











FIGURE 1: Flag-SMN immunopurified lysates contain known protein interaction partners and
ubiquitin proteasome system (UPS) proteins. (A) Lysates from Oregon-R control (Ctrl) Drosophila
embryos and embryos expressing only transgenic Flag-SMN (SMN) were Flag-immunopurified,
and protein eluates were separated by gel electrophoresis and silver stained. Band identities
predicted by size using information from panels C and D. (B) Direct mass spectrometric analysis
of the eluates (which were not gel purified) identified a total of 396 proteins, 114 of which were
detected only in SMN sample and 279 of which were detected in both SMN and Ctrl samples.
(C) Flag-purified eluates were analyzed by “label-free” mass spectrometry. Numerous proteins
that copurify with Flag-SMN are part of the ubiquitin proteasome system (UPS). Of these UPS
proteins, Cullin 1 (Cul 1), SkpA, and supernumerary limbs (SImb) were highly enriched (at least
10-fold) in the SMN sample as compared with Ctrl. (D) Western blot analysis of Flag-purified
eluates was used to further validate the presence or absence of SMN interaction partners.
Flag-SMN was successfully purified from SMN embryos but was undetectable in the control. As
positive controls for known protein interaction partners of SMN, SmB and SmD3 were also easily
detectable by Western blotting using anti-Sm antibodies. The presence of SImb was verified
using anti-Slmb. o-Actinin and tubulin were not enriched in our purification and are used as
negative controls to demonstrate specificity.

(>10-fold) in Flag-SMN samples as compared with the control. To-
gether, these proteins comprise the SCFS™P E3 ubiquitin ligase.
Cul1 forms the major structural scaffold of this horseshoe-shaped,
multisubunit complex (Zheng et al., 2002). SImb is an F-box protein
and is the substrate recognition component (Jiang and Struhl,
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1998). SkpA is a bridging protein essential
for interaction of Cul1 with the F-box pro-
tein (Patton et al., 1998a,b). Because of its
role in substrate recognition, Simb is likely
to be the direct interacting partner of SMN
within the SCFS™ complex. For this reason,
we focused on SImb for the initial validation.
As shown, Slmb was easily detectable in
Flag-purified eluates from embryos express-
ing Flag-SMN and nearly undetectable in
those from control embryos (Figure 1D).
SmB and SmD3 were also easily detectable
by Western blot in Flag-purified embryonic
lysates and were used as positive controls
for known protein interaction partners of
SMN. Tubulin and a-actinin were not de-
tected as interacting with SMN in our purifi-
cation and demonstrate the specificity of
the detected SMN interactions.

SCFSI™ js a bona fide SMN interaction
partner that ubiquitylates SMN

As an E3 ubiquitin ligase, the SCFS™P com-
plex is a substrate recognition component
of the ubiquitin proteasome system. As out-
lined in Figure 2A, E3 ligases work with E1
and E2 proteins to ubiquitylate their targets.
The interaction of SCF™ with SMN was
verified in a reciprocal coimmunoprecipita-
tion, demonstrating that Flag-tagged SCF
components form complexes with endoge-
nous SMN (Figure 2B) in S2 cells.

SCF complexes are highly conserved
from flies to humans: SkpA is 77% identical
to human Skp1, Cul1 is 63% identical, and
SImb is 80% identical to its human homo-
logues, B-TrCP1 and B-TrCP2. SImb/B-TrCP
is the SCF component that directly contacts
substrates of the E3 ligase. We therefore
tested the interaction of recombinant hu-
man SMN in complex with (SMNeGem2)
Gupta et al., 2015) with glutathione S-trans-
ferase (GST)-tagged B-TrCP1 and -SMN
proteins in an in vitro binding assay. As
shown in Figure 2C, SMNeGem2 did not in-
teract with GST alone but was detected at
high levels following pull down with either
GST-SMN (positive control) or GST-B-TrCP1.
We also tested the interaction of Flag-
tagged Drosophila SCF components with
endogenous human SMN in HEK 293T cells
(Figure 2D). Accordingly, human SMN was
coprecipitated with Flag-Cul1 and Flag-
SImb and at lower levels following Flag-
SkpA immunoprecipitation. Flag-B-TrCP1
and Flag-B-TrCP2, the two human homo-
logues of SImb, also copurified with endog-

enous human SMN in HEK 293T cells (Figure 2E). Altogether, these
data demonstrate a conserved interaction between SMN and the
SCFSIme/B-TCP E3 ybiquitin ligase complex.

To test the functional consequences of this conserved interaction
between SMN and SCFSM>/B-TCP 5 cell-based ubiquitylation assay
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FIGURE 2: Conserved interaction between SMN and the SCFSImb/8-TCP E3 ybiquitin ligase results in ubiquitylation of
SMN. (A) E3 ligases work with E1 and E2 proteins to ubiquitylate their targets. The SCFSm>/BTCP E3 ybiquitin ligase is
made up of three proteins: Cul1, SkpA, and Slmb. The E3 ubiquitin ligase is the substrate recognition component of

the ubiquitin proteasome system. (B) Following Cul1-Flag, SkpA-Flag, Flag-SImb, and Flag-Gem2 immunoprecipitation
from Drosophila S2 cell lysates, Western analysis using anti-SMN antibody for endogenous SMN was carried out.
Copuirification of each of the SCF components with endogenous SMN was detected. (C) An in vitro binding assay tested
direct interaction between human SMNA5-Gemin2 (SMNeGem?2) (Martin et al., 2012; Gupta et al., 2015) and purified
GST-tagged proteins. SMNeGem2 did not interact with GST protein alone but bound to GST tagged Drosophila SMN
(GST-SMN) and GST tagged human B-TrCP1 (GST-B-TrCP1). Levels of GST alone, GST-SMN, and GST-B-TrCP1 were
detected using anti-GST antibody. (D) The interaction of Flag-tagged Drosophila SCF components with endogenous
human SMN was tested in in HEK 293T cells. Human SMN was detected at high levels following immunoprecipitation of
Drosophila Flag-Cul1 and Flag-SImb and detected at a lower level following Drosophila Flag-SkpA immunoprecipitation.
(E) Flag-tagged versions of the human homologues of Simb, Flag-B-TrCP1, and Flag-B-TrCP2, interact with endogenous
human SMN in HEK 293T cells demonstrated by Flag-immunopurification followed by immunodetection of SMN.

(F) Protein lysate from HEK 293T cells transfected with éxHis-Flag-ubiquitin (6HF-Ub) and GFP-SMN was purified using a
Ni2* pull down for the tagged ubiquitin. Baseline levels of ubiquitylated GFP-SMN were detected using anti-GFP
antibody. Following transfection of Flag-B-TrCP1 or Flag-B-TrCP2, the levels of ubiquitylated SMN markedly increased.
Ubiquitylation levels were further increased following addition of both proteins together. In the input, GFP-SMN was
detected using anti-GFP antibody, Flag-B-TrCP1 and Flag-B-TrCP2 were detected using anti-Flag antibody, and GAPDH
was detected by anti-GAPDH antibody. In the Ni?* pull down, ubiquitylated GFP-SMN was detected using anti-GFP
antibody and 6HF-Ub was detected using anti-Flag antibody to verify successful pull down of tagged ubiquitin.
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was performed (Figure 2F). Protein lysate from HEK 293T cells trans-
fected with 6xHis-Flag-ubiquitin and GFP-SMN was purified using a
Ni2* pull down for the tagged ubiquitin. Baseline levels of ubiquity-
lated GFP-SMN were detected using anti-GFP antibody. Following
transfection of Flag-B-TrCP1 or Flag-B-TrCP2, the levels of ubiquity-
lated SMN markedly increased (Figure 2F). Ubiquitylation levels
were further increased following addition of both proteins together.

SMN in vivo.

SMN levels
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FIGURE 3: Depletion of SImb/B-TrCP results in an increase of SMN levels. (A) Depletion of Simb
using 10-d (10d) treatment with dsRNA in Drosophila S2 cells resulted in modestly increased
SMN levels. Following SImb RNA, full-length SMN levels were increased as compared with

cells treated with control dsRNA against Gaussia Luciferase, which is not expressed in S2 cells.
(B) The effect of B-TrCP depletion on SMN levels in human cells was tested using siRNA that
targets both B-TrCP1 and B-TrCP2 in HelLa cells. We detected a modest increase in levels of
full-length endogenous SMN after B-TrCP RNAi but not control (scramble) RNAI. (C) Drosophila
S2 cells were treated with cycloheximide (CHX), an inhibitor of protein synthesis, following Simb
depletion following a 3-d dsRNA treatment to test whether differences in protein levels would
be exacerbated when the production of new protein was prevented. SMN protein levels were
also directly targeted using dsRNA against Smn as a positive control for the RNAi treatment.
As a negative control (Ctrl), dsRNA against oskar, which is not expressed in S2 cells, was used.
Protein was collected at 0, 2, and 6 h post-CHX treatment. At 6 h post-CHX treatment, there is
a modest increase in full-length SMN levels following SImb RNAi as compared with the initial
time point (0 h) and as compared with control RNAi treatment.
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These experiments demonstrate that SCFS™>/8-TCP can ubiquitylate

Depletion of SImb/B-TrCP results in a modest increase in

Given that one of the primary functions of protein ubiquitylation is
to target proteins to the proteasome, we examined whether deple-

tion of SImb by RNA interference (RNAI) us-
ing double-stranded RNA (dsRNA) in S2
cells would increase SMN levels (Figure 3A).
Following Slmb RNAi, endogenous SMN
levels were modestly increased as com-
pared with cells treated with control dsRNA.
We obtained similar results using an siRNA
that targets both B-TrCP1 and B-TrCP2 in
Hela cells. As shown in Figure 3B, we de-
tected a modest increase in levels of full-
length SMN following B-TrCP RNAi but not
control RNAI. Next, we treated S2 cells with
cycloheximide (CHX), in the presence or ab-
sence of dsRNA targeting SImb, to deter-
mine whether differences in SMN levels
would be exacerbated when production of
new proteins was prevented (Figure 3C).
SMN protein levels were also specifically
targeted using dsRNA against Smn as a
positive control for the RNAI treatment. At 6
h post-CHX treatment, there was a modest
increase in full-length SMN levels following
Simb RNAi as compared with the initial
timepoint (0 h) or the negative control (Ctrl)
RNAI (Figure 3C). Together, these data indi-
cate that SImb/B-TrCP participates in the
regulation of SMN protein levels.

Identification and characterization of a

SImb/B-TrCP degradation signal in SMN
Studies of numerous UPS substrates in a vari-
ety of species have revealed the presence of
degradation signals (called degrons) that are
required for proper E3 target recognition
and binding. SImb/B-TrCP canonically recog-
nizes a consensus DpSGXXpS/T degron,
where p indicates a phosphoryl group (Fuchs
et al., 2004; Jin et al., 2005; Frescas and
Pagano, 2008). There are also several known
variants of this motif, for example, DDGFVD,
SSGYFS, and TSGCSS (Kim et al., 2015). As
shown in Figure 4A, we identified a putative
SImb/B-TrCP degron (*MSGYHT#4) in the
highly conserved self-oligomerization do-
main (YG Box) of human SMN. Interestingly,
this sequence was previously identified as
part of a larger degron motif (%¢YMSGYHT-
GYYMEMLA??) that was thought to be
created in SMNA7 by SMNZ alternative splic-
ing (Cho and Dreyfuss, 2010). In particular,
mutation of S270 (S201 in flies) to alanine
was shown to dramatically stabilize SMNA7
constructs in human cells, and overex-
pression of SMNA75270A in SMN-deficient
chicken DT40 cells rescued their viability
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functioning as a signaling hub that links the UPS to the JNK and IMD
pathways, all of which have been shown to be disrupted in SMA.

Phosphorylation of the SImb degron within SMN

As SImb is known to recognize phospho-degrons, one of the first
questions raised by our study concerns the identity of the kinase(s)
responsible for phosphorylating the degron in SMN. A prime candi-
date is GSK3p (Figure 8), as this kinase recognizes a motif (SxxxS/T,
Liu et al., 2007; Lee et al., 2013) that includes the degron and ex-
tends N-terminally (242SxxxSxxxSxxxT?’4, numbering as per human
SMN). In support of this hypothesis, we identified the Drosophila
GSK3p orthologue, Shaggy (Sgg), in our SMN pull downs (Figure
1C). Moreover, GSK3p inhibitors as well as siRNA-mediated knock-
down of GSK3B were shown to increase SMN levels, primarily by
stabilizing the protein (Makhortova et al., 2011; Chen et al., 2012).
Finally, GSK3p is also responsible for phosphorylation of a degron in
B-catenin, a well-characterized SCFS™ substrate (Liu et al., 2002).
SMA mice have low levels of UBA1 (E1), ultimately leading to accu-
mulation of B-catenin (Wishart et al., 2014). Pharmacological inhibi-
tion of B-catenin improved neuromuscular pathology in Drosophila,
zebrafish, and mouse SMA models. B-Catenin had previously been
shown to regulate motor neuron differentiation and stability by
affecting synaptic structure and function (Murase et al., 2002; Li
et al., 2008; Ojeda et al., 2011). B-Catenin also regulates motor
neuron differentiation by retrograde signaling from skeletal muscle
(Li et al., 2008). The connections of UBA1 and multiple SCFIm® sub-
strates to motor neuron health thus places the UPS at the center of
SMA research interest.

Concluding remarks

In summary, this study identifies conserved factors that regulate
SMN stability. To our knowledge, this work represents the first time
that SMN complexes have been purified in the context of an intact
developing organism. Using this approach, we have demonstrated
that the SCFS™ E3 ligase complex interacts with a degron embed-
ded within the self-oligomerization domain of SMN. Our findings
establish plausible connections to disease-relevant cellular pro-
cesses and signaling pathways. Further, they elucidate a model
(Figure 8) whereby accessibility of the SMN phosphodegron is regu-
lated by self-multimerization, providing an elegant mechanism for
balancing functional activity with degradation.

MATERIALS AND METHODS

Fly stocks and transgenes

Oregon-R was used as the wild-type control. The Smn*” microdele-
tion allele (Chang et al., 2008) was a gift from S. Artavanis-Tsakonis
(Harvard University, Cambridge, MA). This deficiency removes the
promoter and the entire SMN coding region, leaving only the final
44 base pairs of the 3’ untranslated region (UTR). All stocks were
cultured on molasses and agar at room temperature (24 £ 1°C) in
half-pint bottles. The Smn transgenic constructs were injected into
embryos by BestGene (Chino Hills, CA) as described in Praveen
et al.,, 2014. In short, a ~3 kb fragment containing the entire Smn
coding region was cloned from the Drosophila genome into the
pAttB vector (Bischof et al., 2007). A 3X FLAG tag was inserted im-
mediately downstream of the start codon of dSMN. Point mutations
were introduced into this construct using Q5 (NEB) site-directed
mutagenesis according to manufacturer’s instructions. The basal
Smn construct used, vSmn, contained three single-amino-acid
changes, and the addition of the MGLR motif to make fruit fly Smn
more similar to the evolutionarily conserved vertebrate Smn. Subse-
quently generated constructs used vSmn as a template and consist
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of the amino acid changes detailed in Figure 4. Y203C, G206S, and
G210V were previously published in Praveen et al., 2014.

Drosophila embryo protein lysate and mass spectrometry
Drosophila embryos (0-12 h) were collected from Oregon-R control
and Flag-SMN flies, dechorionated, flash frozen, and stored at -80°C.
Embryos (approximately 1 g) were then homogenized on ice with a
Potter tissue grinder in 5 ml of lysis buffer containing 100 mM potas-
sium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium
acetate, 5 mM dithiothreitol (DTT), and protease inhibitor cocktail.
Lysates were centrifuged twice at 20,000 rpm for 20 min at 4°C and
dialyzed for 5 h at 4°C in Buffer D (HEPES 20 mM, pH 7.9, 100 mM
KCl, 2.5 mM MgCly, 20% glycerol, 0.5 mM DTT, phenylmethylsulfonyl
fluoride [PMSF] 0.2 mM). Lysates were clarified again by centrifuga-
tion at 20,000 rpm for 20 min at 4°C. Lysates were flash frozen using
liquid nitrogen and stored at -80°C before use. Lysates were then
thawed on ice, centrifuged at 20,000 rpm for 20 min at 4°C and incu-
bated with rotation with 100 pl of EZview Red Anti-FLAG M2 affinity
gel (Sigma) for 2 h at 4°C. Beads were washed a total of six times us-
ing buffer with KCI concentrations ranging from 100 to 250 mM with
rotation for 1 min at 4°C in between each wash. Finally, Flag proteins
were eluted 3 consecutive times with one bed volume of elution buf-
fer (Tris 20 mM, pH 8, 100 mM KClI, 10% glycerol, 0.5 mM DTT, PMSF
0.2 mM) containing 250 pg/ml 3XFLAG peptide (sigma). The entire
eluate was used for mass spectrometry analysis on an Orbitrap Velos
instrument, fitted with a Thermo Easy-spray 50-cm column.

Tissue culture and transfections

S2 cell lines were obtained from the Drosophila Genome Resource
Center (Bloomington, IL). S2 cells were maintained in SF?00 serum-
free medium (SFM) (Life Technologies) supplemented with 1% peni-
cillin/streptomycin and filter sterilized. Cells were removed from the
flask using a cell scraper and passaged to maintain a density of
~10%-107 cells/ml. S2 cells were transferred to filter sterilized SF900
SFM (Life Technologies) without antibiotics prior to transfection with
Cellfectin Il (Invitrogen). Transfections were performed according to
Cellfectin Il protocol in a final volume of 4 mlin a T-25 flask contain-
ing 107 cells that were plated 1 h before transfection. The total
amount of DNA used in transfections was 2.5 pg. Human embryonic
kidney HEK-293T and Hela cells were maintained at 37°C with 5%
CO; in DMEM (Life Technologies) supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin/streptomycin (Life Technologies).
Cells (1 x 10%-2 x 10% were plated in T-25 flasks and transiently
transfected with 1-2 pg of plasmid DNA per flask using Lipo-
fectamine (Invitrogen) or FUGENE HD transfection reagent (Roche
Applied Science, Indianapolis, IN) according to the manufacturer’s
protocol. Cells were harvested 24-72 h posttransfection.

For siRNA transections, Hela cells were plated subconfluently in
T-25 flasks and transfected with 10 nm of siRNA (gift from Mike
Emanuele lab) and 17 pl Lipofectamine RNAi MAX (Invitrogen) in
5 ml total media according to manufacturer's instructions. After 48 h
of transfection, cells were harvested. For RNAi in S2 cells using
dsRNA, 107 cells were plated in each well of a six-well plate in 1 ml
of media. Cells were treated approximately every 24 h with 10 pg/
ml dsRNA targeted against SImb, Oskar, or Gaussia Luciferaese (as
controls) as described in Rogers and Rogers, 2008.

In vitro binding assay

GST and GST-SMN were purified from Escherichia coli. In brief, cells
transformed with BL21*GST-SMN were grown at 37°C overnight
and then induced using 1 mM isopropyl-B-b-thiogalactopyrano-
side (IPTG). Recombinant protein was extracted and purified using
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glutathione sepharose 4B beads. GST-B-TrCP1 was purchased from
Novus Biologicals (cat# H00008945). SMNeGem2 complexes were
coexpressed in E. coli using SMNA5 and Gemin2(12-280) con-
structs, as described in Gupta et al. (2015). Glutathione sepharose
4B beads were washed 3x with phosphate-buffered saline (PBS).
GST alone, GST-SMN, or GST-B-TrCP1 were attached to beads dur-
ing 4-h-overnight incubation at 4°C in PBS with rotation. Beads were
then washed 3x with modified radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCI, pH 7.5, 250 mM NaCl, 1 mM EDTA,
1% NP-40). Beads (20 pl) with ~2 pg attached GST-tagged protein
(as determined by Coomassie stain with bovine serum albumin
[BSA] standard) were added to 200 ul modified RIPA buffer with
100 pg/ml BSA block. SMNeGem2 (2 pg) was added, and the mix-
ture was rotated end over end at 4°C overnight. Beads were then
washed 3x with modified RIPA buffer, and 10 ul SDS loading buffer
was added followed by boiling for 5 min.

In vivo ubiquitylation assay

The in vivo ubiquitylation assay was performed as described previ-
ously (Choudhury et al., 2016). Briefly, HEK-293T cells were trans-
fected as indicated in 10-cm dishes using Lipofectamine2000
(Thermo Fisher Scientific). The day after, cells were treated with
20 uM of MG132 for 4 h and then harvested in PBS. Of the cell sus-
pension, 80% was lysed in 6 M guanidine-HCl-containing buffer and
used to pull down His-Ubiquitinated proteins on Ni2+-NTA beads,
while the remaining 20% was used to prepare inputs. Ni2+ pull-
down eluates and inputs were separated through SDS-PAGE and
analyzed by Western blot.

Cycloheximide treatment

Following RNAI treatment, S2 cells were pooled, centrifuged, and
resuspended in fresh media. One-third of these cells were frozen
and taken as the O h time point. The remainders of the cells were
replated in six-well plates. Cycloheximide (CHX; 100 pg/ml) was
added to each sample, and cells were harvested at 2 and 6 h
following treatment.

Immunoprecipitation

Clarified cell lysates were precleared with immunoglobulin G aga-
rose beads for 1 h at 4°C and again precleared overnight at 4°C.
The precleared lysates were then incubated with anti-FLAG anti-
body cross-linked to agarose beads (EZview Red Anti-FLAG M2 af-
finity gel, Sigma) for 2 h at 4°C with rotation. The beads were washed
with lysis buffer or modified lysis buffer six times and boiled in SDS
gel-loading buffer. Eluted proteins were run on an SDS-PAGE for
Western blotting.

Antibodies and Western blotting

Larval and adult lysates were prepared by crushing the animals in
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
NP-40) with 1x (adults) or 10x (larvae) protease inhibitor cocktail
(Invitrogen) and clearing the lysate by centrifugation at 13,000 rpm
for 10 min at 4°C. S2 cell lysates were prepared by suspending cells
in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40) with 10% glycerol and 1x protease inhibitor cocktail (Invi-
trogen) and disrupting cell membranes by pulling the suspension
through a 25-gauge needle (Becton Dickinson). The lysate was then
cleared by centrifugation at 13,000 rpm for 10 min at 4°C. Human
cells (293T and Hel.a) were first gently washed in ice-cold 1x PBS and
then collected in ice-cold 1x PBS by scraping. Cells were pelleted by
spinning at 1000 rpm for 5 min. The supernatant was removed,
and cells were resuspended in ice-cold lysis buffer (50 mM Tris-HCl,
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pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40) and allowed to lyse
on ice for 30 min. After lysing, the lysate was cleared by centrifuging
the cells for 10 min at 13,000 rpm at 4°C. Western blotting on lysates
was performed using standard protocols. Rabbit anti-dSMN serum
was generated by injecting rabbits with purified full-length dSMN
protein (Pacific Immunology Corp.) and was subsequently affinity
purified. For Western blotting, dilutions of 1 in 2500 for the affinity
purified anti-dSMN, 1 in 20,000 (fly) or 1 in 5000 (human) for anti—a:-
tubulin (Sigma), 1 in 10,000 for monoclonal anti-Flag (Sigma), 1 in
1000 for anti-SImb (gift from Greg Rogers, University of Arizona), 1 in
2500 for anti-human SMN (BD Biosciences), 1in 1000 for anti-B-TrCP
(gift from Ben Major, University of North Carolina, Chapel Hill), 1 in
10,000 for polyclonal anti-Myc (Santa Cruz), and 1 in 2000 for anti-
GST (Abcam) were used.

Larval locomotion

Smn control and mutant larvae (73-77 h post-egg laying) were
placed on a 1.5% agarose molasses tray five at a time. The tray was
then placed in a box with a camera, and the larvae were recorded
moving freely for 60 s. Each set of larvae was recorded three times,
and one video was chosen for analysis based on video quality. The
videos were then converted to AVI files and analyzed using the
wrMTrck plug-in of the Fiji software. The “Body Lengths per Sec-
ond” was calculated in wrMTrck by dividing the track length by half
the perimeter and time (seconds). p Values were generated using a
multiple comparison analysis of variance (ANOVA).

SMA mouse models

Two previously developed SMA mouse models were utilized. The
“Delta7” mouse (Smn~”";SMN2;SMNA?7) is a model of severe SMA
(Le et al., 2005). The “2B/-" mouse (Smn?5/) is a model of interme-
diate SMA (Bowerman et al., 2012; Rindt et al., 2015). Adeno-asso-
ciated virus serotype 9 (AAV9) delivered SMN cDNA isoforms to
these SMA mice, as previously described (Foust et al., 2010; Passini
et al., 2010; Valori et al., 2010; Dominguez et al., 2011; Glascock
et al., 2012). Gross motor function was measured using a modified
tube test which tests the ability of mice to splay their legs and
maintain a hanging position.

Human iPSC cell culture

Human iPSCs from two independent unaffected control and two
SMA patient lines were grown as pluripotent colonies on Matrigel
substrate (Corning) in Nutristem medium (Stemgent). Colonies
were then lifted using 1 mg/ml Dispase (Life Technologies) and
maintained as floating spheres of neural progenitor cells in the neu-
ral progenitor growth medium Stemline (Sigma) supplemented with
100 ng/ml human basic fibroblast growth factor (FGF-2; Miltenyi),
100 ng/ml epidermal growth factor (EGF; Miltenyi), and 5 pg/ml
heparin (Sigma-Aldrich) in ultra-low attachment flasks. Aggregates
were passaged using a manual chopping technique as previously
described (Svendsen et al., 1998; Ebert et al., 2013). To induce mo-
tor neuron differentiation, neural progenitor cells were cultured in
neural induction medium (1:1 DMEM/F12 [Life Technologies], 1x
N2 Supplement [Life Technologies], 5 ug/ml Heparin [Sigma], 1x
Non-Essential Amino Acids [Life Technologies], and 1x Antibiotic-
Antimycotic [Life Technologies]) plus 0.1 uM all-trans retinoic acid
(RA) for 2 wk; 1 uM Purmorphamine (PMN; Stemgent) was added
during the second week. Spheres were then dissociated with TrypLE
Express (Life Technologies) and plated onto Matrigel-coated 12-
mm coverslips in neural induction medium (NIM) plus 1 uM RA, 1
pM PMN, 1x B27 Supplement (Life Technologies), 200 ng/ml
ascorbic acid (Sigma), 1 uyM cAMP (Sigma), 10 ng/ml brain-derived
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neurotrophic factor (BDNF; Peprotech), and 10 ng/ml dlial cell
line—derived neurotrophic factor (GDNF; Peprotech). One week
postplating, cells were infected with lentiviral vectors (multiplicity of
infection = 5) expressing mCherry alone or SMN S270A-IRES-
mCherry. Transgenes in both viruses were under the control of the
EF1o promoter. Uninfected cells served as controls. Cells were ana-
lyzed at 1 and 3 wk postinfection, which was 4 and 6 wk of total
differentiation (Ebert et al., 2009; Sareen et al., 2013).

Immunocytochemistry

Coverslips were fixed in 4% paraformaldehyde (Electron Micros-
copy Sciences) for 20 min at room temperature and rinsed with PBS.
Cells were blocked with 5% normal donkey serum (Millipore) and
permeabilized in 0.2% Triton X-100 (Sigma) for 30 min at room tem-
perature. Cells were then incubated in primary antibody solution for
1 h, rinsed with PBS and incubated in secondary antibody solution
for 1 h at room temperature. Finally, nuclei were labeled with
Hoechst nuclear stain (Sigma) to label DNA and mounted onto glass
slides using FluoroMount medium (SouthernBiotech). Primary anti-
bodies used were mouse anti-SMI-32 (Covance SMI-32R; 1:1000)
and rabbit anti-mCherry (ThermoFisher; 1:1000). Secondary anti-
bodies used were donkey anti-rabbit Cy3 (Jackson Immunoresearch
711-165-152) and donkey anti-mouse AF488 (Invitrogen A21202).

Immunocytochemical analysis

Images were acquired from five random fields per coverslip using an
inverted fluorescent microscope (Nikon) and NIS Elements software.
Images were blinded and manually analyzed for antigen specificity
with NIS Elements software.
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