
Genet.
Zhong, Z., Ohnmacht, J., Reimer, M.M., Bach, I., Becker, T., and Becker, C.G. (2012).
Chondrolectin mediates growth cone interactions of motor axons with an intermediate target. J.
Neurosci. 32, 4426–4439.
Zhou, S., and Zhou, J. (2014). Neuritin, A Neurotrophic Factor in Nervous System Physiology.
Curr. Med. Chem. 21, 1212–1219.
Zhou, H., Meng, J., Marrosu, E., Janghra, N., Morgan, J., and Muntoni, F. (2015). Repeated low
doses of morpholino antisense oligomer: an intermediate mouse model of spinal muscular atrophy
to explore the window of therapeutic response. Hum. Mol. Genet. 24, 6265–6277.
Zhou, Z., Bachstetter, A.D., Späni, C.B., Roy, S.M., Watterson, D.M., and Van Eldik, L.J. (2017).
Retention of normal glia function by an isoform-selective protein kinase inhibitor drug candidate
that modulates cytokine production and cognitive outcomes. J. Neuroinflammation 14, 75.
Zhu, J., Jiang, J., Zhou, W., Zhu, K., and Chen, X. (1999). Differential regulation of cellular target
genes by p53 devoid of the PXXP motifs with impaired apoptotic activity. Oncogene 18, 2149–
2155.
Zhu, Y., Poyurovsky, M. V., Li, Y., Biderman, L., Stahl, J., Jacq, X., and Prives, C. (2009).
Ribosomal Protein S7 Is Both a Regulator and a Substrate of MDM2. Mol. Cell 35, 316–326.
Zindy, F., Eischen, C.M., Randle, D.H., Kamijo, T., Cleveland, J.L., Sherr, C.J., and Roussel, M.F.
(1998). Myc signaling via the ARF tumor suppressor regulates p53-dependent apoptosis and
immortalization. Genes Dev. 12, 2424–2433.

339

This page intentionally left blank

340

Appendix. Other Scientific Contributions

In addition to the work presented in this dissertation, I have contributed to several other
projects described in this section.

Advances in modeling and treating spinal muscular atrophy
Meaghan Van Alstyne and Livio Pellizzoni
Current Opinion in Neurology, 2016, 29(5):549-56
Spinal muscular atrophy (SMA) is an inherited childhood neurodegenerative disorder
caused by ubiquitous deficiency of the survival motor neuron (SMN) protein - the hallmarks of
which are the selective loss of motor neurons and skeletal muscle atrophy. Phenotypic
characterization of mouse models of the disease, combined with analysis of SMN restoration or
depletion in a spatially and temporally controlled manner, has yielded key insights into the normal
requirement of SMN and SMA pathophysiology. Increasing evidence indicates a higher demand
for SMN during neuromuscular development and extends the pathogenic effects of SMN
deficiency beyond motor neurons to include additional cells both within and outside the nervous
system. These findings have been paralleled by preclinical development of powerful approaches
for increasing SMN expression through gene therapy or splicing modulation that are now in
human trials. Here, we highlight recent progress in the understanding of SMA pathology and in
the development of therapeutic approaches for its treatment.
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Converging Mechanisms of p53 Activation Drive Motor Neuron Degeneration
in Spinal Muscular Atrophy
Christian M. Simon*, Ya Dai*, Meaghan Van Alstyne, Charalampia Koutsioumpa, John G.
Pagiazitis, Joshua I. Chalif, Xiaojian Wang, Joseph E. Rabinowitz, Christopher E. Henderson,
Livio Pellizzoni+, George Z. Mentis+
*co-first authors
+

co-corresponding authors

Cell Reports, 2017, 21(13):3767-3780
The hallmark of spinal muscular atrophy (SMA), an inherited disease caused by ubiquitous
deficiency in the SMN protein, is the selective degeneration of subsets of spinal motor neurons.
Here, we show that cell-autonomous activation of p53 occurs in vulnerable but not resistant motor
neurons of SMA mice at pre-symptomatic stages. Moreover, pharmacological or genetic inhibition
of p53 prevents motor neuron death, demonstrating that induction of p53 signaling
drives neurodegeneration. At late disease stages, however, nuclear accumulation of p53 extends
to resistant motor neurons and spinal interneurons but is not associated with cell death.
Importantly, we identify phosphorylation of serine 18 as a specific post-translational
modification of p53 that exclusively marks vulnerable SMA motor neurons and provide evidence
that amino-terminal phosphorylation of p53 is required for the neurodegenerative process. Our
findings indicate that distinct events induced by SMN deficiency converge on p53 to trigger
selective death of vulnerable SMA motor neurons.
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Minor snRNA gene delivery in SMA mice links U12 splicing dysfunction to
the loss of proprioceptive sensory synapses on motor neurons
Erkan Y. Osman*, Pei-Fen Yen*, Meaghan Van Alstyne, Francesco Lotti, Zhihua Feng, Karen
K. Y. Ling, Chien-Ping Ko, Livio Pellizzoni+ and Christian L. Lorson+
*co-first authors
+

co-corresponding authors

Submitted for publication
Spinal muscular atrophy (SMA) is an inherited neuromuscular disorder caused by reduced
expression of the survival motor neuron (SMN) protein. SMN has key functions in multiple RNA
pathways, including the biogenesis of small nuclear ribonucleoproteins (snRNPs) that are
essential components of both major (U2-dependent) and minor (U12-dependent) spliceosomes.
Here we investigated the specific contribution of U12 splicing dysfunction to SMA pathology
through selective restoration of this RNA pathway in mouse models of varying phenotypic severity.
We show that viral-mediated delivery of minor snRNA genes specifically improves U12 splicing
defects induced by SMN deficiency both in cultured mammalian cells and in the spinal cord of
SMA mice without increasing SMN expression.

This approach resulted in a moderate but

significant amelioration of several parameters of the disease phenotype in SMA mice, including
survival, weight gain and motor function. Importantly, minor snRNA gene delivery induced a
robust rescue of the severe loss of proprioceptive sensory synapses on SMA motor neurons,
which is an early pathogenic signature of motor dysfunction in mouse models. Taken together,
these findings establish the direct contribution of U12 splicing dysfunction to synaptic
deafferentation and motor circuit pathology in SMA.

343

SMN Regulates Neuromuscular Junction Integrity Through U7 snRNP
Sarah Tisdale, Meaghan Van Alstyne, Christian M. Simon, George Z. Mentis and Livio Pellizzoni
In preparation
Spinal muscular atrophy (SMA) is a motor neuron disease caused by deficiency in the SMN
protein that controls the biogenesis of several essential RNPs, however the contribution of
individual SMN-dependent RNPs to motor circuit dysfunction in SMA remain unknown. To
disentangle the SMN-dependent RNP pathways whose disruption functionally contributes to
disease phenotypes, we investigated the contribution of the U7 snRNP pathway, which controls
histone mRNA 3’ end processing, to SMA by selective restoration of this RNP under conditions
of SMN deficiency. We show that overexpression of LSm10 and LSm11—two U7 snRNP-specific
proteins—can increase U7 snRNP levels both in cellular and animal models of SMN deficiency
leading to restored histone mRNA 3’ end processing. Postnatal restoration of U7 snRNP
biogenesis in SMA mice lead to significant amelioration of neuromuscular junction pathology yet
provided no benefit to other features of the disease such as sensory-motor synaptic defects or
motor neuron survival. Overall, these findings establish a significant contribution of U7 snRNP
dysfunction to SMA phenotypes in a mouse model, and suggest a basis for SMA disease that is
caused by the summation of defects across multiple RNP pathways normally controlled by SMN.
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FUS is not required for snRNP assembly and SMN localization to nuclear
bodies
Beatriz Blanco-Redondo, Meaghan Van Alstyne, Eileen Workman, Darrick Li, Martin Jacko, Neil
A. Shneider and Livio Pellizzoni
In preparation
Amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA) are fatal
neurological disorders that involve the selective degeneration of spinal motor neurons. SMA is a
monogenic disorder caused by ubiquitous deficiency in the SMN protein. ALS is predominantly a
sporadic disorder, but several gene mutations have been linked to familial cases. Genetic and
molecular studies have shown that FUS depletion or ALS-linked FUS mutations disrupt the normal
localization of SMN to nuclear bodies. Furthermore, FUS has been shown to associate with SMN
as well as spliceosomal snRNPs whose biogenesis is SMN-dependent. However, the normal
requirement of FUS for snRNP biogenesis and the contribution of SMN dysfunction to FUS-ALS
pathology remain unknown. To investigate whether FUS and SMN are functionally linked, we
studied the effects of FUS depletion on the localization and function of SMN using a
comprehensive set of molecular, biochemical and immunohistochemical approaches in mouse
models. Here we demonstrate that while FUS and SMN do interact, FUS is not required for the
activity of SMN in snRNP assembly and that FUS ablation neither affects snRNP biogenesis nor
SMN localization to nuclear bodies in motor neurons in vivo. These findings argue against
disruption of SMN-mediated snRNP biogenesis through FUS loss-of-function as a potential
mechanism for ALS pathogenesis.
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