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Abstract

Spinal muscular atrophy (SMA) is a lethal neurodegenerative disease specifically affecting spinal
motor neurons. SMA is caused by the homozygous deletion or mutation of the survival of motor
neuron 1 (SVIN1) gene. The SMN protein plays an essential role in the assembly of spliceosomal
ribonucleoproteins. However, it is still unclear how low levels of the ubiquitously expressed SMN
protein lead to the selective degeneration of motor neurons. An additional role for SMN in the
regulation of the axonal transport of mMRNA-binding proteins (MRBPs) and their target mMRNAs
has been proposed. Indeed, several mMRBPs have been shown to interact with SMN, and the axonal
levels of few mRNAs, such as the f~actin mRNA, are reduced in SMA motor neurons. In this
study we have identified the f-actin mMRNA-binding protein IMP1/ZBP1 as a novel SMN-
interacting protein. Using a combination of biochemical assays and quantitative imaging
techniques in primary motor neurons, we show that IMP1 associates with SMN in individual
granules that are actively transported in motor neuron axons. Furthermore, we demonstrate that
IMP1 axonal localization depends on SMN levels, and that SMN deficiency in SMA motor
neurons leads to a dramatic reduction of IMP1 protein levels. In contrast, no difference in IMP1
protein levels was detected in whole brain lysates from SMA mice, further suggesting neuron
specific roles of SMN in IMP1 expression and localization. Taken together, our data support a role
for SMN in the regulation of MRNA localization and axonal transport through its interaction with
mRBPs such as IMP1.
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INTRODUCTION

Spinal muscular atrophy (SMA) is a neurodegenerative disease characterized by progressive
degeneration of spinal motor neurons, resulting in proximal muscle weakness and paralysis.
SMA is the leading genetic cause of infant mortality, and results from the homozygous
deletion or mutation of the survival of motor neuron 1 (SVIN1) gene (Lefebvre et al., 1995;
Melki, 1999; Wirth et al., 2006). Humans carry a near-identical duplicated version of SMIN1,
SMIN2. However, a single C to T transition in SMIN2 causes aberrant splicing and skipping of
exon 7 in 80-90% of its transcripts, resulting in a truncated and unstable SMINA7 protein
(Lorson et al., 1999).

The SMIN1 gene encodes for a 38 KDa protein whose best understood function is in the
assembly of spliceosomal ribonucleoproteins (SnRNPs). As part of a multiprotein complex
comprising seven Gemin proteins (Gemin 2-8) and Unrip, SMN promotes the recognition
and interaction of Sm proteins with U snRNAs, acting as a specificity factor for their
efficient assembly (Pellizzoni et al., 2002). As a consequence of SMN deficiency, alteration
in the splicing pattern of several pre-mRNAs has been observed in different tissues of SMA
animal models (Gabanella et al., 2007; Zhang et al., 2008; Lotti et al., 2012). However, the
link between these defects and the selective motor neuron loss in SMA remains unclear
(Burghes and Beattie, 2009; Rossoll and Bassell, 2009; Baumer et al., 2009). Besides its role
in splicing, SMN has been proposed to regulate the interaction between mRNA-binding
proteins (MRBPs) and their target mMRNASs into ribonucleoprotein particles (MRNPs). We
and others have demonstrated that SMN interacts with several mMRBPs (reviewed in Fallini
etal., 2012), including hnRNP R (Rossoll et al., 2002), KSRP (Tadesse et al., 2008), and
HuD (Akten et al., 2011; Fallini et al., 2011; Hubers et al., 2011). These interactions
between SMN and mRBPs can affect target mMRNA stability and protein expression;
however, the requirement of SMN for the localization of a specific mRBP has only been
shown so far for HuD (Fallini et al 2011). Furthermore, we have previously demonstrated
that low levels of SMN severely impair the axonal localization of polyA mRNAs in motor
neurons (Fallini et al., 2011), supporting a role for SMN as a general regulator of mMRNP
assembly and/or transport. To date, few mRNAs have been shown to be downregulated and/
or mislocalized in SMN-deficient neurons. These include the cpgl5/neuritin (Akten et al.,
2011), p21¢iPUwafl (QJaso et al., 2006; Tadesse et al., 2008; Wu et al., 2011), and A-actin
MRNAs (Rossoll et al., 2003). In particular, the localization and translation of the f-actin
mRNA in growth cones and axons have been shown to be necessary for axonal guidance,
maintenance and regeneration (Yao et al., 2006; VVogelaar et al., 2009; Donnelly et al.,
2013), suggesting that the dysregulation of factin mRNA transport and local protein
synthesis may play an important role in the axonal pathogenesis of SMA.

The ability of the f~actin mMRNA to localize to the tip of neurites requires the presence of a
conserved cis-regulatory element in its 3’ untranslated region, termed the “zipcode”
(Kislauskis et al., 1994). The chicken zipcode binding protein 1 (ZBP1) and its mammalian
ortholog insulin-like growth factor mRNA-binding protein 1 (IMP1), have been shown to
directly control the transport and local translation of the f-actin mRNA in fibroblasts and
neurons (Ross et al., 1997; Farina et al., 2003; Tiruchinapalli et al., 2003), regulating the
axon’s ability to respond to neurotrophins and guidance cues (Zhang et al., 2001;
Huttelmaier et al., 2005; Welshhans and Bassell, 2011) as well as injury signals (Donnelly et
al., 2011; Donnelly et al., 2013).

Interestingly, IMP1 has been shown to be part of a ribonucleoprotein complex with the
neuronal MRBP HuD, regulating the axonal localization of several mMRNAsS, including the £
actin, the microtubule associated protein tau, and growth-associated protein 43 (GAP-43)
mRNAs (Atlas et al., 2004; Yoo et al., 2013). These data taken together suggest a general
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role of SMN to facilitate the assembly and/or localization of an mRNP transport granules
containing IMP1, HuD and their target MRNAs. However, it was unknown whether IMP1
interacted with SMN as well as with HuD in individual granules. In this study, we have
investigated whether SMN interacts with IMP1 and is required for IMP1 localization in
axons of motor neurons. IMP1, HuD, and SMN were shown to interact in individual
granules that are actively transported in motor neuron axons. Furthermore, we show that
SMN acute knockdown specifically affects IMP1 protein levels in the axons of motor
neurons, while SMN chronic depletion in motor neurons isolated from a severe SMA mouse
model leads to a downregulation of IMP1 in all cell compartments. Taken together our
results support a role for SMN in regulating IMP1 mRNP localization and mRNA local
translation in motor neuron axons.

MATERIALS AND METHODS

Primary motor neuron culture and transfection

Primary motor neurons from wild type E13.5 mouse embryos were isolated, cultured, and
transfected by magnetofection as previously described (Fallini et al., 2010). The rat IMP1
cDNA was fused C-terminally to the monomeric red fluorescent protein mCherry. A flexible
linker [(SGGG)3] was inserted between the fusion partners to facilitate correct protein
folding. The shRNA vectors (Open Biosystems) for SMN knock down were used as
described (Fallini et al., 2010). SMA motor neurons were isolated from E13.5 embryos from
Smn~/~; hSVIN2 transgenic mice as described (Oprea et al., 2008).

Cell staining and imaging

Motor neurons were fixed for 15 minutes with 4% paraformaldehyde in PBS after 3, 5, or 7
days in vitro (DIV), as indicated. Mouse (1:500; BD) and rabbit (1:500, Santa Cruz) anti-
SMN, guinea pig anti-IMP1 (1:300, (Santangelo et al., 2009), mouse anti-HuD (1:500;
16C12, Santa Cruz), rabbit anti-Gemin2 (1:1000; provided by Dr. Fischer, University of
Wuerzburg, Germany), and mouse anti-Unrip (1:500; BD) antibodies were incubated
overnight at 4°C. Cy3-, Cy2- or Cy5-conjugated 1gG species specific secondary antibodies
(Jackson Immunoresearch) were incubated for 1 hour at room temperature. Fluorescence in
situ hybridization was performed as described (Fallini et al., 2011). Z-series (5 to 10
sections, 0.2 pm thickness) were acquired with an epifluorescence microscope (Ti, Nikon)
equipped with a cooled CCD camera (HQ2, Photometrics). Fluorescence Z-stacks were
deconvolved (Autodeblur, Media Cybernetics) and analyzed as previously described (Fallini
et al., 2011). For colocalization and fluorescence intensity analysis, 70-80 pm of the axon
starting from the cell body were analyzed. Growth cones were identified as the tip of the
longest axonal branch.

Live cell imaging

Motor neurons were plated on poly-ornithine/laminin coated Delta T culture dishes
(Bioptechs). Twenty-four hours after transfection, cells were starved in plain Neurobasal
medium for 30 minutes and then transport was stimulated for 15 minutes with either BDNF
(10 ng/ul) or Br-cAMP (100pM) (Calbiochem) in glia-conditioned low fluorescence-
imaging medium (Hibernate E, Brain Bits) supplemented with 2% B27 and 2% horse serum.
Movies were acquired using a widefield microscope (TE2000, Nikon) with a high-speed
cooled CCD camera (Cascade 512b, Photometrics) or a confocal microscope (A1R, Nikon).
Particle tracking was performed using the Imaris image analysis software. Kymographs
were generated using the ImageJ plugin MultipleKymograph.
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GST-binding assay, co-immunoprecipitation and Western blots

Bimolecular

GST-binding assays were performed as previously described (Fallini et al., 2011). Briefly,
the expression of GST-SMN and GST-IMP1 was induced in the BL21 E. coli strain using
IPTG (1 mM) for three hours. Glutathione sepharose beads (GE Healthcare) bound to GST-
SMN or GST-IMP1 were incubated with the protein extracts from rat brain tissues at 4°C
overnight. After washing with TBS containing 500 mM NaCl, proteins from the bead pellets
(IP) and supernatant (Spn) were run on 4-12% gradient gels for western blot analysis. For
endogenous SMN and IMP1 protein coimmunoprecipitation, E13.5 mouse brains were lysed
in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 2% Triton X-100, protease inhibitors).
Immunoprecipitations with SMN (anti-SMN 2B1, Sigma) and IMP1 (MBL) antibodies was
performed using protein A-agarose beads (Roche) following manufacturer’s
recommendations. Mouse 1gGs (Sigma) were used as a control. For RNase treatment,
protein extracts were incubated with or without 1 mg/ml RNase A for 1 hour at 37°C prior
to immunoprecipitation. FLAG-tagged and EGFP-tagged proteins were expressed in
HEK?293 cells transfected using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s recommendations. Immunoprecipitation experiments were performed as
described (Fallini et al., 2011). Monoclonal antibodies to FLAG (1:4000, Sigma) or EGFP
(1:5000, BD Biosciences) were used for detection of FLAG- and EGFP-fusion proteins.

fluorescence complementation

The PCR fragments encoding the N- and C-terminal fragments of Venus yellow fluorescent
protein (VFP, a kind gift from Dr. Miyawaki, Brain Science Institute, Japan) split at
nucleotide 465 (Shyu et al., 2006), were fused to full length murine SMN or SMNAT, and
full length rat IMP1 or IMP1AKH cDNAs. A point mutation (A206K) was introduced to
generate a monomeric form of VFP as described (Zacharias et al., 2002). Neuro2a cells were
transfected with TurboFect (Fermentas) as described (Fallini et al., 2011). Twelve hours
after transfection, cells were fixed with 4% paraformaldehyde in PBS and 3D stacks (10-20
sections, 0.6 pm thickness) were acquired using a widefield fluorescence microscope
(TE2000, Nikon). More than 100 cells per condition from 3 independent experiments were
quantified. Fluorescence from ECFP was used to identify transfected cells and to normalize
the VFP signal.

Fluorescence recovery after photobleaching

Fluorescence images of cells were acquired on a confocal laser scanning microscope (Nikon
A1R). Venus BiFC fluorescent proteins were excited with a 488nm laser and detected using
a 525/50 band pass filter. The images were taken with a Plan Apo 60x oil immersion
objective with pixel size 0.12um. The images were also taken with line average of 2 to
minimize random noises. Photobleaching of select regions of interest (ROI) (4 um radius
circle) with a 488nm laser at 100% power (20 seconds) achieved near complete loss of
signal. The shape and size of the bleached spot were kept constant for all experiments. After
photobleaching, fluorescence images were acquired with a 30 seconds interval for 30
minutes excited with a 488nm laser at low (0.5%) power. Control experiments were done
with low laser power so that no bleaching was observed. The recovery of fluorescence
intensity was analyzed in each ROI using ImageJ to obtain intensity values at different time
frames. To analyze the fluorescence recovery, the mean intensity of a defined area outside
the cells was measured to define the background fluorescence and this was subtracted from
each image. Percent recovery was obtained by dividing the background subtracted
differences during postbleaching over prebleaching (lspot-lpkgd(Post-bleach) / lspot-lokgd
(pre-bleach). The resulting normalized data were then averaged for 16 different ROIs in 9
different cells per condition. Half-maximal time points for each treatment were calculated by
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using the regression equations derived from the best-fit curve of the recovery time points
and calculating for 50% recovery (y=0.5).

The mRNA-binding protein IMP1 is localized and actively transported to motor neuron

axons

The mRNA binding protein IMP1/ZBP1 has been previously shown to localize to the axonal
processes of sensory and cortical neurons (Zhang et al., 2001; Tiruchinapalli et al., 2003;
Donnelly et al., 2011; Welshhans and Bassell, 2011). To investigate whether IMP1 was
similarly distributed in motor neurons, we performed immunofluorescence experiments on
primary cultured embryonic motor neurons (Figure 1A). We found that IMPL1 is distributed
in a granular pattern along the proximal and distal axon, as well as in dendrites. Live cell
imaging analysis of motor neurons transfected with mCherry-tagged IMP1 showed that
IMP1-positive fluorescent particles were actively moving both anterogradely and
retrogradely along the motor axon (Figure 1B and supplementary Figure 1), with an average
speed of 2.1+0.6 pm/sec and 1+0.1 pm/sec respectively, in accordance with what previously
observed in cortical neurons (Welshhans and Bassell, 2011). Furthermore, fluorescence in
situ hybridization using oligodT probes specific to the total poly(A) mMRNA population
revealed a strong colocalization between IMP1 and poly(A) mRNAs (Figure 1C). Together,
these data demonstrate that IMP1 is part of RNA granules that are actively transported in
motor neuron axons.

IMP1 specifically interacts with SMN in vitro and in vivo

In order to investigate whether IMP1 associated with SMN-positive granules in motor
neuron axons, we performed GST-pull down and co-immunoprecipitation (co-IP)
experiments (Figure 2 A-C). First, brain extracts were incubated with GST-tagged IMP1 or
SMN recombinant proteins. Endogenous SMN and IMP1 were co-purified with GST-IMP1
and GST-SMN respectively, but not with the GST or beads-only controls (Figure 2A).
Second, endogenous SMN and IMP1 proteins were immunoprecipitated from brain lysates,
and the co-purified proteins were tested for the presence of IMP1 and SMN. Strong bands
corresponding to IMP1 and SMN were visible in the SMN and IMP1 IPs respectively, but
not in the IgG control lanes (Figure 2B). Furthermore, we could demonstrate that SMIN-
IMP1 interaction is not RNA-dependent, as no effect on the co-1P was observed following
RNase treatment of the brain protein extract (Figure 2C). To further confirm and extend
these results in cultured neurons, a stringent colocalization analysis was performed. Primary
motor neurons were labeled by immunofluorescence with antibodies specific for
endogenous IMP1 and SMN. Additionally, the colocalization of IMP1 with HuD was
investigated, as HuD has been previously shown to interact with IMP1 (Atlas et al 2004;
Yoo et al 2013) and SMN (Akten et al., 2011; Fallini et al., 2011; Hubers et al., 2011).
Interestingly, we found that 31.4% of SMN granules were also positive for IMP1, similarly
to what we observed for SMN and HuD (30.1%) (Figure 2 D-E), and about 43.7% IMP1
granules also contained HuD, supporting what previously observed in other cell types (Atlas
etal., 2004; Yoo et al., 2013). Additionally we found that about 50% of SMN-IMP1
granules also contained HuD (not shown). Collectively, our data suggest that IMP1, SMN,
and HuD are common components of macromolecular complexes that are present in motor
neuron axons.

IMP1 associates with the SMN complex in mobile axonal granules

Since we showed that IMP1 is actively transported in motor neuron axons where it
colocalizes with SMN, we next investigated whether SMN and IMP1 are indeed part of the
same particle rather than being in two distinct but associated granules. To this end, we
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employed the bimolecular fluorescence complementation (BiFC) technique (Ventura, 2011)
that, as we have previously shown, allows to discriminate between associated proteins that
are closely interacting versus distant components of same complex (Fallini et al., 2011). In
this technique, the N- and C-terminal non-fluorescent halves of the yellow fluorescent
protein Venus (VFP) are fused to two potentially interacting proteins. If these proteins are in
very close proximity (i.e. in the same complex), the VFP halves will complement and
fluoresce. When primary motor neurons were transfected with the BiFC constructs for HuD
and IMP1, a specific granular signal was observed in the cell body and along the axonal
process, confirming the colocalization analysis. Similarly, when the BiFC constructs for
SMN and IMP1 were co-expressed in motor neurons, fluorescent puncta were visible in the
cell body and axon but not in the nucleus (Figure 3A). Furthermore, live cell imaging
revealed that SMN-IMP1 BiFC granules are actively transported along the neuron axon
(Figure 3B, Supplementary Figure 2) with an average speed of 1.6+0.8 um/sec and 1.4+0.4
pum/sec in the anterograde and retrograde directions respectively, thus suggesting that IMP1
and SMN are part of the same motile RNA transport granules.

Since we have previously shown that SMN, Gemin2, Unrip, and HuD are part of a
multiprotein complex that is actively transported in motor axons (Fallini et al., 2011), we
examined whether IMP1 may be an additional component of the same complex. Toward this
end, motor neurons transfected with the SMN-IMP1 BiFC pair were immunostained with
antibodies specific for the endogenous HuD, Gemin2, and Unrip proteins. A strong
colocalization was observed in all three cases (Figure 3C). To test whether the interaction of
IMP1 with the SMN complex depended on the presence of SMN, HEK?293 cells were
transfected with FLAG-IMP1, EGFP-tagged Gemin2 and Gemin3, and with or without
EGFP-SMN. When all four proteins were co-expressed, the three members of the SMN
complex were co-purified with IMP1 (Figure 3D). However, if EGFP-SMN was not present,
no co-IP of Gemin2 and Gemin3 with IMP1 was observed, suggesting that SMN is
necessary for the association of IMP1 with the SMN multiprotein complex.

SMN Tudor domain and IMP1 KH-domains are necessary for SMN-IMP1 interaction

To investigate what protein domains are involved in the interaction between SMN and
IMP1, we generated SMN deletion constructs lacking SMN exon 7 (SMNA?7), the Tudor
domain (SMNAT), the N-terminus (SMNANS53), or both the exon 7 and the N-terminus
(SMNAN53A7). Co-immunoprecipitation experiments showed that the SMN Tudor domain
is necessary and sufficient for the SMN-IMP1 interaction (Figure 4A-B). Indeed, the
deletion of the Tudor domain abolished SMN-IMP1 co-purification, while no effect was
evident when the other protein domains were absent. Additionally, we showed that FLAG-
tagged IMP1 could selectively co-precipitate the SMN Tudor domain alone (Figure 4B). To
further confirm these results, we employed quantitative BiFC. Neuro2a cells were
transfected with full length SMNIMP1 BiFC pairs, and the VFP fluorescence intensity was
measured in individual transfected cells (Figure 4C). The fluorescence intensity of the co-
transfected cyan fluorescent protein (CFP) was used to normalize the data. Using this assay,
we tested the effects of the deletion of the SMN Tudor domain and of the four IMP1 KH
domains (IMP1AKH), since these RNA-binding domains are essential for IMP1 interaction
with f-actin mRNA (Farina et al., 2003). Interestingly, we found that the deletion of the
SMN Tudor domain and of the IMP1 KH domains significantly reduced SMN-IMP1
interaction, with a dramatic shift of the VFP/CFP ratio in the cell population towards lower
values. To investigate whether the deletion of the Tudor domain also negatively impacted
the dynamics of the SMN-IMP1 interaction, we performed fluorescence recovery after
photobleaching (FRAP) experiments (Figure 4D). Neuro2a cells were transfected with the
BiFC constructs for IMP1 and full length SMN or SMNAT. Twenty-four hours after
transfection, BiFC-positive cells were photobleached at select regions of interest containing
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fluorescent puncta using a 488nm laser at 100% power, and the reoccurrence of the VFP
fluorescence was monitored every 30 seconds over a period of 30 minutes. We found that
when the SMN Tudor domain was deleted, the normalized fluorescence recovery time was 3
times longer compared to the full-length protein. Taken together, these results indicate that
both the SMN Tudor domain and IMP1 KH domains are necessary for mediating SMN-
IMP1 protein binding and for regulating the dynamics of their interaction at specific loci
within the cytoplasm.

SMN knock down affects IMP1 axonal localization

We and others have shown that low levels of SMN lead to defects in the localization and/or
reduction in overall levels of its interacting proteins (Jablonka et al., 2001; Wang and
Dreyfuss, 2001; Helmken et al., 2003; Tadesse et al., 2008; Fallini et al., 2011). To test
whether also IMP1 protein levels are dependent on SMN levels, we acutely knocked down
the SMN protein in wild type motor neurons by using a vector-based shRNA strategy
(Figure 5) (Fallini et al., 2010; Fallini et al., 2011). Motor neurons were transfected with an
shRNA construct targeting SMN (shSMN) or a non-silencing control (shCtrl), and fixed five
days after transfection. SMN and IMP1 protein levels were then evaluated by quantitative
immunofluorescence. Compared with the control cells, primary motor neurons transfected
with the ShSMN vector showed a dramatic reduction in SMN levels both in the cell body
(1+0.07 shCtrl vs 0.64+0.06 shSMN; n=30; Student’s t test, p<0.001) and in the proximal
axon (1£0.16 shCtrl vs 0.63+0.07 shSMN; n=30; Student’s t test, p<0.05). Interestingly, we
found that SMN knockdown did not affect IMP1 levels in the cell body (1+0.05 shCtrl vs
0.92+0.07 shSMN; n=40; Student’s t test, p=0.4), while a 39% reduction in IMP1 levels in
the axon was observed (1+0.08 shCtrl vs 0.61+0.05 shSMN; n=43; Student’s t test,
p<0.001). There results strongly suggest that SMN, by interacting with IMP1, favors its
axonal localization, without effect on total levels of IMP1 upon acute knockdown.

SMN deficiency affects IMP1 protein levels in motor neurons

In order to investigate the effects of SMN loss in a model that more closely mimics SMA,
we performed immunofluorescence analysis of IMP1 distribution in motor neurons isolated
from a severe SMA mouse model (Sn™/~;hSVIN2) (Monani et al., 2000). Motor neurons
isolated from wild type (WT) or SMA embryos were fixed five days after plating, and SMN
and IMP1 levels in the cell body, proximal, and distal axon were evaluated by quantitative
immunofluorescence (Figure 6). As expected, SMN levels were significantly reduced in the
cell body and growth cone (cell body: 1+0.04 WT vs0.72+0.03 SMA, n=55, Student’s t test,
p<0.001; growth cone: 1+0.07 WT vs 0.81+0.09 SMA, n=48, Student’s t test, p<0.05), while
the reduction in SMN levels in the proximal axon did not reach statistical significance due to
a high variability (1+0.06 WT vs 0.87+0.06 SMA, n=53, Student’s t test, p=0.08).
Surprisingly, when IMP1 levels were quantified, a significant reduction was observed in all
cell compartments (cell body: 1+0.04 WT vs 0.74+0.03 SMA, n=55, Student’s t test,
p<0.001; axon: 1+0.07 WT vs0.8+£0.06 SMA, n=53, Student’s t test, p<0.05; growth cone:
1+0.06 WT vs0.76x£0.07 SMA, n=48, Student’s t test, p<0.05), suggesting that SMN
deficiency over time in an end-stage disease model may lead to IMP1 instability and
degradation.

IMP1 protein levels are not altered in SMA brain lysates

Since both SMN and IMP1 are ubiquitously expressed, we sought to investigate whether
reduced levels of IMP1 due to SMN depletion are a general effect in neuronal tissues. To
test this possibility, we quantified IMP1 protein levels in brain protein extracts isolated from
WT and SMA mice at E12.5 (Figure 7). As expected, SMA brain lysates were significantly
depleted of the full length SMN protein (0.18+0.06 SMA vs WT; n=4; paired t test, p<0.05).
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However, we did not observe any significant difference in the overall IMP1 levels
(0.87£0.26 SMA vs WT; n=4; paired t test, p=0.33). This result suggests that the reduced
IMP1 levels observed in SMN-deficient motor neurons are a specific defect that is not
common to all cell types.
DISCUSSION

In this study we have characterized the interaction of the spinal muscular atrophy (SMA)
disease protein SMN with the mRNA-binding protein (mMRBP) IMP1, and the role of SMN
in promoting IMP1 localization to motor neuron axons. SMN protein is part of a
macromolecular complex -the SMN complex - that plays an essential housekeeping role in
the assembly of spliceosomal small nuclear ribonucleoproteins (SNRNPs) by favoring the
high-fidelity binding of Sm proteins to U snRNAs. Despite many efforts to connect this
essential function to SMA pathogenesis, the evidence for its role in the disease mechanism is
still inconclusive (Burghes and Beattie, 2009; Rossoll and Bassell, 2009). In parallel to an
essential and ubiquitous function of SMN in splicing, we and others have proposed a non-
canonical role for the SMN complex in the assembly of mRBPs and their target mRNAS into
messenger ribonucleoprotein complexes (MRNPS) (Briese et al., 2005; Rossoll and Bassell,
2009; Fallini et al., 2012). In support to this hypothesis, several mRBPs with well-
established roles in mMRNA regulation have been shown to interact with SMN and other
members of the SMN complex (reviewed in Fallini et al., 2012). Using a combination of
biochemical assays and quantitative imaging techniques in primary motor neurons, here we
have demonstrated that IMP1 interacts with SMN in axonal granules that are actively
transported along the neuronal processes. We have shown that this interaction depends on
the presence of SMN Tudor domain, a known protein-protein interaction domain which is
responsible for SMN association with other mRBPs, such as HuD (Akten et al., 2011; Fallini
etal., 2011; Hubers et al., 2011) and KSRP (Tadesse et al., 2008), as well as SMN
interaction with Sm proteins (Selenko et al., 2001). Additionally, we could show that IMP1-
SMN axonal granules contain other members of the SMN complex, such as Gemin2 and
Unrip, thus providing support for the proposed dual role of SMN in snRNP and mRNP
assembly. We have previously shown that SMN interacts with the mRBP HuD in the axon
of motor neurons (Fallini et al., 2011). Interestingly, IMP1 and HuD have been shown to
colocalize with the f-actin and GAP-43 mRNAs (Yoo et al., 2013), and to cooperate in the
regulation of the axonal transport and local translation of tau mRNA (Atlas et al., 2004).
Our results clearly demonstrate that both IMP1 and HuD are present in the axonal SMN-
positive granules, thus identifying these particles as mRNPs and providing further evidence
for SMN non-canonical function in motor neuron axons.

A functional significance for SMN interaction with mRBPs comes from the observation that
the acute depletion of SMN in wild type motor neurons leads to the impairment of IMP1
axonal localization. A similar phenotype caused by SMN depletion has been previously
observed for HuD (Fallini et al., 2011), suggesting that SMN may act as a facilitator of
mMRBPs localization and possibly active transport in the axon of motor neurons.
Interestingly, when we investigated the effects of chronically low levels of SMN in an SMA
mouse model on the localization of IMP1, a reduction of the protein levels in all cell
compartments, including the distal growth cone, was detected. This observation suggests
that over time the functional impairment of IMP1 and other mRBPs due to their axonal
mislocalization caused by SMN loss may lead to a reduction of their protein levels, thus
severely affecting the regulation of mMRNA transport and/or local translation. Furthermore,
the negative effect of SMN depletion on IMP1 levels was not observed in whole brain
tissues, suggesting that this effect is not a general phenomenon occurring in all cell types,
but it may be specific to neurons. It will be interesting to see whether IMP1 axonal
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mislocalization in SMA is a phenotype common to all neuronal types or rather unique to
motor neurons.

Since motor neurons have very long axons with elaborate synaptic terminals, the cellular
machinery regulating RNA transport and local translation is expected to be particularly
important for the function and maintenance of these cells (Wiersma-Meems et al., 2005;
Lasiecka et al., 2009; Wang et al., 2010; Swanger and Bassell, 2011), as it is also
underscored by the involvement of mMRBPs in another motor neuron disease, amyotrophic
lateral sclerosis (Polymenidou et al., 2012). We and others have shown that SMN deficiency
leads to a severe impairment in the localization and/or stability of few specific mMRNAs,
including the f~actin mRNA (Rossoll et al., 2003). Our observation that IMP1, the major
protein regulating f~actin mMRNA localization and translation (Ross et al., 1997; Farina et al.,
2003; Tiruchinapalli et al., 2003), is first mislocalized and later downregulated in motor
neurons due to low levels of SMN may thus provide a mechanistic explanation for the
observed defects in f-actin mRNA localization. Indeed, limited availability of the IMP1
protein in DRG neurons has been shown to severely affect the axonal levels the f-actin
mRNA (Donnelly et al., 2011), and cortical neurons isolated from IMP1 knockout mice
display severe defects in the levels of locally synthesized -actin protein at the growth cones
(Welshhans and Bassell, 2011). Together, these data support a pathogenic role for IMP1
axonal mislocalization in SMA. However, the defective localization of f~actin mMRNA alone
is not likely to be responsible for the neurodegeneration that characterizes SMA. As
suggested by the dramatic reduction in the poly(A) mRNA levels in SMN-depleted motor
neuron axons (Fallini et al., 2011), the deregulation of a wide array of mMRNAs at both the
pre- and post-synaptic compartment of motor neurons is expected to contribute to SMA.
Several SMN-interacting mRBPs and mRNAs are predicted to be mislocalized and
downregulated as a result of SMN depletion. Likely candidates are the microtubule-
associated protein tau and the growth-associated protein 43 (GAP43). Together with
actin, these mRNASs are bound and regulated by HuD and IMP1, whose synergistic activity
controls their stability and axonal transport.

In conclusions, our results support the hypothesis that SMN plays a non-canonical role in the
regulation of mMRNP assembly and in their axonal localization in cultured motor neurons.
Further characterization of SMN interaction with other mRBPs and the identification of their
target mMRNAS that are mislocalized or downregulated in SMA motor neurons, both in vitro
and in vivo, will be needed to understand the full extent and mechanisms of the axonal
dysregulation of mMRNA, leading to selective motor neuron degeneration in SMA.
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Figure 1.

IMP1 a component of mRNPs localized and actively transported in motor neuron axons. (A)
Primary motor neurons (5DIV) were stained with an antibody specific for IMP1 (green).
Granular staining was observed in the cell body and dendrites (left panel), proximal axon
(top right), and growth cone (bottom right). The arrow indicates the axon, while arrowheads
point at dendrites. DIC images were superimposed to the fluorescence image. DAPI (blue)
indicates the cell nucleus. (B) mCherry-IMP1 particles are actively transported both
anterogradely (top panel; CB, cell body; GC, growth cone) and retrogradely (bottom) along
motor neuron axons. Kymographs (left panels) show the particles movement over time (t).
For each frame, the instantaneous velocity of the particles was plotted (right). (C)
Endogenous IMP1 granules colocalize with poly(A) mRNAs in motor neuron axons. Arrows
indicate colocalized particles, while arrowheads identify IMP1-only or poly(A) mRNA-only
granules. GFP expression was used to highlight the whole cell structure. Asterisks indicate
beads used for cell transfection. Scale bars: 10 um.
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Figure 2.
IMP1 associates with HuD and SMN and co-localizes in axonal granules. (A) GST-

immunoprecipitation (IP) assays show that GST-tagged SMN (top panel) and GST-tagged
IMP1 (bottom) co-purify with endogenous IMP1 and SMN from whole brain protein lysates.
GST and beads only (---) were used as controls for the IP specificity. Son, supernatant; IP,
immunoprecipitate. (B) Endogenous IMP1 (top panel) and SMN (bottom) were specifically
immunoprecipitated from embryonic mouse brain lysates. Co-purification of SMN (top, I1P)
and IMP1 (bottom, IP) respectively was observed. The input represents the protein lysate
used for the IP. IgGs were used as control. (C) RNase treatment (1mg/ml) does not affect
IMP1 coimmunoprecipitation of SMN from brain lysate. (D) Triple label
immunofluorescence detection of IMP1 (green), SMN (blue), and HuD (red) for quantitative
colocalization analysis in primary motor neurons (5DIV). A representative image is shown.
The axon was straightened and enlarged to show colocalization between IMP1-HuD (left
panel), IMP1-SMN (middle), and HuD-SMN (right). Colocalized pixels are shown in white
(coloc). Scale bar: 10 um. (E) Percentage of protein colocalization was quantified from 30
cells from 3 independent experiments. Bars represent mean and S.E.M.

Dev Neurobiol. Author manuscript; available in PMC 2015 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 15

A BiFC: HuD-IMP1

. z SR ER—
]
)
o 0
:

S0 sz
Frame number

&
&
LS

C

q
& &
O

e 5
N A
\\‘<Q§‘\l~°

()
R b

FLAG-IMP1
EGFP-SMN
EGFP-Gemin2
EGFP-Gemin3

4
+
R

P Spn 1P Spn P Spn
—AT 2l EGFP-Gemin3

— EGFP-SMN
o H EGFP-Gemin2
IP: «-FLAG Ab

BiFC: SMN-IMP1
v N
BiFC: SMN-IMP1
BiFC: SMN-IMP1
v 0

+ +

Figure 3.

BiFC reveals IMP1 association with SMN and HuD within individual particles in axons of
motor neuron. (A) Primary motor neurons (2D1V) were transfected with BiFC constructs for
IMP1-HuD (left panel) or IMP1-SMN (right panel). In both conditions, BiFC signal (green)
was detected in the cell body and axon, while no BiFC granules were present in the nucleus
(blue, DAPI). (B) Live cell imaging of motor neurons transfected with the BiFC pair SMN-
IMP1 revealed active transport of BiFC-positive granules along motor neuron axons. Movie
snapshots (left panel) and kymograph (right) of a representative particle are shown. For each
frame, the instantaneous velocity of the particle was plotted. (C) Axonal SMN-IMP1 BiFC
granules colocalize with endogenous HuD (arrows, left panel), Gemin2 (arrows, middle
panel), and Unrip (arrows, right panel) detected by imunofluorescence. Scale bars: 10 um.
(D) IMP1 associates with the SMN-Gemin multiprotein complex via SMN. FLAG-IMP1
was cotransfected with EGFP-tagged Gemin2, Gemin3 and with or without EGFP-SMN in
HEK?293 cells. IMP1 IP with the FLAG antibody co-purified EGFP-Gemin2 and EGFP-
Gemin3 in the presence of EGFP-SMN (lanes 1-2). However if EGFP-SMN was not co-
expressed, no co-IP of Gemin2 and Gemin3 was observed (lanes 3-4). As control, beads
only were used for the IP (lanes 5-6).
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Figure4.

The SMN Tudor domain and IMP1 KH domains are necessary for SMN-IMP1 interaction.
(A-B) FLAG-IMP1 and various EGFP-SMN deletion constructs were co-expressed in
HEK?293 cells. IMP1 was specifically precipitated using an anti-FLAG antibody. IMP1 and
SMN co-IP was impaired by the deletion of SMN Tudor domain (SMNAT), while the
deletion of SMN exon7 (SMNA7), N-terminus (SMNANS53), or both (SMNAN53A7) had no
effect (A). The SMN Tudor domain alone fused to EGFP was also selectively purified with
FLAG-IMP1 (B). Monoclonal GFP and FLAG antibodies were used for detection. A beads-
only negative control (-) was used for the IP. (C) BiFC was used to detect SMN-IMP1
interaction in cells. Neuro2a cells were transfected with BiFC constructs for full length
SMN (SMN FL) or SMNAT and full length IMP1 (IMP1 FL) or IMP1AKH. Representative
cells are shown. The BiFC signal (VFP, green) is significantly reduced in cells expressing
IMP1 or SMN deletion constructs compared to the full length protein. CFP (blue) was used
to identify transfected cells and normalize VVFP fluorescence intensity. The VFP and CFP
fluorescence intensity was measured in more than 100 cells from 3 independent
experiments. The frequency distribution of the VFP/CFP ratio was plotted for the three
conditions. A significant shift of the distribution toward lower values was observed when
the SMNAT or the IMP1AKH were expressed (Kolmogorov-Smirnov test, n=105, ***
p<0.001). (D) FRAP experiments further show that the deletion of SMN Tudor domain
affects the dynamics of SMN-1IMP1 association. Representative images show transfected
NeuroZ2a cells before (pre-bleach) and after photobleaching (0, 5, 15, and 30 minutes) of the
BiFC signal (VFP, green). The red circle indicates the bleached region. The fluorescence
recovery time was measured in cells transfected with IMP1 and with either full length SMN
or SMNAT. Bars represent mean and S.E.M (Student’s t test, n=9, **p<0.01).
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Figureb5.
Axonal IMP1 protein levels are reduced upon SMN knockdown. (A) Representative images

showing primary motor neurons (2DIV) transfected with either shCtrl (top panel) or shSMN
(bottom panel) constructs and labeled by immunofluorescence for endogenous SMN (left
panel) and IMP1 (center panel) 5 days after transfection. GFP (green, right panel) was used
to identify transfected cells. Nuclei were labeled with DAPI (blue). Arrows indicate SMN-
positive nuclear gems. Axons were straightened and pseudo-colored with a 16-bit intensity
map. Scale bars: 10 pm. (B-C) Quantification of SMN levels showed a significant 36% and
37% reduction of SMN protein levels in the cell bodies and axons of shSMN treated motor
neurons relative to control (B). Conversely, IMP1 protein levels were significantly reduced
in the axon (61% vs. shCtrl), but not the cell body (92% vs. shCtrl), of sShSMN treated motor
neurons (C). Bars represent mean and S.E.M. (Student’s t test, * p <0.05, *** p <0.001).
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Figure®6.

IMP1 protein levels are reduced in SMA motor neurons. (A) Primary motor neurons (3DIV)
derived from WT (Smn*/*; hSMIN2) and SMA (Smn™/~; hSVIN2) littermates were
immunostained for endogenous IMP1 (red) and SMN (green). Representative images are
shown for the cell body and proximal axon (top two panels) and growth cone segments
(bottom panels). Axons were straightened and pseudo-colored with a 16-bit intensity map.
Quantification of SMN levels showed a significant reduction of SMN protein levels in both
the cell bodies and growth cones of SMA motor neurons relative to WT cells. Similarly, the
quantification of IMP1 levels showed a significant reduction in the cell bodies, axons and
growth cones of SMA motor neurons relative to WT controls. Bars represent mean and
S.E.M. (Student’s t test, * p <0.05, *** p <0.001). Scale bars: 10 pm.

WT
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Figure7.

Endogenous IMP1 protein levels are unchanged in the brain of SMA mice. Western blot
analysis of IMP1 (top), SMN (middl€) and tubulin (Tub, bottom) levels from E12.5 WT or
SMA brain lysate reveals IMP1 protein levels to be unchanged. As expected, SMN levels
are greatly diminished in SMA embryos. The SMNA7 protein product from the SMN2
transgene is also visible. SMN and IMP1 band intensities were normalized to tubulin from 5
independent experiments. Bars represent mean and S.E.M (Student’s t test, * p <0.05).
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