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Abstract

Spinal muscular atrophy (SMA) is a neuromuscular disease
characterized by a specific degeneration of motor neurons. SMA results
from a reduction in the survival of motor neuron (SMN) protein. We have
previously shown specific defects in the axonal localization of poly A
MRNA (including B-actin and Gap43) and mRNA-binding proteins (HuD,
IMP1) in SMN-deficient motor neurons. Our findings led us to hypothesize
that SMN plays a role in the assembly of messenger ribonucleoproteins
(mRNPs), and that failure to assemble mRNA transport complexes leads
to the reported mRNA localization defects in SMA motor neurons.

To test our hypothesis, we have established a trimolecular
fluorescence complementation (TriFC) assay as a sensor for the
association of mMRNAs with RBPs. In motor neurons isolated from a severe
SMA mouse model, as well as primary human fibroblasts from SMA
patients, we readily detect a defect in the assembly of complexes
containing IMP1 protein and B-actin mRNA. Furthermore, RNA
immunoprecipitation experiments also show impairments in the
association of IMP1 protein with B-actin mMRNA. Through biochemical
fractionation, we observe a consistent shift of IMP1-containing mRNPs
toward smaller granules in SMA human fibroblasts. In SMA patient derived
fibroblasts, IMP1 granules are consistently reduced in their volume relative
to control lines, a phenotype consistent with both our TriFC and
fractionation results. Finally, we can show a defect in the association of
IMP1 with the cytoskeleton in the SMA patient fibroblasts, suggesting a
mechanism to explain reduced mRNA localization reported in SMA motor
neurons.

In summary, our results show that SMN plays a more general role
in RNP assembly beyond the canonical role in snRNP assembly. Here, we
demonstrate that SMN acts as a chaperone for the formation of transport-
competent RNA granules, providing a mechanism for mRNA localization
defects that may contribute to the motor neuron degeneration observed in
SMA.
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Abstract:

Localization and local translation of mMRNA plays a key role in neuronal
development and function. While studies in various systems have
provided insights into molecular mechanisms of mRNA transport and local
protein synthesis, the factors that control the assembly of mRNAs and
mRNA binding proteins into messenger ribonucleoprotein (MRNP)
transport granules remain largely unknown. In this review we will discuss
how insights on a motor neuron disease, spinal muscular atrophy (SMA),
is advancing our understanding of regulated assembly of transport
competent mMRNPs and how defects in their assembly and delivery may
contribute to the degeneration of motor neurons observed in SMA and

other neurological disorders.



Introduction:

Neurons with their highly elaborate branched and elongated structures
are the epitome of a functionally and morphologically polarized cell. It has
remained a key question how neurons maintain the functional domains of
the axon, soma and dendrites to facilitate normal neuronal function across
large distances. Pioneering work from the 1960s has demonstrated local
protein synthesis in purified synaptosomal preparations (Autilio et al.,
1968; Morgan and Austin, 1968) and in isolated mammalian axons
(Edstrom and Sjostrand, 1969; Koenig, 1967). These observations gave
rise to the hypothesis that localization and local translation of mMRNA may
provide nerve terminals with an autonomous spatiotemporal control of the
local proteome (Holt and Schuman, 2013). While local translation in
dendrites has been widely accepted since the identification of
polyribosomes at the base of dendritic spines (Steward and Levy, 1982), a
lack of easily identifiable polysomes in mature axons has led to the view
that local protein synthesis may be a specific feature of dendrites. Recent
work demonstrates that translational machinery in axons directly
associates with the plasma membrane (Tcherkezian et al., 2010),
providing an explanation why it has been difficult to visualize ribosomes in
axonal compartments by electron microscopy. Studies from several labs
have clearly demonstrated a role for local translation for axonal outgrowth

and pathfinding during development (Yoon et al., 2009), as well as in axon



regeneration after nerve injury and in neurodegenerative disease
(Baleriola and Hengst, 2015; Baleriola et al., 2014).

We know that, as in all aspects of post-transcriptional regulation of
mMRNA, protein and mRNA interactions are essential for achieving proper
regulation. While basic principles of localization are understood (Figure 1),
how proper mRNA-protein associations are regulated in vivo, and the very
structure of the mRNA transport complexes have remained elusive, and
highlight an important gap in our knowledge. Recent work on a motor
neuron disease, spinal muscular atrophy, may provide insight into these
outstanding questions.

Spinal muscular atrophy (SMA) is caused by reduced levels of survival
motor neuron (SMN) protein (Burghes and Beattie, 2009). While SMN has
been shown to play an essential role in spliceosomal snRNP assembly
(Battle et al., 2006; Gubitz et al., 2004), work from several labs has
demonstrated additional SMN-dependent defects in the localization and
local translation of axonal MRNAs (Burghes and Beattie, 2009; Fallini et
al., 2012b; Jablonka et al., 2014; Rossoll and Bassell, 2009a). In response
to these studies, a more general role for SMN in RNP complex assembly
that goes beyond its well characterized function in snRNP assembly and
splicing has now been widely accepted (Li et al., 2014b; So et al., 2016).
Taken together, it suggests that SMA can be described as a disease of
defective RNP assembly, affecting various pathways that regulate mRNA

splicing, stability, and localization.



It is the aim of this review, to summarize evidence for a role of SMN in
the assembly and delivery of axonal mRNPs, thus linking basic
mechanisms in RNP assembly, mRNA localization, and local translation to

neurodegenerative disease.

Spinal Muscular Atrophy is characterized by axonal and synaptic
defects

Spinal muscular atrophy (SMA) is the leading genetic cause of infant
mortality, and the second most common fatal autosomal recessive genetic
disorder world-wide (Prior, 2010). SMA is a neurodegenerative disease
characterized by progressive denervation of skeletal and intercostal
muscles, muscle weakness, paralysis, and eventual death due to
respiratory failure . The primary pathology in SMA is a developmental
neuromuscular junction (NMJ) synaptopathy (Kariya et al., 2008) followed
by degeneration of motor neurons, although there is growing evidence for
the involvement of other tissues and cell types in severe cases (Gogliotti
et al., 2012; Shababi et al., 2013). Axonal degeneration precedes motor
neuron cell death (Cifuentes-Diaz et al., 2002; Monani et al., 2000) and
defects at the NMJ are the earliest events detected in SMA mouse models
(Goulet et al., 2013; Ling et al., 2012). NMJs are established at a normal
rate, followed by structural as well as functional perturbations and
maturation defects on the morphological and molecular level (Bowerman

et al., 2012; Kariya et al., 2008; Kong et al., 2009), loss of NMJs,



denervation, and onset of muscle atrophy in a subset of specifically
sensitive muscles (Fallini et al., 2012b; Goulet et al., 2013). The reason of
the specific vulnerability of motor neurons and NMJs in SMA is still largely
unknown.

The genetic causes of SMA are mutations or more commonly deletions
in the survival of motor neuron (SMN) encoding gene, SMN1 . Due to an
ancient gene duplication, humans carry a single copy of the telomeric
SMN1 gene, and a variable number of centromeric SMNZ2 genes. SMN2
cannot fully compensate for the loss of SMN1, since it harbors a human-
specific splice-site mutation that inhibits the inclusion of exon7 and results
in low levels of full length SMN transcript (Lorson et al., 1999a). SMN is
ubiquitously expressed, and is vital for normal cellular function with
complete loss of SMN resulting in early embryonic lethality in mice
(Schrank et al., 1997).

These findings raised the question how reduced levels of the essential

SMN protein can cause the specific pathology observed in SMA.

The SMA disease protein SMN has an essential role in spliceosomal
snRNP assembly

SMN localizes to both the cytoplasm and the nucleus where it is
assembled in an unknown manner with eight other proteins (Gemins2—-8
and Unrip) to form a large macromolecular complex(Li et al., 2014b). SMN

and all gemins tested so far are essential for viability, indicating an



important role in a basic cellular function. SMN and its associated proteins
is that of a molecular chaperone for spliceosomal shRNP assembly
(Grimmler et al., 2005; Li et al., 2014b; Otter et al., 2007; Pellizzoni et al.,
2002) (Burghes and Beattie, 2009). The SMN complex assists in the
assembly of heptameric member ring of spliceosomal Sm proteins on the
uridine rich stretch found in all SnRNAs, to ensure specificity in the
assembly of the snRNP particles (Meister et al., 2001; Pellizzoni et al.,
2002). In addition to the classical snRNP biogenesis pathway, SMN has
also been found to directly function in the maturation of the U7 snRNP,
which functions in the 3’-end processing of histone mMRNAs (Marzluff et al.,
2008). It will be of interest if future studies can determine that the SMN
complex is also required for the assembly of related LSm2-8 and LSm1-7
complexes regulating snRNP formation and mRNA decay (Li et al.,
2014b).

Consistent with the role of SMN in snRNP assembly, splicing defects
occur in all SMA models characterized thus far (Gabanella et al., 2007;
Zhang et al., 2008). However, these defects occur ubiquitously throughout
various tissues, and the majority of splicing changes occur in later stages
of SMA and may represent a secondary non-specific effect of
neurodegeneration (Baumer et al., 2009). Recent work identified a specific
minor spliceosomal target being affected in SMA motor neurons (Imlach et
al., 2012; Lotti et al., 2012), however the role of this splicing defect and the

function of the protein encoded remains to be fully elucidated.



The idea that SMN may have distinct and localization-dependent
functions in the cell apart from mRNP assembly came mainly from two
observations: firstly, SMN interacts with several mMRNA-binding proteins
that are not associated with snRNPs and secondly, SMN can localize to
mobile RNA granules in axons. Taken together, these findings led to the
hypothesis that SMN may have a non-canonical role in axonal mRNA
metabolism that may explain the vulnerability of motor neurons to reduced
SMN protein levels (Briese et al., 2005; Fallini et al., 2012b; Rossoll and

Bassell, 2009a).

SMN is actively transported in axons during development

Early immunohistochemical studies in rats have localized SMN in
dendrites and axons of spinal cord motor neurons in vivo (Bechade et al.,
1999; Pagliardini et al., 2000). These immuno-EM analyses also depicted
SMN on cytoskeletal filaments and associated with polyribosomes.
Several immunofluorescence studies have detected SMN in neurites of
cultured P19 cells (Fan and Simard, 2002), and axons of cultured motor
neurons (Rossoll et al., 2002). Live cell imaging in cortical and motor
neurons showed that SMN granules are actively transported into neuronal
processes and growth cones in a microtubule-dependent manner at rates
over one micron per second, consistent with fast axonal transport (Fallini

et al., 2010; Zhang et al., 2003). SMN granules colocalized with Gemin



proteins but not spliceosomal Sm proteins in primary and stem cell-
derived motor neurons, and SMN-Gemin2 complexes were actively co-
transported in axons of cultured primary cortical and motor neurons (Fallini
et al., 2011; Zhang et al., 2006).

Axonal localization of SMN in vivo has been observed in zebrafish
during motor axon outgrowth (Hao le et al., 2015) and in neuromuscular
junctions in the embryonic and early postnatal mouse diaphragm
(Dombert et al., 2014). In adult vertebrates, axonal localization of SMN is
very low or absent, suggesting that its presence in transport granules is
primarily required during early developmental stages of axonal outgrowth,
arborization, and presynaptic differentiation.

While a recent study reports the presence of SMN and SmB-containing
transport vesicles in neurites of cultured neuronal cells (Prescott et al.,
2014), SmB has been shown to also regulate mRNA localization
(Gonsalvez et al., 2010) and there is currently no plausible role for SMN in
intra-axonal snRNP assembly. These data suggest that SMN plays an
important role in axon and synapse growth and maintenance, in a splicing-

independent function.

SMN is required for the axonal delivery of mRNPs
Reduced axonal localization of B-actin mMRNA in SMA motor neurons
was the first example of a mislocalized mRNA in SMA (Rossoll et al.,

2003). Since then, SMN has been found to regulate the localization of



several mRNAs in axons (Akten et al., 2011; Fallini et al., 2013; Fallini et
al., 2011; Hubers et al., 2011; Sanchez et al., 2013). Defects in mRNA
localization are accompanied by similar decrease in the axonal levels of
the SMN-interacting mRNA binding proteins HuD and IMP1 (Fallini et al.,
2014; Fallini et al., 2011). IMP1, also known as zipcode binding protein 1
(ZBP1), is a KH domain RNA-binding protein essential for the localization
and regulated translation of a number of mMRNAs, including B-actin and
growth-associated protein 43 (Gap43) mRNA (Donnelly et al., 2011). IMP1
associates with transporting RNA granules along with the ELAV-like RNA-
binding protein HuD, and regulates the stability and axonal localization of
Tau, neuritin/cpg15, and Gap43 mRNA (Atlas et al., 2007; Yoo et al.,
2013). SMN deficiency has been shown to cause mislocalization of the
cpg15 transcript in SMA neurons (Akten et al., 2011). These observations
lead to the hypothesis that SMN may function as a chaperone for mRNA
and protein interaction and association with transport machinery (Figure 2
& Figure 3a).

Although elegant work has demonstrated that the local translation of -
actin and Gap43 mRNA is important for axon branching and outgrowth
(Donnelly et al., 2013), and their mislocalization may explain axonal
outgrowth defects in SMA motor neurons, it appears likely that a
deficiency of multiple mRNAs contributes to SMA pathogenesis. This
would be consistent with a general mislocalization of polyA mRNA in the

axons of SMN-depleted motor neurons (Fallini et al., 2011), and the wide

10



spectrum of transcripts associated with axon growth and synaptic activity
that were found down-regulated in axons of SMN-deficient motor neurons

(Saal et al., 2014).

SMN is co-transported with the mRNA binding proteins, HuD and
IMP1, in primary motor neuron axons, demonstrating its association with
axonal mRNP granules (Fallini et al., 2011). Currently, the role of SMN in
these mRNP granules is unknown, however it may be involved directly
with axonal transport (Figure 3b). Recent work has demonstrated the
association of SMN with COP1 (Peter et al., 2011) and that this
association is important for axonal outgrowth (Li et al., 2015). Taken
together with studies showing RNA association with COP1 complex (Todd
et al., 2013), SMN may function as a bridge connecting mRBPs and COP1
vesicles transporting in the axon (Figure 3c), mediated by SMNs YG
repetitive domain which functions in the assembly of oligomer complexes
of SMN (Gupta et al., 2015; Martin et al., 2012). The capacity to form
oligomers and associate with RNA binding proteins may also be linked to
reports of SMN in the regulation of stress granule assembly (Hua and
Zhou, 2004; Zou et al., 2011), and may also play a role in formation of
additional ‘higher order’ granules as have been proposed for the SMN-
associated protein FUS (Elbaum-Garfinkle and Brangwynne, 2015; Groen
et al., 2013; Murakami et al., 2015; Sun et al., 2015; Yamazaki et al.,

2012).

11



SMN is involved in translational regulation

Since SMN is a component of axonal MRNP transport granules, it may
also function in posttranscriptional regulation at the axon terminal. SMN
has been found to associate with polyribosomes and act as a repressor of
translation in vitro, potentially regulating the homeostasis of translationally
active and translationally quiescent mRNA molecules at the axon terminus
(Sanchez et al., 2013). One of its targets is the arginine methyltransferase
CARM1, which can act as a mediator of nonsense-mediated mRNA decay
(NMD) and is abnormally up-regulated in SMA, adding exacerbated
degradation of specific mMRNAs to the molecular defects associated with
SMN deficiency (Sanchez et al., 2015).

Additionally, the SMN-associated protein Gemin5, which directly binds
RNA, has been implicated in several mechanisms of translation regulation
(Pineiro et al., 2013; Pineiro et al., 2015; Workman et al., 2015).
Consistent with regulating translational homeostasis, recent reports point
to disruptions in mTOR regulated axonal translation (Kye et al., 2014).
Furthermore, depleting PTEN in SMN deficient motor neurons rescued
axonal length (Ning et al., 2010) and depleting PTEN at the NMJ in a SMA
mouse model modestly improved survival (Little et al., 2015),
demonstrating that mTOR regulation of local translation may be an
attractive therapeutic target.

SMN has been reported to regulate membrane remodeling and

anchoring of components of the protein synthesis machinery that is

12



required for the motility of fibroblasts (Francesca et al., 2016), similar to
processes that connect the translational machinery to the plasma

membrane in neuronal processes (Tcherkezian et al., 2010).

Does SMN regulate the assembly mRNP granules?

Recent studies have shown that beyond its role in snRNP assembly,
SMN may function as a chaperone for the assembly of multiple
ribonucleoprotein (RNP) complexes (Azzouz et al., 2005; Boulisfane et
al., 2011; Brahms et al., 2001; Friesen and Dreyfuss, 2000; Li et al.,
2014b; Lotti et al., 2012; Pellizzoni, 2007) (Figure 2 & 3a). Since SMN
itself has not been identified as an mMRNA-binding protein, SMN complex
associated proteins are more likely to mediate the interaction with mRNA.
Recent evidence has demonstrated that a number of these SMN core
complex components, specifically Gemin5 and Unrip, directly bind mRNAs
despite their lack of canonical RNA-binding domains (Castello et al., 2013,
2016b). SMN, through interactions with mRNA binding proteins and its
complex members associating with mRNA may function to directly
assemble messenger ribonucleoprotein (MRNP) complexes through
increasing the affinity of mMRNA binding proteins for their target mRNAs,
which is analogous to the function of SMN in snRNP assembly.
Additionally, this may explain its reported polyribosomal association

(Sanchez et al., 2013), as mRNA binding proteins associated with SMN

13



such as FMRP (Piazzon et al., 2008) are known to be polyribosome

associated (Bassell and Warren, 2008).

Conclusion

Despite considerable progress in understanding the processes of
mMRNA localization and local translation in axons, the molecular
mechanisms that govern the assembly of mMRNAs and mRBPs into mRNP
transport granules are poorly understood. A recent study on the
interactome of two distinct neuronal RNA granule shows that they share
only a third of the identified proteins, suggesting that specific mRBP-
associated transport granules are much more heterogeneous than
previously anticipated (Fritzsche et al., 2013). The molecular machinery
that assembles transcripts with a specific set of proteins that regulate their
translocation process along microtubules, and their dissociation from the
MRNPs, resulting in the mRNA being translated by ribosomes, remains
unknown.

The neurodegenerative disease SMA, once considered a splicing
disease, may provide insight into these processes. Multiple studies point
to a general role for the SMA disease protein in the assembly of not only
spliceosomal snRNP complexes, but also RNPs that regulate mMRNA
stability and localization . It will be interesting to see what other
components of the SMN core complex are involved in these processes.

As most of the current work on mislocalization of mMRNA in SMA has

been performed mainly in vitro, it remains an important question what
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MRNA localization defects are present in vertebrate models of SMA in
vivo, and whether rescue of these defects can mitigate the disease
phenotype. If SMA is disease of defective RNP assembly, one can expect
a wide array of downstream effects on posttranscriptional regulation,
including mRNA splicing, localization, and local translation. Future work
will need to show which defects are most relevant for the SMA
pathogenesis and are expected to provide insight into potential disease

mechanism targeted therapeutic strategies.
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Figure 1: Mechanisms of axonal mRNA localization and local
translation.

Shown is a simplified model for how mRNA localization is accomplished.
mRNA and mRNA-binding proteins (mMRBPs) associate, forming higher
order complexes that can

associate either directly or indirectly through adaptor proteins with
molecular motors such as kinesins and dynein. These mRNA transport
granules are believed to be predominately non membrane bound, and are
localized through fast axonal transport along microtubules. Upon reaching
the axonal terminals, post translational modifications of mMRNA binding
proteins alter their affinity for their mMRNA targets, allowing binding of
ribosomal subunits and translation to occur in a spatially and temporally

regulated fashion.

17



Mislocalization of mRNA in SMA

Normal SMA %

> ) /e

> D
Key:

-8 o an —
transporting motor proteins cytoskeleton
mRNP complex

> R\

mRNA binding protein mRNA



Figure 2: Model for the mislocalization of mMRNA observed in SMA
motor neurons:

Upon being assembled in the cell body, mMRNP complexes associate with
motor proteins to achieve subcellular localization via both the microtubule
and actin cytoskeleton for long- and short-range transport, such as into
both axonal and dendritic compartments. Defects in the assembly of
mMRNAs with mRNA binding proteins, due to insufficient levels of SMN,
leads to decreased numbers of MRNP complexes interfacing with motor
proteins, and thus the cytoskeleton, resulting in a net decrease in the

amount of transported mRNA.
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Figure 3: SMN in mRNP assembly and axonal mRNA localization.
SMN and its associated Gemin proteins may regulate mRNA and mRNA
protein association. Similar to the spliceosomal snRNPs, Gemins likely
directly interface with mRNA while SMN through its tudor domain
associates with mRNA binding proteins. The concerted action of the SMN
complex facilitates the assembly of mMRNA and proteins into mRNP
granules which can be transported without associated SMN complexes
(a), or through the oligomerization properties of SMN'’s YG repeat domain,
may form SMN complex-containing mRNPs for high levels of axonal
transport in developing axons (b). Additionally, through association with
COPI vesicles, SMN may bridge mRNPs and transporting vesicles,

allowing mRNAs to utilize vesicular transport mechanisms (c).
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Abstract

Coordinated regulation of mRNA localization and local translation are
essential steps in cellular asymmetry and function. Increasingly, it is evident that
mMRNA binding proteins play critical functions in the controlling the fate of mMRNA,
including when and where translation occurs. In this review, we will discuss the
increasingly robust and complex roles that mMRNA binding proteins play in
regulation of local translation that impact cellular function in vertebrates. First we
will discuss the role of local translation in cellular polarity and possible links to
vertebrate development and patterning. Next, we will discuss the expanding role
for local protein synthesis in neuronal development and function, with special
focus on how a number of neurological diseases have given us insight into the
importance of translational regulation. Finally, we will discuss the ever-increasing
set of tools to study regulated translation and how these tools will be vital in

pushing forward and addressing the outstanding questions in the field.
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Introduction

In the past few decades, spatial restriction of protein accumulation
through translational repression and mRNA localization has emerged as key
regulators in eukaryotic biology. While initially viewed as restricted to handful of
MRNAs, recent work has demonstrated that the vast majority of mMRNAs in the
Drosophila embryo show distinctive localization patterns corresponding to their
protein distributions (Lecuyer et al., 2007) and additionally it has emerged that
regulation of translation is a highly regulated step in controlling protein
homeostasis in the cell. These studies highlight the importance of understanding
the mechanisms underlying regulation of local translation.

Localization of mRNA and translational repression are intricately linked to
spatially restrict protein accumulation and prevent ribosomal association from
impeding processive transport of mMRNA (Figure 1). It has long been speculated
that polyribosomal association would impair dynamics of mMRNA, and also fail to
spatially restrict protein accumulation. Recent experimental evidence has
demonstrated mRNA that is undergoing translation shows reduced dynamics in
the cytoplasm (Katz et al., 2016) (Figure 1A-B) relative to translationally
repressed mMRNA (Figure 1C-E). By coupling these two processes, not only does
the cell have more efficient transport of the mRNA, but also can respond to
extracellular cues that allow rapid on-site, on-demand translation of key proteins
in response to these cues, such as in growth cone turning and guidance (Lin and
Holt, 2007). However, it is increasingly clear that the mechanisms of both
localization of MRNA and regulation of translation are highly diverse and
essential processes regulating everything from synaptic plasticity to organismal

patterning.
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In this review we will discuss regulation of local translation and mRNA
localization in normal cellular and neuronal function and how dysregulation of
these processes underlies a number of disease states. Additionally, we will
address emerging technologies, which will further enhance the studies of these

processes.

1. Polarity- from the basal to apical membranes and beyond.

The first descriptions of local protein synthesis, was that of translation at
the rough endoplasmic reticulum (RER) (Figure 2A). The majority of this
localization is in fact dependent on translation, utilizing the signal recognition
particle (SRP) dependent pathway (Schwartz, 2007). However, recent work has
started to characterize a number of cases of SRP-independent mechanisms
targeting mRNAs to the ER (Chartron et al., 2016; Kraut-Cohen et al., 2013;
Pyhtila et al., 2008), including mRNA binding protein dependent localization,
including the muscleblind family of mMRNA binding proteins (Wang et al., 2012).
Integrating both genome wide RNAseq and subcellular fractionation, identified
the local rough ER associated transcriptome, along with additional subcellular
compartments. Their results demonstrate MBNL proteins to bind 3’'UTR
sequences and regulate the cytoskeletal dependent targeting of hundreds of
mRNAs to the rough endoplasmic reticulum. More recently, MBNL protein
binding to 3’'UTR sequences was shown to play a role in gene-distal
polyadenylation and RNA localization to neuronal processes of cultured neurons
(Taliaferro et al., 2016), indicating that the same protein may function to direct
and regulate RNAs to multiple subcellular locations.

The ER in addition to being a site of local protein synthesis also may

serve as a location of translational regulation as well (Kim et al., 2014). ER is not
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the only membrane-bound organelle enriched for mRNA and translation,
mitochondria (Eliyahu et al., 2010; Lesnik et al., 2015) which have their own
ribosomes and RNA, do require localization of a number of nuclear encoded
transcripts (Figure 2B).

The earliest report of vertebrate mRNA which was localized and locally
translated, was for the transcript B-actin (Shestakova et al., 2001). Being first
described to localize at the leading edge of migrating fibroblasts (Latham et al.,
1994; Ross et al., 1997), it is also widely detected in a number of protrusions of
the membrane and cytoskeleton such as in axonal growth cones (Donnelly et al.,
2013; Merianda et al., 2013; Nagaoka et al., 2012; Willis and Twiss, 2010; Yoo et
al., 2013) and dendritic spines (Buxbaum et al., 2014; Eom et al., 2003; Klein et
al., 2013). Recent work has also identified 8-actin as an important component of
the basal membrane, specifically localizing at focal adhesions (Gu et al., 2012;
Katz et al., 2016; Katz et al., 2012) (Figure 2C). Studying the mRNA binding
protein responsible for the localization of 8-actin, IMP1/ZBP1, the authors
demonstrate, using MEFs derived from knockout mice, that IMP1/ZBP1 is
required for B-actin mRNA localization to the focal adhesions, and that focal
adhesion strength is substantially impaired in IMP1 depleted cells. Furthermore,
by directly tethering B-actin mRNA, utilizing the MCP-MS2 system fused with
viniculin, they were able to show that localized B-actin mRNA regulates both the
size and lifetime of focal adhesions. Apart from mRNA localization at the basal
membrane, increasing evidence has demonstrated localization of mMRNAs as
important at a number of lateral membrane structures, including the tight junction
(Nagaoka et al., 2012) and the desmosome (Jakobsen et al., 2013) (Figure 2D-

F).
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With an increasingly evident role of mRNA localization at the basal and
lateral cellular membranes, it has remained likely that similar roles exist for the
apical membrane as well. Increasing reports of a number of extracellular
microvesicles and exosomes, which originate from the apical surface, have
described them as being enriched in a number of RNAs, including mRNAs (Eirin
et al., 2014; Tkach and Thery, 2016). Work remains to be done to address how
RNAs are delivered to the apical region and incorporated into these extracellular
membrane structures (Figure 2G), however it remains likely that it is similar in
nature to RNA delivery into cellular protrusions. In a study on the composition of
membrane protrusions it was found that the microtubule binding protein
adenomatous polyposis coli (APC), which is also an mRNA binding protein (Mili
et al., 2008; Preitner et al., 2014; Yasuda et al., 2013), is enriched for a number
of transcripts within membrane protrusions (Mili et al., 2008). Additionally, recent
work has identified local translation as an essential regulator of cellular
protrusions (Mardakheh et al., 2015). Aside from cellular protrusions the primary
cilia, which is important in regulation of cellular polarity and proper signaling
during development (Goetz and Anderson, 2010), and resides at the apical
surface of most cells during some point in their development, may be regulated
through regulation of translation. In a recent high throughput siRNA screen a
number of translational repressors, were found to be essential regulators of cilia
development (Wheway et al., 2015). Given that centrosomes, which form the
base of primary cilia, are known to be mRNA associated (Lambert and Nagy,
2002), these data suggest that essential localized regulation of translation, likely
regulate establishment and maintenance of cellular polarity and function.

A vital question moving forward is to address the role of mMRNA

localization and local translation in vertebrate development, polarity and

27



patterning. These processes, extensively studied in Drosophila (Kugler and
Lasko, 2009; Lasko, 2012; Lecuyer et al., 2007), have remained elusive in
vertebrates. Given that a knockout of the zipcode binding protein 1
(ZBP1/IMP1/IGF2BP1/Vg1RBP/VICKZ) results in widespread phenotypes such
as kidney defects and dwarfism (Hansen et al., 2004) and a knockout of another
translational repressor Mex3b demonstrate reduced body weight and impaired
gamete development (Le Borgne et al., 2014), it is clear that a similar role of
posttranscriptional regulation governing development exists in vertebrates as in

Drosophila.

2. Translation regulation in neuronal function.

Neurons epitomize functional and morphological polarity, with highly
elaborate branched axonal and dendritic compartments, and both these
structures require local translational regulation for their function. As early as the
1960’s, local protein synthesis was detected in synaptic preparations (Autilio et
al., 1968; Morgan and Austin, 1969) and in axons (Edstrom and Sjostrand, 1969;
Koenig, 1967). Additionally, with an increasing understanding of the requirement
of new protein synthesis for long-term memory (Klann and Sweatt, 2008), it has
become clear that local translation of mMRNA may underlie key aspects of

neuronal function and activity (Alvarez et al., 2000; Holt and Schuman, 2013).

2.1 Dendrites.

Local protein synthesis in dendritic compartments is appreciated to play
important roles in neuronal development and synaptic plasticity, which may go
awry in several neurological diseases (Swanger and Bassell, 2013). Early studies

utilizing electron microscopy (EM) visualized polyribosomes localized to the base
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of dendritic spines, and it is these localized polysomes which are believed to play
a vital role in protein synthesis-dependent synaptic plasticity (Steward and
Schuman, 2001), and an increasingly diverse set of mMRNAs have been detected
in dendrites (Bramham and Wells, 2007; Cajigas et al., 2012). Local protein
synthesis has been characterized as coupled to NMDA dependent long-term
potentiation (LTP) (Miller et al., 2002)(Figure 3A) and mGluR-dependent long-
term depression (LTD) (Huber et al., 2000), and is postulated to occur at
subsynatic sites within dendritic spines (Steward and Worley, 2001). A number of
MRNA binding proteins regulating translation localize to dendrites, such as
FMRP (Richter et al., 2015), and are connected to neurodevelopmental disorders
such as Fragile X Syndrome and Autism Spectrum Disorders (discussed in

section 3.1).

2.2 Axons.

Local translation has been widely demonstrated in developing axons
(Leung et al., 2006; Zivraj et al., 2010) where it regulates axonal outgrowth and
pathfinding during axonal development (Yoon et al., 2009). A number of studies
have demonstrated the importance of regulated local translation and translation
repression to allow stimulus-induced translation in the growth cone (Figure 3B).
Growth factors such as BDNF and netrin (Leung et al., 2006; Sasaki et al., 2010;
Welshhans and Bassell, 2011; Willis et al., 2007; Yao et al., 2006) can induce
translation to occur in a spatially restricted fashion to facilitate growth cone
turning and branching toward guidance cues. One of the best-studied mMRNA
binding proteins in this process, and also highly conserved proteins, has been
the mRNA binding protein ZBP1/IMP1/IGF2BP1/VICKZ/Vg1RBP (Gaynes et al.,

2015; Kalous et al., 2014; Medioni et al., 2014; Welshhans and Bassell, 2011).
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Mechanistically acting as a translational repressor and localizing factor for
MRNA, the ZBP1 family of proteins keeps messenger RNA quiescence until it
reaches it destination, where stimulus induced src kinase phosphorylation
(Huttelmaier et al., 2005) of the protein relieves translational repression and
allows local protein synthesis. While traditionally linked to axonal guidance cues
such as BDNF and netrin, recent work has also demonstrated this local release
of ZBP1 mediated translational silencing is induced by sonic hedgehog (Shh)
signaling in the axons (Lepelletier et al., 2017).

While local translation in dendrites and developing axons is widely
accepted, it has been far more controversial in mature axons. In part, this has
been due to difficulties in detecting polyribosomes in the axon, and recent work
suggests this may be due to translational machinery associating directly with the
plasma membrane (Tcherkezian et al., 2010), masking ribosomes from view by
electron microscopy. Recent profiling of ribosome associated transcripts provide
further support for local protein synthesis in adult axons (Shigeoka et al., 2016).
Future work will be needed to further probe axonal compartments to fully define
and characterize the mRNAs being translated in the axon, and how neuronal

function is mediated by and influences these transcripts during activity.
3. Dysregulation of local translation in disease.

Given the widespread nature of local translation in neurons and other cell
types, it is unsurprising that dysregulation of these processes underlie a number

of neurological and neurodegenerative diseases (Wang et al., 2016b).

3.1 Neurodevelopmental diseases.
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Given the widespread requirement of localized translation in Drosophila
development (Lecuyer et al., 2007), it is not surprising that a similar requirement
exists within vertebrate development as well. A number of neurodevelopmental
disorders, such as fragile x syndrome and autism have substantial pathological
features that may result from dysregulation of local protein synthesis (Figure
4A,B).

Fragile X syndrome (FXS), which results from the inherited loss of the
Fragile X Mental Retardation Protein (FMRP), is the most common form of
inherited intellectual disability and the leading monogenetic cause of autism
(Penagarikano et al., 2007). FMRP functions as a translational repressor, binding
to many target mMRNAs encoding proteins that play key roles at the synapse
(Huynh et al., 2015; Santoro et al., 2012). FMRP binding to mRNA is involved in
ribosome stalling, as a general mechanism to repress translation of numerous
target MRNAs (Darnell and Klann, 2013; Darnell et al., 2011). Furthermore,
recent evidence points to FMRP binding to the ribosome itself to regulate
translation (Chen et al., 2014). Given its role as a translational repressor,
excessive protein synthesis is a well-established feature of FXS (Bolduc et al.,
2008; Gross et al., 2010; Gross et al., 2011; Osterweil et al., 2010). Recent work
has also demonstrated local translational regulation is also impaired in FXS (Ifrim
et al., 2015; Tatavarty et al., 2012), as FXS mice show elevated baseline protein
synthesis that is unresponsive to mGIuR stimulation (Figure 4A).

Given the overlap of FMRP target mRNAs that are linked to autism
(Darnell et al., 2011; De Rubeis et al., 2014), it is very likely that similar
underlying disease mechanisms are shared between these two diseases. This is
supported by a growing body of work that have identified a number of translation

regulating proteins, such as elF4E (Gkogkas et al., 2013; Huber et al., 2015;
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Huynh et al., 2015; Santini and Klann, 2014), as factors associated with and
altered in autism. Additionally, a number of reports have demonstrated
multifunctional roles for various mMRNA binding proteins associated with autism,
such as Rbfox1 (Bill et al., 2013; Ray et al., 2013; Weyn-Vanhentenryck et al.,
2014), which has a well-described function in splicing. In a recent study (Lee et
al., 2016), it was found cytoplasmic Rbfox1 associates with 3’'UTRs of a number
of autism related transcripts and blocks miRNA association. Loss of cytoplasmic
Rbfox1 (Figure 4B) leads to miRNA mediated repression and silencing of these
transcripts that are relevant to autism and synaptic development relevant, which
could not be rescued by nuclear Rbfox1.

These studies underscore the importance of translational regulation in
both neuronal homeostasis and plasticity. Furthermore, the heterogeneity
especially within Autism highlights that further RNA binding proteins and
translational regulating proteins remain to be identified which regulate synaptic

plasticity.

3.2 Neurodegenerative diseases.

In addition to neurodevelopmental disorders, perturbations in mRNP
regulated translation occur in a number of neurodegenerative disorders, including
spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS) and
Alzheimer’s disease (AD).

Spinal muscular atrophy (SMA) is a motoneuron disease caused by
reduced levels of survival motor neuron (SMN) protein due to mutations in the
SMN1 gene (Burghes and Beattie, 2009; Monani, 2005). SMA is characterized
by axonal degeneration and synaptic defects in the spinal motor circuitry,

including maturation defects and degeneration at the neuromuscular junctions
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(Donlin-Asp et al., 2016; Fallini et al., 2012b; Rossoll and Bassell, 2009b). While
SMN has an essential role in spliceosomal snRNP assembly (Battle et al., 2006;
Gubitz et al., 2004), work from several labs has demonstrated additional SMN-
dependent defects in the localization and local translation of axonal mMRNAs
(Burghes and Beattie, 2009; Fallini et al., 2012b; Jablonka et al., 2014; Rossoll
and Bassell, 2009a; Saal et al., 2014) (Figure 4C). Recent studies have
identified SMN in polysomal fractions (Sanchez et al., 2013) and reduced
translation in distal axonal compartments of SMN depleted neuronal cultures
(Fallini et al., 2016). The underlying mechanisms behind the local translation
defects in SMA may stem from impaired mRNP assembly and localization, or
direct defects in translational regulation in SMA. This indicates a more general
role for SMN in RNP complex assembly beyond its very well characterized
function in snRNP assembly and splicing regulation (Li et al., 2014b; So et al.,
2016). This would suggest that SMA can be characterized as a disease of ‘RNP
hypoassembly’ (Donlin-Asp et al., 2016; Shukla and Parker, 2016), SMN has
also been shown to regulate miR-183 levels in neurites, thus regulating axonal
translation of mTor via direct binding to its 3' UTR (Kye et al., 2014), highlighting
the multitude of defects, including defective regulation of translation, resulting
from alterations in mRNP assembly.

Myotonic Dystrophy (DM) while traditionally viewed as a muscle disease,
a number of neuronal associated phenotypes are present (Caillet-Boudin et al.,
2014), indicating a much more complex pathophysiology. Similar to SMA, DM
has been predominantly viewed as a splicing disease (Meola and Cardani,
2015), however this view has been recently challenged with the identification of
MBNL proteins, which are involved in the pathophysiology of the disease, being

involved in subcellular localization of mMRNAs to the rough ER (Wang et al.,
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2012). This study identified numerous mRNAs that had impaired localization in
cell culture models of myotonic dystrophy and, again similar to SMA, indicates
that mMRNA mislocalization and therefore mislocalization of local translation as a
disease mechanism in myotonic dystrophy.

Amyotrophic lateral sclerosis (ALS) is the most common form of adult
onset neurodegenerative disease of the motoneurons (Renton et al., 2014). It
shows a significant overlap in genetics, histopathology, and clinical features with
frontotemporal dementia (FTD), the most common form of presenile dementia,
suggesting that both diseases are part of a disease spectrum (Ling et al., 2013).
ALS has a number of genetic causes (Renton et al., 2014) and complex
pathology involving non-cell-autonomous toxicity of glia, ER stress, impaired
protein degradation, disruption of axonal transport, and defects in RNA
metabolism [Taylor, Brown, Cleveland Nature 2016]. A number of the genes
causing ALS encode mRNA binding proteins, which regulate translation such as
FUS/TLS (Luo et al., 2015; Sharma et al., 2016; Yasuda et al., 2013) and TDP-
43 (Freibaum et al., 2010; Guo et al., 2011; Romano et al., 2016). Recent work
has characterized a role for TDP-43 in concert with FMRP in translational
regulation (Coyne et al., 2015; Majumder et al., 2016), which may also affect
local translation in dendrites and axons (Wang et al., 2008b) (Ishiguro et al.,
2016). TDP-43 and FUS/TLS form multimers through low-complexity prion-like
domains, which facilitates the assembly of membrane less organelles such as
RNA stress granules, which are sites of translational suppression under stress
conditions (Li et al., 2013). “RNP hyperassembly” into insoluble aggregates may
be a common dysfunction in the disease (Shukla and Parker, 2016).

Another emerging disease of interest for dysregulated local translational

regulation is Alzheimer’s disease (AD). In a recent study (Baleriola et al., 2014), it
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was found that local AB1-42 treatment induced the translation of the axonally

localized activating transcription factor 4 (ATF4) mRNA , resulting in long-range
retrograde transport of newly synthesized ATF4 and induction of cell death. This
retrograde transport of ATF4 and subsequent cell death may explain the spread

of AD pathology across the brain.

3.3 Axonal injury and regeneration.

One additional area of interest for alterations in translation in neurons is in
axonal repair after injury (Doron-Mandel et al., 2015; Kalinski et al., 2015;
Michaelevski et al., 2010; Rishal and Fainzilber, 2014; Sachdeva et al., 2016).
Unlike diseases such as FXS or SMA, alterations in local translation, specifically
in enhanced localization of mMRNA and translation, allows for robust axonal
growth and peripheral nerve regeneration (Figure 4E). This upregulation of local
translation is believed to require enhanced transport of mMRNAs into the injured
axons , translation of existing mRNAs in mature axons (Merianda et al., 2015),
and depends on proper growth and signaling cues for proper axonal regeneration
(Kalinski et al., 2015). Ongoing work seeks to understand how these processes
might be bettered harnessed and enhanced for both peripheral axonal injury and

spinal cord injury treatment (Twiss et al., 2016).

4. Studying local translational regulation: the ever-improving toolbox.
Coincident with the expansion of studies examining local translational
regulation has been a renaissance in the development of increasingly
sophisticated and sensitive set of tools to address localized translation and the
processes that regulate it. Here we will discuss current technologies in the field

and the outstanding questions in the field that are being addressed with them.
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4.1 Defining where mRNA is in space and time.

Perhaps one of the most important innovations in our understanding of
posttranscriptional regulation has been deciphering where mRNA is localized
within the cell. Major breakthroughs into understanding RNA distribution in the
cell have come from single molecule fluorescent in situ hybridization (FISH)
studies, visualizing mRNA distribution in the cell. This has lead to not only
widespread characterization of where single transcripts are localized (Femino et
al., 2003; Levsky and Singer, 2003), but with the development of innovative
multiplexed versions of FISH (Chen et al., 2015; Moffitt et al., 2016) it is possible
to quantify the numbers and locations of thousands of RNA species in (Chen et
al., 2016) intact cellular structures. Work has also demonstrated the compatibility
of RNA FISH with expansion microscopy, allowing even greater insight into the
subcellular localization of RNA transcriptions. Additionally, further refinements
and coupling with clearing procedures such as CLARITY (Sylwestrak et al.,
2016) have allowed enhanced resolution of RNA localization in intact tissues with
high spatial resolution. Despite the power and versatility of FISH, its major
drawback has always been that it is in fixed cells or tissues; meaning dynamic
information is out of reach.

To quantify mMRNA dynamics in living cells a number of approaches have
been successfully utilized, included the use of molecular beacons (Chen et al.,
2011) and the MS2 tagging approach (Bertrand et al., 1998). Molecular beacons
are self-quenching oligonucleotide hybridization probes that remain in a
quenched “dark state” when not hybridized to their specific target. Their strength
lies in both the strength of the signal that they produce, since they rely on

fluorescent dyes rather than proteins, and that they target endogenous RNA
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rather than relying on a reporter based system. While a number of elegant
studies have successfully employed them (Alami et al., 2014) the delivery into
the cell remains a serious drawback.

The most widely used method of RNA tracking in live cells is the MS2
tagging approach (Agulhon et al., 1998). This system employs the MS2
bacteriophage coat protein (MCP) fused to fluorescent proteins along with a
modified RNA of interest. This RNA of interest contains the hairpin loop
structures that MCP recognizes, and allows direct fluorescent labeling of RNA in
living systems. This system has been widely applied to a number of biological
systems successfully, as all one requires is a means to transfect plasmids
encoding the RNA of interest and MCP. Additionally with the implementation of
similar bacteriophage-stem loop combinations (PP7 and AN22) multiplexing and
tracking of a number of different RNA species is possible (Hocine et al., 2013;
Ma et al., 2016). However, unless the endogenous genomic locus encoding the
RNA of interest is modified to encode the MS2/PP7/BoxB stem loops (Lionnet et
al., 2011; Ma et al., 2016), it is impossible to resolve endogenous RNA dynamics.
Additionally, there have been some reports that the MS2 system may alter the
stability and dynamics of mMRNA (Garcia and Parker, 2016).

Recent work has attempted to create novel RNA labeling strategies
outside of the MS2 and molecular beacon approaches. One recent study takes
advantage of innovations the CRISPR/Cas9 system, which has recently been
shown to be able to target RNA in vitro (O'Connell et al., 2014), to label
endogenous RNA in live cells (Nelles et al., 2016). In this approach, RNA-
targeting Cas9 (RCas9) is labeled with a fluorescent protein and expressed
alongside the guide RNA and an oligonucleotide PAMer that recognizes the

RNA(s) of interest. While only one study so far has used this approach, the
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possibility of direct visualization of endogenous RNA targets is extremely
promising. Additionally, with recent work improving the ability to deliver RNA into
cells and tissues (McKinlay et al., 2017), delivering directly modified mRNAs is

increasingly a viable strategy especially in vivo.

4.2 Defining what are mRNA binding proteins and what mRNAs they bind.

A crucial aspect to understanding translational regulation of mRNA, is
characterizing what proteins bind to mMRNA and where in the mRNA these
proteins bind. Recent innovations have enabled characterizing not only what
proteins are bound to RNA, but also what domains of proteins bind to RNA.

RNA interactome capture (Castello et al., 2013), which applies UV
crosslinking, to irreversibly capture RNA-protein interactions, followed by
oligo(dT) bead pulldown of MRNA, gives a transcriptome wide view of all proteins
interacting with mRNA in a cell population. Interestingly, this approach has
uncovered a number of unconventional RNA-protein associations, increasing the
repertoire of known RNA binding proteins (Castello et al., 2015). Additionally, a
modification of this approach allows for mapping of domains that are associated
with RNA, further expanding our understanding of RNA binding domains
(Castello et al., 2016a). Work has also attempted to understand the proteomic
network of mMRNP granules (Fritzsche et al., 2013), which will shed light onto how
translational repression and localization are achieved. Early studies have relied
on biochemical isolation and pull down to identify proteomic networks, but with
BiolD (Roux et al., 2013) and APEX2 (Lam et al., 2015) labeling, it will be
increasingly easy to address these questions for a number of mMRNA binding

proteins.
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Characterizing transcripts bound by RNA binding proteins has also
increasingly become routine. Initial attempts utilized RNA immunoprecipitation
(Keene et al., 2006; Peritz et al., 2006), adapting standard protein
immunoprecipitation followed by isolation and amplification of RNA that was
isolated and detection by quantitative RT-PCR for detection of specific RNAs.
These protocols were readily adapted for both microarray and RNA-sequencing
for a global view of the RNAs bound by specific proteins. While powerful, these
approaches were plagued by evidence that RNAs interacting with proteins being
IP’ed could be altered following cell lysis and pull down, bringing into question
the accuracy of the targets identified. Furthermore, these approaches as gave a
low-resolution view of where the RNA binding protein associated with the mRNA,
making it nearly impossible to define sequence motifs. Identical to RNA
interactome captures use of UV crosslinking, Crosslinking and
Immunoprecipitation (CLIP) (Darnell, 2010; Ule et al., 2005) based approaches
have increased the stringency of our understanding of what RNA and protein
interactions are occurring in vivo and more importantly with the advent of
approaches such as iCLIP (Huppertz et al., 2014; Konig et al., 2010, 2011), its
become possible to map at nucleotide resolution where mRNA and protein
associations occur, making it possible to identify sequence motifs within target
MRNAs. One major limitation of CLIP based approaches thus far, is that tissue
specific profiling of RNA-protein association has yet to be accomplished, due to
the relatively high amount of protein material required. With increasingly efficient
and sensitive sequencing methodologies, this is a bridge likely soon to be
crossed.

While CLIP and other IP based approaches have been the gold standard

in the field, attempts at devising labeling strategies for RNA similar to that of
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BiolD and APEX2 for protein labeling remain tantalizing, given the ease for
scaling up and performing much more high throughput analysis of mRNA-protein
association it would afford. One such attempt, using the catalytic domain of the
RNA editing enzyme ADAR fused to an RNA binding protein of interest
(McMahon et al., 2016), demonstrated the feasibility of such a metabolic labeling
approach. Further refinements will have to be made, as of yet it gives a far lower
resolution view of RNA-protein association then CLIP. Additionally, ADAR based
modification to identify associated transcripts may lead to widespread alterations

in the behavior of RNA, complicating the interpretation.

4.3 Defining what transcripts are being translated and where translation
occurs.

Tools to profile the translatome have undergone rapid innovation in the
past few years. The first important innovation was the development of the
Translating Ribosome Affinity Purification (TRAP) mouse models based on a
series of bacterial artificial chromosome (BAC) transgenic mice that express
EGFP-tagged ribosomal protein L10a from CNS cell-type specific promoters in
defined cell populations (Doyle et al., 2008; Heiman et al., 2008). The related
RiboTag mouse model (Sanz et al., 2009) uses a more general approach that
takes advantage of the large number of available tissue-specific Cre mice and an
HA tagged exon inserted into the gene encoding for a ribosomal protein L22
(RPL22), which is flanked by loxP sites allowing for Cre mediated recombination.
Since all ribosomes contain the HA-modified protein, one can isolate all
ribosomes from specific tissues and profile where on all mMRNA transcripts
ribosomes are located. While powerful on its own (De Gendt et al., 2014; Lesiak

et al., 2015; Sanz et al., 2013), recent adaptations have further refined this
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protocol for isolation of ribosomes from axons in mature circuits (Shigeoka et al.,
2016), providing the first direct evidence of widespread translation in mature
axons.

These techniques of profiling translation, while powerful, do not address
being able to visualize and quantify translation in intact cellular structures. A
number of metabolic labeling techniques, inspired by earlier pioneering work
using radioisotope labeled methionine (Browder et al., 1992), have allowed us to
visualize where translation occurs in cells. These include techniques such as
Fluorescent Non-Canonical Amino acid tagging (FUNCAT) (Dieterich et al., 2010;
Tom Dieck et al., 2012), which uses a methionine analog, and puromyocin
labeling (David et al., 2012; Graber et al., 2013; Schmidt et al., 2009) to visualize
newly synthesized proteins. Recent work has demonstrated that coupling the
proximity ligation assay with either FUNCAT or puromyocin labeling allows
visualization of specific protein translation events (tom Dieck et al., 2015). Using
this approach, it was shown that the mRNA binding protein hnRNPQ regulates
the translation of Gap43 mRNA (Williams et al., 2016). Additionally a novel
labeling strategy also will likely allow cell type specific protein labeling in vivo
(Mahdavi et al., 2016). Utilizing a modified version of methionyl-tRNA synthetse
that can charge tRNA to a non canonical amino acid azidonorleucine, this study
was able to demonstrate robust protein labeling in cultured cells, opening the
door to possible tissue specific expression and cell type specific labeling of
proteins in vivo.

The last area of active interest, is not only being able to see where in cells
translation occurs- but to be able to see it in real time. Initial work focused on
utilizing either bleaching or photocoversion of fluorescent proteins (Leung and

Holt, 2008) and while some truly pioneering work was accomplished using these
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reporters, they were unable to resolve single translation events. To address this,
a number of new approaches have been utilized. In one such approach, the
yellow fluorescent protein Venus is used. Venus, which is exceptionally bright,
has a fast maturation time and rapidly bleaches, is ideal for quantifying single
translation events in real time. Single molecule venus translation studies have
been used to quantify translational dysregulation of both Arc (Tatavarty et al.,
2012) and PSD95 (Ifrim et al., 2015) mRNAs in mouse hippocampal neuronal
cultures from a fragile x syndrome model. This technique is exceptionally
powerful, however its major drawback is the inability to track the dynamics of
newly synthesized proteins overtime. This point has presented significant
challenges, due to the inherent photobleaching properties of fluorescent proteins,
and until recently unlike the signal amplification that one can achieve with mRNA
labeling with the MS2 system with multiple hairpin loop binding sites, it has been
impossible to amplify fluorescent protein labeling on single proteins. Recent work
has developed a novel tagging strategy, SunTag (Tanenbaum et al., 2014). This
labeling strategy uses co-expression of a fluorescently tagged single-chain
variable fragment (scFv) antibodies fused to a fluorescent protein along side a
protein of interested tagged with 24 repeats of the peptide motif recognized by
the scFv. The amplification afforded by this tag allows single particle imaging of
proteins in living cells. Recently this labeling strategy has been successfully
utilized, along side the MS2 system, to quantify single translation events in live
cells (Morisaki et al., 2016; Pichon et al., 2016; Wang et al., 2016a; Wu et al.,
2016; Yan et al., 2016). Application of this technique in vivo will be challenging,
due two-part system for imaging. However, the spectacular signal-to-noise ratio
will likely make this the best method for resolving translational dynamics of

endogenous proteins.
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5. Conclusions and future directions.

Pioneering work in a number of cellular models, many discussed in this
review, have expanded our understanding of how mRNA translation is regulated
locally by mRNA binding proteins in space and time. From neuronal activity to
cellular polarity, the list of functions regulated by subcellular localization of
translation continues to expand year by year. Increasingly it is evident that a role
for local translation in processes such as polarization and development, first
identified in invertebrate models such as Drosophila, are conserved in vertebrate
systems. Since the revelation of how widespread subcellular localization of
MRNAs are (Lecuyer et al., 2007), the future of the field is clear- a push in vivo.
Only by studying these processes in intact and complete systems, will it be
possible to truly unravel the complexities and intricacies of how localized
translation regulates cellular function. In fact, had it not been by exploiting an in
vivo approach, the recent revelation of mature axonal translation (Shigeoka et al.,
2016) would not have been possible. By looking in vivo it will be possible to not
only quantify the extent of local translation as it pertains to neuronal function and
activity, but indeed also how it contributes to development, function and is
dysregulated in disease. The insights afforded by such focus, will expand our
understanding of the extent of localized translation and keep the field busy for

decades to come.
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Fig. 1. Regulation of local translation in mRNA localization.

Coupling of translational repression through mRNA binding protein association
functions to spatially restrict protein accumulation and accelerate the dynamics of
transporting mMRNA. Non localizing mRNA that is undergoing translation is coated
with polyribosomes (A) limiting and slowing its movement in the cytoplasm. If
translating mMRNA were to be transported, the bulk of the ribosome association
would impede its rapid and processive movement through the cytoplasm along
cytoskeletal tracts (B). However, translationally repressed mRNA with limited
ribosomal association will rapidly be transported through the cytoplasm to distal
sites (C) and when the mRNA reaches its target destination, changes in the
posttranslational modification profile of the mRNA binding proteins will relieve
translational repression (D) and allow rapid local translation and protein

accumulation (E).
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Fig. 2. Regulation of local translation in cellular polarity.

Local translation is abundant in polarized cells. Local translation (pink stars), both
SRP signaling particle dependent and independent translation is widespread at
the endoplasmic reticulum (A). Mitochondria are also sites of abundant localized
translation (B). None membrane bound structures are also sites of highly
abundant localized translation. At the basal membrane, actin interacting focal
adhesions (C), local translation helps to function in mediating adhesion lifetime
and strength. At the lateral membrane, local translation is observed at the keratin
associated desmosomes (D), and actin association adherens junctions (E) and
tight junctions (F). Additionally, membrane protrusions are also sites of

widespread local translation (G).
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Fig. 3. Regulation of local translation in neuronal function.

Local translation is widespread in neurons, and contributes to neuronal function
and growth. Local translation (pink stars), is regulated by synaptic activity in
dendritic spines being induced by glutamate stimulation (yellow circles) of
NMDAR (purple) activity, and is essential in LTP and long-term memory
consolidation (A). Local translation is widespread in developing axons (B),
contributing to axonal growth cone guidance and turning in response to growth

cues such as BDNF and netrin-1 (gold pentagons).
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Fig. 4. Translation dysregulation in disease and regeneration.

Local translation (pink stars), is upregulated in fragile x syndrome (FXS) (A). FXS
results from loss of the fragile x mental retardation protein (FMRP), which acts as
a translational repressor. Upon loss of FMRP, baseline translation is enhanced in
FXS relative to wildtype dendrites. This upregulated baseline translation leads to
immature spines, which are insensitive to glutamate stimulated enhancement of
local translation. Similar to FXS, autism is believed to result from dysregulated
protein synthesis (B). Recent work has demonstrated cytoplasmic Rbfox1 binds
to 3'UTRs of a number of synaptic and autism relevant transcripts. Loss of
Rbfox1 opens up these 3’'UTRs for miRNA association, and miRNA mediated
repression and degradation of these transcripts. In addition to
neurodevelopmental disorders, neurodegenerative disorders are characterized
by widespread perturbations of local translation. Spinal muscular atrophy (SMA)
(C) is a neurodegenerative disease of spinal motoneurons, characterized by
widespread defects in RNP assembly. Evidence has demonstrated defects in
localization of mRNA into the axons of SMA motoneurons relative to control
neurons, and this reduced localization results in substantial defects in local
translation in the axon. Recent evidences have also demonstrated local
translation of specific transcripts, including ATF4, as contributing to neuronal
death in Alzheimer’s disease (AD) (D). AB1-42 treatment of axonal terminals
induces axonal synthesis of ATF4, a transcription factor involved in apoptotic
response. Retrograde transport of ATF4 into the cell body results in eventual
induction of apoptosis of the neurons. Upregulation of mRNA localization and
local translation (E) is essential in axonal injury and regeneration, helping

facilitate robust axonal growth.
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Summary

Spinal muscular atrophy (SMA) is a motor neuron disease caused by reduced
levels of the survival of motor neuron (SMN) protein. SMN is part of a
multiprotein complex that facilitates the assembly of spliceosomal small nuclear
ribonucleoproteins (snRNPs). SMN has also been found to associate with mRNA
binding proteins but the nature of this association was unknown. Here we have
employed a combination of biochemical and advanced imaging methods to
demonstrate that SMN promotes the molecular interaction between IMP1 protein
and the 3' UTR zipcode region of B-actin mRNA, leading to assembly of
messenger ribonucleoprotein complexes (MRNPs) that associate with the
cytoskeleton to facilitate trafficking. We have identified defects in mRNP
assembly in cells and tissues from SMA disease models and patients that
depend on the SMN Tudor domain and explain the observed deficiency in mRNA
localization and local translation, providing insight into SMA pathogenesis as an

RNP-assembly disorder.
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eTOC Blurb

Donlin-Asp et al. show that in both a murine model of spinal muscular atrophy
and human patient samples the association of IMP1 protein with 8-actin mRNA is
impaired. These results support a role for the survival of motor neuron protein as

a molecular chaperone for mRNP assembly.
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Highlights
* SMN facilitates the association of IMP1 protein with the 3'UTR of S-actin

MRNA.

* SMN-deficiency leads to reduced size of IMP1-containing mRNP
granules.

* Rescue of mMRNP assembly in SMA patient cells depends on the Tudor
domain of SMN.

* Impairments of IMP1-mRNA assembly lead to decreased association

with the cytoskeleton.
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Introduction

Spinal muscular atrophy (SMA) is the leading genetic cause of infant
mortality (Prior, 2010). SMA is characterized by synaptic defects in the motor
circuitry, especially at the neuromuscular junction (NMJ), and a dying-back
axonopathy. This is followed by a gradual loss of motor neurons in the spinal
cord, and results in progressive muscle weakness and eventual death due to
respiratory distress (Phan et al., 2015). SMA is caused by reduced survival of
motor neuron (SMN) protein levels due to either a deletion or mutation in the
SMN1 gene. The ubiquitously expressed SMN protein is vital for normal cellular
function, with complete loss of SMN in mice leading to early embryonic lethality
(Schrank et al., 1997). In SMA patients, cells produce reduced levels of normal
SMN protein from a duplication of the SMN encoding gene, SMN2 (Lorson et al.,
1999b). The mechanism underlying the higher sensitivity of motor neurons to
reduced SMN protein levels remains unclear (Burghes and Beattie, 2009; Fallini
et al., 2012b; Li et al., 2014a) (Donlin-Asp et al., 2016). SMN and its associated
Gemin2-8 proteins function as a molecular chaperone, interacting with and
assisting in the assembly of Sm proteins and snRNAs into spliceosomal snRNP
complexes without being part of its final structure (Li et al., 2014a). Consistent
with the role of SMN in snRNP assembly, splicing defects have been described
in a number of SMA models (Baumer et al., 2009; Custer et al., 2016; Gabanella
et al., 2007; Garcia et al., 2016; Praveen et al., 2012; See et al., 2014; Zhang et
al., 2013). However, these defects are found ubiquitously throughout various
tissues (Doktor et al., 2016; Shababi et al., 2014) suggesting additional pathways
might contribute to the pathophysiology of SMA. We and others have previously

shown SMA-specific defects in the axonal localization of polyA mRNA and

56



selected transcripts (B-actin, Gap43, neuritin) (Akten et al., 2011; Fallini et al.,
2010; Fallini et al., 2016; Fallini et al., 2011; Rossoll et al., 2003) as well as
mRNA-binding proteins (HuD, IMP1) (Akten et al., 2011; Fallini et al., 2014;
Fallini et al., 2011; Hubers et al., 2011) in SMN-deficient motor neurons. We
have also found that overexpression of both HuD and IMP1 can restore axon
outgrowth and Gap43 mRNA and protein localization in growth cones of SMA
motor neurons (Fallini et al., 2016). Our findings led us to hypothesize that
analogous to its role in snRNP assembly, SMN plays a critical role in the
assembly of messenger ribonucleoproteins (MRNPs), and that the reported
MRNA localization defects in SMA motor neurons may be caused by a failure to
assemble RNA transport complexes (Donlin-Asp et al., 2016).

To test this hypothesis, we have employed a combination of genetic
reporters, biochemical fractionations, pull-down assays, and superresolution
microscopy methods to quantify the association of specific mMRNAs and proteins
in mRNP complexes. We consistently found defects in mRNP assembly in cells
and tissues from SMA disease models and patients. SMN deficiency leads to
reduced binding of mMRBPs to their transcripts, the assembly of smaller mRNP
granules, and their reduced association with microtubules and actin filaments.
Taken together, our data demonstrate that SMN plays a role as a molecular
chaperone for mMRNPs, indicating that SMN-dependent mRNP-assembly defects

cause axonal mRNA localization defects in SMA.

Results
Association of IMP1 protein with the 3’UTR of B-actin mRNA is impaired in
cultured motor neurons from an SMA mouse model.

To establish a reporter assay for SMN-dependent assembly of mMRNP
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complexes, in which we could eliminate any direct effect from defects in splicing,
we focused on the association of the B-actin 3’ untranslated region (3’'UTR) with
its interacting protein, the Igf2-mRNA binding protein 1 or zipcode-binding protein
1 (IMP1/ZBP1) (Deshler et al., 1998; Ross et al., 1997). We have previously
reported that IMP1 and SMN associate, and that reduced SMN levels cause
impaired axonal localization of IMP1 in cultured primary motor neurons (Fallini et
al., 2014). Importantly, the IMP1—-B-actin interaction is well characterized, and
known to be mediated through a sequence element in the 3'UTR of B-actin
(“zipcode”) and the mRNA-binding KH-domains of IMP1 (Chao et al., 2010;
Farina et al., 2003; Patel et al., 2012).

To study the formation of IMP1—G-actin mRNP complexes, we employed
Trimolecular Fluorescence Complementation (TriFC) (Milev et al., 2010;
Rackham and Brown, 2004; Yin et al., 2013) as a direct in situ method to
visualize their association in cells. This technique is a variation of bimolecular
fluorescence complementation (BiFC) (Hu et al., 2006; Kerppola, 2013). TriFC
measures the binding of an mRNA-binding protein to its target transcript. TriFC
uses a set of three reporter constructs including two mRNA-binding proteins
fused to split venus yellow fluorescent protein, which upon binding to the same
engineered mMRNA reporter construct restore the fluorescent venus signal. The
mMRNA reporter construct encodes cyan fluorescent protein (CFP) followed by a
boxB stem loop sequence and the B-actin 3’'UTR. The bacteriophage protein Anz
fused to the N-terminal fragment of venus yellow fluorescent protein (YFP) is
tethered to the reporter mMRNA by binding the boxB motif. When IMP1 fused to
the C-terminal fragment of YFP binds the B-actin 3-UTR, it can reconstitute a
fluorescent YFP molecule together with the Ay, fusion protein and thus the

strength of the signal can be used to measure in situ RNA—protein interaction
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(Figure 1A,B). Since the TriFC constructs are expressed as cDNAs, their
maturation and translation in the cell will not be dependent on splicing, and
therefore remain unaffected by SMN-dependent splicing defects. We found that
the TriFC signal in primary cultured motor neurons was specific for the Full UTR
construct and required both the BoxB motif and the full-length B-actin 3'UTR
(Figure 1C-E). Importantly, we observe granular signal in the axon, which is
reminiscent of fluorescent in situ hybridization signal for B-actin mMRNA (Bassell et
al., 1998; Fallini et al., 2016; Yao et al., 2006; Zhang et al., 1999). The weak
signal for both the no UTR and the ABoxB control constructs illustrates the low
background generated from IMP1 and Anz; outside of binding to the same mRNA
molecule, highlighting the specificity of the TriFC methodology. The AZip
construct shows more signal than the background levels in the ABoxB and no
UTR constructs but less than the Full UTR construct. This is consistent with
previous results demonstrating a homologous but less active secondary site
downstream of the proximal zipcode motif that shows weak ability to localize 8-
actin (Kislauskis et al., 1994).

Utilizing TriFC, we next sought to address what was the spatiotemporal
relationship of SMN to assembled IMP1—-8-actin complexes. If SMN is indeed a
chaperone for mMRNP assembly, it will not remain part of the final assembled
complex. To test this, we compared the co-localization of TriFC signal with SMN
to that of TriFC signal with PABPC1, a poly(A) mRNA binding protein, which is a
stable component of mMRNP granules (Figure 1F-I). In primary motor neurons,
PABPC1 shows strong co-localization with the TriFC signal in both the cell body
and axon (Figure 1F-G). In comparison, SMN shows weaker co-localization with
TriFC granules in the cell body (Figure 1F-G), where these complexes are initially

assembled, but even lower levels of co-localization in the axon. In primary human
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fibroblasts the same trend is observed (Figure 1H-I), with PABPC1 showing
robust co-localization with the TriFC signal, unlike the signal for SMN. These
data are consistent with a role for SMN as a molecular chaperone for IMP1-8-
actin complex assembly.

To determine whether the IMP1-8-actin association is SMN-dependent,
we employed this TriFC assay in motor neurons derived from a severe SMA
mouse model (Monani et al., 2000). We observed a clear deficiency in the
assembly of IMP1—B-actin complexes in SMA motor neurons (Figure 2A,B).
Importantly, as the cellular production of the TriFC components does not directly
depend on splicing, this defect in assembly of IMP1—8-actin complexes in SMA
motor neurons is uncoupled from defective snRNP assembly. To provide
biochemical evidence for impaired mMRNP assembly, we performed RNA
immunoprecipitation against IMP1 from embryonic brain lysates followed by qRT-
PCR and found a similar reduction in the association of -actin with IMP1 in SMA
embryos (Figure 2C). Importantly, there is no change in steady state levels of
either B-actin mRNA or IMP1 protein levels (Figure 2E,F), when SMN protein
levels are reduced, suggesting a specific reduction in IMP1—8-actin association.
Taken together, all of these data demonstrate an impairment of IMP1-3-actin
association in SMA motor neurons and brain tissue, consistent with a role of

SMN in the assembly of mMRNP complexes.

IMP1 mRNP granules show assembly defects and reduced size in SMA
patient fibroblasts.

We next sought to address if the IMP1--actin association defect is
present in human SMA patient cells. We performed TriFC experiments in four

SMA and four control primary fibroblast lines (Figure 3A,B) and found a clear

60



deficiency in the assembly of these IMP1—B-actin complexes in all SMA patient
lines. These data confirm our results from murine SMA motor neurons, and
demonstrate that the splicing-independent IMP1-(-actin assembly defect is
conserved in human patient samples.

Similar to the SMA mouse model, IMP1 protein levels remain unchanged
in SMA fibroblast lines relative to controls (Figure 4A,B), whereas SMN levels are
reduced as expected. To determine if IMP1 association with mRNA is SMN-
dependent, we employed an approach based on mRNA interactome capture
(Castello et al., 2016b). Using UV-crosslinking, followed by affinity purification
with oligo(dT) beads under stringent conditions, we were able to capture
endogenous mRNA-protein association (Figure 4C). Our experiments revealed a
reduced amount of IMP1 protein pulled down with mRNA in SMA patient
fibroblasts (Figure 4D,E), confirming that the association of endogenous IMP1
with mRNA is defective under conditions of reduced SMN protein levels.

mRNP granules are thought to consist of one or multiple transcripts that
are bound by a diverse set of mRBPs (Buxbaum et al., 2015; Castello et al.,
2013; Holt and Schuman, 2013; Martin and Ephrussi, 2009). To determine the
complexity of mRNP granules, we adapted a density centrifugation method that
has been established for the size fractionation and isolation of mMRNPs (Fritzsche
et al., 2013). In SMA fibroblast lysates, IMP1 shows a leftward shift towards
lighter fractions as compared to control lysates, with an almost complete
depletion from the heaviest fraction, which is consistent with decreased granule
size (Figure 5A,B). A similar SMA-specific defect is seen for the cytoplasmic
polyA-binding protein PABPC1 (Figure S2A,B), which shows a similar shift
towards lighter fractions in its distribution pattern. These data indicate that

widespread reductions in mMRNP granule size is present in SMA. Non-RNA
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associated proteins, a-tubulin (Figure S1A,B) and B-actin (Figure S1C,D) do not

show an altered gradient distribution.

IMP1 mRNP granules are reduced in volume in SMA patient fibroblasts.

We next undertook direct visualization of IMP1-containing granules in
SMA and control fibroblasts to confirm this finding in situ. Employing
superresolution structured illumination microscopy (SIM) (Gustafsson, 2000;
Gustafsson et al., 2008), we compared the nanoscale structure of IMP1 granules
in SMA and control fibroblasts (Figure 6A-D). In SMA fibroblasts, a clear
reduction in granule volume is seen. This finding confirms our biochemical
evidence of impaired IMP1 association with mRNA and decreased size in
biochemical fractionation. As an additional confirmation, we sought to determine
if reduction of the volume of IMP1 granules in SMA fibroblasts is SMN
dependent. We found that exogenous expression of mCherry-SMN drastically
increases IMP1 granule volume, thus corroborating our findings (Figure 6E,F).
The restoration of granule volume is dependent on the Tudor domain of SMN.
Previous results show that IMP1 and SMN associate in a Tudor domain
dependent manner (Fallini et al., 2014), indicating that IMP1 granule assembly is
dependent on a direct interaction with SMN. All of these data demonstrate that
the assembly of IMP1-containing granules and probably other mRNPs is deficient

in SMA.

IMP1 mRNP granules show decreased association with the cytoskeleton in
SMA patient fibroblasts.
Previous work in primary motor neurons has demonstrated IMP1

mislocalization in both SMN-depleted and SMA motor neurons. Therefore, we
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sought to assess if a similar localization defect occurs in SMA patient fibroblast
lines (Figure 7A-C). Indeed, IMP1 shows altered distribution in SMA patient
fibroblasts, with a specific reduction at the leading edge of the fibroblasts (Figure
7C), but no overall change in the actin rich lamellipodia. Interestingly, the
distribution pattern of IMP1 signal in the lamellipodia is altered in the SMA patient
fibroblasts (Figure 7A). Whereas in the control fibroblasts IMP1 aligns along
linear structures in the lamellipodia (percent of cells showing linear IMP1 arrays;
nDFb-1: 47.37%, nDFb-2: 56.86%, Ctrl78: 54.72%, Ctrl79: 51.85%) this ordered
distribution pattern is reduced in SMA patient fibroblasts (percent of cells
showing linear IMP1 arrays; SMApt1: 21.54%, SMApt2: 17.53%, SMA0232:
18.31%, SMA9677: 22.1%). Based on these results, we predicted that defects in
MmRNP assembly leads to a reduced formation of mature transport granules that
are transported along cytoskeletal structures (Xing and Bassell, 2013).
Therefore, we sought to determine if as a consequence of reduced SMN
levels, IMP1 shows altered association with the cytoskeleton. Utilizing SIM, we
took advantage of the enhanced axial and lateral resolution to resolve IMP1
MRNP granule association with both microtubules and actin filaments (Figure
7D-G). Superresolution imaging and 3D reconstructions of all IMP1 signal falling
in the volume of the cytoskeleton, allowed direct comparison of the total number
of IMP1 granules associating with either actin or microtubules in control and SMA
fibroblasts. This stringent analysis demonstrates a substantial reduction of IMP1
co-localization with both the actin and microtubule cytoskeleton in SMA
fibroblasts relative to control lines (Figure 7A-D), consistent with the predicted
MRNP assembly defect leading to a cytoskeleton association defect.
Furthermore, biochemical separation of proteins in the cytoskeleton-bound and

free fractions, allowed direct assessment of the amount of IMP1 enriched on the
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intact filamentous cytoskeleton (Wang et al., 2008a). This assay confirms
reduced association of IMP1 with actin and tubulin in SMA patient vs. control
fibroblasts (Figure 7E-F). Given that cytoskeletal protein levels were not affected
(Figure S1), this reduced co-purification of IMP1 with the cytoskeleton likely
reflects a specific defect in the assembly of transport-competent mRNP
complexes. To test the effect of reduced association of IMP1 with the
cytoskeleton and increased diffusion in situ, we performed fluorescence recovery
after photobleaching (FRAP) to assess the dynamic behavior of IMP1 in control
and SMA fibroblasts (Figure 7J-L). The maximal recovery of GFP-IMP1 in SMA
patient fibroblasts is increased relative to the control lines, indicating a reduction
in the immobile fraction (Figure 7K-L), which is consistent with a reduction in
association and anchoring of IMP1 on the cytoskeleton. Taken together, these
data provide a molecular mechanism how mRNAs and mRBPs fail to localize in
SMA, with a reduction in functional SMN protein levels resulting in impaired
association of mMRBPs with mRNA, which leads to decreased assembly into
mature transport complexes, causing mislocalization of mMRNA and reduced local

translation in SMA.

Discussion

The assembly of MRNA-binding proteins (mMRBPs) with mRNAs into higher
order mRNP granules regulates all stages of post-transcriptional regulation for
mMRNAs, including splicing, export, stability, subcellular localization, and
translation of mMRNAs. Misregulation of proper RNA-protein association via either
excessive or reduced assembly of RNPs can lead to human diseases. Hyper-
assembly into pathological mMRNP aggregates is thought to contribute to a

number of neurodegenerative disorders, including amyotrophic lateral sclerosis
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(ALS) and multisystem proteinopathy (Shukla and Parker, 2016). Pathological
RNP hyper-assembly has been well characterized, resulting in structures such as
stress granules transitioning from a liquid droplet like state in normal stress
granules to more persistent abnormal granules and finally detergent-insoluble
pathological aggregates (Lin et al., 2015; Shukla and Parker, 2016). The
mechanisms, and specifically the molecular machinery, which regulates proper
mRNA-protein association remains to be fully elucidated (Li et al., 2013).

SMA is characterized by SMN-dependent defects in the formation of
RNPs and therefore represents an RNP hypo-assembly disease. Previous work
on SMN has conclusively identified it as a chaperone for the assembly of
snRNPs (Burghes and Beattie, 2009; Li et al., 2014a), but it has been proposed
to play additional roles, which would contribute to the neurodegeneration
phenotype (Burghes and Beattie, 2009; Donlin-Asp et al., 2016; Li et al., 2014a).
While indirect evidence has been collected for mMRNA mislocalization for a
number of transcripts including B-actin, Gap43, neuritin and polyA mRNA (Akten
et al., 2011; Fallini et al., 2010; Fallini et al., 2016; Fallini et al., 2011; Rossoll et
al., 2003), there has been a lack of thorough investigation into the SMN-
dependent molecular mechanism that influence these processes. Recently, we
and others have proposed that SMN may play a more general role as a
chaperone for the assembly of not only heptameric Sm-protein and related LSm-
protein complexes with a role in pre-mRNA splicing and histone mRNA 3’-
processing, but potentially also for heterogeneous mMRNP complexes that
regulate mMRNA localization and stability (Li 2014, Donlin-Asp 2016). However,
until now direct evidence for a mechanistic role of SMN in mRNP complex
assembly was missing.

Through this study we have for the directly addressed the functional role
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of SMN in mRNA localization. Our results demonstrate that SMN, via a transient
association, facilitates the assembly of IMP1 protein with 8-actin mRNA
independent of SMN'’s role in snRNP-assembly and splicing (Figure 1-3). This
SMN-dependent defect in mRNP assembly leads to smaller IMP1 granules and
proper assembly requires SMN’s mRBP-binding Tudor domain (Figure 4-6,
Figure S1-2). Assembly defects cause decreased association of IMP1 with the
cytoskeleton and defective localization to the leading edge (Figure 7). Through
employing a series of complementary biochemical and imaging methods across
various in vitro and in vivo SMA disease models, we were able to demonstrate
that SMN acts as a molecular chaperone for mRNP assembly, defined as a
protein that interacts with and aids in the folding or assembly of other proteins
without being part of their final structure (Kim et al., 2013). Our results suggest
that beyond IMP1 granules there is a more general defect in bulk PABPC1
MRNP assembly that is likely to affect the localization of most transcripts (Figure
S2A,B). This corroborates and further explains our previous finding that SMN-
deficiency causes mislocalization of not only specific transcripts such as S-actin
and Gap43 (Fallini et al., 2016), but also bulk polyA mRNA in axons of motor
neurons (Fallini et al., 2010; Fallini et al., 2016; Fallini et al., 2011) and a large
assortment of specific mMRNAs (Saal et al., 2014).

The complex network of SMN’s protein interactions (Kroiss et al., 2008;
Otter et al., 2007; Shafey et al., 2010), including Sm proteins (Buhler et al., 1999;
Friesen et al., 2001), LSm proteins (Friesen and Dreyfuss, 2000; Pillai et al.,
2003), and mRNA binding proteins (Akten et al., 2011; Fallini et al., 2014; Fallini
et al., 2011; Hubers et al., 2011; Piazzon et al., 2008; Rossoll et al., 2002;
Tadesse et al., 2008) highlights the variety of complex processes that are likely

defective upon reduction of SMN protein levels. The mounting evidence that
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SMN broadly functions as a chaperone for RNP assembly strongly suggests that
defects in a broad spectrum of RNA processing, including splicing (Li et al.,
2014a), stability, localization (Fallini et al., 2016; Rossoll et al., 2003), and
translation (Fallini et al., 2016; Kye et al., 2014; Sanchez et al., 2013) contribute
to SMA pathology. The contributions of each of these individual processes
remain to be fully evaluated, however the dysregulation of all of these processes
taken together likely explains the unique onset and presentation of the disease.
For mRNP localization in particular, it remains to be seen how this manifests in
vivo, and if local translation defects reported upon SMN deficiency (Fallini et al.,
2016) stem from reductions in RNA delivery or from a direct role for SMN in
axonal protein synthesis itself (Dombert et al., 2014; Kye et al., 2014; Prescott et
al., 2014; Rage et al., 2013; Zhang et al., 2006). The observed defect in mMRNP
assembly in the cell body occurs upstream of the previously characterized
localization defects, which then result in decreased local translation. Future
studies will need to show how local dynamics of mRNP assembly and
disassembly are affected in SMA, as mRNPs are well known to undergo
dynamically regulated assembly and disassembly in distal regions of the axon,
which may be a function of axonally localized SMN during development (Hao le
et al., 2015; Zhang et al., 2006; Zhang et al., 2003).

An important remaining question is the scope of RNP defects in SMA in vivo,
and how these defects contribute to the disease phenotypes observed in SMA.
Given the known functions of SMN, SMA likely is a disease of general RNP
hypo-assembly, where one expects widespread effects on all stages of
posttranscriptional regulation (Donlin-Asp et al., 2016; Shukla and Parker, 2016),
which will lead to widespread alterations in splicing, stability, localization and

translation of RNA transcripts. This raises an intriguing question if all of these
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processes contribute to the manifestation of SMA pathology, or if specific defects
in particular RNP classes result in certain phenotypes. Future work will need to
address if rescuing the assembly of specific RNP classes, such as snRNPs or

MRNPs, can mitigate some or all of the disease phenotypes.
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Experimental Procedures

Cell culturing, transfections, and staining.

Primary motor neurons from wild type and SMA (Smn"'; hSMN2; Stock number:
005024, Jackson Laboratories) E13.5 mouse embryos were isolated, cultured,
and transfected as previously described (Fallini et al., 2010). Primary fibroblast
lines were acquired from Coriell (Ctrl: ND29178, ND29179, SMA: GM09677,
GMO00232), or derived from dermal skin biopsies obtained from Emory University
Children’s Healthcare of Atlanta (SMApt1 and SMApt2). Patients SMApt1 and
SMApt2 presented with signs of muscle weakness by the age of 2 months and
were diagnosed with SMA type | after evaluation by a neurologist followed by
genetic testing. Quantitative dosage analysis of genomic DNA showed 0 copy of
SMN1 and 2 copies of SMN2 for both patients, correlating with the clinical
impression. Additionally, two neonatal dermal fibroblast lines from foreskin (nDF-
1, nDF-2; Invitrogen) were used for experimental procedures. Fibroblasts were
cultured as described previously (Vangipuram et al., 2013). Transfections were
performed using Lipofectamine LTX (Invitrogen). Neuro2a cells were cultured as
previously described. IF was performed against IMP1 (1:500, MBL) and alpha

tubulin (1:250, Abcam) overnight at 4°C.

Image Acquisition and Analysis.

For fluorescence imaging, a 60x objective (1.4 NA) was used. Z-series (5 to 25
sections, 0.2um thickness) were acquired with an epifluorescence microscope (Ti
Eclipse, Nikon) equipped with a cooled CCD camera (HQ2, Photometrics). Z-
stacks were deconvolved (Media Cybernetics) and analyzed using Imaris
(Bitplane). For quantitative imaging experiments, image exposure settings were

set at the beginning of the experiment and kept constant through all conditions
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and investigators were kept blind to the genotypes of all samples at the time of
imaging and throughout all subsequent image analysis. Images were prepared

using the Fiji software package (ImageJ).

Steady state protein level assessment

E13.5 mouse brains were homogenized in lysis buffer (50mM Tris-HCI, 150mM
NaCl, 2% Triton X-100, protease inhibitors) and sonicated on ice for 3x10
minutes. Primary human fibroblasts were trypsinized, washed in PBS and
counted (BioRad), and cell number was normalized prior to lysis in RIPA buffer.
Proteins were separated on a 10% polyacrylamide-SDS gel and hybridized with
primary antibodies directed against SMN (BD Bioscience, 1:500), IMP1 (MBL,
1:1000), B-actin (Sigma, 1:1000), and tubulin (Sigma, 1:1000). The intensity of
the protein bands was quantified using an Odyssey imaging system and LiCor

Image Studio.

TriFC

TriFC constructs were cloned similarly to previous described (Rackham and
Brown, 2004). For TriFC experiments, IMP1-VFP1.154, AN22-VFP 155239, and CFP-
UTR’s transfected into cells in a 1:1:1 ratio to limit oversaturation of TriFC signal.
Expression of constructs was limited to 12-24 hours, and fixation was performed
with 4% paraformaldehyde, followed by anti-GFP (Abcam) immunofluorescence
with an Alexa647 secondary antibody. Exposure settings were held constant for
all acquisitions for an experiment. Analysis was performed in Imaris (Bitplane).
The total sum of pixel intensities was measured in a 3D volume for both the CFP
and YFP channels, and the ratio of YFP/CFP was determined for the readout of

TriFC signal.
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RNA immunoprecipitation

RNA immunoprecipitation (RIP) experiments were performed following published
protocols (Selth et al., 2009). For each RIP experiment, three SMA embryonic
brain lysates were pooled as were three control littermate lysates.
Immunoprecipitations were carried out overnight at 4C using a polyclonal IMP1
antibody (MBL). Following washes, RNA was extracted using Trizol reagent
(Invitrogen). gqRT-PCR was performed on a LightCycler (Roche) using a
previously described primer sets for B-actin (5-TGTTACCAACTGGGACGACA-3’
and 5-GGGGTGTTGAAGGTCTCAAA-3’) and Gapdh (5'-
GAGTCTACTGGTGTCTTCAC-3 and 5-CCACAATGCCAAAGTTGTCAT-3)
(Xing et al., 2012). Data was analyzed using the 2*-AAct method (Livak and

Schmittgen, 2001).

mRNA interactome

The mRNA interactome capture approach (Castello et al., 2013) was adapted for
use on smaller scale isolation. In short, fibroblasts grown to confluency in four
10cm tissue culture dishes per line, washed in cold PBS and UV-crosslinked at
400mJ. Cell pellets were lysed in 2ml of lysis buffer and split into two 1mL
aliquots, one of which were treated with RNaseA/T1 mix for 10 mins at 37°C.
900ul of sample were then incubated with 250uL of oligo(dT) beads following the
original protocol, with all subsequent washes being performed with 1mL of wash
buffers. 60ul’s of elution buffer was added to the beads along with RNaseA/T1
for 10 mins at 37°C. Samples were brought to 1X in SDS-PAGE buffer and run
on 10% SDS-PAGE gels. Immunoblots against IMP1 were performed, and data

was analyzed by quantifying IMP1 signal in both the Pulldown lane and the
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Pulldown +RNaseA/T1 lane and dividing these values over the Input lane value

to determine IMP1 enrichment.

RNP isolation

RNP isolation experiments were adapted for cells in culture from a published
protocol (Fritzsche et al., 2013). The top eight 1 mL fractions were collected
based on initial characterization of the gradient composition after a 2.5 hour
centrifugation at 4°C at 40,000 RPM. Fractions were brought to 1X in SDS-PAGE
lysis buffer and flash frozen in liquid nitrogen. Samples were run on 4-15%
precast SDS-PAGE gels (Biorad) at 80V for 2 hours. Immunoblots against IMP1,
a tubulin (Abcam), B-actin (Abcam) and PABPC1 (Abcam) were performed, and
data was analyzed by quantifying the total sum of the signals in all fractions and
dividing the total signal per individual fraction over this value to determine the

total enrichment per individual fraction.

Structured lllumination Microscopy of IMP1 granules

Two-color 3D SIM was performed on a Nikon SIM microscope using a 100x (1.49
NA) object. 3D SIM images were analyzed in Imaris 8.1 software (Bitplane). For
granule volume 3D surfaces were generated using a constant threshold for an
experiment set and particle volume in nm?® was recorded. Five individual
fibroblasts were imaged per individual line and experiments were performed in
triplicate for a total of 15 cells per line. For granule association with the
cytoskeleton, either the actin or microtubule channel was used to generate a 3D
surface. This surface was used to mask and duplicate the IMP1 channel into a
new separate channel, representing the IMP1 signal that fell within the

cytoskeleton volume, which was then subjected to particle counting, as was the
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original IMP1 image. The total number of particles in the cytoskeleton associated
channel over the total number of IMP1 particles represents the % cytoskeletal

associated IMP1.

Cytoskeletal association of mRNPs

Quantification of cytoskeletal association of IMP1 was carried out as previously
described for FMRP (Wang et al., 2008a). For RNase controls, RNasA/T1
(Invitrogen) treatments were carried out at 37°C for 10 minutes. Lysate was spun
down for 1 min at 700g to pellet nuclei, and the supernatant was spun down at
16,0009 at room temp for 20 minutes. Both pellet and supernatant fractions were
suspended to 1X SDS-PAGE buffer and then run on 10% polyacrylamide gels.
Western blots were performed for IMP1 to assess enrichment in the cytoskeletal
pellet. Blots were quantified by assessing IMP1 in the pellet over IMP1 in the

supernatant.

Fluorescence Recovery After Photobleaching

Primary human fibroblasts expressing GFP-IMP1 were grown in glass bottom
dishes (MatTek). Imaging was performed on a Nikon A1R laser-scanning
confocal microscope (equipped with a 60%/1.40 NA oil immersion objective and a
temperature-regulated enclosure at 37°C. FRAP sequences consisted of two
prebleach images, photobleaching of a section the cell at 100% laser intensity for
1 second pulses for a total of 10 bleach pulses, followed by acquisition of
postbleach images every 1s for 5 min. Fluorescence recovery was calculated as
the ratio of the background-subtracted fluorescence intensities within the bleach
area to an unbleached region of the cell. Normalized value curves and

exponential curves were generated in Graphpad Prism (GraphPad Software).
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Statistical methods

Statistical analyses were performed by tests appropriate for experimental design.
For single comparisons either the Student T-test or Kolmogrov-Smirnov test was
used and for multiple comparisons Tukey’s multiple comparisons were used.
Analysis was performed in GraphPad Prism (GraphPad Software). SEM is

represented as error bars in the graphs
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Figure 1:

Trimolecular Fluorescence Complementation (TriFC) allows visualization
of RNA and protein association in situ. A. Schematic of TriFC
methodology. Upon expression of IMP1 and AN», fused to complimentary
fragments of venus yellow fluorescent protein, only binding of both fusion
proteins to the same mRNA reporter will lead to reconstitution of the
fluorescent protein. B. Reporter constructs include the entire B-actin 3’
untranslated region (Full UTR), a negative control lacking the 3’'UTR (no
UTR), a control lacking the binding site for the bacteriophage RNA-binding
protein AN22 binding site (ABoxB UTR), and one lacking the main IMP1-
binding “zipcode” region (AZip UTR.). C. Example images of TriFC
controls in primary murine motor neurons. YFP intensities were
normalized in all examples. For axonal segments in white boxes
brightness and contrast were enhanced to highlight axonal granule signal
(insets). Scale bar = 10um. D. Quantification of YFP/CFP signals for the
cell body. Analyzed by Tukey’s multiple comparisons, for breakdown of
statistical comparisons see Table S1. N=5, >50 cells/condition. Mean *
SEM; No UTR: .319 £ .0190, ABox UTR: .314 +. 015, AZip UTR: 1.10 +
.076, Full UTR: 3.22 £+ .209. E. Quantification of YFP/CFP signals for the
axon. Analyzed by Tukey’s multiple comparisons, for breakdown of
statistical comparisons see Table S2. N=5, >50 cells/condition. Mean *
SEM; No UTR: .311 £ .018, ABox UTR: .277 + .011, AZip UTR: .990 +

073, Full UTR: 2.24 £ .141. F. Example images of TriFC signal
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localization relative to SMN (left) or PABPC1 (right) in primary murine
motor neurons. For enlarged axonal segments in white boxes, brightness
and contrast were enhanced to highlight axonal granule signal (insets).
Scale bar = 10um. G. Quantification of co-localization of TriFC signal with
SMN and PABPC1 for the axon and cell body. N=4, >40 cells/condition.
Mean + SEM; Cell body SMN-TriFC: 39.39% + 3.454%, Axon SMN-TriFC:
19.6% + 2.531%, Cell body PABPC1-TriFC: 58.77% + 2.944%, Axon
PABPC1-TriFC: 51.26% % 3.012%. H. Example images of TriFC signal
localization relative to SMN (top) or PABPC1 (bottom) in primary human
fibroblasts. Scale bar = 10um. I. Quantification of co-localization of TriFC
signal with SMN and PABPC1. N=3, 50 cells/condition. Mean + SEM;

SMN-TriFC: 19.44% + 1.221%, PABPC1-TriFC: 39.09% + 1.892%.
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Figure 2:

IMP1 and g-actin association is reduced in an SMA mouse model. A.
TriFC in SMA motor neurons show reduced IMP1-8-actin granule
assembly relative to wild type littermate controls. Scale bar =10um. B.
Quantification of cell body and axonal TriFC signal. n=3, >50
cells/condition. Analyzed by Kolmogrov-Smirnov test, p<.0001. Cell body
values mean + SEM; Ctrl: 3.555 + .288, SMA: 1.130 £ .108; axon values
for mean + SEM; Ctrl: 2.098 + .169, SMA: .851 £ .065. C. RNA-
immunoprecipitation with anti-IMP1 antibodies from embryonic brain lysate
shows reduced association with B-actin mMRNA in SMA brain lysate versus
littermate controls. n=3, analyzed by Student T-test, p<0.05. Error bars +/-
SEM. Mean + SEM; Ctrl: 132.9 £ 24.12, SMA: 47.22 + 7.74. D. Input levels
of B-actin mRNA are unchanged. Error bars +/- SEM. Mean + SEM; Cirl:
1.357 + 423, SMA: 1.343 £ .483; p= .989. E. IMP1 protein levels also
remain unchanged, whereas SMN levels are significantly reduced. F.
Quantification of E, n=3, analyzed by Student T-test, p<.01. Error bars +/-
SEM. IMP1 protein levels mean £+ SEM; Ctrl: 1.00 + .120, SMA: 1.134 +
.108; p= .454; SMN protein levels mean £ SEM; Ctrl: 1.00 £ .096, SMA:

262 + .0561; p=.003.
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Figure 3:

IMP1 and g-actin association is reduced in SMA patient fibroblasts. A.
TriFC in SMA primary fibroblasts show reduced IMP1-8-actin granule
assembly relative to control fibroblast lines (Ctrl78,79 and nDFb1,2). Scale
bar = 10um. B. Quantification A. n=3, >50 cells/condition. Mean + SEM;
Ctrl78: 1.620 £ .147, Ctrl79: 1.743 + 179

nDFb-1: 1.456 + .124, nDFb-2: 1.737 1 .185, SMApt1: .774 + .0791,
SMApt2: .634 + .0626, SMA0232: .610 + .089, SMA9677: .559 + .075.
Analyzed by Tukey’s multiple comparisons. For a detailed breakdown of

statistical comparisons see Table S3.
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Figure 4:

IMP1 association with mRNA is impaired in SMA patient fibroblasts. A.
IMP1 protein levels in SMA patient fibroblasts remain unchanged relative
to controls, whereas SMN levels are significantly reduced. B.
Quantification of A. n=3, for statistical comparisons see Table S4 for IMP1
values and Table S5 for SMN values. Error bars +/- SEM. SMN protein
levels mean + SEM; Ctrl 78: .652 + .109, Ctrl 79: .617 = .117, nDFb-1:
.636 + .128, nDFb-2: .703 £ .097, SMApt1: .147 £ .0279, SMApt2: .188 +
.034, SMA0232: .178 + .038, SMA9677: .172 £+ .040. C. Schematic
representation of the mRNA interactome assay. Control or SMA patient
fibroblasts are subjected to UV-crosslinking and cytoplasmic lysates are
incubated with oligo(dT) beads. Isolates are then used for western blot
analysis for assessment of IMP1 association with mRNA. D. Quantification
of mMRNA-binding proteins demonstrates a significant decrease in the
amount of IMP1 protein pulled down from SMA patient fibroblasts. E.
Quantification of D. n=6, for statistical comparisons see Table S6. Error
bars +/- SEM. Mean + SEM; nDFb-1: 1.179 + 0.265, nDFb-1 +RNase:
0.049 + 0.029, nDFb-2: 1.222 + 0.309, nDFb-2 + RNase: 0.036 + 0.026,
Ctrl78: 1.596 + 0.536, Ctrl78 + RNase: 0.016 + 0.008, Ctrl79: 1.176 +
0.289, Ctrl79 + RNase: 0.009 + 0.003, SMA0232: 0.272 + 0.09, SMA0232
+ RNase: 0.012 + 0.004, SMA9677: 0.287 + 0.058, SMA9677 + RNase:

0.024 £ 0.016, SMApt1: 0.308 + 0.087, SMApt1 + RNase: 0.013 + 0.005,
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SMApt2: 0.341 + 0.102, SMApt2 + RNase: 0.017 + 0.007.
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Figure 5:

IMP1 granules show reduced complexity in SMA patient samples. A.
Cytoplasmic RNP isolates from fibroblasts were subjected to Optiprep
gradient centrifugation and fractions were analyzed for the presence of
IMP1. SMA lysates show altered distribution of IMP1 complexes relative to
control fractions. B. Distributions plotted as enrichment in % of the total
signal in all fractions found in one particular fraction. n=3, analyzed by

Sidak’s multiple comparisons test, *p<.05, **p<.01. Error bars +/- SEM.
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Figure 6:

IMP1 granules are reduced in size in SMA patient samples and can be
rescued by restoring expression of SMN. A. A CFP expressing control
fibroblast pseudo-colored in magenta to highlight cell morphology and
size. The inset highlights a 20pm x 20pm window to illustrate the regions
of cells imaged in B. Scale bar =10um. B. 20pm x 20um view of IMP1
granules in a Ctrl and SMA fibroblast line, with inset region being a Suym x
5um region. An enlargement of inset from 5um x 5uym region is shown,
with an additional inset highlighting a 1um x 1um region. Enlargement of
the 1um x 1um region highlighting the size of IMP1 granules. Scale bar
=10um. C. Superresolution Structured lllumination Microscopy (SIM)
fluorescence imaging reveals that IMP1-containing granules have
decreased volume in SMA fibroblasts. Scale bar = 1uym. D. Quantification
of C. n=3, 15 cells/condition. Analyzed by Tukey’s multiple comparisons
test. For breakdown of statistical comparisons see Table S7. Error bars +/-
SEM. Mean + SEM,; Ctrl78: 5.64E+07 + 812009, Ctrl79: 6.35E+07 +
1.27E+06, nDFb-1: 6.42E+07 + 1.33E+06, nDFb-2: 7.78E+07 + 1.40E+06,
SMApt1: 2.31E+07 £ 390215, SMApt2: 2.99E+07 + 494158, SMA0232:
3.31E+07 + 492832, SMA9677: 3.03E+07 + 431995. E. Expression of
mCherry-tagged full-length SMN but not the SMNATudor deletion mutant

rescues IMP1 granule volume in 2 SMA lines. Scale bar = 1uym. F.
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Quantification of E. n=3, 15 cells/condition, for statistical comparisons see
Table S8. Scale bar = 1uym. Error bars +/- SEM. Mean + SEM; nDFb-1
mCherry: 6.49E+07 + 1.97E+06, nDFb-1 mCherry-SMN: 6.81E+07 +
5.55E+06, nDFb-1 mCherry-SMNATudor: 6.47E+07 + 2.40E+06, nDFb-2
mCherry: 7.42E+07 + 2.18E+06, nDFb-2 mCherry-SMN: 8.26E+07 +
2.36E+06, nDFb-2 mCherry-SMNATudor: 6.30E+07 + 1.90E+06, SMApt1
mCherry: 2.56E+07 + 1.15E+06, SMApt1 mCherry-SMN: 5.10E+07 +
1.68E+06, SMApt1 mCherry-SMNATudor: 3.26E+07 + 1.23E+06, SMApt2
mCherry: 2.34E+07 + 9.68E+05, SMApt2 mCherry-SMN: 6.41E+07 +

2.57E+06, SMApt2 mCherry-SMNATudor: 3.55E+07 + 918038.
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Figure 7:
IMP1 complexes show reduced association with the cytoskeleton in SMA

fibroblasts. A. IMP1 protein within the lamellipodia of SMA fibroblasts fails
to properly localize to the leading edge. Arrowheads indicate the leading
edge and highlight assembly of IMP1 along linear structures in control
fibroblasts (insets). B. Quantification of IMP1 levels in the lamellipodia.
n=3, >40 cells per condition, analyzed by Tukey’s multiple comparisons.
For breakdown of statistical comparisons see Table S9. Error bars +/-
SEM. Mean + SEM; Ctrl78: 906.3 £ 109.6, Ctrl79: 1007 + 97.18, nDFb-1:
932.5 £ 104.2, nDFb-2: 908.3 + 101.2, SMA0232: 963.2 + 130.8,
SMA9677: 1057 + 98.44, SMApt1: 1148 + 147.4, SMApt2: 1038 + 78.02.
C. Quantification of IMP1 levels in the leading edge. n=3, >40 cells per
condition, analyzed by Tukey’s multiple comparisons. For breakdown of
statistical comparisons see Table S10. Error bars +/- SEM. Mean + SEM,;
Ctrl78: 827.7 + 253.8, Ctrl79: 731 £ 96.75, nDFb-1: 704.2 + 216, nDFb-2:
787 + 126, SMA0232: 278.8 + 55.85, SMA9677: 172.4 + 35.46, SMApt1:
277.2 £ 49.13, SMApt2: 369.9 £ 72.14. D. SIM imaging reveals decreased
association of IMP1 granules with actin filaments. Scale bar = 1um. E.
Quantification of D. n=3, 15/cells per condition, analyzed by Tukey’s
multiple comparisons. For breakdown of statistical comparisons see Table
S11. Error bars +/- SEM. Mean + SEM; nDFb-1: 25.2 + 1.767, nDFb-2:
25.06 £ 2.181, SMApt1: 15.9 £ 1.809, SMApt2: 17.09 + 1.507. F. SIM
imaging demonstrates reduced association of IMP1 granules with

microtubules. Scale bar = 1uym. G. Quantification of F. n=3, 15/cells per
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condition, analyzed by Tukey’s multiple comparisons. For breakdown of
statistical comparisons see Table S12. Error bars +/- SEM. Mean + SEM,;
nDFb-1: 25.2 + 1.767, nDFb-2: 25.06 + 2.181, SMApt1: 15.9 + 1.809,
SMApt2: 17.09 £ 1.507. H. Cytoskeleton pelleting shows a reduction in the
amount of IMP1 pelleted in SMA fibroblasts relative to the controls,
demonstrating an impairment in association with the cytoskeleton.
RNaseA/T1 treatment fully releases IMP1 from the cytoskeletal pellet. I.
Quantification of H. n=5, analyzed by Tukey’s multiple comparisons. For
breakdown of statistical comparisons see Table S13. Error bars +/- SEM.
Mean + SEM; nDFb-1: 2.586 + 0.491, nDFb-1 +RNase: 0.039 + 0.015,
nDFb-2: 3.251 + 0.660, nDFb-2 + RNase: 0.075 + 0.023, Ctrl78: 2.732 +
0.243, CtrlI78 + RNase: 0.058 + 0.028, Ctrl79: 3.577 + 0.509, Ctrl79 +
RNase: 0.069 + 0.017, SMA0232: 1.497 + 0.312, SMA0232 + RNase:
0.037 £ 0.014, SMA9677: 1.362 + 0.342, SMA9677 + RNase: 0.026 +
0.009, SMApt1: 1.251 + 0.350, SMApt1 + RNase: 0.052 + 0.018, SMApt2:
1.311 £ 0.226, SMApt2 + RNase: 0.033 £ 0.010. J. FRAP analysis of
GFP-IMP1 dynamics reveals a decrease in the immobile fraction in SMA
patient fibroblasts. Representative images of GFP-IMP1 in control and
SMA fibroblasts pre and post bleaching. t12 values: nDFb-1: 40.56s,
NDFb-2: 44.64s, SMApt1: 32.05s, SMApt2: 35.61s. Immobile fraction
values: nFb-1: .314, nDFb-2: .336, SMApt1: .206, SMApt2: .208. K.
Normalized GFP-IMP1 FRAP recovery curves for control and SMA

fibroblasts. L. Curve fitted GFP-IMP1 FRAP recovery curves for control
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and SMA fibroblasts.
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Figure 8:

SMN functions as a chaperone of IMP1—B-actin granule assembly, and is
defective in SMA. Under normal conditions, proper assembly of IMP1—[3-
actin granules facilitates their association with motor proteins and allows
proper cytoskeletal association and subcellular localization within the cell.
In SMA, the reduction of SMN protein levels and subsequently reduction in
function SMN complexes, results in reduced IMP1-3-actin granules being
assembled. This leads to fewer granules being able to associate with
motor proteins which directly results in the reported subcellular

mislocalization defect.
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Supplemental Figure 1:

Cytoskeletal proteins show unaltered distributions in SMA fibroblasts
relative to controls. A. Cytoplasmic lysates from fibroblasts were
fractionated via Optiprep gradient centrifugation and fractions were
analyzed for the presence of tubulin by western blot analysis. SMA lysates
shows unaltered distribution of tubulin relative to control fractions. B.
Distributions plotted as enrichment in % of the total signal in all fractions
found in one particular faction. n=3, analyzed by Sidak’s multiple
comparisons test. Error bars +/- SEM. C. Cytoplasmic lysates from
fibroblasts were fractionated via Optiprep gradient centrifugation and
fractions were analyzed for the presence of actin. SMA lysates shows
unaltered distribution of actin relative to control fractions. D. Distributions
plotted as enrichment in % of the total signal in all fractions found in one
particular faction. n=3, analyzed by Sidak’s multiple comparisons test.

Error bars +/- SEM.
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Supplemental Figure 2:

PABPC1 granules show reduced complexity in SMA patient samples. A.
Cytoplasmic lysates from fibroblasts were subjected to Optiprep gradient
centrifugation and fractions were analyzed for the presence of PABPC1.
SMA lysates shows altered distribution of PABPC1 complexes relative to
control fractions. B. Distributions are plotted as enrichment in % of the
total signal in all fractions found in one particular faction. n=3, analyzed by
Sidak’s multiple comparisons test, *p<.05, **p<.01., ***p<.001,

****n<.0001. Error bars +/- SEM.
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Supplemental Table 1: Statistical comparisons for figure 1D. Cell body
TriFC values were assessed using a one way ANOVA and Tukey’s
multiple comparisons test. Test was conducted with 1 family, 6
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

** p<.01, **: p<.001, ****: p<.0001.
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Supplemental Table 2: Statistical comparisons for figure 1E. Axon TriFC
values were assessed using a one way ANOVA and Tukey’s multiple
comparisons test. Test was conducted with 1 family, 6 comparisons per
family and an alpha of .05. ns: not significant, *: p<.05, **, p<.01, ***:

p<.001, ****: p<.0001.
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Supplemental Table 3: Statistical comparisons for figure 3B. Fibroblast
TriFC values were assessed using a two way ANOVA and Tukey’s
multiple comparisons test. Test was conducted with 1 family, 28
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

** p<.01, **: p<.001, ****: p<.0001.
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Supplemental Table 4: Statistical comparisons for IMP1 protein levels for
figure 4B. Steady state IMP1 values were assessed using a two way
ANOVA and Tukey’s multiple comparisons test. Test was conducted with
1 family, 28 comparisons per family and an alpha of .05. ns: not

significant.
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Supplemental Table 5: Statistical comparisons for SMN protein levels for
figure 4B. Steady state SMN values were assessed using a two way
ANOVA and Tukey’s multiple comparisons test. Test was conducted with
1 family, 28 comparisons per family and an alpha of .05. ns: not

significant. *: p<.05, **, p<.01, ***: p<.001, ****: p<.0001.
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nDFb-1 +RNase vs.

SMA9677

nDFb-1 +RNase vs.
SMA9677 + RNase

nDFb-1 +RNase vs. SMApt1
nDFb-1 +RNase vs. SMApt1

+ RNase

nDFb-1 +RNase vs. SMApt2
nDFb-1 +RNase vs. SMApt2

+ RNase

nDFb-2 vs.

nDFb-2 vs.

nDFb-2 vs.

nDFb-2 vs.

nDFb-2 vs.

nDFb-2 vs.
nDFb-2 vs.

RNase

nDFb-2 vs.
nDFb-2 vs.

RNase

nDFb-2 vs.
nDFb-2 vs.

nDFb-2 + RNase
Ctrl78

Ctrl78 + RNase
Ctrl79

Ctrl79 + RNase
SMA0232
SMA0232 +

SMA9677
SMA9677 +

SMApt1

SMApt1 + RNase

-1.547
0.0327
1
-1.127
0.0404
-0.2229
0.0370
7
-0.2376
0.0244
7
-0.2591
0.0357
3
-0.2922
0.0320
9

1.185
-0.3748
1.205
0.0456
1.213
0.9499
1.21
0.9351
1.197

0.9136
1.208

0.8317
-2.367 to -
0.7283
-0.7865 to
0.8519
-1.946 to -
0.3079
-0.7788 to
0.8596
-1.042 to
0.5963
-0.7821 to
0.8562
-1.057 to
0.5815
-0.7947 to
0.8436
-1.078 to
0.5601
-0.7834 to
0.8549
-1.111 to
0.5270
-0.7871 to
0.8513
0.3660 to
2.004
-1.194 to
0.4444
0.3863 to
2.025
-0.7736 to
0.8648
0.3939 to
2.032
0.1307 to
1.769
0.3906 to
2.029
0.1159 to
1.754
0.3780 to
2.016
0.09447 to
1.733
0.3893 to

Yes

No

Yes

No

No

No

No

No

No

No

No

No

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes
Yes

*kk%k

ns

*k%

ns

ns

ns

ns

ns

ns

ns

ns

ns

*k%

ns

*k%

ns

*k%

*%

*k%

*k%

*k%

117



nDFb-2 vs. SMApt2

nDFb-2 vs. SMApt2 + RNase

nDFb-2 + RNase vs.
nDFb-2 + RNase vs.
RNase

nDFb-2 + RNase vs.
nDFb-2 + RNase vs.
RNase

nDFb-2 + RNase vs.
SMA0232

nDFb-2 + RNase vs.
SMA0232 + RNase
nDFb-2 + RNase vs.
SMA9677

nDFb-2 + RNase vs.
SMA9677 + RNase

nDFb-2 + RNase vs.
nDFb-2 + RNase vs.
+ RNase

nDFb-2 + RNase vs.
nDFb-2 + RNase vs.
+ RNase

Ctrl78
Ctrl78 +

Ctrl79
Ctrl79 +

SMApt1
SMApt1

SMApt2
SMApt2

Ctrl78 vs. Ctrl78 + RNase

Ctrl78 vs. Ctrl79

Ctrl78 vs. Ctrl79 + RNase

Ctrl78 vs. SMA0232

Ctrl78 vs. SMA0232 + RNase

Ctrl78 vs. SMA9677

Ctrl78 vs. SMA9677 + RNase

CtrlI78 vs. SMApt1

Ctrl78 vs. SMApt1 + RNase

0.8805
1.205
-1.56
0.0202
-1.14
0.0278
9
-0.2354
0.0245
7
-0.2501
0.0119
7
-0.2716
0.0232
3
-0.3047

0.0195

9
1.58

0.4204
1.588
1.325
1.585

1.31
1.572

1.288
1.583

2.028
0.06134 to
1.700
0.3856 to
2.024
-2.379 to -
0.7408
-0.7990 to
0.8394
-1.959 to -
0.3204
-0.7913 to
0.8471
-1.055 to
0.5838
-0.7946 to
0.8437
-1.069 to
0.5690
-0.8072 to
0.8311
-1.091 to
0.5476
-0.7959 to
0.8424
-1.124 to
0.5145
-0.7996 to
0.8388
0.7610 to
2.399
-0.3988 to
1.240
0.7687 to
2.407
0.5055 to
2.144
0.7654 to
2.404
0.4907 to
2.129
0.7528 to
2.391
0.4692 to
2.108
0.7640 to

Yes

Yes

Yes

No

Yes

No

No

No

No

No

No

No

No

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes
Yes

*k%

*kk%k

ns

*k%

ns

ns

ns

ns

ns

ns

ns

ns

ns

*kk%k

ns

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k
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Ctrl78 vs. SMApt2

Ctrl78 vs. SMApt2 + RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

+ RNase

Ctrl78 + RNase vs.

Ctrl78 + RNase vs.

+ RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

RNase

Ctrl78 + RNase vs.

Ctrl78 + RNase vs.

RNase

Ctrl79
Ctrl79 +

SMA0232
SMA0232

SMA9677

SMA9677

SMApt1
SMApt1 +

SMApt2

SMApt2 +

Ctrl79 vs. Ctrl79 + RNase

Ctrl79 vs. SMA0232

Ctrl79 vs. SMA0232 + RNase

Ctrl79 vs. SMA9677

Ctrl79 vs. SMA9677 + RNase

Ctrl79 vs. SMApt1

Ctrl79 vs. SMApt1 + RNase

Ctrl79 vs. SMApt2

Ctrl79 vs. SMApt2 + RNase

Ctrl79 + RNase vs.

SMA0232

1.255
1.58
-1.16
0.0076
89
-0.2556
0.0043
63
-0.2704

0.0082
37

-0.2918
0.0030
22
-0.3249

0.0006
161

1.168
0.9043
1.164
0.8895
1.152
0.868
1.163
0.8349

1.159
-0.2633

2.402
0.4361 to
2.074
0.7604 to
2.399
-1.979 to -
0.3407
-0.8115to
0.8269
-1.075 to
0.5636
-0.8148 to
0.8235
-1.090 to
0.5488

-0.8274 to
0.8109
-1.111 to
0.5274
-0.8162 to
0.8222
-1.144 to
0.4943

-0.8198 to
0.8186
0.3483 to
1.987
0.08508 to
1.723
0.3450 to
1.983
0.07030 to
1.709
0.3324 to
1.971
0.04888 to
1.687
0.3437 to
1.982
0.01574 to
1.654
0.3400 to
1.978
-1.082 to

Yes

Yes

Yes

No

No

No

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
No

*kk%k

*kk%k

*k%

ns

ns

ns

ns

ns

ns

ns

ns

ns

*k%

*k%

*k%

*k%

*k%
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CtrlI79 + RNase vs.

+ RNase

CtrlI79 + RNase vs.

Ctrl79 + RNase vs.

+ RNase

Ctrl79 + RNase vs.

Ctrl79 + RNase vs.

RNase

Ctrl79 + RNase vs.

CtrlI79 + RNase vs.

RNase

SMA0232

SMA9677

SMA9677

SMApt1

SMApt1 +

SMApt2

SMApt2 +

SMA0232 vs. SMA0232 +

RNase

SMA0232 vs. SMA9677
SMA0232 vs. SMA9677 +

RNase

SMA0232 vs. SMApt1
SMA0232 vs. SMApt1 +

RNase

SMA0232 vs. SMApt2
SMA0232 vs. SMApt2 +

RNase

SMAO0232 + RNase vs.

SMA9677

SMAO0232 + RNase vs.

SMA9677 + RNase

SMAO0232 + RNase vs.

SMApt1

SMAO0232 + RNase vs.

SMApt1 + RNase

SMAO0232 + RNase vs.

0.0033
26

-0.278

0.0159
3

-0.2995

0.0046
67

-0.3326

0.0083
05

0.2599

0.0147
8

0.2473

0.0362
1

0.2586

0.0693
4

0.255
-0.2747
-0.0126
-0.2961

0.001?;

41
-0.3293

0.5559

-0.8225 to
0.8158
-1.097 to
0.5411

-0.8351 to
0.8032
-1.119 1o
0.5197

-0.8238 to
0.8145
-1.152 to
0.4866

-0.8275to
0.8109
-0.5592 to
1.079

-0.8340 to
0.8044
-0.5718 to
1.067

-0.8554 to
0.7830
-0.5606 to
1.078

-0.8885 to
0.7498
-0.5642 to
1.074
-1.094 to
0.5445
-0.8318 to
0.8066
-1.115 to
0.5230

-0.8205 to
0.8178
-1.148 to

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No
No

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
ns
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SMApt2

SMAO0232 + RNase vs.
SMApt2 + RNase
SMA9677 vs. SMA9677 +
RNase

SMA9677 vs. SMApt1
SMA9677 vs. SMApt1 +
RNase

SMA9677 vs. SMApt2
SMA9677 vs. SMApt2 +
RNase

SMA9677 + RNase vs.
SMApt1

SMA9677 + RNase vs.
SMApt1 + RNase
SMA9677 + RNase vs.
SMApt2

SMA9677 + RNase vs.
SMApt2 + RNase

SMApt1 vs. SMApt1 + RNase

SMApt1 vs. SMApt2
SMApt1 vs. SMApt2 + RNase
SMApt1 + RNase vs. SMApt2

SMApt1 + RNase vs. SMApt2
+ RNase

SMApt2 vs. SMApt2 + RNase

0.0049
79

0.2621

0.0214
2

0.2734

0.0545
5

0.2697
-0.2835
0.0112
6
-0.3167
0.0076
21
0.2948

0.0331
3

0.2912
-0.3279

0.0036
38

0.3243

0.4899

-0.8242 to
0.8142
-0.5571 to
1.081

-0.8406 to
0.7978
-0.5458 to
1.093

-0.8737 to
0.7646
-0.5494 to
1.089
-1.103 to
0.5356
-0.8079 to
0.8304
-1.136 to
0.5025
-0.8116 to
0.8268
-0.5244 to
1.114

-0.8523 to
0.7860
-0.5280 to
1.110
-1.147 to
0.4912

-0.8228 to
0.8155
-0.4949 to
1.143

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
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Supplemental Table 6: Statistical comparisons for IMP1 association with
MRNA levels for figure 4E. IMP1 pulldown/IMP1 input values were
assessed using a two way ANOVA and Tukey’s multiple comparisons test.
Test was conducted with 1 family, 120 comparisons per family and an
alpha of .05. ns: not significant. *: p<.05, **, p<.01, ***: p<.001, ****:

p<.0001.
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Number of families
Number of
comparisons per family
Alpha

Tukey's multiple
comparisons test

Ctrl 78 vs. Ctrl 79

Ctrl 78 vs. nDFb-1

Ctrl 78 vs. nDFb-2
Ctrl 78 vs. SMApt1
Ctrl 78 vs. SMApt2
Ctrl 78 vs. SMA0232

Ctrl 78 vs. SMA9677

Ctrl 79 vs. nDFb-1

Ctrl 79 vs. nDFb-2
Ctrl 79 vs. SMApt1
Ctrl 79 vs. SMApt2
Ctrl 79 vs. SMA0232

Ctrl 79 vs. SMA9677

nDFb-1 vs. nDFb-2
nDFb-1 vs. SMApt1

nDFb-1 vs. SMApt2
nDFb-1 vs. SMA0232

1

28
0.05

Mean
Diff.

15570
00

59970
00

17730
000
37930
000
31980
000
29150
000
29150
000

75540
00

19280
000
36370
000
30420
000
27600
000
27600
000

11730
000
43920
000
37980
000
35150

95% CI of diff.

-2.687e+006 to
5.800e+006

-1.024e+007 to -

1.754e+006

-2.197e+007 to -

1.348e+007
3.368e+007 to
4.217e+007
2.774e+007 to
3.622e+007
2.491e+007 to
3.340e+007
2.491e+007 to
3.340e+007

-1.180e+007 to -

3.311e+006

-2.353e+007 to -

1.504e+007
3.213e+007 to
4.061e+007
2.618e+007 to
3.467e+007
2.335e+007 to
3.184e+007
2.335e+007 to
3.184e+007

-1.597e+007 to -

7.485e+006
3.968e+007 to
4.817e+007
3.373e+007 to
4.222e+007
3.091e+007 to

Signific
ant?

No

Yes

Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes
Yes

Yes

Yes
Yes

Yes
Yes

Summ

ns

*k%

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k
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nDFb-1 vs. SMA9677
nDFb-2 vs. SMApt1
nDFb-2 vs. SMApt2
nDFb-2 vs. SMA0232

nDFb-2 vs. SMA9677

SMApt1 vs. SMApt2

SMApt1 vs. SMA0232

SMApt1 vs. SMA9677

SMApt2 vs. SMA0232

SMApt2 vs. SMA9677
SMAO0232 vs.
SMA9677

000 3.939e+007
35150 3.091e+007 to
000 3.939e+007
55650 5.141e+007 to
000 5.990e+007
49710 4.546e+007 to
000 5.395e+007
46880 4.264e+007 to
000 5.112e+007
46880 4.264e+007 to
000 5.112e+007

59480 -1.019e+007 to -
00 1.704e+006

87730 -1.302e+007 to -
00 4.530e+006

87730 -1.302e+007 to -
00 4.530e+006

28250 -7.069e+006 to
00 1.418e+006

28250 -7.069e+006 to
00 1.418e+006
-4.243e+006 to
0 4.243e+006

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*k%

*kk%k

*kk%k

ns

ns

ns
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Supplemental Table 7: Statistical comparisons for figure 6D. IMP1
granule volume values were assessed using a one way ANOVA and
Tukey’s multiple comparisons test. Test was conducted with 1 family, 28
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

** p<.01, **: p<.001, ****: p<.0001
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Number of families

Number of comparisons per

family
Alpha

Tukey's multiple
comparisons test

nDFb-2+mCh vs. nDFb-
1+mCh

nDFb-2+mCh vs.
SMApt1+mCh
nDFb-2+mCh vs.
SMApt2+mCh
nDFb-2+mCh vs. nDFb-
1+mCh-SMNdT
nDFb-2+mCh vs. nDFb-
2+mCh-SMNdT
nDFb-2+mCh vs.
SMApt1+mCh-SMN
nDFb-2+mCh vs.
SMApt2+mCh-SMN

nDFb-2+mCh vs. nDFb-
2+mCh-SMN
nDFb-2+mCh vs. nDFb-
1+mCh-SMN
nDFb-2+mCh vs.
SMApt1+mCh-SMNdT
nDFb-2+mCh vs.
SMApt2+mCh-SMNdT
nDFb-1+mCh vs.
SMApt1+mCh
nDFb-1+mCh vs.
SMApt2+mCh
nDFb-1+mCh vs. nDFb-
1+mCh-SMNdT
nDFb-1+mCh vs. nDFb-
2+mCh-SMNdT
nDFb-1+mCh vs.
SMApt1+mCh-SMN
nDFb-1+mCh vs.
SMApt2+mCh-SMN
nDFb-1+mCh vs. nDFb-

0.05

Mean
Diff.

93250
00
48690
000
50820
000
95100
00
11280
000
23250
000
10100
000

83510
00
61570
00
41620
000
38750
000
39360
000
41500
000
18591

19520
00
13930
000
77394

95% CI of diff.

-1.381e+006 to
2.003e+007
3.798e+007 to
5.939e+007
4.011e+007 to
6.153e+007
-1.275e+006 to
2.030e+007
571336 to
2.198e+007
1.420e+007 to
3.231e+007
-524343 to
2.072e+007

-1.764e+007 to
937582
-4.955e+006 to
1.727e+007
3.144e+007 to
5.179e+007
2.803e+007 to
4.946e+007
2.798e+007 to
5.075e+007
3.011e+007 to
5.288e+007
-1.127e+007 to
1.165e+007
-9.433e+006 to
1.334e+007
4.079e+006 to
2.378e+007
-1.053e+007 to
1.208e+007

-2.774e+007 to -

Signifi
cant?
No
Yes
Yes
No
Yes
Yes

No

No
No
Yes
Yes
Yes
Yes
No
No
Yes

No
Yes

Sum
mary

ns

*kk%k

*kk%k

ns

*kkk

ns

ns

ns

*kkk

*kkk

*kkk

*kkk

ns

ns

*k%

ns

*kk%k
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2+mCh-SMN

nDFb-1+mCh vs. nDFb-
1+mCh-SMN
nDFb-1+mCh vs.
SMApt1+mCh-SMNdT
nDFb-1+mCh vs.
SMApt2+mCh-SMNdT
SMApt1+mCh vs.
SMApt2+mCh

SMApt1+mCh vs. nDFb-
1+mCh-SMNdT

SMApt1+mCh vs. nDFb-
2+mCh-SMNdT

SMApt1+mCh vs.
SMApt1+mCh-SMN

SMApt1+mCh vs.
SMApt2+mCh-SMN

SMApt1+mCh vs. nDFb-
2+mCh-SMN

SMApt1+mCh vs. nDFb-
1+mCh-SMN

SMApt1+mCh vs.
SMApt1+mCh-SMNdT

SMApt1+mCh vs.
SMApt2+mCh-SMNdT

SMApt2+mCh vs. nDFb-
1+mCh-SMNdT

SMApt2+mCh vs. nDFb-
2+mCh-SMNdT

SMApt2+mCh vs.
SMApt1+mCh-SMN
SMApt2+mCh vs.
SMApt2+mCh-SMN

17680
000

31670
00
32290
000
29420
000
21330
00

39180
000

37410
000

25440
000

38590
000

57040
000

42530
000

70720
00

99410
00

41310
000

39540
000

27570
000

40720

7.611e+006

-1.494e+007 to
8.601e+006
2.140e+007 to
4.318e+007
1.803e+007 to
4.082e+007
-9.252e+006 to
1.352e+007

-5.064e+007 to -
2.772e+007

-4.880e+007 to -
2.603e+007

-3.528e+007 to -
1.559e+007

-4.990e+007 to -
2.728e+007

-6.710e+007 to -
4.697e+007

-5.430e+007 to -
3.076e+007

-1.796e+007 to
3.815e+006

-2.134e+007 to
1.454e+006

-5.277e+007 to -
2.985e+007

-5.093e+007 to -
2.816e+007

-3.742e+007 to -
1.772e+007
-5.203e+007 to -
2.941e+007

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

Yes

Yes

ns

*kk%k

*kk%k

ns

*kk%k

*kk%k

*kkk

*kkk

*kk%k

*kk%k

ns

ns

*kkk

*kkk

*kkk

*kk%k
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SMApt2+mCh vs. nDFb-
2+mCh-SMN

SMApt2+mCh vs. nDFb-
1+mCh-SMN

SMApt2+mCh vs.
SMApt1+mCh-SMNdT

SMApt2+mCh vs.
SMApt2+mCh-SMNdT

NDFb-1+mCh-SMNdT vs.

NDFb-2+mCh-SMNdT

NDFb-1+mCh-SMNdT vs.

SMApt1+mCh-SMN

NDFb-1+mCh-SMNdT vs.

SMApt2+mCh-SMN

NDFb-1+mCh-SMNdT vs.

nDFb-2+mCh-SMN

NDFb-1+mCh-SMNdT vs.

nDFb-1+mCh-SMN

NDFb-1+mCh-SMNdT vs.

SMApt1+mCh-SMNdT

NDFb-1+mCh-SMNdT vs.

SMApt2+mCh-SMNdT

NDFb-2+mCh-SMNdT vs.

SMApt1+mCh-SMN

NDFb-2+mCh-SMNdT vs.

SMApt2+mCh-SMN

NDFb-2+mCh-SMNdT vs.

nDFb-2+mCh-SMN

NDFb-2+mCh-SMNdT vs.

nDFb-1+mCh-SMN

NDFb-2+mCh-SMNdT vs.

SMApt1+mCh-SMNdT

NDFb-2+mCh-SMNdT vs.

SMApt2+mCh-SMNdT
SMApt1+mCh-SMN vs.
SMApt2+mCh-SMN

000

59170
000

44660
000

92050
00

12070
000
17660
00
13740
000
58803
0

17860
000

33530
00
32110
000
29240
000
11980
000

11780
00

19630
000

51200
00
30340
000
27470
000

13150

-6.924e+007 to -
4.911e+007

-5.643e+007 to -
3.290e+007

-2.009e+007 to
1.682e+006

-2.347e+007 to -
679286
-9.695e+006 to
1.323e+007
3.806e+006 to
2.368e+007
-1.080e+007 to
1.197e+007

-2.801e+007 to -
7.711e+006

-1.519e+007 to
8.488e+006
2.114e+007 to
4.307e+007
1.777e+007 to
4.071e+007
2.127e+006 to
2.182e+007

-1.249e+007 to
1.013e+007

-2.969e+007 to -
9.563e+006

-1.689e+007 to
6.648e+006
1.945e+007 to
4.123e+007
1.608e+007 to
3.886e+007
-2.291e+007 to -
3.395e+006

Yes

Yes

No

Yes

No

Yes

No

Yes

No

Yes

Yes

Yes

No

Yes

No

Yes

Yes

Yes

*kk%k

*kkk

ns

ns

*k%

ns

*kk%k

ns

*kk%k

*kk%k

*%

ns

*kkk

ns

*kkk

*kkk

*k%
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SMApt1+mCh-SMN vs.

nDFb-2+mCh-SMN

SMApt1+mCh-SMN vs.

nDFb-1+mCh-SMN

SMApt1+mCh-SMN vs.

SMApt1+mCh-SMNdT

SMApt1+mCh-SMN vs.

SMApt2+mCh-SMNdT

SMApt2+mCh-SMN vs.

nDFb-2+mCh-SMN

SMApt2+mCh-SMN vs.

nDFb-1+mCh-SMN

SMApt2+mCh-SMN vs.

SMApt1+mCh-SMNdT

SMApt2+mCh-SMN vs.

SMApt2+mCh-SMNdT
NDFb-2+mCh-SMN vs.
nDFb-1+mCh-SMN

NDFb-2+mCh-SMN vs.
SMApt1+mCh-SMNdT
NDFb-2+mCh-SMN vs.
SMApt2+mCh-SMNdT
NDFb-1+mCh-SMN vs.
SMApt1+mCh-SMNdT
NDFb-1+mCh-SMN vs.
SMApt2+mCh-SMNdT

SMApt1+mCh-SMNAT vs.

SMApt2+mCh-SMNdT

000

31600 -3.989e+007 to -

000 2.332e+007

17100 -2.738e+007 to -

000 6.806e+006
18360 9.096e+006 to
000 2.763e+007
15490 5.635e+006 to
000 2.535e+007

18450 -2.843e+007 to -

000 8.473e+006

39410 -1.563e+007 to
00 7.752e+006
31520 2.071e+007 to
000 4.232e+007
28650 1.733e+007 to
000 3.997e+007
14510 4.012e+006 to
000 2.500e+007
49970 4.047e+007 to
000 5.946e+007
47100 3.702e+007 to
000 5.717e+007
35460 2.417e+007 to
000 4.674e+007
32590 2.081e+007 to
000 4.437e+007

28690 -1.377e+007 to
00 8.027e+006

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

*kk%k

*kkk

*kk%k

*kkk

*kk%k

ns

*kk%k

*kkk

*k%

*kk%k

*kk%k

*kk%k

*kkk

ns
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Supplemental Table 8: Statistical comparisons for figure 6F. IMP1
granule volume with either mCherry, SMN-mCherry or SMNAtudor-
mCherry values were assessed using one way ANOVA and Tukey’s
multiple comparisons test. Test was conducted with 1 family, 66
comparisons per family and an alpha of .05. ns: not significant, *: p<.05

**, p<.01, **: p<.001, ****: p<.0001.
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Compare column means (main column

effect)

Number of families
Number of
comparisons per
family

Alpha

Tukey's multiple
comparisons test
Ctrl78 vs. Ctrl79
Ctrl78 vs. nDFb-1
Ctrl78 vs. nDFb-2
Ctrl78 vs. SMA0232
Ctrl78 vs. SMA9677
Ctrl78 vs. SMApt1
Ctrl78 vs. SMApt2
Ctrl79 vs. nDFb-1
Ctrl79 vs. nDFb-2
Ctrl79 vs. SMA0232
Ctrl79 vs. SMA9677
Ctrl79 vs. SMApt1
Ctrl79 vs. SMApt2
nDFb-1 vs. nDFb-2
nDFb-1 vs.
SMA0232

nDFb-1 vs.
SMA9677

nDFb-1 vs. SMApt1

28
0.05

Mean
Diff.

116
1.446
52.8
44.04':
110.(;
252.6-
104.2-
114.6-
-63.2
-160
226.(;
368.6-
220.2-
51.35
45.49
111.6;

-254

95.00% ClI
of diff.

-319.6 to
551.6
-434.2 to
437.1
-382.8 to
488.4
-479.7 to
391.6
-546 to
325.3
-688.2 to
183.1
-539.9 to
3314
-550.2 to
321.1
-498.8 to
3724
-595.7 to
275.6
-662 to
209.3
-804.2 to
67.06
-655.9 to
2154
-384.3 to
487
-481.1 to
390.2
-547.4 to
323.9
-689.7 to
181.6

Signifi
cant?
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No

Sum

mary

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

Adjusted
P Value
0.9923
>0.9999
>0.9999
>0.9999
0.9943
0.6402
0.996
0.9928
0.9998
0.9516
0.7578
0.1661
0.7826
>0.9999
>0.9999
0.9938

0.6334
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nDFb-1 vs. SMApt2
nDFb-2 vs.
SMA0232

nDFb-2 vs.
SMA9677

nDFb-2 vs. SMApt1

nDFb-2 vs. SMApt2
SMA0232 vs.
SMA9677
SMA0232 vs.
SMApt1
SMA0232 vs.
SMApt2
SMA9677 vs.
SMApt1
SMA9677 vs.
SMApt2

SMApt1 vs. SMApt2

105.7
96.84':
163.1-
305.4':
-157
66.2&;
208.5-
-60.2
142.(;
6.095

148.3

-541.3 to
330
-532.5 to
338.8
-598.8 to
272.5
-741 to
130.3
-592.7 to
278.6
-501.9 to
369.3
-644.2 to
2271
-495.8 to
375.4
-577.9 to
2934
-429.5 to
441.7
-287.3 to
584

No

No

No

No

No

No

No

No

No

No

No

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.9956

0.9975

0.9464

0.3912

0.9562

0.9998

0.8267

0.9999

0.9745

>0.9999

0.9678
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Supplemental Table 9: Statistical comparisons for figure 7B. IMP1 levels
in the lamellipodia was assessed using two way ANOVA and Tukey’s
multiple comparisons test. Test was conducted with 1 family, 6
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

** p<.01, **: p<.001, ****: p<.0001.
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Compare column means (main column
effect)

Number of families
Number of
comparisons per
family
Alpha

Tukey's multiple
comparisons test

Ctrl78 vs. Ctrl79
Ctrl78 vs. nDFb-1
Ctrl78 vs. nDFb-2

Ctrl78 vs. SMA0232
Ctrl78 vs. SMA9677
CtrlI78 vs. SMApt1
CtrlI78 vs. SMApt2
Ctrl79 vs. nDFb-1
Ctrl79 vs. nDFb-2
Ctrl79 vs. SMA0232
Ctrl79 vs. SMA9677
Ctrl79 vs. SMApt1

CtrI79 vs. SMApt2

28

0.05

Mean
Diff.

96.75

123.6

40.76

549

655.3

550.5

457.9

26.83

-56

452.2

558.6

453.8

361.1

95.00% ClI
of diff.

-485.4 to
678.9
-458.5 to
705.7
-541.4 to
622.9
-33.17 to
1131
73.19 to
1237
-31.6 to
1133
-124.3 to
1040
-555.3 to
609
-638.1 to
526.1
-129.9 to
1034
-23.56 to
1141
-128.4 to
1036
-221 to
943.3

Signific
ant?
No
No
No
No
Yes
No
No
No
No
No
No

No

Sum Adjusted P

mary

ns

ns

ns

ns

*

ns

ns

ns

ns

ns

ns

ns

ns

Value

0.9996

0.9981

>0.9999

0.0806

0.0154

0.0789

0.2443

>0.9999

>0.9999

0.259

0.0705

0.2549

0.5556
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nDFb-1 vs. nDFb-2
nDFb-1 vs. SMA0232
nDFb-1 vs. SMA9677
nDFb-1 vs. SMApt1

nDFb-1 vs. SMApt2
nDFb-2 vs. SMA0232
nDFb-2 vs. SMA9677
nDFb-2 vs. SMApt1

nDFb-2 vs. SMApt2

SMA0232 vs.
SMA9677
SMA0232 vs.
SMApt1
SMA0232 vs.
SMApt2
SMA9677 vs.
SMApt1
SMA9677 vs.
SMApt2

SMApt1 vs. SMApt2

-82.83

425.4

531.7

426.9

334.3

508.2

614.6

509.8

417 1

106.4

1.571

-91.08

-104.8

-197.4

-92.65

-665 to
499.3
-156.8 to
1008
-50.39 to
1114
-155.2 to
1009
-247 .8 to
916.4
-73.93 to
1090
32.43 to
1197
-72.36 to
1092
-165 to
999.2
-475.8 to
688.5
-580.6 to
583.7
-673.2 to
491
-686.9 to
477.3
-779.6 to
384.7
-674.8 to
489.5

No

No

No

No

No

Yes

No

No

No

No

No

No

No

No

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.9999

0.336

0.1017

0.3311

0.6516

0.1375

0.0303

0.1348

0.3618

0.9993

>0.9999

0.9997

0.9994

0.9685

0.9997
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Supplemental Table 10: Statistical comparisons for figure 7C. IMP1
levels in the leading edge were assessed using two way ANOVA and
Tukey’s multiple comparisons test. Test was conducted with 1 family, 6
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

**, p<.01, **: p<.001, ****: p<.0001.
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Number of families 1
Number of comparisons

per family 6

Alpha 0.05

Tukey's multiple Mean 95% CI of Significa Summa

comparisons test Diff. diff. nt? ry
-1.717 to

nDFb-1 vs. nDFb-2 0.9786 3.674 No ns
3.075to

nDFb-1 vs. SMApt1 5.77 8.465 Yes i
2.902 to

nDFb-1 vs. SMApt2 5.597 8.292 Yes i
2.096 to

nDFb-2 vs. SMApt1 4791 7.486 Yes i
1.923 to

nDFb-2 vs. SMApt2 4619 7.314 Yes e
-2.868 to

SMApt1 vs. SMApt2 -0.1727 2.523 No ns
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Supplemental Table 11: Statistical comparisons for figure 7E. IMP1
granule association with the actin cytoskeleton values were assessed
using two way ANOVA and Tukey’s multiple comparisons test. Test was
conducted with 1 family, 6 comparisons per family and an alpha of .05. ns:

not significant, *: p<.05, **, p<.01, ***: p<.001, ****: p<.0001.
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Number of families
Number of comparisons
per family

Alpha

Tukey's multiple
comparisons test
nDFb-1 vs. nDFb-2
nDFb-1 vs. SMApt1
nDFb-1 vs. SMApt2
nDFb-2 vs. SMApt1
nDFb-2 vs. SMApt2

SMApt1 vs. SMApt2

0.05

Mean

Diff.

0.1362

9.296

8.106

9.16

7.969

-1.191

95% ClI of
diff.

-6.724 to
6.996
2.437 to
16.16
1.246 to
14.97
2.300 to
16.02
1.110 to
14.83
-8.051 to
5.669

Significa
nt?

No

Yes

Yes

Yes

Yes

No

Summa
ry

ns

*%

*%

ns
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Supplemental Table 12: Statistical comparisons for figure 7G. IMP1
granule association with the microtubule cytoskeleton values were
assessed using two way ANOVA and Tukey’s multiple comparisons test.
Test was conducted with 1 family, 6 comparisons per family and an alpha

of .05. ns: not significant, *: p<.05, **, p<.01.
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Compare column means (main column effect)

Number of families
Number of comparisons per

family
Alpha

Tukey's multiple comparisons

test

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.
nDFb-1 vs.

RNase

nDFb-1 vs.
nDFb-1 vs.

RNase

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 vs.

nDFb-1 +RNase
nDFb-2

nDFb-2 + RNase
Ctrl78

Ctrl78 + RNase
Ctrl79

CtrlI79 + RNase
SMA0232
SMA0232 +

SMA9677
SMA9677 +
SMApt1

SMApt1 + RNase
SMApt2

SMApt2 + RNase

nDFb-1 +RNase vs. nDFb-2
nDFb-1 +RNase vs. nDFb-2

+ RNase

1

120
0.05

Mean
Diff.

2.547
0.6659_
2.511
0.1469_
2.528
0.9914:
2.517
1.089
2.548
1.224
2.56
1.334
2.533
1.274
2.553
-3.213

0.0360

95% ClI of
diff.

1.217 to
3.877
-1.996 to
0.6638
1.181to
3.841
-1.477 to
1.183
1.198 to
3.857
-2.321 to
0.3383
1.187 to
3.847
-0.2409 to
2.418
1.219to
3.878
-0.1057 to
2.554
1.230 to
3.889

0.004430 to

2.664
1.204 to
3.863
-0.05527 to
2.604
1.223 to
3.882
-4.542 to -
1.883
-1.366 to
1.294

Signific
ant?
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
Yes
Yes
No
Yes
Yes

No

Summ

*kk%k

ns

*kk%k

ns

*kk%k

ns

*kk%k

ns

*kk%k

ns

*kk%k

*kk%k

ns

*kk%k

*kk%k

ns
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nDFb-1 +RNase vs. Ctrl78

nDFb-1 +RNase vs. Ctrl78 +
RNase

nDFb-1 +RNase vs. Ctrl79
nDFb-1 +RNase vs. Ctrl79 +
RNase

nDFb-1 +RNase vs.
SMA0232

nDFb-1 +RNase vs.
SMA0232 + RNase
nDFb-1 +RNase vs.
SMA9677

nDFb-1 +RNase vs.
SMA9677 + RNase

nDFb-1 +RNase vs. SMApt1

nDFb-1 +RNase vs. SMApt1
+ RNase

nDFb-1 +RNase vs. SMApt2
nDFb-1 +RNase vs. SMApt2
+ RNase

nDFb-2 vs. nDFb-2 + RNase
nDFb-2 vs. Ctrl78

nDFb-2 vs. Ctrl78 + RNase
nDFb-2 vs. Ctrl79

nDFb-2 vs. CtrI79 + RNase
nDFb-2 vs. SMA0232
nDFb-2 vs. SMA0232 +
RNase

nDFb-2 vs. SMA9677
nDFb-2 vs. SMA9677 +

RNase
nDFb-2 vs. SMApt1

-2.694

0.0192

-3.538
0.0299
-1.458
0.0014
11
-1.323
0.0126
-1.213
0.0135
-1.273
0.0057
22
3.177
0.519
3.194
0.3255
3.183
1.755
3.214
1.89

3.225

-4.023 to -
1.364

-1.349 to
1.310
-4.868 to -
2.209
-1.360 to
1.300
-2.788 to -
0.1285
-1.328 to
1.331
-2.653 to
0.006717
-1.317 to
1.342
-2.542 to
0.1169

-1.343 to
1.316
-2.602 to
0.05718
-1.324 to
1.335
1.847 to
4.506
-0.8107 to
1.849
1.864 to
4.523
-1.655 to
1.004
1.853 to
4.513
0.4249 to
3.084
1.884 to
4.544
0.5601 to
3.219
1.896 to
4.555
0.6703 to

Yes

No

Yes

No

Yes

No

No

No

No

No

No

No

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes
Yes

*kk%k

ns

*kk%k

ns

ns

ns

ns

ns

ns

ns

ns

*kk%k

ns

*kk%k

ns

*kk%k

*%

*kk%k

*%%

*kk%k

*%%
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3.330

1.870 to

nDFb-2 vs. SMApt1 + RNase  3.199 4.529 Yes reE
0.6106 to

nDFb-2 vs. SMApt2 1.94 3.270 Yes o
1.889 to

nDFb-2 vs. SMApt2 + RNase 3.218 4.548 Yes o
-3.987 to -

nDFb-2 + RNase vs. Ctrl78 -2.658 1.328 Yes o

nDFb-2 + RNase vs. Ctrl78 + 0.0167 -1.313to

RNase 6 1.346 No ns
-4.832 to -

nDFb-2 + RNase vs. Ctrl79 -3.502 2.173 Yes o

nDFb-2 + RNase vs. Ctrl79 + 0.0061 -1.324 to

RNase 03 1.336 No ns

nDFb-2 + RNase vs. -2.752 to -

SMA0232 -1.422 0.09246 Yes *

nDFb-2 + RNase vs. 0.0374 -1.292 to

SMA0232 + RNase 2 1.367 No ns

nDFb-2 + RNase vs. -2.617 to

SMA9677 -1.287 0.04272 No ns

nDFb-2 + RNase vs. 0.0486 -1.281 to

SMA9677 + RNase 6 1.378 No ns
-2.506 to

nDFb-2 + RNase vs. SMApt1  -1.177 0.1529 No ns

nDFb-2 + RNase vs. SMApt1 0.0224 -1.307 to

+ RNase 3 1.352 No ns
-2.566 to

nDFb-2 + RNase vs. SMApt2 -1.236 0.09319 No ns

nDFb-2 + RNase vs. SMApt2 0.0417 -1.288 to

+ RNase 3 1.371 No ns
1.345 to

Ctrl78 vs. Ctrl78 + RNase 2.675 4.004 Yes o

- 2174 to

Ctrl78 vs. Ctrl79 0.8445 0.4852 No ns
1.334 to

Ctrl78 vs. Ctrl79 + RNase 2.664 3.994 Yes o
-0.09405 to

Ctrl78 vs. SMA0232 1.236 2.565 No ns
1.366 to

Ctrl78 vs. SMA0232 + RNase 2.695 4.025 Yes o
0.04113 to

Ctrl78 vs. SMA9677 1.371 2.700 Yes *
1.377 to

Ctrl78 vs. SMA9677 + RNase 2.706 4.036 Yes o

CtrlI78 vs. SMApt1 1.481 0.1513 to Yes *
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Ctrl78 vs. SMApt1 + RNase

Ctrl78 vs. SMApt2

Ctrl78 vs. SMApt2 + RNase

Ctrl78 + RNase vs.

Ctrl78 + RNase vs.

RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

+ RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

+ RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

RNase

Ctrl78 + RNase vs.
Ctrl78 + RNase vs.

RNase

Ctrl79

Ctrl79 +

SMA0232
SMA0232

SMA9677
SMA9677

SMApt1
SMApt1 +

SMApt2
SMApt2 +

Ctrl79 vs. Ctrl79 + RNase

Ctrl79 vs. SMA0232

Ctrl79 vs. SMA0232 + RNase

Ctrl79 vs. SMA9677

Ctrl79 vs. SMA9677 + RNase

Ctrl79 vs. SMApt1

Ctrl79 vs. SMApt1 + RNase

Ctrl79 vs. SMApt2

Ctrl79 vs. SMApt2 + RNase

2.68
1.421
2.699

-3.519

0.0106
6

-1.439
0.0206
)
-1.304
0.0319
-1.194
0.0056
63
-1.253
0.0249
6
3.508
2.08
3.54
2.215
3.551
2.325
3.525
2.266

3.544

2.811
1.351 to
4.010
0.09159 to
2.751
1.370 to
4.029
-4.849 to -
2.189

-1.340 to
1.319
-2.769 to -
0.1092
-1.309 to
1.350
-2.633 to
0.02596
-1.298 to
1.362
-2.523 to
0.1361
-1.324 to
1.335
-2.583 to
0.07642
-1.305 to
1.355
2.179 to
4.838
0.7505 to
3.410
2.210 to
4.869
0.8856 to
3.545
2.221 to
4.881
0.9958 to
3.655
2.195 to
4.854
0.9361 to
3.595
2.214 to
4.874

Yes

Yes

Yes

Yes

No

Yes

No

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

*kk%k

*kk%k

*kk%k

ns

ns

ns

ns

ns

ns

ns

ns

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k

*kk%k
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Ctrl79 + RNase vs.
Ctrl79 + RNase vs.

+ RNase

CtrlI79 + RNase vs.
Ctrl79 + RNase vs.

+ RNase

Ctrl79 + RNase vs.
Ctrl79 + RNase vs.

RNase

Ctrl79 + RNase vs.
Ctrl79 + RNase vs.

RNase

SMA0232
SMA0232

SMA9677
SMA9677

SMApt1
SMApt1 +

SMApt2
SMApt2 +

SMA0232 vs. SMA0232 +

RNase

SMA0232 vs. SMA9677
SMA0232 vs. SMA9677 +

RNase

SMA0232 vs. SMApt1
SMA0232 vs. SMApt1 +

RNase

SMA0232 vs. SMApt2
SMA0232 vs. SMApt2 +

RNase

SMAO0232 + RNase vs.

SMA9677

SMAO0232 + RNase vs.

SMA9677 + RNase

SMAO0232 + RNase vs.

SMApt1

SMAO0232 + RNase vs.

SMApt1 + RNase

SMAO0232 + RNase vs.

SMApt2

SMAO0232 + RNase vs.

SMApt2 + RNase

SMA9677 vs. SMA96G77 +

RNase

SMA9677 vs. SMApt1

-1.428
0.0313
1
-1.293
0.0425
6
-1.183
0.0163
2
-1.243
0.0356
2
1.46
0.1352
1.471
0.2453
1.445
0.1856
1.464
-1.324
0.0112
4
-1.214

0.0149
9

-1.274
0.0043
11

1.336
0.1102

-2.758 to -
0.09856
-1.298 to
1.361
-2.623 to
0.03662
-1.287 to
1.372
-2.513 to
0.1468
-1.313 to
1.346
-2.572 to
0.08708
-1.294 to
1.365
0.1299 to
2.789
-1.195 to
1.465
0.1411 to
2.800
-1.084 to
1.575
0.1149 to
2774
-1.144 to
1.515
0.1342 to
2.794
-2.654 to
0.005306
-1.318 to
1.341
-2.544 to
0.1155

-1.345 to
1.315
-2.604 to
0.05577
-1.325 to
1.334

0.005936 to

2.665
-1.220 to

Yes

No

No

No

No

No

No

No

Yes

No

Yes

No

Yes

No

Yes

No

No

No

No

No

No

Yes
No

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns



SMA9677 vs. SMApt1 +
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Supplemental Table 13: Statistical comparisons for figure 71. IMP1
pellet/IMP1 soluble values were assessed using a two way ANOVA and
Tukey’s multiple comparisons test. Test was conducted with 1 family, 120
comparisons per family and an alpha of .05. ns: not significant, *: p<.05,

** p<.01, **: p<.001, ****: p<.0001.
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Chapter 4: Conclusions and future directions.
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Overview:

Despite considerable progress in understanding the processes of
mMRNA localization and local translation in axons, the molecular
mechanisms that govern the assembly of mMRNAs and mRBPs into mRNP
transport granules are poorly understood. A recent study on the
interactome of two distinct neuronal RNA-binding proteins shows that they
share only a third of the identified proteins, suggesting that specific
mRBP-associated transport granules are much more heterogeneous than
previously anticipated (Fritzsche et al., 2013). The molecular machinery
that assembles transcripts with a specific set of proteins that regulate their
translocation process along microtubules, their stability, and their
dissociation from the mRNPs, resulting in the mRNA being translated by
ribosomes, remains unknown. The work presented in this dissertation
furthers our understanding of mMRNA and protein association. In my
dissertation | hypothesized that the survival of motor neuron (SMN) protein
functions as a chaperone for mRNA and protein complex (mRNP)
assembly. The primary findings that provide support for this hypothesis

are as follows:

1. mRNAs and mRNA-binding proteins are mislocalized in motor

neurons derived from an SMA mouse model.
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2. Overexpression of mMRNA binding proteins regulating the
localization and translation of the mislocalized mRNAs can rescue
axonal defects in SMA motor neurons, including mRNA

mislocalization.

3. Association of IMP1 protein with B-actin mRNA is impaired in SMA

mouse motor neurons and SMA patient fibroblasts.

4. Binding of IMP1 protein with poly(A)-mRNA is reduced in SMA

patient fibroblasts.

5. Association of IMP1 with the actin and tubulin cytoskeleton is

reduced in SMA patient fibroblasts.

In this final chapter, | will discuss the future directions raised by the
data and analysis discussed in this work. Additionally, | will discuss the
further implications of SMA as a disease of broad RNP hypo-assembly
(Donlin-Asp et al., 2016; Shukla and Parker, 2016), with a wide range of

RNP types likely to be regulated by SMN (Li et al., 2014Db).

SMN as a chaperone for RNP assembly

Evidence for SMN as a broad chaperone for RNP assembly comes

from its complex network of protein interactions (Shafey et al., 2010; Terns
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and Terns, 2001), including Sm proteins (Buhler et al., 1999; Friesen et
al., 2001), LSm proteins (Friesen and Dreyfuss, 2000; Pillai et al., 2003),
and mRNA binding proteins (Akten et al., 2011; Fallini et al., 2014; Fallini
et al., 2011; Hubers et al., 2011; Piazzon et al., 2008; Rossoll et al., 2002;
Tadesse et al., 2008) highlights the complex processes that are likely
defective upon reduction of SMN protein levels (Figure 1). Increasing
evidence for SMN functioning as a chaperone for RNP assembly suggests
that defects in a broad spectrum of RNA processing functions, including
splicing (Li et al., 2014a), stability, localization (Donlin-Asp et al., 2016;
Fallini et al., 2016), and translation (Fallini et al., 2016; Kye et al., 2014;
Sanchez et al., 2013) all contribute to SMA pathology.

For the field at large a remaining question is the scope of RNP
assembly defects in SMA in vivo, and how these defects contribute to the
disease phenotypes observed in SMA patients. Given the known functions
of SMN, SMA likely is a disease of general RNP hypo-assembly, where
one expects widespread effects on all stages of posttranscriptional
regulation (Fallini et al., 2016; Shukla and Parker, 2016), which will lead to
widespread alterations in the splicing, stability, localization and translation
of RNA transcripts. This raises an intriguing experimental question to
address, specifically characterizing the full extent of RNA binding proteins
altered in their association with target transcripts in SMA.

As discussed at the end of Chapter 1 of this dissertation, novel

technologies that have been developed in the past number of years will
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allow testing the full extent of RNP complexes hypo-assembled in SMA,

and to what extent they contribute to pathology in vivo.

What mRNA binding proteins are regulated in their association with
mRNA by SMN?

Of the known mRNA binding proteins associated with SMN, the
majority have come from candidate based screens based on known
mislocalized mRNAs such as g-actin (Fallini et al., 2016; Rossoll et al.,
2003), Gap43 (Fallini et al., 2016) and neuritin (Akten et al., 2011). During
my thesis studies, | focused on the association of IMP1 with B-actin mMRNA
(Chapter 3 Figure 1-3) but we also detected changes in the association
with IMP1 with bulk mRNA (Chapter 3 Figure 4). This in particular raises
an important question as to how widespread perturbations in mRNA-
protein association occur in SMA, specifically whether defects are limited
to a subset of specialized mMRNA binding proteins or whether the defect is
much more general (Figure 2). Testing this question has become possible
with RNA interactome capture (Castello et al., 2013, 2016b) (Figure 3).
Utilizing the same amount of starting cells from control and SMA
fibroblasts, performing the poly(A)-RNA interactome capture followed by
mass spec analysis would allow capturing all MRNA-protein associations
occurring in both control and SMA fibroblasts to allow side by side
comparisons and quantitative analysis. This will allow sensitive analysis to

determine if 1)SMN regulates the association of only a subset of mRNA
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binding proteins with mRNA, 2) if SMN broadly regulates thei association
of mRNA binding proteins with mRNA, leading to global mRNP assembly
defects in SMA samples, and 3) if SMN broadly regulates the association
of mRNA binding proteins with mRNA, leading to global alterations, both

decreases and increases, in mRNP assembly in SMA samples.

What RNP complexes show alterations in their assembly in SMA?
Currently, while a number of RNP classes have been linked to SMN
(Li et al., 2014b), only snRNPs and, in this present work mRNPs, have
been rigorously tested in SMA samples to demonstrate assembly defects,
raising the important question as to what other complexes are altered in
their assembly upon reduced SMN levels. In this work we presented data
from RNP fractionation over an optiprep gradient (Fritzsche et al., 2013)
(Chapter 3 Figure 5, Supplemental Figure 2 & 3), which is an ideal assay
for answering this question (Figure 4). Experiments using antibodies
against the poly(A)-binding protein PABP1 suggest that not only IMP1-
containing complexes but a broad range of mMRNPs may be defective in
their assembly in SMA. By performing quantitative mass spectrometry and
transcriptomics analysis on the fractions, it would be possible to determine
the RNA and protein compositions of a number of cellular complexes of
different sizes, both RNP and non-RNP related, to get a snapshot at the
extent of assembly defects in SMA samples. This will allow determination

if 1) only a subset of RNP complexes, including snRNPs and mRNPs are

153



regulated by SMN, 2) if RNP complexes of a wide variety are regulated by
SMN, and show global decreases in their size and decreased migration
through the fractions in SMA samples, and 3) if RNP complexes of a wide
variety are regulated by SMN, and show global alterations, both
decreases and increases, in their size and decreased migration through

the fractions in SMA samples.

To what extent do non-splicing related RNP changes contribute to
pathology in SMA in vivo?

The majority of work on the function of SMN, and the defects in
motor neurons in SMA by extension, have been carried out in cultured cell
lines and primary neurons in vitro, raising the question about the extent of
defects that occur in vivo in SMA mouse models. Pioneering work in the
zebrafish model of SMA have given critical insight into the existence of
axonal defects (McWhorter et al., 2003) and axonal localization of SMN
during early development (Hao le et al., 2015), and suggested that non-
snRNP rescue of SMN activity can relieve axonal defects (Carrel et al.,
2006). These findings highlight the need to apply novel techniques in SMA
mouse models to compare results from the in vitro and zebrafish datasets.

Two key questions that remain to be explored in vivo, are 1) is
mMRNA in axons of motor neurons mislocalized and 2), does this lead to
decreased local translation at the presynaptic side of the neuromuscular

junction? To study the SMA phenotype develop over a longer period of
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time after birth, a new SMA intermediate severity mouse model has been
generated (Bowerman et al., 2012), the SMA (2B/-) mouse.. The mouse
model allows for longer sampling of time points in vivo, including points
prior to onset of symptoms and during the course of symptom
manifestation.

To address if mMRNAs are mislocalized in mature axons (Shigeoka
et al., 2016), highly sensitive approaches may be needed, since RNA
levels are expected to be lower relative to dendrites and developing
axons. Therefore, multiple novel strategies likely will have to be employed,
encompassing both sequencing and imaging approaches. Previous
studies have already successfully been able to sequence RNA from sciatic
nerve preparations (Yi et al., 2015). Therefore, using this as starting
material for sequencing and comparing these samples from both control
and SMA animals, it will be possible to get a snapshot of the axonal
population of mMRNA at multiple time points. The SMA2B mouse can be
crossed with the RiboTag mouse, which allows for cre-dependent cell type
specific labeling of ribosomes with an HA-tagged ribosomal protein.Similar
to the landmark study demonstrating mature axonal translation (Shigeoka
et al., 2016), using a motor neuron specific cre-driver, this will allow for the
unbiased isolation of mMRNAs associated with ribosomes (translatome)
from the sciatic nerve and neuromuscular junctions from various muscle
groups in both SMA and control animals. RNA sequencing will the allow

identification of mMRNAs associated with ribosome in both conditions.
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Utilizing the information gleamed from such analysis it will be possible to
determine if 1) bulk mRNA is mislocalized in axons in SMA animals in
vivo, 2) specific mRNAs are mislocalized in axons in SMA animals in vivo,
3) mRNAs show various patterns of change in axons in SMA animals, with
some decreased and others showing enhanced localization, in vivo, and
4) ribosome-associated mRNAs are not mislocalized in mature axons in
vivo. With these results, utilizing novel advances in fluorescent in situ
hybridization (FISH) it will then be possible to visualize the localization
patterns for specific transcripts and their encoded proteins at the axon

terminals at the neuromuscular junction.

Are defects seen in SMA mouse motor neurons also present in
human patient derived samples?

Another unresolved question in the field is how many of the defects
characterized in various SMA models, such as mouse models, are actually
recapitulated in patient samples. In Chapter 4 for a number of studies we
utilized both SMA mouse motor neurons and SMA patient fibroblasts for
experiments, however it remains to been seen if similar defects are seen
in SMA patient motor neurons. Induced pluripotent stem cell (iPSC)
technology has been successfully used with SMA (Ebert et al., 2009;
Faravelli et al., 2015; Nizzardo et al., 2015), and SMA iPSC motor
neurons did present with a phenotype in culture. Initial studies in our

hands (Figure 4) demonstrate that SMA iPSC motor neuron cultures
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present with both an axonal length defect (Figure 5A,B) and show reduced
TriFC signal, indicating mRNP assembly defects (Figure 5C,D). These
studies while preliminary, highlight the need to further explore the iPSC
motor neuron phenotypes from SMA patients, specifically to determine
whether mMRNAs are mislocalized from the axons of human motor neurons

just like in SMA mouse motor neuron preparations.

Future directions for SMA therapy

Perhaps the most pressing issue within the SMA field is the
development of effective therapeutic strategies for the disease. The main
strategic aim for therapeutic strategies have been to raise SMN protein
levels. Early clinical attempts using histone deacetylase inhibitors (HDAC
inhibitors), in an attempt to boost the transcription of SMNZ2 and thus raise
SMN protein levels (Avila et al., 2007; Dayangac-Erden et al., 2009;
Evans et al., 2011; Hauke et al., 2009; Kernochan et al., 2005; Kwon et
al., 2011; Liu et al., 2014; Riessland et al., 2010). As these failed to
demonstrate any clinical benefit, newer strategies were pursued. Anti-
sense oligonucleotide (ASOs) targeting SMN2 to block the splicing out of
Exon 7 have shown promise in various models of SMA (Keil et al., 2014;
Nizzardo et al., 2014; Osman et al., 2014; Porensky et al., 2012; Singh et
al., 2015; Staropoli et al., 2015) and recently have made it to phase 3
clinical trials. Perhaps the most promising development, however has

been a recent clinical trials using adeno associated viruses (AAV) rescue
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of SMN levels in newly diagnosed patients, as this strategy has the
possibility of rescuing SMN levels in a critical developmental window and
has the best chance to rescue SMA pathophysiology. While these clinical
breakthroughs have offered renewed hope at the round of successful SMA
therapies, these strategies have been designed for the rescue of SMN
levels in newly diagnosed patients or younger patients, and it remains to
be seen if they will work well for post symptomatic patients or if additional
therapeutic strategies or combination of therapies will need to be pursued.
From this work (Appendix, Figure 3) an intriguing possibility for
manipulating RNP assembly through regulation of the steady state levels
of various RNA binding proteins may offer some therapeutic benefit. The
rational here (Figure 6) is best summarized in regards to a standard
chemical equation with RNAs and RNA binding proteins on one side of the
equation, and RNP complexes on the other. Since SMA is likely a hypo-
assembly disease where this balance is tipped towards the “reactants”,
manipulation of this side may help push the formation of more fully
assembled RNP complexes. Interestingly, early drug screens for SMA
therapeutic compounds picked up an inhibitor of the scavenger decapping
enzyme (DcpS) (Gogliotti et al., 2013). While the first thought was that this
compounds rescue of SMA pathology was due to increasing SMN levels,
likely through stabilizing the mRNA, further work failed to show this was

the case. Interestingly, this compound still improved survival, motor
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function, and motor unit pathology in two SMA mouse models (Gogliotti et
al., 2013; Van Meerbeke et al., 2013).

Given that DcpS does participate in mRNA turnover, it may be that
its beneficial effects in SMA are mediated through stabilization of mMRNA,
and in turn enhancing formation of mMRNP complexes. To test this
possibility, HEK cells were treated for 1-3 days at varying concentrations
with the DcpS inhibitor RG3039, and 12 hours prior to fixation were
transfected with the TriFC constructs (Figure 7). Consistently, longer and
higher treatments of RG3039 promoted enhanced mRNP complex
formation, consistent with our hypothesis. To address if this was due to
enhancement of MRNA levels, we performed poly(A) FISH in HEK cells
treated with RG3039 (Figure 8). Again, longer and higher treatments
resulted in increased poly(A) FISH signal- suggestive that mRNA levels
may be enhanced via stabilization with the RG3039 treatment. Taken
together with our previous demonstration of mRBP overexpression rescue
of SMA phenotypes (Appendix, Figure 3) these data strongly suggest that
modulation of MRNP complex assembly either through enhancing mRBP
levels or stabilization of MRNA may provide therapeutic benefit in SMA
patients.

Insight into if modulation of MRNP assembly can rescue SMA
pathology will provide critical insight into the extent to which mRNP
assembly defects themselves contribute to SMA pathology. Additionally, if

SMN indeed broadly acts as an RNP chaperone, it remains a critical
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question to address if broad defects in RNP assembly contribute to the
specific manifestation of SMA pathology, or if specific defects in particular
RNP classes result in specific phenotypes. Future work will need to
address if rescuing the assembly of specific RNP classes, such as

snRNPs or mRNPs, can mitigate some or all of the disease phenotypes.

Why are motor neurons affected in SMA?

Perhaps in the field the most pertinent scientific question is why the
disease manifests primarily in motor neurons, despite the fact that SMN is
ubiquitously expressed. This outstanding question is highly complex, as
multiple explanations are possible, including motor neuron specific splicing
events or a role for SMN in highly polarized motor neurons. However with
increasing evidence that there are widespread splicing defects in vivo
(Doktor et al., 2016), and while motor neuron rescue of SMN has benefit
for motility and survival, it is only to a point, as full systemic rescue of SMN
is required for maximal survival benefit (Hao le et al., 2013; Hua et al.,
2011; Lutz et al., 2011). These data suggest SMA is characterized by
motor neuron pathology because they are the first cell population to fail in
vivo and cause death in affected patients before other defects may
become manifest. This will only be resolved by more in vivo studies,

focusing on assessing additional tissues with increasing scrutiny.
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Material and methods-

Cell culturing, transfections, staining and RG3039 treatment.

HEK cells were cultured as previously described (Williams et al., 2016),
and transfected using Turbofect (Thermo). RG3039 was applied to cells at
working concentrations of 20, 40 or 60 uM, for 24/48/72 hours. Media was
changed and fresh drug was added every 24 hours until the end of the

experiment.

TriFC

TriFC constructs were cloned similarly to previous described (Rackham
and Brown, 2004). For the ECFP 3'UTR constructs, both the BoxB
sequence repeats inserted along with the 3'UTR of B-actin and deletion
constructs were generated using splicing by overlapping extension. IMP1-
GFP and AN2>-GFP were subcloned by replacing VFP1.154 and VFP1s5.239
with GFP. For TriFC experiments in HEK cells, IMP1-VFP1.154, AN22-
VFP1s5.239, CFP-UTR’s and the empty pcDNAS3 plasmid were transfected
into cells in a 1:1:1:3 ratio to limit oversaturation of TriFC signal. For motor
neuron cultures, pcDNA3 was omitted from the transfection and all
constructs were transfected in a 1:1:1 ratio. Expression of constructs was
limited to 12-24 hours, and fixation was performed with 4%
paraformaldehyde, followed by anti-GFP (Abcam) immunofluorescence
with an Alexa647 secondary antibody for identification of transfected cells

in a blinded fashion. Exposure settings were held constant for all
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acquisitions for an experiment. Analysis was performed in Imaris
(Bitplane). 3D masks were generated for both the cell body and axonal
fractions for motor neurons, and cell bodies for fibroblasts and Neuro2a
cells. The total sum of pixel intensities was measured in a 3D volume for
both the CFP and YFP channels, and the ratio of YFP/CFP was
determined for the readout of TriFC signal. Cumulative distribution plots

were generated from the sum of all experiments in Prism (GraphPad).

Fluorescence in situ Hybridization and Immunofluorescence.

HEK cells were fixed for 15 minutes with 4% paraformaldehyde in PBS.
Fluorescence in situ hybridization (FISH) was performed as described
previously (Fallini et al., 2011) with some modifications. Briefly, fixed HEK
cells were rinsed in PBS containing 5 mM MgClI, and equilibrated in 1x
SSC buffer for 10°. Cells were then washed in 10% formamide (Sigma) for
10’ before preincubation in hybridization buffer (20% dextran sulfate, 4x
SSC, 4 mg/ml BSA, 20 mM ribonucleoside vanadyl complex, and 10 mM
sodium phosphate buffer, pH 7.0) at 37°C for 1.5 h. Probes (1pl) were
resuspended with 10 pg each of E. coli tRNA and salmon sperm DNA in
50 yl hybridization buffer and incubated with the coverslips at 37°C
overnight. A cy5-labeled oligo dT probe (Biosearch Technologies) was

used to detect poly(A)-positive mRNAs.

Image Acquisition and Analysis.
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For high resolution imaging, a 60x objective (1.4 NA) was used. Z-series
(5 to 10 sections, 0.2 ym thickness) were acquired with an
epifluorescence microscope (Ti, Nikon) equipped with a cooled CCD
camera (HQ2, Photometrics). For low magnification imaging, a 10x or 20x
phase objective was used and single optical slices were acquired. Z-
stacks were deconvolved (AutoquantX2, Media Cybernetics) and analyzed
using the Imaris software (Bitplane). Axon length measurements were

performed as described (Fallini et al., 2012a).
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Figure 1: Widespread disruptions in a number of RNP mediated
processes contribute to SMA pathology.

RNA-protein interactions regulate all classes of RNAs and the processes
they control throughout the cell. Given that increasing evidence points to
multiple classes of RNPs regulated by SMN, its increasingly clear that a
number of RNA regulated processes are also likely altered in SMA. This
figure displays an overly simplistic view of some of the processes that

could be disrupted in SMA.
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Figure 2: SMN in RNP assembly

Increasing evidence points to multiple classes of RNPs regulated by SMN,
including those of Sm protein containing snRNPs, LSm containing
complexes involved in both splicing and RNA decay, and mRNPs
regulating localization, transport and stability of mRNA. It remains likely

that SMN assembles other classes of RNPs as well.
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Figure 3: RNA interactome capture for identification of altered

mRNA-protein assocations globally in SMA.

Schematic representation of the mRNA interactome assay. Control or
SMA patient fibroblasts are subjected to UV-crosslinking and cytoplasmic
lysates are incubated with oligo(dT) beads. Isolates could then be
subjected to mass spec analysis for assessment of mMRNA binding

proteins in SMA samples relative to controls.
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Figure 4. RNP gradient isolation to assess widespread changes in
RNP granule size and complexity in SMA patient samples

As previously shown (Chapter 4 Figure 5) MP1 granules show reduced
complexity in SMA patient samples in Cytoplasmic RNP isolates from
fibroblasts were subjected to Optiprep gradient centrifugation and
fractionation. Rather than performing western blot analysis, performing
mass spec on each of the fractions from both SMA and control samples
would allow their compositions to be compared between SMA and
controls. This will allow characterization of differences in the size and

distribution of various classes of RNP complexes in the samples.
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Figure 5. SMA iPSC motor neurons display similar defects to SMA
mouse motor neurons

A. EGFP was transfected into the iPSC motor neuron cultures from 2
control lines and 3 SMA lines. SMA iPSC motor neurons display shorter
axons relative to control motor neurons. B. Quantification of A. C. SMA
iPSC motor neurons display impaired IMP1-3-actin association, as shown

by impaired TriFC signal. D. Quantification of C.
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Figure 6. Manipulating mRNA levels as a therapy in SMA

Work presented in this dissertation supports the model of SMN as a
chaperone for mRNP assembly. Reduction in SMN levels results in a less
function mMRNP complexes. Previous work has shown SMA defects are
rescued by overexpression of mMRNA binding proteins, resulting in rescue
of mMRNA and protein localization defects in SMA motor neurons, likely due
to enhanced mRNP complex assembly. Theoretically, increasing mRNA
levels in the cell through increased transcription or stabilization of the
mRNA would likely also increase mRNP complex assembly and rescue

axonal defects in SMA motor neurons.
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Figure 7. RG3039 treatment increases mMRNP assembly of Bactin
mRNA and IMP1

Cells were transfected with full length TriFC reporter plasmid containing
the entire B-actin 3’ untranslated region and the phage RNA-binding

protein AN22 binding site. Normalized ratios of YFP (TriFC signal) / CFP

(transfection control) indicate a time and dose-dependent increase in
MRNP assembly upon RG3039 treatment. One way ANOVA multiple
comparisons (to mean of OnM), all except 20nM 1&2 days significant. In

HEK293 cells, n=3

177



-+ 4
@ %
[]]
>
2
< %,
= «\Qu
['4
£
<
>
S
Q.

< Ry ~

(n'e) Aysuajur aaneey

poly(A) mMRNA

6nip ou NU09

178



Figure 8. RG3039 treatment increases poly(A) RNA signal in treated
cells

Cells were treated for 24 hours with different concentrations of RG3039.
Poly(A) FISH was performed and signal was quantified over the volume of
cells. Example images are heat maps of the poly(A) signal. One way
ANOVA multiple comparisons (to mean of OnM), all except 20nM 1&2 days

significant. In HEK293 cells, n= 3
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Figure 9: Widespread disruptions in a number of RNP mediated
processes contribute to SMA pathology.

Similar to SMA, ALS is a motoneuron disease characterized by
widespread alterations in RNP homeostasis. Unlike SMA, ALS is a
disease characterized of aggregation or hyper assembly of RNP

complexes as opposed to the hypo assembly seen in SMA. These

opposing processes, both resulting in motoneuron disease, highlight the

importance of proper RNP regulation and homeostasis.
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Appendix: mRNA localization and local translation defects in SMN
deficiency.
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mMRNA are mislocalized from axonal compartments with SMN
deficiency

The previously described axon outgrowth defect in SMA motor
neurons (Fallini et al., 2016; Rossoll et al., 2003) indicates the involvement
of other transcripts in addition to B-actin, will contribute to the axonal
growth defect (Donnelly et al., 2013). We focused on Gap43 mRNA, a
known mRNA who’s axonal translation contributes to axonal growth. To
assess the effects of SMN deficiency on Gap43 mRNA and protein
localization in wild-type motor neurons SMN levels were acutely reduced
by shRNA (Figure 1) and the localization and abundance of Gap43 and -
actin mRNAs were assessed by quantitative fluorescence in situ
hybridization (Q-FISH). A striking reduction in the levels of both mRNAs
was observed in the axons and growth cones of shSMN-transfected motor
neurons 5 days after transfection (Figure 3). No difference was detected in
the cell bodies. These results are similar to those seen in motor neuron

cultures derived from a severe SMA mouse model (Fallini et al., 2016).

GAP43 protein is reduced in SMA growth cones.

To investigate whether reduced Gap43 mRNA levels in the axon of
SMA motor neurons and SMN depleted motor neurons is associated with
a decrease in the levels of GAP43 protein; we performed quantitative
immunofluorescence for GAP43 protein. We found decreased localization

of GAP43 protein levels at the growth cone in the SMA motor neurons
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(Figure 2A-B), with no decrease in the cell body. shSMN-transfected
motor neurons (Figure 2C, D) show a similar decrease in GAP43 protein
localization in the growthcone with no decrease in the cell body. However,
no difference in GAP43 protein levels was detected in whole brain and
spinal cord lysates by western blotting (Figure 2E). These data suggest
that SMN is important for the axonal localization of Gap43 mRNA and

protein.

Overexpression of IMP1 and HuD rescues GAP43 axonal deficiency.
Since Gap43 mRNA stability, transport, and translation are
controlled by the mRNA-binding proteins (mRBPs), HuD and IMP1 (Yoo et
al., 2013), we hypothesized that enhancing the levels of these mRBPs
could rescue the reduction of GAP43 levels at the growth cone. To test,
we expressed GFP-tagged HuD and IMP1 in SMA motor neurons and
quantified GAP43 protein (Figure 3A). We observed a significant increase
in GAP43 protein at the growth cone to levels similar to wild-type cells, for
both IMP1 and HuD. Additionally, the rescue in GAP43 protein levels was
accompanied by an increase in the levels of Gap43 mRNA in the growth
cone (Figure 3B). We next investigated whether the rescue of GAP43
protein levels by IMP1 and HuD expression could also restore axon
growth in SMA motor neurons. SMA motor neurons were transfected with
either IMP1 or HuD and the length of the main axon branch was measured

2 days after transfection. SMA motor neurons had significantly shorter
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axons compared to littermate control motor neurons. Expression of HuD or
IMP1 was able to fully rescue the axonal defect (Figure 3C). These data
suggest that overexpression of these mRBPs rescues the transport and
localization of MRNA to mitigate the defects in the SMA motor neurons,
indicating that the mislocalization of mMRNA and reduced protein levels

directly contribute to the axonal pathology.

SMN deficiency affects translation at the growth cone.

These observations led us to hypothesize that reduced axonal transcript
levels may cause a compartmentalized reduction in local protein
translation. To test this hypothesis, cortical neurons, which, readily grow
and project axons across compartmentalized microfluidic chambers, were
transfected with shRNA vectors to knock down SMN protein expression
(shSMN) (Figure 4A-B) (Fallini et al., 2011). New protein synthesis in the
cell body or growth cone compartment were detected using FUNCAT
(fluorescent non-canonical amino acid tagging) (Tom Dieck et al., 2012).
The methionine analog AHA was added to either the cell body or the axon
side. Click-iT chemistry was used to fluorescently tag the incorporated
AHA, and newly synthesized proteins were quantified using fluorescence
high-resolution microscopy. While no effect was observed on overall
protein synthesis in the cell body, a 60% reduction in the levels of AHA-
labeled proteins was detected in neuronal growth cones (Figure 4C-E).

Although we cannot exclude that subtle changes in the translational levels
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in the cell body are below the threshold level of detection due to the
abundance of newly synthesized proteins, these data do not suggest any
significant global change in protein synthesis, but rather more spatially
restricted local changes distally. These data demonstrate that SMN
deficiency leads to defective mRNA localization and consequent
impairment in local protein synthesis in the distal axon, thus possibly

contributing to the axonal phenotype in SMA.
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Materials and Methods

Motor Neuron Culture and Transfection.

Primary motor neurons from wild type and SMA (Smn"'; hSMNZ2; Stock
number: 005024, Jackson Laboratories) E13.5 mouse embryos of either
sex were isolated, cultured, and transfected by magnetofection as
previously described (Fallini et al., 2010; Fallini et al., 2011). Cells were
fixed at 3-5 DIV or 2-3 days after transfection as indicated, and processed
for Q-FISH or immunostaining. Monomeric green (GFP) or red (mCherry)
fluorescent proteins were fused to murine SMN (Fallini et al., 2010),
human HuD (Fallini et al., 2011), and rat IMP1 (Fallini et al., 2014) cDNAs.
A flexible linker [(SGGG)3] was inserted between all the fusion partners to
facilitate correct protein folding. The pGIPZ shRNA vectors targeting SMN
sequence (shSMN) and a non-silencing control (shCtrl, RHS4346) were
obtained from Open Biosystems (Fallini et al., 2011). For axon length
analysis, cells were transfected with GFP alone to label the whole axon

and identify individual cells.

Fluorescence in situ Hybridization and Immunofluorescence.

Motor neurons were fixed for 15 minutes with 4% paraformaldehyde in
PBS. Fluorescence in situ hybridization (FISH) was performed as
described previously (Fallini et al., 2011) with some modifications. Briefly,
fixed motor neurons were rinsed in PBS containing 5 mM MgCl, and

equilibrated in 1x SSC buffer for 10°. Cells were then washed in 10%

187



formamide (Sigma) for 10’ before preincubation in hybridization buffer
(20% dextran sulfate, 4x SSC, 4 mg/ml BSA, 20 mM ribonucleoside
vanadyl complex, and 10 mM sodium phosphate buffer, pH 7.0) at 37°C
for 1.5 h. Probes (1pl) were resuspended with 10 pg each of E. coli tRNA
and salmon sperm DNA in 50 pl hybridization buffer and incubated with
the coverslips at 37°C overnight. Stellaris FISH probes for Gap43 and -
actin directly labeled with Quasar570 and Quasar670 respectively were
obtained from Biosearch Technologies. A cy3-labeled oligo dT probe
(Biosearch Technologies) was used to detect poly(A)-positive mRNAs.
The specificity of the probes was demonstrated using a GFP control probe
(Figure 4C). For immunofluorescence assays, fixed motor neurons were
incubated overnight at 4°C with GAP43 (Epitomics, 1:250) and SMN (BD
Biosciences, 1:500) antibodies in blocking buffer (5% BSA, 1xPBS). Cy3-,
Cy2- or Cy5-conjugated secondary antibodies (Jackson Immunoresearch)

were incubated for 1 hour at room temperature.

Image Acquisition and Analysis.

For high resolution imaging, a 60x objective (1.4 NA) was used. Z-series
(5 to 10 sections, 0.2 ym thickness) were acquired with an
epifluorescence microscope (Ti, Nikon) equipped with a cooled CCD
camera (HQ2, Photometrics). For low magnification imaging, a 10x or 20x
phase objective was used and single optical slices were acquired. Z-

stacks were deconvolved (AutoquantX2, Media Cybernetics) and analyzed
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using the Imaris software (Bitplane). For the analysis of fluorescence
intensity, a 70-80 ym segment of the axon starting at 20 ym distance from
the cell body were analyzed. Background fluorescence was subtracted in
all channels, and an additional threshold was applied to discriminate
between signal and noise. Axon length measurements were performed as

described (Fallini et al., 2012a).

Protein Extraction and Western Blot.

Brain and spinal cord tissue isolated from E12 mouse embryos of either
sex was homogenized in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 2%
Triton X-100, protease inhibitors) and sonicated on ice 3x10”. Proteins
were separated on a 10% polyacrylamide-SDS gel and hybridized with
primary antibodies directed against SMN (BD Bioscience, 1:500), GAP43
(Epitomics, 1:500), actin (Sigma, 1:1000), and tubulin (Sigma, 1:1000).
IRDye-conjugated secondary antibodies (LI-COR) were used for

detection. The intensity of the protein bands was quantified using ImageJ.

L-Azidohomoalanine (AHA) labeling.

Primary E18 cortical neurons were transfected via nucleofection (Lonza)
with either shCtrl or shSMN plasmids and plated in PDMS microfluidic
chambers (Xona) plated on poly-D lysine coated coverglass. Cells were
grown until axons crossed into the axonal chamber (DIV4), and

methionine free DMEM (Invitrogen) supplemented with B-27 was then
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added to both the axonal and cell body compartments for 1 hour.
Following methionine starvation, 2mM L-Azidohomoalanine (AHA) was
added to only the cell body or axonal compartment, to locally spatially
restrict AHA labeling to individual compartments, with or without 40uM
anisomycin to inhibit protein synthesis. Media volume was higher in
compartments without AHA added, to prevent diffusion of AHA from the
compartment added. Cells were washed and fixed after 2 hours, and AHA
incorporation was detected with Alexa647-conjugated alkyne using Click-
iT chemistry (Invitrogen) according to the manufacturer’s

recommendation.

Statistical analysis

Experimental data were analyzed for statistical significance using the
Prism 6 (GraphPad) software. Individual values were normalized to the
mean of the control sample (e.g. wild type cells) and measurements from
at least three individual experiments were pooled together. For normally
distributed data, Student’s t test or one-way ANOVA with Dunnet’s post
hoc test were used. For axon length analysis, axon measurements from
each individual experiment were normalized to the mean of the control
sample (i.e. wild type cells), and values from 4 separate experiments were
pooled together. The distribution of the data across the whole population
was analyzed using cumulative frequency plots that display the frequency

of occurrence (Y axis) of axonal length values (X axis) that are equal or
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less than a reference value. The Kolmogorov-Smirnov test was used to
determine if the distributions from the different conditions were
significantly different from the control population (i.e. wild type). For all

analyses, significance was defined as p<0.05.
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Figure 1. GAP43 and B-actin mRNAs are reduced in axons and

growth cones of SMN deficient motor neurons.

A. Primary motor neurons were transfected with an shRNA construct
directed against SMN (shSMN) or a control vector (shCtrl). Five days after
transfection, cells were fixed and hybridized with probes specific for
GAP43 (magenta) and B-actin (white) mMRNA. GFP (green) identifies
transfected cells.

B-C. Fluorescence intensity was quantified in the cell body, axon, and
growth cone and compared between shSMN and shCitrl cells. A significant
reduction in both GAP43 (C) and B-actin (B) mRNA levels was observed in
the axon and growth cone. Bars are mean and SEM (Student’s t test;
n=30 from three independent experiments; **p<0.01, ***p<0.001). Scale

bar: 10um.
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Figure 2. GAP43 protein is reduced in axonal growth cones of SMA
MNs.

A-B. Immunostaining and quantification of GAP43 levels (magenta) in the
cell body (A) and growth cone (B) of SMA and WT MNs. Bars are mean
and SEM (Student’s t test; n=43; *p<0.05). C-D. Immunostaining and
quantification of GAP43 protein levels (magenta) in the cell body (C) and
growth cone (D) of MNs transfected with shRNA constructs. GFP (green)
was used to identified transfected cells. Bars are mean and SEM
(Student’s t test; n=40 from three independent experiments; ***p<0.001).
E. Western blot analysis of GAP43 and -actin protein levels in SMA
tissue. SMN and Tubulin were used as controls. Bars are mean and SEM

(n=4).
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Figure 3. Overexpression of HuD and IMP1 restores GAP43 levels
and axon length of SMA MNs.

A. Immunostaining and quantification of GAP43 levels (magenta) in WT
and SMA MNs with or without the expression of GFP-tagged HuD and
IMP1 (green). Bars are mean and SEM (one-way ANOVA and Dunnett’s
post hoc test; n=30 from three independent experiments; **p<0.01). Scale
bars: 10um B. Representative images and cumulative distribution analysis
of axonal length of WT and SMA MNs with or without the expression of
mCherry-tagged SMN, HuD, and IMP1. The Y axis represent the
frequency of the occurrence of axonal length values equal or less than a
reference value. For statistical analysis the Komogorov-Smirnov test was
used (n=38-70 from three independent experiments). Scale bars: 50um.
C. Fluorescence in situ hybridization and quantification of GAP43 mRNA
levels (magenta) in WT and SMA MNs with or without the expression of
GFP-tagged HuD and IMP1 (green). Tubulin (blue) was used to label the
axons and growth cones. Bars are mean and SEM (one-way ANOVA and
Dunnett’s post hoc test; n=46-48 from three independent experiments;

*p<0.05). Scale bars: 10um
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Figure 4. SMN-deficiency causes reduced local protein synthesis in
axonal growth cones.

A-B. SMN knock down efficiency (red) was quantified in cortical neurons
transfected with a shRNA directed against SMN (shSMN) versus control
cells (shCtrl). GFP (green) was used to identify transfected cells. Bars are
mean and SEM (Student’s t test, n=>30 cells/condition from three
independent experiments, **p<.001). C. Cortical neurons grown in
microfluidic chambers stained for tubulin, scale bar: 100pm. D-E. SMN
depletion leads to decreased incorporation of AHA in growth cones of
cortical neurons with no change in the cell body.

F. Quantification of AHA staining in the cell body and growth cone from
shCtrl and shSMN neurons. Bars are mean and SEM (one way ANOVA
with Dunnet’s post hoc test, n=>30 cells/condition from three independent

experiments, ***p<.001).
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