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The Power of Human Protective Modifiers:
PLS3 and CORO1C Unravel Impaired Endocytosis
in Spinal Muscular Atrophy and Rescue SMA Phenotype

Seyyedmohsen Hosseinibarkooie,1,2,3,9 Miriam Peters,1,2,3,9 Laura Torres-Benito,1,2,3

Raphael H. Rastetter,5 Kristina Hupperich,1,2,3 Andrea Hoffmann,1,2,3 Natalia Mendoza-Ferreira,1,2,3

Anna Kaczmarek,1,2,3 Eva Janzen,1,2,3 Janine Milbradt,1,2,3 Tobias Lamkemeyer,4 Frank Rigo,6

C. Frank Bennett,6 Christoph Guschlbauer,7 Ansgar Büschges,7 Matthias Hammerschmidt,3,4,8

Markus Riessland,1,2,3,10 Min Jeong Kye,1 Christoph S. Clemen,5 and Brunhilde Wirth1,2,3,*

Homozygous loss of SMN1 causes spinal muscular atrophy (SMA), the most common and devastating childhood genetic motor-neuron

disease. The copy gene SMN2 produces only ~10% functional SMN protein, insufficient to counteract development of SMA. In contrast,

the human genetic modifier plastin 3 (PLS3), an actin-binding and -bundling protein, fully protects against SMA in SMN1-deleted in-

dividuals carrying 3–4 SMN2 copies. Here, we demonstrate that the combinatorial effect of suboptimal SMN antisense oligonucleotide

treatment and PLS3 overexpression—a situation resembling the human condition in asymptomatic SMN1-deleted individuals—rescues

survival (from 14 to>250 days) andmotoric abilities in a severe SMAmousemodel. Because PLS3 knockout in yeast impairs endocytosis,

we hypothesized that disturbed endocytosis might be a key cellular mechanism underlying impaired neurotransmission and neuromus-

cular junction maintenance in SMA. Indeed, SMN deficit dramatically reduced endocytosis, which was restored to normal levels by

PLS3 overexpression. Upon low-frequency electro-stimulation, endocytotic FM1-43 (SynaptoGreen) uptake in the presynaptic terminal

of neuromuscular junctions was restored to control levels in SMA-PLS3 mice. Moreover, proteomics and biochemical analysis revealed

CORO1C, another F-actin binding protein, whose direct binding to PLS3 is dependent on calcium. Similar to PLS3 overexpression,

CORO1C overexpression restored fluid-phase endocytosis in SMN-knockdown cells by elevating F-actin amounts and rescued the axonal

truncation and branching phenotype in Smn-depleted zebrafish. Our findings emphasize the power of genetic modifiers to unravel the

cellular pathomechanisms underlying SMA and the power of combinatorial therapy based on splice correction of SMN2 and endocytosis

improvement to efficiently treat SMA.
Introduction

Mutations in some ubiquitously expressed housekeeping

genes have the seemingly paradoxical capability to impair

mainly one specific tissue or cell type. A particularly

remarkable example of this phenomenon is autosomal-

recessive spinal muscular atrophy (SMA), a common and

devastating motor-neuron (MN) disorder caused by a

deficit of the ubiquitously expressed housekeeping protein

‘‘survival motor neuron’’ (SMN).

SMN is a highly conserved essential protein involved

in snRNP biogenesis and splicing; when homozygously

knocked out in mice, it causes early embryonic lethality.1–

3 In contrast to mice, humans have two SMN genes, SMN1

[MIM: 600354] and an almost identical copy gene, SMN2

[MIM: 601627]. Because of a silent variant affecting an

exonic splicing enhancer, SMN2 produces only about 10%

of correctly spliced full-length transcript and protein.4

Importantly, full-length transcripts of both SMN genes

produce an identical, functional SMN protein. Most indi-
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viduals with SMA harbor homozygous deletions or gene

conversions of SMN1 or, rarely, other SMN1 mutations,

and disease severity is mainly determined by the number

of the additional SMN2 copies.5,6

Individuals with SMA present with a large phenotypic

variability categorized into four types: type I (SMA1

[MIM: 253300]) severe form, which has an onset of

<6 months of age and in which affected individuals are

never able to sit or walk, have a life expectancy of <2 years

of age, and are largely dependent on nutritional and respi-

ratory support; type II (SMA2 [MIM: 253550]) intermediate

form, which has an onset of >6 months of age and in

which affected individuals are able to sit but never to

walk; type III (SMA3 [MIM: 253400]) mild form, which

has an onset >18 months of age and in which affected in-

dividuals are able to sit and walk; and type IV (SMA4 [MIM:

271150]) adult form, which has an onset of >20 years of

age and in which affected individuals are able to sit and

walk.7 Most individuals with type I SMA carry two SMN2

copies, those with type II SMA three SMN2 copies, those
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with type III SMA four SMN2 copies, and those with type IV

SMA four to six SMN2 copies.8,9

SMA is considered a MN disorder because structural and

functional disturbances in MNs and MN circuitry, particu-

larly at the presynaptic site of neuromuscular junctions

(NMJs), lead to common SMA-related features such as the

development of muscle weakness and atrophy of proximal

voluntary muscles.10–15 However, extensive studies have

shown that in severe forms of SMA, affected humans

and mouse models both display impairment in non-

neuronal organs such as heart, lung, intestine, pancreas,

and bones.16 In contrast, inmilder forms of SMA, the effect

of SMN deficiency is limited to MN function. Therefore,

only a mild form of SMA can be considered ‘‘pure’’ MN

disease.17 Despite this knowledge, and the 20 years that

have passed since SMN1 was discovered to be the SMA-

determining gene, it remains unclear why MNs are pre-

dominantly affected and which signaling pathways and

cellular functions are responsible for SMA.

Here we make use of a striking finding related to SMA

protective modifiers to unravel the cellular mechanism

disturbed in SMA. In 2008, we identified the first SMA-pro-

tective modifier, plastin 3 (PLS3 [MIM: 300131]), by using

differential expression analysis in SMA-discordant families

in whom asymptomatic and SMA-II- or –III-affected sib-

lings carry identical homozygous SMN1 deletions and the

same number of SMN2 copies.18 PLS3, located on chromo-

some Xq23, was highly upregulated in lymphoblastoid cell

lines derived from asymptomatic siblings—who were all

women—but not symptomatic ones, whereas no differ-

ence was observed in fibroblasts, suggesting a tissue-spe-

cific regulation.18 The generation of induced pluripotent

stem cell lines from fibroblasts of two discordant families

has shown that the PLS3 expression is also highly elevated

in differentiated MNs generated from asymptomatic

but not symptomatic siblings. The latter finding further

strengthened the role of PLS3 as a modifier of SMA in

MNs.19

PLS3 is a Ca2þ-dependent F-actin-binding and -bundling

protein that influences the G/F-actin ratio.20 F-actin dy-

namics are important inmany cellular processes, including

axon development, cell polarity, migration, vesicle traf-

ficking, and endocytosis.21,22 Overexpression of PLS3,

either in primary MN culture from SMA mice or in zebra-

fish smn morphants, significantly restored the impaired

axonal growth and motor-axon truncation.18,23 We

analyzed the protective effect of PLS3 in the severe Taiwa-

nese SMA mouse model carrying two human SMN2 copies

on one allele in a murine Smn-knockout background.

Heterozygous overexpression of a PLS3 transgenic allele

in this mouse model showed significant improvement in

all F-actin-dependent processes related to neurotransmitter

release and vesicle recycling at the presynaptic site.24 In

addition, PLS3 delays axon pruning, thus counteracting

the poor presynaptic connectivity at the NMJ in SMA

mice.24 Despite the improved motor abilities observed in

the severe SMA mice overexpressing PLS3, survival could
648 The American Journal of Human Genetics 99, 647–665, Septemb
not be rescued on a congenic C57BL/6N background

and was only moderately elevated from 14 to 18 days on

a mixed C57BL/6N (50%):FVB/N (50%) background.

Furthermore, these mice had severe multi-organ dysfunc-

tion that was not rescued by increased PLS3 expression.24

In contrast, a recent report of a randomly integrated PLS3

allele expressed in the severly affected D7-SMA mouse

model failed to show motoric improvement or extended

survival.25

Hence, reduction of SMN under a certain threshold in se-

vere SMA mice leads to multi-organ impairment, which is

predictable given the essential role of SMN in snRNP

biogenesis and splicing.1,2 Moreover, an increasing num-

ber of pathways are impaired in type I SMA cells, including

transcription, RNA transport, microRNA expression, trans-

lation, Ca2þ homeostasis, and survival.26–32 Instead, in

mildly affected SMA individuals, three to four copies of

SMN2 appear to be sufficient to maintain proper function

of all cell types but MNs; consequently, unraveling the

main cellular pathway causing sole MN dysfunction would

seem better achieved with mildly affected SMA animal

models. In this work, we followed three main lines: first,

we hypothesized that the generation of a milder SMA

model that reflects the human situation in asymptomatic

discordant families would finally prove that PLS3 over-

expression has beneficial effects, including prolonged

survival. For this, we used a combinatorial therapy of

low-dose SMN antisense oligonucleotide (ASO) and PLS3

overexpression. Second, we made use of the finding of a

second modifier in SMA (Wirth lab, unpublished data) in

combination with a finding in yeast, where the knockout

of the plastin ortholog Sac6p causes impaired endocy-

tosis.33 Because synaptic vesicle recycling at the NMJ in-

volves various endocytic processes and is essential for

neurotransmission,34 we assumed that reduced SMN

amount might impair endocytosis, which might be

rescued by increased PLS3 expression. Third, we postulated

that by understanding the interactome of PLS3 and identi-

fying new PLS3 interacting partners, we would be able to

identify additional disease modifiers that might further

support our hypothesis that endocytosis is crucial in SMA.
Material and Methods

Animal Models and Genotyping
The Taiwanese SMA mouse model FVB.Cg-Tg (SMN2)2Hung

Smn1tm1Hung/J, stock number 005058 (here named SmnKO/KO;

SMN2tg/tg) was purchased from Jackson Laboratory. We back-

crossed these mice for more than seven generations to obtain a

congenicC57BL/6N background.Wemaintained the breeding col-

ony by crossing SmnKO/KO;SMN2tg/tg mice and SmnKO/WT mice with

WT mice.35 PLS3-overexpressing transgenic animals were used

for generating SmnKO/KO;SMN2tg/0;PLS3tg/0 (SMA-PLS3het) and

SmnKO/KO;SMN2tg/0;PLS3tg/tg (SMA-PLS3hom) mice as well as HET-

PLS3het and HET-PLS3hom mice as shown in Figure S1B, and

animals were genotyped as described.24 All zebrafish experiments

were performed with the transgenic line tg (mnx1-GFP)ml2TG.36
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Animal care and all surgical procedures were performed

according to the institutional animal care committee guidelines

and the German animal welfare laws and approved under the

reference numbers 84-02.04.2014.A006, 84-02.05.20.12.120, 84-

02.04.2015.A378, and 84-02.04.2012.A251 of the LANUV (Lande-

samt für Natur, Umwelt undVerbraucherschutzNRW) state agency

of North Rhine-Westphalia.

ASO Injection of Mice
The SMN-ASO and Ctrl-ASO (IONIS Pharmaceuticals,37) were

diluted in sterile PBS, and the concentration of 10 mg/ml (working

solution) was calculated with photometric density (AD260). The

subcutaneous injections (10–50 mg) were performed on postnatal

days 2 and 3 (P2 and P3) with a MICROLITER Syringe (Hamilton)

as reported.37 All pups of each litter were double blindly injected.

Histology
Organ collection, hematoxilin and eosin (H&E) staining of

paraffin sections of lung, intestine, and heart, imaging, and anal-

ysis were performed as previously described.24

Immunohistochemistry of MNs and NMJs
For NMJ staining, TVAmuscle was fixed in 4% PFA for 20min. The

tissue was rinsed three times in PBS for 10 min so that excess PFA

would be removed. From this step on, the staining protocol fol-

lowed the procedure described below for MN staining. Primary

antibody dilutions were mouse anti-SV2 (1:100, Hybridoma

Bank) together withmouse anti-neurofilament (1:100, Hybridoma

Bank). The secondary antibodywas donkey anti-mouse Alexa fluor

488 (1:500, Invitrogen). To outline endplates in muscle tissue, we

used BTX conjugated with Rhodamine (1.5 ng/mL, Invitrogen). For

proprioceptive input staining, the spinal cord was dissected from

euthanized mice and fixed in 4% paraformaldehyde (PFA)/PBS

for 1 day. The lumbar L4–L5 region was quickly rinsed in PBS,

embedded in tissue-freezing medium (Jung) after cryoprotection

(first day—20% sucrose; second day—30% sucrose) and sliced

into 40-mm-thick sections (cryostat, Leica). Samples were permea-

bilized and blocked in PBS containing 4% BSA, 1% Triton X-100,

and PBS for 1 hr. Finally, samples were incubated with goat anti-

CHAT (1:300, Millipore) and rabbit anti-VGLUT1 (1:300, Synaptic

Systems) antibodies overnight. Samples were washed and incu-

bated with secondary antibodies (donkey anti-rabbit Alexa fluor

488 [1:750, Invitrogen] and donkey anti-goat Alexa fluor 568

[1:750, Invitrogen]). Samples were mounted in Mowiol (Kuraray)

for further analysis.

Image Acquisition and Analysis
We performed imaging of NMJs with a Zeiss microscope (Axio

Imager.M2) with the Apotome.2 system to mimic confocality

together with a 403 and 633 oil immersion objective lens with

1.4 NA.

Images of MN soma and proprioceptive inputs were taken

with the META 510 confocal microscope (Zeiss). Z-stacks of 50–

60 slices were created with ZEN software (Zeiss). Proprioceptive

input numbers on MNs and MN soma size were quantified with

ImageJ (Fiji) software. All experiments were double blinded.

Motoric-Ability Testing and Weight Measurement
To analyze the motoric ability of animals, we performed tube and

grip-strength tests.38 Via the tube test, the proximal hind limb

muscle strength, weakness, and fatigue in neonates was assessed.
The American
The test is performed in two consecutive trials, in which the ani-

mal is placed head down into a 50 ml Falcon tube so that the an-

imal hangs by its hind limbs. Then, the hind limb score (HLS) is

evaluated on the basis of the positioning of the hind limbs toward

each other.

The Grip Strength Meter (TSE Systems) is a system for deter-

mining the gripping strength of small laboratory animals (such

as rats and mice). The animal pulls a special height-adjustable

grip (with two paws) that is mounted on a high-precision force

sensor, andmuscle force is recorded in pounds.39 The grip strength

test was performed at P36 and P108.
Generation of PLS3 Stable Cell Line, Co-

immunoprecipitation, and Pull-Down Experiments
To produce cell lines stably overexpressing PLS3, we transfected

HEK293T cells with Flag/His-PLS3 pcDNA6 vector. To select cells

in which PLS3 was integrated into the genome, we treated cells

with 20 mg/ml of Blasticidin for three weeks. After each passage

(every 5 days), we analyzed the amounts of PLS3 by immunoblot-

ting with Flag antibodies.

For co-IP experiments, control and Flag/His-PLS3-overexpress-

ing HEK293T cells were harvested. The cells were lysed, incubated

on ice for 30 min, and centrifuged for 30 min at 4�C. After 2 hr of

incubation with FLAG M2 affinity beads (Sigma Aldrich) on a

shaker at 4�C, the beads were washed, and bound fractions of pro-

tein in both control and test co-IPs were eluted in an excess of Flag

peptide (100 mg/mL of Flag peptide in TBS buffer).

For pull-down experiments, we cloned PLS3 (NCBI Gene ID:

5358) and tropomodulin 3 (TMOD3, [MIM: 605112], [NCBI

gene ID: 29766]) inserts into either PGEX4T3 or PET30BZ vectors

by using Mlu1 and Not1 restriction sites. Inserts were confirmed

by sequencing. To produce recombinant PLS3 and TMOD3, we

induced bacteria containing the PGEX4T3-PLS3 or PET30BZ-

TMOD3 with 1 mM isopropyl-b-D-thiogalactosid (IPTG) for 4 hr

at 25�C. The tagged proteins were purified as described.40,41

Finally, proteins bound to the GST or Ni-NTA resins were eluted

in excess of reduced glutathione or imidazole, respectively. The

amount of protein in the eluted fractions was quantified via the

Bradford protein assay. The different deletion constructs contain-

ing different regions of coronin 1C (CORO1C, [MIM: 605269],

[NCBI gene ID: 23603]) were cloned into the pEGFP-C1 vector.

HEK293T cells were transfected with control EGFP, EGFP-CORO1C

(DC), EGFP-CORO1C (DN), or EGFP-CORO1C vectors. For the

pull-down assay, recombinant EGFP, EGFP-CORO1C (DC), EGFP-

CORO1C (DN) or EGFP-CORO1C-FL proteins were bound to GFP

microbeads. The recombinant GST-PLS3 protein was circulated

over the m columns for 20min. Afterward, m columnswere washed,

and the bound protein fraction was eluted with 95�C Laemmli

buffer. Samples were separated by SDS-PAGE, and the membrane

was probed with anti-GFP and anti-GST antibodies (1:1000).

To investigate PLS3-TMOD3 interaction, we carried out a similar

pull-down assay with purified recombinant proteins.
Mass Spectrometry and Analysis
The co-purified proteins with anti-Flag immunoprecipitation from

both control and Flag/HisPLS3-overexpressing HEK293Tcells were

collected (<10 mg). Protein digestion was performed with Lys-C

followed by trypsin in combination with filter-aided sample prep-

aration technology (FASP, 10 kDa42). Prior to nano-LC ESI-MS/MS

(nanoscale liquid chromatographic electrospray ionization tan-

dem mass spectrometry), peptides were desalted by stage tipping
Journal of Human Genetics 99, 647–665, September 1, 2016 649



as described.43 Eluted peptides were concentrated by vacuum-

centrifugation and diluted to a volume of 15.0 ml with 0.5% acetic

acid. Sample analysis was performed on an LTQ Orbitrap Discov-

ery mass spectrometer (Thermo Scientific) coupled to an EASY-

nLC II nano-LC system (Proxeon, part of Thermo Scientific).

Raw files were processed with the Sequest search algorithm imple-

mented in Proteome Discoverer software (Thermo Scientific) and

the database for Homo sapiens. The following search parameters

were applied: trypsin as proteolytic enzyme; up to two missed

cleavages; carbamidomethylation at cysteine residues as fixed

modification; and oxidation at methionine residues and phos-

phorylation at serine, threonine, and tyrosine residues as variable

modifications. Peptide mass tolerance was 10 ppm for intact pep-

tide masses detected in the Orbitrap and 0.8 Da for fragment ions

detected in the linear ion trap. We filtered the lists of identified

peptides so that they contained only high-confidence (1% false-

positive rate) rank-one peptides with matching score-versus-

charge-state criteria (charge state þ2: R 2.0, þ3: R 2.25, þ4: R

2.5), a mass deviation of %5 ppm, and sequence length of at least

six amino acid residues.44

In Vivo Assay of G/F-Actin Ratio
5 3 105 HEK293T or 3 3 105 NSC34 cells were seeded in a six-well

plate and transfected with either control or SMN siRNAs. After

48 hr cells were collected and lysed. Quantification of F-actin

was performed according to the manufacturer’s instructions

(BKo37 kit, Cytoskeleton). Immunoblots were carried out with

similar amounts of supernatant and pellet lysate from each exper-

iment. Changes in the amount of F-actin and G-actin were quan-

tified by ImageJ software.

siRNA and Vector Transfection
5 3 105 HEK293T or NSC34 cells were seeded into six-well plates.

2 mg of plasmid DNA were transfected with DharmaFECT accord-

ing to the manufacturer’s instructions. Cells were harvested

72 hr after transfection for further analysis. For the siRNA experi-

ment, the same transfection strategy was followed, and 50 pmol of

either control or other siRNAs, including PLS3, CORO1C, TMOD3,

and SMN siRNAs, were added. The siRNAs were purchased from

QIAGEN: control 50-AATTCTCCGAACGTGTCAACGT-30, Smn1

50-AAGAAGGAAAGTGCTCACATA-30 (mouse), SMN1 50-TGGG

ATGATACAGCACTGATA-30 (human), PLS3 50-CAGGACTAGCTTA

TCATGAGA-30 (human), CORO1C 50-CCCGTACGTCCACTAC

CTCAA-30 (human), and TMOD3 50-ATGCGTTAAGAGATAAT

GAAA-30 (human).

Primary Cell Cultures
Primary MNs18 and murine embryonic fibroblasts (MEFs) were

isolated and cultured as described.24

Immunoblot and Immunostaining
Fluorescence-based immunostaining and immunoblots were per-

formed inprimary cells (MEFs orMNs), cell lines (NSC34), zebrafish

(znp1 staining allowed visualization of motor axons), and several

mouse tissues via standard protocols. Primary and secondary anti-

bodies were as follows: monoclonal mouse a-b-actin, (60008, Pro-

teintech), monoclonal mouse a-CORO1C (Hybridoma superna-

tant, gift from C. Clemen, Biochemistry I, University of Cologne),

mouse a-GST (SC-459, Santa Cruz), mouse a- GFP (gift, hybridoma

supernatant, Biochemistry II, University of Cologne), monoclonal

mouse a-SMN (S55920, BD Transduction Lab), a-PLS3, polyclonal
650 The American Journal of Human Genetics 99, 647–665, Septemb
rabbit (Eurogentec, custom made18), monoclonal mouse a-FLAG,

(1804, Sigma), mouse a-TMOD3, (Sab2102483, Sigma), goat

a-CHAT (Ab144p, Milipore), rabbit a-zebrafish actin, (Novus Bio-

logicals), monoclonal mouse a-zebrafish Znp1, (Hybridoma

Bank), HRP-conjugated goat a-mouse IgG (115035000, Dianova),

HRP-conjugated goat a-rabbit IgG (31460, Pierce), and HRP-conju-

gated goat a-rabbit IgG (7074, Cell Signaling).

Endocytosis Assays
To unravel differences in endocytosis performance, FITC-dextran

uptake after respective incubation times was quantified by FACS.

In brief NSC34 or HEK293T cells were transfected with control

or SMN siRNAs for 48 hr. The cells were starved by serum depletion

for 2 hr and incubated with 5 mg/mL of FITC-dextran (46945,

Sigma) for 10 or 20 min at 37�C. Cells were washed with PBS

and trypsinized (T3924, Sigma) on ice. After two washes with

1% BSA solution in PBS, uptake of FITC-dextran was measured

with the BD FACS Calibur machine. Dead cells were excluded by

propidium iodide staining (10 mg/mL, Sigma). To study the effect

of low temperature and latrunculin A as endocytosis destabilizers,

we performed the FITC-dextran uptake at 4�C or in the presence of

200 ng/ml latrunculin A. FACS data were analyzed with Cyflogic

software (see Web Resources).

FM1-43 Endocytosis Experiments
TVA was dissected in HBSS solution (14025, GIBCO) and then

incubated for 20 min in external physiological solution contain-

ing the following (mM): 145 NaCl, 5 KCl, 10 HEPES, 2 CaCl2, 1

MgCl2, and 10 glucose. The N. intercostalis innervating the TVA

muscle was stimulated via a suction electrode pulled from boro-

silicate glass tubes (GB150T-8P, Science Products GmbH) and

mounted in a bipolar electrode holder (model MEW-F15B, Warner

Instruments) connected to a universal stimulus isolator (model

MI401) and a universal digital stimulator (model MS501). Both

MI401 andMS501were custom-made by the electronics workshop

of the Zoological Institute of the University of Cologne. Contrac-

tion of the muscles upon nerve stimulation was checked visually

under the miscroscope. After incubation with 3 mM FM1-43

(F35355, Molecular Probes), we applied a current pulse train either

at 20 Hz or 5 Hz for 1 s (1 mA amplitude, 0.5 ms pulse duration) to

load the endocyted synaptic vesicles. Subsequently, we washed

muscles with external solution that did not contain CaCl2 or

3 mM MgCl2 but did contain ADVASEP-7 (A3723, Sigma) to effi-

ciently remove the non-internalized FM1-43, and we fixed the

muscles with 4% PFA. We also incubated TVA muscles with BTX-

647 (1 ng/mL; B-35450, Life Technologies) to stain postsynaptic

terminals and easily localize the NMJs, then mounted them on

slides. We used three animals per genotype and stimulation set.

Imaging was performed as described above. All imaging processes

and analyses were blinded. We analyzed images with Fiji on a

macro setting and applied the Li thresholdmethod to the postsyn-

aptic terminals to delineate the area of interest in the presynaptic

site. Because at P10 the distribution of vesicles is quite homoge-

nous along the NMJ, we quantified the mean intensity of the

FM1-43 dye at the presynaptic terminal, which excluded possible

variability due to the size.

Overexpression and Knockdown Experiment in

Zebrafish
CORO1C, TMOD3, and PLS3 cDNAs were cloned into a pCS2þ vec-

tor. Inserts were confirmed by Sanger sequencing. To synthesize
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mRNAs, vectors were linearized by Not1 digestion and cleaned

with a PCR purification kit (QIAGEN). The SP6 mMessage kit

(Ambion) was used for transcribing mRNAs of PLS3, CORO1C,

and TMOD3 in vitro. Capped mRNAs were further purified via

the RNeasy kit (QIAGEN). For knockdown experiments, control

or smn morpholino (2 ng; GeneTools) was injected into the yolk

sac.45 For overexpression experiments, the capped mRNA (300

pg) was injected into the yolk sac. To track the efficiency of injec-

tion in zebrafish eggs, we mixed the mRNA or morpholino with

phenol red and rhodamine dyes. Adding rhodamine served as

a check of whether the injected solutions were homogenously

dispersed in the egg and allowed exclusion of uninjected eggs.

Adding 1-phenyl 2-thiourea (PTU) at a final concentration of

200 mM to the medium prevented pigmentation, and eggs were

incubated in a 28�C incubator for 34 hr.
Motor-Neuron Staining and Quantification in

Zebrafish
Fish were de-chorionated after 34 hr under the binocular micro-

scope. De-chorionated fish larvae were fixed in 4% PFA on a rotary

shaker at 4�C overnight. On the next day, the fish were washed

in PBS-T (PBSþ0.1% Tween20) and dehydrated with methanol

at �20�C overnight. On the third day, samples were rehydrated

with gradually decreasing concentrations of methanol in BST-T

and partially digested with 10 mg/ml of proteinase K solution for

20 min. In the next step, samples were blocked (blocking solution:

PBS-T, 1% DMSO, 2% BSA, and 5% FCS). For the staining of MNs,

fish were incubated with Znp1 antibody in the blocking solution

in a rotary shaker at 4�C overnight (antibody concentration

1:150). After being washed, they were incubated with the second-

ary antibody in the blocking solution overnight and then washed

again. For the imaging, 3–4 fish were mounted on a slide, and

the first ten motor neurons after the yolk sac were considered

for quantification. On the basis of MN axon appearance, they

were categorized into normal, branched, truncated, and severely

truncated forms.
Statistics
If not mentioned otherwise, statistical analyses were performed

in Excel 2013 (Microsoft), GraphPad Prism (GraphPad Software),

and Sigma Plot 11 (Systat Software). ANOVA, the Mann-Whitney

U-test, Fisher’s exact test, and unpaired Student’s t tests were

used. All data are represented as means 5 SEM.
Results

PLS3 Overexpression Rescues Survival on a SMN-ASO-

Induced Intermediate SMA Mouse Model

Our previous data have shown that ubiquitous overexpres-

sion of one PLS3 transgenic allele in the severe Taiwanese

SMA mouse model restores MN and NMJ function as well

as motoric abilities but fails to rescue survival, most likely

because of a dramatic multi-organ dysfunction that could

not be rescued by PLS3 overexpression.24 Therefore,

we generated a SMN-ASO-induced milder SMA mouse

model—mimicking the human situation of asymptomatic

SMN1-deleted siblings—to confirm the beneficial impact

of PLS3 observed in humans. We made use of SMN ASOs,

which dose dependently elevate the amount of full-length,
The American
functional SMN from the human SMN2 transgene in the

severe Taiwanese SMA mouse model. This approach cor-

rects SMN2 splicing, includes exon 7, and fully rescues

the SMA phenotype when the ASOs are intracerebroven-

tricularly and subcutaneously injected at high doses into

pre-symptomatic pups.37 Accordingly, we subcutaneously

injected suboptimal doses of 10–50 mg of SMN-ASO on

P2 and P3 in SMA mice on a congenic C57BL/6N back-

ground in order to produce an intermediate SMA mouse

model. Because 40 and 50 mg were shown to prolong

survival too much (data not shown), we restricted our

extended analysis to SMA mice injected with 10, 20, and

30 mg SMN-ASO and compared survival to that of unin-

jected and control (ctrl)-ASO-injected mice (Figure 1A).

We found that 30 mg SMN-ASO injection on P2 and P3 is

an adequate dosage for generating an intermediate SMA

mouse model surviving approximately four weeks (26 5

9.48 days). Using the same injection scheme, we observed

a much larger increase in survival at each dose in SMA

mice on a congenic FVB/N background, emphazising the

relevance of the genetic background in influencing SMA

disease severity (Figure S1A). We therefore performed

all experiments with SMA mice on a C57BL/6N back-

ground to reliably dissect the modifying effect of PLS3.

Next, the PLS3 transgenic allele24 was crossed into the

Taiwanese SMA mouse strain.35 We generated a SMA

mouse (SmnKO/KO;SMN2tg/0) overexpressing PLS3 (here

named SMA-PLS3het for SmnKO/KO;SMN2tg/0;PLS3tg/0 and

SMA-PLS3hom for SmnKO/KO;SMN2tg/0;PLS3tg/tg), as well

as Smn heterozygous mice (here named HET for

SmnKO/WT;SMN2tg/0) overexpressing PLS3 (HET-PLS3het

for SmnKO/WT;SMN2tg/0;PLS3tg/0 and HET-PLS3hom for

SmnKO/WT;SMN2tg/0;PLS3tg/tg). HET mice were used as con-

trols. The breeding scheme is shown in Figure S1B. All

pups were injected subcutaneously with 30 mg SMN-ASO

at P2 and P3. Strikingly, more than 60% of SMA-PLS3hom

mice survived >250 days, and 30% were still alive at

>400 days (mean survival: 219 5 176.78 days). SMA-

PLS3het mice showed a less prolonged survival (169 5

176.11 days), reflecting a PLS3-dosage effect (Figure 1B).

SMA-PLS3het and SMA-PLS3hom mice continuously

gained weight within the observed period of time

(Figure 1D). Although SMA-PLS3hom mice were slightly

heavier than SMA-PLS3het mice, they did not reach

the body weight of HET mice. SMA-PLS3het and SMA-

PLS3hom mice developed ear and tail necrosis over time,

starting from one month of age (Figure 1C, right part), in

similarity to SmnKO/KO;SMN2tg/tgmice.46 Additionally, these

animals showed normal behavior in feeding and groom-

ing. SMN expression upon SMN-ASO injection was verified

by immunoblot analysis at P10 so that variability among

animals could be excluded. Interestingly, SMN-ASO injec-

tion produced very little increase in SMN amount in the

brain (data not shown) or spinal cord (Figure 1E), whereas

the liver of the same animals clearly showed increased

SMN expression (Figure S1C). Furthermore, upon SMN-

ASO injection, no significant difference in SMN amount
Journal of Human Genetics 99, 647–665, September 1, 2016 651
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Figure 1. PLS3 Rescues Survival in an In-
termediate SMA Mouse Model
(A) Kaplan-Meier curves show the survival
rate of SMA mice injected at P2 and P3
with different SMN-ASO doses. Uninjected:
16 5 2.85 days, n ¼ 22. 50 mg ctrl-ASO:
14 5 3.89 days, n ¼ 15. 10 mg SMN-ASO:
21 5 3.95 days, n ¼ 11. 20 mg SMN-ASO.
21 5 7.37 days, n ¼ 8. 30 mg SMN-ASO:
26 5 9.48 days, n ¼ 22.
(B) Kaplan-Meier curves show the survival
rate of PLS3-overexpressing or –non-overex-
pressing SMA mice treated with 30 mg of
SMN-ASO at P2 and P3. PLS3 overexpres-
sion drastically increased the survival to
169 5 176.11 days (n ¼ 23) for SMA-
PLS3het and to 219 5 176.78 days (n ¼
11) for SMA-PLS3hom in comparison to
SMA mice without PLS3 overexpression. A
log-rank (Mantel-Cox) test was used.
(C) PLS3 overexpression improved pheno-
typical development in the intermediate
SMA mouse model, similar to results for
HET mice. The scale bar represents 2 cm.
(D) Weight progression of SMA mice in
comparison to HET mice (n R 10).
(E) Immunoblot analysis of spinal-cord ly-
sates from uninjected and SMN-ASO-treated
SMA and HET mice. Note SMN-ASO only
very slightly increased the SMN amount
(n ¼ 3).
(F) Immunoblot of spinal-cord lysates
shows that PLS3 overexpression does not
induce SMN elevation (n ¼ 3). n.s., non-sig-
nificant by a two-tailed Student’s t test.
Error bars represent SEM.
in the spinal cord was found between SMA and SMA-

PLS3hom (Figure 1F). This demonstrates an adequate sys-

temic distribution but relatively low penetration into the

central nervous system at the doses tested. SMN-ASO injec-

tion ameliorated the multi-organ dysfunction of the lung,

heart, and intestine in all SMA mice compared to ctrl-ASO

injected mice (Figure 2). Furthermore, SMA-PLS3het and

SMA-PLS3hom mice showed a tendency toward increased

heart size (normalized to body weight) (Figures 2A and 2B).

Our data show that a combinatorial therapy involving

SMN-ASO and PLS3 overexpression has a highly beneficial

ability to counteract SMA, as already demonstrated by

natural protection in human asymptomatic SMN1-deleted

siblings.

PLS3 Overexpression Increased NMJ Size, Number of

Proprioceptive Inputs, and Motoric Ability in the

Intermediate SMA Mouse Model

To better understand the impact of PLS3 overexpression

in the intermediate SMA mouse model, we characterized

motoric performance by using the tube test and grip-

strength test. Moreover, we carried out morphological

studies comprising NMJ size measurements, as well as

quantification of proprioceptive inputs per MN.

In tube test performance there was no significant differ-

ence between SMN-ASO-injected SMA, SMA-PLS3het,
652 The American Journal of Human Genetics 99, 647–665, Septemb
SMA-PLS3hom, and HET mice at very early postnatal

time-points. In contrast, at P13 a significant difference

between SMN-ASO-injected SMA and HET mice was

observed and was partially rescued by heterozygous and

homozygous PLS3 overexpression (Figure 3A). In addition,

we measured the grip strength at P36 and P108 and found

that although P36 SMA-PLS3het and SMA-PLS3hom mice

performed the test with diminished grip strength in com-

parison to the corresponding control group (HET, HET-

PLS3het and HET-PLS3hom, this parameter significantly

improved in SMA-PLS3hom mice at P108 (Figure 3B).

SMN-ASO-injected SMA-PLS3het or SMA-PLS3hom mice

that survived >250 days did not show any abnormal

motoric movement or paralysis.

Analysis of the NMJ structures revealed that injection

of SMN-ASO significantly increased the NMJ size in both

SMA and HET mice (Figures 3C and 3D). An accumulative

effect of SMN-ASO and PLS3 overexpression on NMJ size

was observed at P10 (Figure 3D), and this effect was consis-

tentwith our previous findings regarding the role of PLS3 in

NMJ structure and function.24 Furthermore, quantification

of the vesicular glutamate transporter 1 (VGLUT1) puncta

on the MN soma revealed an increased number of proprio-

ceptive inputs andMN soma volume upon SMN-ASO injec-

tion. Overexpression of PLS3 together with SMN-ASO has

an additive effect and is able to restore the reduced number
er 1, 2016
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Figure 2. Low-Dose SMN-ASO Together
with PLS3 Overexpression Improves
Multi-Organ Dysfunction in the SMA
Mouse Model
(A) Representative pictures of histological
sections from intestine, lung, and heart
(P10). Injection of SMN-ASO and PLS3
overexpression improved intestine, lung,
and heart phenotypes in SMA mice. An
increased number of intact intestinal villi
as well as a better organization of the secre-
tory cells, less emphysema with ruptured
alveolar septa, enlarged alveolar spaces
in the lung, and an increased heart size
can be observed. The scale bar represents
100 mm.
(B) An accumulative effect on the heart
size was observed in SMN-ASO-injected
SMA mice. The size further increased
when PLS3 was overexpressed (n R 3 per
genotype). *p < 0.05; two-tailed Student’s
t test.
Error bars represent SEM.
of proprioceptive inputs and MN soma volume size

observed in SMA animals (Figures 3E, 3F, and 3G).

SMA Impairs Endocytosis, which Is Rescued by PLS3

Overexpression

PLS3 is an F-actin-binding and -bundling protein that is

involved in many cellular processes.20,21 Knockdown of

Sac6p, the ortholog of PLS3 in yeast, leads to disturbed

endocytosis.33 Moreover, F-actin, which is important for

all types of endocytosis,22,47 has been shown to be

disturbed in SMA.24,48,49 Therefore, we hypothesized that

reduced SMN amount might impair endocytosis and can

be rescued by PLS3 overexpression.

To verify this theory, we first analyzed the uptake of flu-

orescently labeled dextran (FITC-Dex) by fluid-phase endo-

cytosis47 in murine embryonic fibroblast cell lines (MEFs)

derived from SMA, SMA-PLS3het, HET, and HET-PLS3het

mice. We used fluorescence microscopy imaging to quan-

tify FITC-Dex uptake in cells fixed at different time points.

A strong reduction in endocytic uptake of FITC-Dex was

observed in SMA compared to HET MEFs, but uptake was

significantly restored by PLS3 overexpression (Figure 4A).
The American Journal of Human Gen
These results were further comple-

mented by a fluorescence-activated

cell sorting (FACS)-based analysis of

FITC-Dex uptake by endocytosis in

MN-like NSC34 cells. The method

was first optimized in NSC34 cells

with two known endocytosis-disrupt-

ing conditions as controls: low tem-

perature (4�C) and latrunculin A, an

F-actin-depolymerizing reagent.50–52

Cells were treated with FITC-Dex, and

its uptake was quantified at different

time points within the highly endo-

cytic cells, which are shown in the re-
gion 1 (R1) gate (Figure S2A). Under these unfavorable

conditions, a marked decrease in endocytic uptake was

found in these cells in comparison to untreated cells or

cells grown at 37�C (Figures S2A and S2B).

Next, we analyzed the impact of a reduced amount of

SMN on endocytic FITC-Dex uptake at different time

points in NSC34 cells treated with mouse SMN siRNAs as

well as in HEK293T cells (non-neuronal cells), treated

with human SMN siRNAs in comparison to control siRNA.

The efficiency of SMN downregulation was confirmed by

immunoblot analysis (Figure 4B). Analysis of R1-gated cells

showed a decrease in the rate and amount of FITC-Dex up-

take upon SMN knockdown at 10 and 20 min (Figures 4C,

4D, and 4E). A similar reduction with SMN downregu-

lation was observed in HEK293T cells, which illustrates

that impaired endocytosis is a general phenomenon

caused by SMN deficiency (Figures S2C, S2D, S2E, and S2F).

To confirm that impaired endocytosis in SMN-depleted

cells also occurs in MNs—very specialized cells where syn-

aptic vesicle recycling is highly regulated—we analyzed

endocytosis at the NMJ by measuring FM1-43 dye uptake

at the presynaptic terminal upon electrical stimulation.53
etics 99, 647–665, September 1, 2016 653
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Figure 3. Tube Test, Grip-Strength Test, NMJ Size, and Proprioceptive-Input Measurements Confirm Improvement in the Interme-
diate SMA Mouse Model upon PLS3 Overexpression
(A) Tube test of neonatal SMN-ASO-injected mice (P1–P14). SMA-PLS3het and SMA-PLS3hom mice, but not SMA mice, show an
improvement in performance (P12–P14) (n R 10).
(B) Grip strength test at P36 and P108 was fully restored in SMA-PLS3hom mice in comparison to HET and HET-PLS3het mice (n R 5).
(C) Representative pictures of NMJ stained with SV2 and NF (green) for the neuronal part and bungarotoxin (red) for the postsynaptic
part. The scale bar represents 20 mm.
(D) Quantification shows that injection of SMN-ASO significantly increased the NMJ size in comparison to that of NMJs of untreated
SMAmice at P10. Upon PLS3 overexpression, an accumulated effect of SMN-ASO and PLS3 overexpression was observed at the NMJ level
(n ¼ 5 per genotype, 100 NMJs measured per animal).
(E) Representative pictures of MN soma (CHAT, red) and proprioceptive input (VGLUT1, green) derived from SMN-ASO-injected mice
(P21). The scale bar represents 10 mm.
(F and G) Quantification shows that SMN-ASO injection and PLS3 overexpression significantly improved the number of proprioceptive
inputs on the MN soma (n R 70). n.s., non-significant; *p < 0.05; **p < 0.01; ***p < 0.001, two-tailed Student’s t test.
Error bars represent SEM.
We performed the experiments in the Transversus abdomi-

nis (TVA) muscle at P10. We performed ex vivo prepara-

tions in physiological solution to keep the muscles alive

for the subsequent stimulation. Electrical stimulation of
654 The American Journal of Human Genetics 99, 647–665, Septemb
the N. intercostalis innervating the TVA muscle (see sketch

of experimental procedure, Figure 4F) was being executed

in two sets: a low-frequency set at 5 Hz and a high-fre-

quency set at 20 Hz for analysis of FM1-43 uptake. In
er 1, 2016
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Figure 4. PLS3 Overexpression Rescues Impaired Endocytosis in SMN-Depleted NSC34 Cells and at Presynaptic Sites of NMJs in SMA
Mice
(A) Quantification of FITC-Dex uptake in MEFs was performed via fluorescence-intensity analysis (n ¼ 3 per genotype and time point,
100 cells measured per cell line). The amount of uptake in SMA versus SMA-PLS3het mice was significantly different at 10 and 30 min.
(B) Immunoblot analysis shows efficient Smn siRNA-mediated knockdown in NSC34 cells.
(C) Representative dot plots showing FITC-Dex uptake in SMN-depleted NSC34 cells at 10 and 20 min (n ¼ 3, 104 cells measured per
FACS experiment).
(D and E) Quantification of R1 population and histogram plots show a significant reduction in uptake upon SMN downregulation.
(F) Experimental setup for stimulation of the N. intercostalis innervating the TVA muscle.
(G) Representative pictures of NMJs from HET, SMA, and SMA-PLS3hom muscles. Staining of postsynaptic receptors (BTX-Alexa647,
gray) helped to define the area in which FM1-43 uptake (red) at the presynaptic terminals was analyzed (n ¼ 3 per genotype, ~100
NMJs measured per genotype). The scale bar represents 10 mm.
(H) Quantification of the FM1-43 mean intensity at the presynaptic terminals at P10 in TVA muscles without ASO injection under low-
frequency stimulation (5 Hz, 1 s). n.s., non-significant; ***p < 0.001, two-tailed Student’s t test.
Error bars represent SEM.
hippocampal neurons low-frequency stimulation mainly

induces clathrin-mediated endocytosis (CME), whereas

high-frequency stimulation triggers clathrin-independent

endocytosis (CIE) or activity-dependent bulk endocytosis

(ADBE).54 The mean FM1-43 intensity in the presynap-

tic terminal was determined by delimitation of the
The American
corresponding area from the postsynaptic site, stained

with bungarotoxin conjugated with Alexa647 (BTX-647)

(Figure 4G). Presynaptic uptake of FM1-43 dye without

electrical stimulation was excluded (Figure S3A). Because

NMJs in TVA are reported to be smaller in SMA mice

than in HET mice,13,55 we correlated FM1-43 intensity to
Journal of Human Genetics 99, 647–665, September 1, 2016 655
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C Figure 5. PLS3 Interacts with CORO1C
and TMOD3 in HEK293T Cells, but only CO-
RO1C Directly Interacts with PLS3
(A and B) Immunoblots of co-IP experi-
ments show the interaction of PLS3 with
CORO1C (A) and TMOD3 (B).
(C) Pull-down experiments with His-
TMOD3 and GST-PLS3. Immunoblots
probed with GST and TMOD3 antibodies
show that PLS3 does not interact directly
with TMOD3.
(D) Pull-down experiments with EGFP-
CORO1C and GST-PLS3 show direct inter-
action of PLS3 with CORO1C.
(E) PLS3-CORO1C interaction is disrupted
in the presence of 1 mM Caþ2.
(F) Pull-down assay of purified protein do-
mains of CORO1C with GST-PLS3 shows
that the interaction of PLS3 and CORO1C
is mediated through the N-terminal part of
CORO1C.
NMJ size and confirmed that there is no relation between

these two parameters (Figure S3C). At low-frequency stim-

ulation, FM1-43 intensity was significantly reduced in

SMA compared to HET mice (Figures 4G and 4H). Most

importantly, in SMA-PLS3het and SMA-PLS3hom NMJs,

endocytosis was restored to HET levels upon 5 Hz stimula-

tion (Figure 4H). At a high-frequency stimulation of 20 Hz,

endocytosis was also reduced in SMA compared to HET

mice, and PLS3 overexpression (in both homo- and hetero-

zygousmice) rescued the impaired phenotype (Figure S3B).

These results demonstrate that endocytosis is disturbed in

the NMJ of SMA mice and that this disturbance is counter-

acted by PLS3 overexpression.

PLS3 Co-precipitates CORO1C and TMOD3 but

Directly Binds Only CORO1C

Because SMN deficit impairs endocytosis and the impair-

ment is restored by PLS3 overexpression, we hypothesized

that unravelling the interactome of PLS3 would help us to

identify further modifiers involved in endocytosis.

Proteome analyses were carried out with a HEK293T

cell line stably expressing Flag- and His-tagged PLS3

(Figures S4A and S4B) in conjunction with co-immuno-

precipitation (co-IP) and mass spectrometry. We purified

the potential PLS3 binding partners by using RSB-100

buffer with high salt concentration. The efficiency of

anti-Flag co-IP and purification of PLS3 was verified by

immunoblot and silver staining (Figure S4C). Compari-
656 The American Journal of Human Genetics 99, 647–665, September 1, 2016
son between co-immunoprecipitated

proteins from PLS3-overexpressing

cells and control cells revealed

the presence of 14 proteins, which

were only present in the PLS3 co-IP

(Table S1).

We selected two actin-related bind-

ing partners of PLS3, CORO1C, and

TMOD3; these binding partners were
also detected bymass spectrometry experiments using a la-

bel-free quantification approach (data not shown). Recent

data have demonstrated that CORO1C is also involved

in endocytosis and has a second actin-binding site that

confers co-operative binding to F-actin. The presence of

more than one F-actin binding site enables CORO1C to

act as an F-actin-binding and -bundling protein similar to

PLS3.56–58 TMOD3 is known to cap pointed ends of actin

filaments and to be enriched in leading-edge ruffles and

lamellipodia.59,60 We selected these two PLS3 binding

partners as candidates to gain better insight into the role

of endocytosis in rescuing SMA.

We performed an additional co-IP and demonstrated

that both CORO1C and TMOD3 co-precipitated with

PLS3 (Figures 5A and 5B). To validate these interac-

tions, pull-down assays were carried out and showed

no direct interaction between His-TMOD3 and GST-PLS3

(Figure 5C), but they did show a direct interaction between

EGFP-CORO1C and GST-PLS3 (Figure 5D and Figure S4D).

Because the EF-hand domains of PLS3 have Ca2þ-binding
ability andmodulate the function of PLS3 in a Ca2þ-depen-
dent manner,61 we analyzed whether Ca2þ affects PLS3-

CORO1C interaction. Performing a pull-down assay in

the presence (1 mM Ca2þ) or absence (5 mM EGTA) of

Ca2þ, we found that the CORO1C-PLS3 interaction was

disrupted in the presence of Ca2þ (Figure 5E). CORO1C

contains a C-terminal coiled-coil domain and seven

WD repeats, which form a b-propeller structure.62,63 The
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Figure 6. Overexpression of PLS3 and CORO1C but Not of TMOD3 Improve Endocytosis in SMN-Deficient Cells
(A and B) Quantification of the R1-gated population shows that PLS3 and CORO1C significantly increase endocytosis in SMN-deficient
HEK293T cells after 20 min treatment.
(C) Immunoblots show siRNA-mediated knockdown of SMN and overexpression of PLS3, CORO1C, and TMOD3 in HEK293T cells
(n ¼ 5, 104 cells measured per FACS experiment). n.s., non-significant; *p < 0.05; ***p < 0.001, two-tailed Student’s t test.
Error bars represent SEM.
C-terminal coiled-coil domain has a self-oligomerization

function, and the b-propeller structure forms a docking

platform for protein-protein interactions. To elucidate

which region of CORO1C is responsible for its interaction

with PLS3, we generated full-length CORO1C (CORO1C-

FL) and GFP-tagged deletion constructs of C- and N-termi-

nal regions of CORO1C (CORO1C-DC and CORO1C-DN,

respectively). Pull-down assays showed that the N-termi-

nal part of CORO1C, containing the b-propeller structure,

directly interacts with GST-PLS3 (Figure 5F).

Immunostainings in MEFs derived from PLS3het mice

revealed colocalization of PLS3 with both CORO1C and

TMOD3 along F-actin filaments. In addition, PLS3 and

CORO1C are strongly enriched in lamellipodia structures

at growing edges under the plasma membrane (Figures

S5A, S5B, and S5C). Because PLS3 was shown to localize

in growth cones and axons,18 we further analyzed the

expression level of CORO1C in primary MN culture.

PLS3 and CORO1C were highly elevated in MNs, and

both were detected in the cell body, axon, and growth

cone (Figures S6A and S6B). To further investigate

whether PLS3 overexpression had an effect on the
The American
expression level of its binding partners, we analyzed spi-

nal-cord samples from P10 HET mice with and without

PLS3 overexpression by immunoblot. Spinal-cord lysates

from HET-PLS3het and HET-PLS3hom mice indicated a

tendency toward increased expression of CORO1C and

TMOD3 when these mice were compared to HET mice

(Figure S7).

CORO1C and PLS3 but Not TMOD3 Rescue Impaired

Endocytosis as Well as Actin Dynamics in SMN-

Deficient Cells

Direct interaction of PLS3 with CORO1C suggested

a similar mode of action for both proteins and a likely

beneficial effect of CORO1C in SMA cells. To further inves-

tigate the possible endocytosis-rescuing role of CORO1C

in SMN-deficient cells, we again performed fluid-phase

endocytosis assays in HEK293T cells, which proved to

be a suitable system and, in contrast to NSC34 cells or pri-

mary MNs, allows for efficient transfection with plasmid

DNA. Quantification of flow-cytometry data indicated

that overexpression of CORO1C as well as PLS3 but not

TMOD3 was able to rescue endocytosis in SMN-deficient
Journal of Human Genetics 99, 647–665, September 1, 2016 657
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Figure 7. SMN Knockdown Decreases
F-actin Amount, which Is Increased by
PLS3 and CORO1C but Not TMOD3
(A) Representative immunoblots of in vivo
G/F-actin ratio assay in SMN-knockdown
HEK293Tcells. Blot quantification indicates
a reduction (12%) in F-actin amount upon
SMN knockdown in HEK293T cells.
(B) Knockdown of SMN in murine MN-like
NSC34 cells also decreases the amount of
F-actin (7%) in comparison to that in con-
trol siRNA-treated cells.
(C) Immunoblot analysis shows a signifi-
cant reduction in SMN amount upon Smn
siRNA-mediated knockdown in NSC34
cells.
(D) An in vivo G/F-actin assay shows that
overexpression of PLS3 and CORO1C
but not TMOD3 significantly increased the
amount of F-actin in comparison to control
vector.
(E) Immunoblot analysis shows the over-
expression (OE) of PLS3, CORO1C, and
TMOD3 in HEK293T cells (n ¼ 5). n.s.,
non-significant; *p < 0.05; **p < 0.01;
two-tailed Student’s t test.
Error bars represent SEM.
cells (Figures 6A and 6B). Efficiency of SMN siRNA-

mediated downregulation and overexpression of CORO1C,

TMOD3, and PLS3 was confirmed by immunoblot analysis

(Figure 6C).

We analyzed the impact of siRNA-mediated knockdown

of PLS3, CORO1C, or TMOD3 on endocytosis in HEK293T

cells. Consistently, knockdown of PLS3 and CORO1C

but not of TMOD3 decreased endocytic FITC-Dex uptake

(Figures S8A, S8B, and S8C). Reduced PLS3, CORO1C, or

TMOD3 were confirmed by immunoblot analysis (Figures

S8D, S8E, and S8F). Although the involvement of F-actin

on endocytosis is well documented,22 as is the impact of

reduced amounts of SMN on F-actin dynamics and locali-

zation,24,48 we addressed the question about the role of

PLS3, CORO1C, and TMOD3 on F-actin dynamics and

their ability to restore impaired F-actin amounts caused

by reduced amounts of SMN. Our in vivo assay of the

G/F-actin ratio revealed that upon SMN knockdown in

NSC34 and HEK293T, the amount of F-actin is signifi-

cantly reduced (Figures 7A–7C). To investigate the effect

of PLS3 and its binding partners on F-actin dynamics, we

transiently transfected PLS3, CORO1C, TMOD3, or con-

trol plasmids into HEK293T cells. Measurement of F-actin

amounts showed that overexpression of PLS3 and

CORO1C but not TMOD3 significantly increased F-actin

amounts (Figures 7D and 7E). Furthermore, our previous
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studies in SMA mice showed that the

amount of F-actin is reduced at the pre-

synaptic site at the NMJ structure and

that overexpression of PLS3 compen-

sates for it.24 Taken together, these

findings support the idea that PLS3
and CORO1C but not TMOD3 play an important role in

endocytosis by restoring F-actin-dependent processes.

CORO1C but Not TMOD3 Ameliorates SMA

Phenotype in Zebrafish Smn Morphants

Zebrafish serve as an excellent alternative vertebrate model

to help us understand the genetics and molecular mecha-

nisms of MN disorders.64 To functionally characterize the

role of PLS3 interacting partners on the SMA phenotype,

we investigated the modifying effect of CORO1C or

TMOD3 on the axonal defects caused by loss of Smn. We

co-injected CORO1C, TMOD3 or, as a positive control,

PLS3 mRNA together with smn antisense morpholino

oligonucleotide (MO) into mnx1:eGFP transgenic zebrafish

embryos. Importantly, endocytosis-driven internalization

of membrane and proteins at the leading edge of the

growth cone is crucial for axonal outgrowth and branch-

ing.65 As previously shown, injection of smn-MO induced

truncations and increased branching of MN axons,18,23,61

and both effects were rescued by concomitant PLS3 over-

expression. Strikingly, a rescue comparable to that with

PLS3 mRNA was obtained upon co-injection of smn-MO

with CORO1C mRNA, whereas TMOD3 mRNA had no ef-

fect (Figures 8A and 8C). The effect of smn-MO knockdown

and PLS3 and CORO1C overexpression was confirmed by

immunoblot (Figure 8B).
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Figure 8. CORO1C Rescues the Motor-Neuron Phenotype in SMN-Depleted Fish
(A) Lateral view at 10–12 somites directly posterior to the yolk sac of 34 hpf zebrafish embryos injected with control-MO, smn-MO,
smn-MO þ PLS3 mRNA, smn-MO þ TMOD3 mRNA, and smn-MO þ CORO1C mRNA. MN axons in Smn-depleted fish evidence trunca-
tion and branching phenotypes when these fish are compared to control-MO fish.
(B) Immunoblots show, from left to right, the dose-dependent effect of smn-MO knockdown, overexpression of PLS3, and overexpres-
sion of CORO1C.
(C) Quantitative analysis of MN axons shows that PLS3 and CORO1C significantly improved the axonal truncation and branching phe-
notypes in Smn-depleted fish (branching types I, II, and III correspond to mild, intermediate, and severe axonal branching, respectively.
Evaluated axons: n R 300). ***p < 0.001, Fisher’s exact test.
Discussion

The main findings of our work are the following: (1) low

amounts of subcutaneously injected SMN-ASO in the severe

TaiwaneseSMAmousemodel enable thegenerationofan in-

termediate SMAmousemodelwith a prolonged lifespandue

to an ameliorated systemic organ impairment; (2) PLS3 res-

cues survival and motoric abilities in this intermediate

SMA model, proving that PLS3 is a protective modifier

if elevated in the appropriate context; (3) reduced SMN

amounts impair endocytosis in MN-like cells and synaptic-

vesicle recycling at NMJ in SMA mice, and both effects are

rescued by PLS3 overexpression; (4)mass-spectrometry ana-

lyses and protein-interaction studies revealed that PLS3

directly binds to CORO1C in a calcium-dependent manner,

whereas TMOD3 only associates with PLS3; (5) CORO1C,

but not TMOD3, rescues endocytosis in cells; (6) reduced

F-actin amounts due to SMNdeficiency are restored by over-

expressionofPLS3andCORO1C;and(7) similar towhatwas

previously shown for PLS3, CORO1C, but not TMOD3, res-

cues the SMA phenotype in Smn-depleted zebrafish.

This work demonstrates the power of genetic modifiers

and their ability to unravel key cellular mechanisms and

protein networks that counteract disease-causing processes

(Figure 9). Most importantly, this knowledge might

open new therapeutic avenues in the treatment of individ-

uals with SMA, by allowing the use of genetic modifiers

involved in endocytosis in addition to small molecules or

pharmacological compounds that induce SMN expression

or stability.
The American
PLS3 Rescues Survival in an SMN-ASO-Induced

Intermediate SMA Mouse Model

PLS3 is the first and only SMA protective modifier to have

been reported in humans to date.18 Asymptomatic in

comparison to symptomatic siblings show elevated PLS3

expression in lymphoblastoid cell lines but not in fibro-

blasts.18 However, iPSCs generated from these fibroblasts

and differentiated into MNs present a high upregulation

of PLS3, clearly supporting a protective role of PLS3

in MNs and particularly in growth cones.19 Meanwhile,

additional asymptomatic SMN1-deleted individuals in

whom PLS3 upregulation has been excluded have been

described, suggesting that other SMA modifiers do exist

within the human population (Bernal et al.66 and Wirth,

unpublished data). The presence of at least 3–4 SMN2

copies in all asymptomatic SMN1-deleted individuals im-

plies that a modifier exerts its protective function only if

a certain amount of SMN protein, indispensable in every

cell, is available. If the SMN level falls below a certain

threshold, a plethora of pathways are disturbed, affecting

not only MN but also a number of other cell types and

organs and resulting in severe organ dysfunction that

cannot be rescued by protective modifiers.16,67 We there-

fore considered it unsuitable to search for the cellular

mechanism causing NMJ vulnerability and MN dysfunc-

tion by using cells derived from individuals with type I

SMA or severely affected SMA mouse models. This view

is supported by the finding that PLS3 overexpression

in both the severe Taiwanese SMA and the D7SMA

mouse models failed to increase survival,24,25 despite
Journal of Human Genetics 99, 647–665, September 1, 2016 659



Figure 9. A Model Presenting the Compensatory Role of PLS3 and CORO1C in the Process of Endocytosis in SMA
CME and ADBE stand for clathrin-mediated endocytosis and activity-dependent bulk endocytosis, respectively.
ameliorating NMJ function and motoric abilities in the

Taiwanese SMA model.24

In individualswithmilder SMA, the SMNamount appears

to be sufficient to exert its housekeeping function in all cells

exceptMNs.47Most remarkable are individualswith type IV

SMA; in these individuals, the disease onset is after the sec-

ond decade of life,7 which suggests a problem inMN and/or

NMJ maintenance but not in development. Because the

requirement of SMN protein in humans and mice differs,

it turned out to be rather complicated to produce an appro-

priate intermediate or mild SMA mouse model by varying

the SMN2 copy number. Two human SMN2 copies on amu-

rine Smn-null background cause a very severe SMA pheno-

type, whereas mice with three SMN2 copies are already

asymptomatic.35,46,68 Therefore, production of an interme-

diate or mild SMAmouse model was challenging.

It has been reported that pre-symptomatic injection of

higher doses of SMN-ASOs or morpholino in different

SMA models carrying two SMN2 copies fully rescues the

phenotype via a correction of SMN2 splicing, except

that mouse size remains reduced.69,70 The influence of

SMN-ASO on exon 7 inclusion steadily decreases until

completely vanishing six months after injection.37 Con-

trary to humans, who can develop SMA later in life, SMN

ASO- or morpholino-treated mice showed normal life ex-

pectancy, suggesting that low amounts of SMN are suffi-

cient to maintain functional integrity of cells in older

mice. Most importantly, turning on SMN expression in

an inducible SMA model at various time points has shown

an absolute requirement for SMN before P17, which

matches with the maturation of NMJs.71 In line with

this, later administration of drugs or small molecules that

elevate SMN amounts have only moderate beneficial

effect, and this only in a low-dose-pre-treated D7-SMA

mouse or intermediate mouse model.72–74

As reported in our previous studies, PLS3 seems to

compensate for the SMN deficit: NMJs of SMA-PLS3het

mice have shown substantial increases in connectivity at

the presynaptic level and delayed axonal pruning, allow-

ing the otherwise poorly developed SMA NMJs to become
660 The American Journal of Human Genetics 99, 647–665, Septemb
properly innervated and mature adequately.24 Using

SMN-ASO at suboptimal doses allowed us to generate an

intermediate mouse model surviving for about 1 month.

Most importantly, PLS3 overexpression prolonged sur-

vival to more than 400 days in 30% and 250 days in

60% of mice. Because the PLS3 transgene has been intro-

duced into the ROSA26 locus on chromosome 6 and is

equally expressed in both genders, we did not find any

gender-specific effect in mice (data not shown). Despite

PLS3 overexpression, the suboptimal amount of SMN

caused premature death indistinguishable from that in

SMA mice in about 25% of animals. We assume that the

distribution of the suboptimal SMN-ASO failed to uni-

formly disperse in every single organ and that this non-

uniform dispersal have caused the earlier death. However,

in the majority of the animals, PLS3 overexpression led

to a marked increase in survival, suggesting that PLS3 is

able to counteract the cellular defects caused by SMN

deficit. Recently, a genetically engeneered intermediate

mouse model, which could be an interesting model for

future studies of modifiers and drugs, has been gener-

ated.74 SMN-ASO or chemical compounds restoring

SMN2 splicing are currently being used in several ongoing

large clinical trials in individuals with type I to III SMA

(Web Resources).

Most importantly, our study suggests that a combinato-

rial therapy, SMN-ASO plus PLS3 overexpression, or a drug

or small molecule that restores endocytosis might be a

more successful strategy for fully protecting individuals

from SMA rather than only amelioriating it. In type I

SMA—half of all individuals with SMA—only two SMN2

copies do not allow a sufficient elevation of SMN amounts

to provide full MN function. These individuals will mostly

benefit from a combined therapy. Because in SMA mice

SMN upregulation showed only moderate beneficial effect

after disease onset,72–74 individuals with type II and III

SMA might also benefit from a therapy that acts indepen-

dently of SMN to counteract impaired endocytosis and/

or restore F-actin amounts; one such therapy might

involve ROCK inhibitors.75
er 1, 2016



Endocytosis and Synaptic-Vesicle Recycling at the

NMJ Are Impaired by Reduced SMN Level and Rescued

by PLS3 and CORO1C Overexpression

PLS3 and CORO1C are both F-actin-binding and -bundling

proteins.57,76 F-actin dynamics is pivotal for cellular integ-

rity and is involved in cellular shape, migration, vesicular

trafficking, RNA translation, endocytosis, and other pro-

cesses.21,22,47 In the highly polarized MNs all these pro-

cesses are particularly relevant. We confirmed that SMN-

depleted cells show reduced F-actin amounts that might

be due to a disturbed transport of b-actin mRNA along

the axons.24,48,49 Moreover, SMN interacts with profilin,

and reduced SMN amounts activate the RhoA pathway

in a direct or indirect manner, further hinting toward

an involvement of actin dynamics in the pathology of

SMA.28,49,77 In severely affected SMA mice, zebrafish,

worm, and fly models, many F-actin-dependent processes,

including axonal growth, axonal connectivity at the

NMJ, neurotransmission, F-actin caging, synaptic-vesicle

recycling, and proprioceptive input at MN soma are

impaired.11,18,24,45,78,79 All these processes were either

restored or ameliorated by PLS3 overexpression, as shown

across species.18,23,24,79

The most prominent phenotype in pls3 KO yeast

is impaired endocytosis.33 Here, we demonstrate that

reduced SMN levels cause a reduction of endocytosis in

various cell types, including NSC34 cells and at the

NMJs, as shown by FM1-43 endocytic uptake under low-

and high-frequency stimulation. Instead, overexpression

of PLS3 and CORO1C restores endocytosis and the SMA-

related phenotype in mouse and/or zebrafish. Moreover,

siRNA-mediated knockdown of both PLS3 and CORO1C

reduces endocytic uptake in various cells. In humans,

PLS3 mutations cause osteoporosis and osteoporotic frac-

tures [MIM: 300910], implying a specific important role

of PLS3 in bone development and remodeling.80 The

cellular mechanism bywhich PLS3 loss causes osteoporosis

remains elusive. In this respect, fibroblasts derived from

a male individual harboring a PLS3 nonsense mutation

showed reduced endocytotic uptake (Wirth lab, unpub-

lished data).

In neurons, synaptic vesicles are organized in different

pools in the presynaptic terminal. The process of endocy-

tosis is crucial for replenishing the recycling pool (RP),

which supplies vesicles to the readily releasable pool

(RRP) for neurotransmission.81,82 In SMAmice, the organi-

zation and amount of docked vesicles are significantly

reduced in the presynaptic site, causing reduced neuro-

transmitter release at NMJ.12,24,83 Moreover, the RRP size

is significantly reduced in SMA, and the depletion and

refilling time constants of this pool tend to be slower.84

Therefore, we hypothesized that endocytosis might be

the key cellular process disturbed in SMA and the cause

of the reduced synaptic vesicle number in the terminals.

F-actin is essential in all types of endocytosis,47,85 and

its inhibition reduces the endocytosis in neurons under

high-rate stimulation.86 Accordingly, PLS3 overexpression
The American
is able to rescue the impaired endocytosis in SMA through

the crucial role of F-actin in endocytosis.

Because PLS3 and CORO1C interact Ca2þ dependently

and because disturbed calcium homeostasis has been

shown in SMA MNs,15 decreased endocytosis might be a

result of the combination of reduced calcium influx and

reduced F-actin dynamics.31 This hypothesis is supported

by the fact that overexpression of just the EF-hand domain

of PLS3 can be still protective and ameliorate the SMA

phenotype in the Smn-depleted fish.61 On the other

hand, overexpression of PLS3 without calcium-binding

ability does not compensate for SMN loss, implying

that calcium is indispensable for the PLS3-rescuing

function.61

In an unbiased screen for modifiers of SMA in C. elegans,

several other modifiers with direct roles in endocytosis

have been identified.79 We therefore cannot exclude the

possibility that the reduced endocytosis is solely caused

by reduced F-actin in the presynaptic site. Further studies

need to be done if we are to better understand the

major impaired type of endocytosis and endocytotic traffic

in SMA.

Disturbance in actin dynamics and endocytic pathways

is not restricted to SMA, as evidenced by the fact that mu-

tations in profilin 1 (PFN1 [MIM: 176610]) cause amyotro-

phic lateral sclerosis 18 (ALS18 [MIM: 614808]), mutations

in alsin 2 (ALS2 [MIM: 606352]) cause ALS2 [MIM:

205100], and mutations in bicaudal 2 Drosophila-related

(BICD2 [MIM: 609797]) lead to autosomal-dominant

lower-extremity-predominant spinal muscular atrophy-2

(SMALED2 [MIM: 615290]).87–89
The Power of Genetic Modifiers

Genetic protective modifiers act either directly (upstream)

on the expression or function of a disease-causing gene,

transcript, or protein or downstream to compensate for

disturbances in a pathway affected by the main disease-

causing protein. They can work in the same protein com-

plex with the disease-causing protein or independently

to compensate or improve the affected pathway.90 Because

next-generation technologies have made exome or

genome sequencing feasible, numerous pathogenic muta-

tions have been unexpectedly identified in healthy indi-

viduals (often centenarians), opening a fully new era and

allowing us to better understand diverse counteracting

protein networks and their regulation, which ultimately

will result in development of novel therapeutic strategies.

Our data strongly support this concept and should be

followed by future studies in healthy individuals carrying

pathogenic mutations; such studies will eventually help

to understand disease-relevant pathways in humans.
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24. Ackermann, B., Kröber, S., Torres-Benito, L., Borgmann, A.,

Peters, M., Hosseini Barkooie, S.M., Tejero, R., Jakubik, M.,

Schreml, J., Milbradt, J., et al. (2013). Plastin 3 ameliorates

spinal muscular atrophy via delayed axon pruning and im-

proves neuromuscular junction functionality. Hum. Mol.

Genet. 22, 1328–1347.
er 1, 2016

http://www.clinicaltrials.gov
http://www.cyflogic.com
https://imagej.nih.gov/ij/
http://www.omim.org
http://www.ncbi.nlm.nih.gov/RefSeq
http://genome.uscs.edu
http://www.uniprot.org/help/uniprotkb
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref1
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref1
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref1
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref2
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref2
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref2
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref2
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref3
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref3
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref3
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref3
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref3
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref4
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref4
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref4
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref4
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref5
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref5
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref5
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref5
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref6
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref6
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref6
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref7
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref7
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref8
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref8
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref8
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref8
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref8
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref9
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref9
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref9
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref9
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref10
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref10
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref10
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref10
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref11
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref11
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref11
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref11
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref11
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref12
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref12
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref12
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref12
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref12
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref13
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref14
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref14
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref14
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref14
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref14
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref15
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref15
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref15
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref15
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref15
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref16
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref16
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref16
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref17
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref17
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref17
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref17
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref18
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref18
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref18
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref18
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref19
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref19
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref19
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref19
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref19
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref20
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref20
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref20
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref20
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref21
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref21
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref21
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref22
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref22
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref22
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref23
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref23
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref23
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24
http://refhub.elsevier.com/S0002-9297(16)30288-9/sref24


25. McGovern, V.L., Massoni-Laporte, A., Wang, X., Le, T.T., Le,

H.T., Beattie, C.E., Rich, M.M., and Burghes, A.H. (2015).

Plastin 3 Expression Does Not Modify Spinal Muscular

Atrophy Severity in the D7 SMA Mouse. PLoS ONE 10,

e0132364.

26. Bricceno, K.V., Martinez, T., Leikina, E., Duguez, S., Partridge,

T.A., Chernomordik, L.V., Fischbeck, K.H., Sumner, C.J., and

Burnett, B.G. (2014). Survival motor neuron protein defi-

ciency impairs myotube formation by altering myogenic

gene expression and focal adhesion dynamics. Hum. Mol.

Genet. 23, 4745–4757.

27. Zou, J., Barahmand-pour, F., Blackburn, M.L., Matsui, Y.,

Chansky, H.A., and Yang, L. (2004). Survival motor neuron

(SMN) protein interacts with transcription corepressor

mSin3A. J. Biol. Chem. 279, 14922–14928.

28. Rossoll, W., Jablonka, S., Andreassi, C., Kröning, A.K., Karle,
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Figure S1. Effect of low dose SMN-ASO on survival in Taiwanese SMA mice on FVB/N 
congenic background  

(A) Kaplan-Meier curves show survival in SMA mice injected subcutaneously with 10 to 50 µg 
of SMN-ASO or 50 µg ctrl-ASO at P2 and P3. Note the large variability in survival in comparison 
to SMA mice of the same genotype on C57BL/6N congenic background (Figure 1A). The mean 
age of survival was: 59.80 ± 60.79 days, n=20 for 10 µg; 72.58 ± 65.15 days, n = 19 for 20 µg; 
102.41 ± 73.91 days, n=35 for 30 µg; 126.52 ± 98.58 days, n = 27 for 40 µg and 192.05 ± 
97.50 days, n = 22 for 50 µg SMN-ASO in comparison to 14.57 ± 4.99 days, n = 21 uninjected 
and 11.13 ± 2.30 days, n = 8 ctrl-ASO injected mice.  

(B) Breeding scheme to obtain SMA, SMA-PLS3het, SMA-PLS3hom, HET, HET-PLS3het and 
HET-PLS3hom gentotypes.  

(C) The effect of SMN-ASO on the SMN protein in the liver in SMA and het mice. n.s. non-
significant; * p < 0.05; ** p < 0.01; *** p < 0.001, 2-tailed Student’s t test. Error bars represent 
SEM. 

  



 

 

 
Figure S2. Quantification of endocytosis by FITC-Dex uptake in NSC34 and HEK293T 
cells  

(A) Analysis of the R1 gated cell population demonstrates that FITC-Dex uptake is significantly 
decreased at 4°C and in the presence of Latrunculin. (B) Quantification of the highly endocytic 
R1 population shows a significant reduction upon the different treatments. Treatment with 
Latrunculin or low temperature increases cell death (n=5, 104 cells measured per FACS 
experiment). (C) Representative dot plots show decreased endocytosis in SMN siRNA-
mediated knockdown HEK293T cells after 10 and 20 min of treatment. (D) Quantification of 
R1 as highly endocytic cell population shows significant reduction in endocytosis in SMN 
siRNA-mediated knockdown HEK293T cells. (E) Histogram plots show a shift in the channel 
detecting FITC-Dex, thus depicting less FITC-Dex uptake upon SMN downregulation (n=4, 104 
cells measured per FACS experiment). (F) Western blot analysis shows efficient siRNA-
mediated knockdown of SMN in HEK293T cells. n.s. non-significant; * p < 0.05; ** p < 0.01; *** 
p < 0.001, 2-tailed Student’s t test. Error bars represent SEM. 



 

 

Figure S3. FM1-43 uptake at the presynaptic site in TVA muscle is stimulation-
dependent  
(A) WT TVA muscles at P21 treated with FM1-43 dye with and without stimulation. Muscles 
without stimulation do not show any FM1-43 staining, proving that uptake of FM1-43 dye is 
stimulation-dependent. Postsynaptic receptors staining (BTX-647, grey) was used to define 
the area to analyze the FM1-43 uptake (red) at the presynaptic terminals. Scale bar: 10 µm. 
(B) Quantification of the FM1-43 mean intensity at the presynaptic terminals in P10 TVA 
muscles without ASO injection under high frequency stimulation (20 Hz, 1s).  
(C) NMJ size does not influence the uptake of FM1-43. Plotting the amount of FM1-43 uptake 
against the NMJ size did not show any correlation between the uptake amount and the 
endplate size in both HET and SMA TVA muscles (n = 3 per genotype, ~100 NMJs measured 
per genotype). n.s. non-significant; ** p < 0.01; *** p < 0.001, 2-tailed Student’s t test. Error 
bars represent SEM.  



 

 

Figure S4. Generation of a stable HEK293T-PLS3 cell line  
(A) Schematic diagram showing the cloning strategy of pcDNA6-Flag/His-PLS3.  
(B) Western blot probing with Flag antibody shows the stable overexpression of Flag/His-PLS3 
protein in HEK293T-PLS3 cells. HEK293T cells were transfected with pcDNA6-Flag/His-PLS3 
and treated with Blasticidin for two weeks.  
(C) Co-IP experiment was performed using resin-coupled to anti-Flag antibody with lysates of 
HEK293T or HEK293T-PLS3 cells. PLS3 protein was only co-precipitated in HEK293T-PLS3 
cells. Silver staining indicates presence of other additional bands in Flag-Co-IP sample of 
HEK293T-PLS3 cells.  
(D) Coomassie staining of purified GST and GST-PLS3 from bacterial culture. 
 
  



 

 

Figure S5. PLS3 colocalizes with CORO1C and TMOD3 in murine embryonic fibroblasts 
(MEFs)  

(A and B) Representative immunostainings of PLS3 with CORO1C and TMOD3, respectively, 
show colocalization of PLS3 with both proteins in F-actin fibers (white arrows).  

(C) PLS3 and CORO1C but not TMOD3 (data not shown) co-localized in the lamellipodia under 
the membrane (white arrowheads). Antibodies used are mentioned in each panel. Actin was 
stained with phalloidin-RFP. Scale bar: panel A and B, 2 µm and panel C, 10 µm. 

  



 

 

Figure S6. PLS3 and CORO1C colocalizes in the soma, axon and growth cones of 
cultured primary murine embryonic motor neurons  

(A and B) MNs were isolated from SMA and HET mice at embryonic day 13.5 and cultured for 
6 days. Representative immunostainings show colocalization of PLS3 with CORO1C in (A) 
axonal compartments and growth cones and (B) in soma. PLS3 and CORO1C are highly 
enriched and colocalized at the membrane compartment (arrowheads). Antibodies used are 
mentioned in each panel. CHAT staining was used as marker for MN-specificity. Scale bar: 
panel A is 50 µm and panel B is 10 µm, respectively. 

  



 

 

Figure S7. Quantification of PLS3V5, CORO1C and TMOD3 in spinal cord  

(A and B) Western blot analysis (A) and quantification (B) of PLS3V5, CORO1C and TMOD3 
levels in spinal cord of HET, HET-PLS3het and HET-PLS3hom mice at P10 (n=4). HET-PLS3 
mice indicate a tendency of increased CORO1C and TMOD3 levels in comparison to HET 
mice, although this was non-significant. Actin was used as control. n.s. non-significant; 2-tailed 
Student’s t test. Error bars represent SEM.  



 

 

Figure S8. PLS3 and CORO1C but not TMOD3 influences fluid-phase endocytosis in 
HEK293T cells. ( 

(A, B and C) Representative dot plots of FITC-Dex uptake upon siRNA-mediated knockdown 
of PLS3, CORO1C and TMOD3, respectively. Analysis of R1 population showed significantly 
reduced FITC-Dex uptake for PLS3 or CORO1C but not TMOD3 when they were down-
regulated (n=5, 104 cells measured per FACS experiment).  

(D, E and F) Western blot experiments show the down-regulation of PLS3, CORO1C and 
TMOD3 upon siRNA treatment. n.s. non-significant; ** p < 0.01; *** p < 0.001, 2-tailed Student’s 
t test. Error bars represent SEM. 

  



 

Table S1. PLS3 binding partners identified by mass spectrometry. Co-IP with Flag 

antibody was performed using protein lysate from stably expressing Flag/His-PLS3 HEK293T 

cell line in RSB-100 lysis buffer and washing with high salt containing buffer (500 mM NaCl). 

The list below shows the proteins that were only present in PLS3 Co-IP versus negative 

control. 

 
Number Accession Description  Score Coverage Peptides 

number 

1 P42704 Plastin 3 6464.66 76.0 105 

2 Q9NYL9 Tropomodulin-3 227.26 21.5 5 

3 P52907 CAPZA1 169.97 22.0 4 

4 Q9ULV4 Coronin-1C 164.23 8.0 3 

5 Q8NBE8 Kelch-like protein 23 131.08 7.1 3 

6 E9PLJ3 Cofilin 116.27 79.3 3 

7 B1AK86 CAPZB 103.19 11.1 2 

8 A2A418 Gelsolin 79.17 5.6 2 

9 C9J0E9 PSMD6 79.06 11.6 2 

10 A3KPC7 Histone H2A 77.8 21.8 2 

12 E9PBS1 PAICS 71.9 8.7 2 

13 P62304 SNRPE 69.88 39.1 2 

14 Q6FGH5 RPS21 93.01 13.2 2 

15 O60814 Histone H2B 88.45 19.0 2 
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