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CHPI reduction ameliorates spinal muscular
atrophy pathology by restoring calcineurin
activity and endocytosis

Eva Janzen,' Natalia Mendoza-Ferreira,' Seyyedmohsen Hosseinibarkooie,’'

Svenja Schneider,I Kristina Hupperich,I Theresa Tschanz,I Vanessa Gr'ysko,I
Markus Riessland,"2 Matthias Hammerschmidt,3’4 Frank Rigo,5 C. Frank Bennett,’
Min Jeong Kye,' Laura Torres-Benito' and Brunhilde Wirth'®

Autosomal recessive spinal muscular atrophy (SMA), the leading genetic cause of infant lethality, is caused by homozygous loss of
the survival motor neuron 1 (SMN1) gene. SMA disease severity inversely correlates with the number of SMN2 copies, which in
contrast to SMN1, mainly produce aberrantly spliced transcripts. Recently, the first SMA therapy based on antisense oligonucleo-
tides correcting SMIN2 splicing, namely SPINRAZA™, has been approved. Nevertheless, in type I SMA-affected individuals—
representing 60% of SMA patients—the elevated SMN level may still be insufficient to restore motor neuron function lifelong.
Plastin 3 (PLS3) and neurocalcin delta (NCALD) are two SMN-independent protective modifiers identified in humans and proved
to be effective across various SMA animal models. Both PLS3 overexpression and NCALD downregulation protect against SMA
by restoring impaired endocytosis; however, the exact mechanism of this protection is largely unknown. Here, we identified
calcineurin-like EF-hand protein 1 (CHP1) as a novel PLS3 interacting protein using a yeast-two-hybrid screen. Co-immunopre-
cipitation and pull-down assays confirmed a direct interaction between CHP1 and PLS3. Although CHP1 is ubiquitously present, it
is particularly abundant in the central nervous system and at SMA-relevant sites including motor neuron growth cones and
neuromuscular junctions. Strikingly, we found elevated CHP1 levels in SMA mice. Congruently, CHP1 downregulation restored
impaired axonal growth in Sm#n-depleted NSC34 motor neuron-like cells, SMA zebrafish and primary murine SMA motor neurons.
Most importantly, subcutaneous injection of low-dose SMN antisense oligonucleotide in pre-symptomatic mice doubled the sur-
vival rate of severely-affected SMA mice, while additional CHP1 reduction by genetic modification prolonged survival further by
1.6-fold. Moreover, CHP1 reduction further ameliorated SMA disease hallmarks including electrophysiological defects, smaller
neuromuscular junction size, impaired maturity of neuromuscular junctions and smaller muscle fibre size compared to low-dose
SMN antisense oligonucleotide alone. In NSC34 cells, Chp1 knockdown tripled macropinocytosis whereas clathrin-mediated
endocytosis remained unaffected. Importantly, Chp1 knockdown restored macropinocytosis in Smn-depleted cells by elevating
calcineurin phosphatase activity. CHP1 is an inhibitor of calcineurin, which collectively dephosphorylates proteins involved in
endocytosis, and is therefore crucial in synaptic vesicle endocytosis. Indeed, we found marked hyperphosphorylation of dynamin 1
in SMA motor neurons, which was restored to control level by the heterozygous Chp1 mutant allele. Taken together, we show that
CHP1 is a novel SMA modifier that directly interacts with PLS3, and that CHP1 reduction ameliorates SMA pathology by
counteracting impaired endocytosis. Most importantly, we demonstrate that CHP1 reduction is a promising SMN-independent
therapeutic target for a combinatorial SMA therapy.
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Introduction

Spinal muscular atrophy (SMA) is a devastating, common
autosomal-recessive disorder with an incidence of 1 in 6000-
10000 and a carrier frequency of 1 in 35 in the European
population and 1 in 54 worldwide (Feldkotter et al., 2002;
Sugarman et al., 2012). SMA is mainly considered a motor
neuron disorder since the disease hallmark is motor neuron
loss in the anterior horns of the spinal cord leading to pro-
gressive muscle weakness and atrophy (Lunn and Wang,
2008). Strikingly, numerous studies in severely-affected
SMA individuals and mice have shown additional non-neur-
onal organ impairments including heart, lung, intestine, pan-
creas, liver and bones. Therefore, SMA—at least in its
severest form—should rather be considered a multi-systemic
disorder (Hamilton and Gillingwater, 2013; Schreml et al.,
2013; Shababi et al., 2014).

Homozygous deletions or mutations in the survival motor
neuron 1 (SMNT1) gene and insufficient functional SMN pro-
tein produced by the SMN2 copy gene cause SMA (Lefebvre
et al., 1995). SMIN2 transcripts mainly lack exon 7 due to a
translational silent variant disrupting an exonic splice enhan-
cer creating a new splice silencer (Lorson et al, 1999;
Cartegni and Krainer, 2002; Kashima and Manley, 2003;
Cartegni et al., 2006). However, 10% of SMN2 transcripts
are correctly spliced and produce full-length protein identical
to the one generated by SMN1. Consequently, in contrast to
healthy individuals, all SMA individuals carry no functional
SMN1, while the SMN2 copy number inversely correlates
with SMA severity (Feldkotter et al., 2002; Wirth et al.,
2006). SMA1 (MIM: 253300) is the most severe and
common form of the disease. These patients usually carry
two SMN2 copies, are never able to sit or walk unaided,
and die within the first 2 years of life. SMA2 (MIM:
253550) is an intermediate SMA form; patients usually
carry three SMIN2 copies and are able to sit but unable to
walk. SMA3 (MIM: 253400) is considered a mild SMA
form, patients typically have three to four SMN2 copies
and are able to sit and walk but often become wheelchair-

bound later in life. SMA4 (MIM: 271150) is the adult form;
affected individuals carry four to six SMN2 copies, and mild
motor disabilities start at >30 years of age (Lunn and
Wang, 2008).

SMN is a housekeeping protein with essential functions
in various cellular processes including snRNP biogenesis
and splicing, microRNA biogenesis, transcription, and
translation (Liu et al., 1997; Pellizzoni et al., 1998;
Mourelatos et al., 2002; Akten et al., 2011). This essential
role of SMN in all cell types explains the dysfunction of
almost every organ in the severe forms of SMA. However,
why motor neurons are particularly sensitive to reduced
SMN levels and whether SMN displays a motor neuron
specific function remains largely unknown.

Importantly, although various SMA modifiers have been
identified by diverse screens in SMA animal models (Wirth
et al., 2017), plastin 3 (PLS3) overexpression and neurocalcin
delta (NCALD) downregulation are the only human genetic
protective modifiers of SMA, besides SMN2 (Oprea et al.,
2008; Riessland et al., 2017). Overexpression of the actin
binding and bundling protein PLS3, as well as downregula-
tion of the neuronal calcium sensor protein NCALD, protect
individuals carrying a homozygous deletion of SMN1 and
only three or four SMN2 copies, a genotypic combination
usually causing SMA2 to SMA4. The protective effect of
PLS3 overexpression and NCALD downregulation on the
SMA phenotype has been demonstrated in various in vitro
and in vivo SMA models, including mice, zebrafish, flies and
nematodes (Oprea et al., 2008; Dimitriadi et al., 2010; Hao le
et al., 2012; Ackermann et al., 2013; Hosseinibarkooie et al.,
2016; Kaifer et al., 2017; Riessland ez al., 2017). Remarkably,
the identification of PLS3 upregulation and NCALD reduc-
tion as SMA modifiers unveiled endocytosis, a process par-
ticularly important at neuromuscular junctions, as a key
cellular mechanism impaired in SMA (Dimitriadi et al.,
2016; Hosseinibarkooie et al., 2016; Riessland et al., 2017).

Although the effect of PLS3-mediated protection has been
widely studied, the molecular mechanism remains elusive. To
unveil the mechanism behind the rescuing effect, we aimed
to identify novel PLS3 interacting partners that could be
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used to modify the disease phenotype and as potential thera-
peutic targets.

Here, we report the identification of calcineurin-like EF-
hand protein 1 (CHP1) as a direct interacting partner of
PLS3, show its protective effect in various in vitro and
in vivo SMA models when it is downregulated, and
unveil the molecular mechanism of protection underlying
improved endocytosis. Most importantly, our study opens
a new possibility for a combinatorial SMA therapy.

Material and methods

Yeast-two-hybrid screen

Full-length human PLS3 ¢DNA (NM 005032.6) was
cloned into the PBTGY vector and used in a yeast-two-
hybrid screen. Adult brain ¢cDNA library (Clontech) was
used as prey.

Co-immunoprecipitation and
pull-down assay

For  co-immunoprecipitation (Co-IP) experiments,
HEK293T cells were co-transfected with Flag-His-PLS3
and CHP1-GFP expressing vectors. Cells were lysed in
the respective immunoprecipitation lysis buffer, incubated
with GFP-MicroBeads (Miltenyi Biotec) and added to the
p-columns. The p-columns were washed with immunopre-
cipitation lysis buffer containing different Ca®* concentra-
tions (0, 0.1, 0.2, 0.3, 0.6mM Ca**) and proteins were
eluted with Laemmli buffer.

For pull-down assays, recombinant GST-CHP1 bound to
the Glutathione HiCap Matrix (Qiagen) was incubated
with His-PLS3 in pull-down buffer. After matrix washing,
bound proteins were eluted with Laemmli buffer.

A detailed protocol is provided in the Supplementary
material.

Immunostaining and western blotting

Immunofluorescent staining of cells and protein quantifica-
tion by western blotting were performed according to stand-
ard protocols. A detailed description of antibodies used and
respective dilutions are listed in the Supplementary material.

Short interfering RNA-mediated
RNA silencing

For short interfering (si)RNA experiments, NSC34
(CLU140) cells were transfected with DharmaFECT 1
(ThermoFisher) according to the manufacturer’s protocol.
All siRNAs were purchased from Qiagen. SiRNA sequences:
mmu-Smn: 5-AAGAAGGAAAGTGCTCACATA-3'; mmu-
Chpl  5-TTICTTGCTTTCTAGTATTTAA-3'.  AllStars
Negative Control siRNA was used as control. Cells were
harvested for protein isolation, fluorescence-activated cell

BRAIN 2018: 141; 2343-2361 | 2345

sorting (FACS) or imaging, 48-72h post-transfection. All
experiments were performed in triplicate. Differentiation
was induced with 1uM retinoic acid 6 h post-transfection.

Calcineurin cellular activity assay

Cellular calcineurin phosphatase activity was measured
using a complete colorimetric assay (Enzo). The assay
was performed according to the manufacturer’s protocol.

Endocytosis assay

NSC34 cells were starved for 2h by serum depletion and
incubated with 5 mg/ml fluorescein-isothiocyanate (FITC)-
dextran (46945, Sigma) or 5pg/ml transferrin (T13342,
Invitrogen) during indicated time periods at 37°C.
Subsequently, cells were washed with ice-cold phosphate-
buffered saline (PBS), trypsinized (Trypsin, Sigma) and
washed with PBS 1% bovine serum albumin (BSA).
Fluorescence intensity was measured with FACSCalibur™
(BD Biosciences) and analysed with Cyflogic software
(CyFlo Ltd.). Dead cells were excluded by propidium
iodide staining (10 mg/ml, AppliChem). For inhibition stu-
dies, cells were treated for 30 min with 80 uM Dynasore
(Abcam) or 10 uM cyclosporin A (Sigma) and subsequently
incubated for 20 min with FITC-dextran.

Zebrafish experiments

Caudal primary motor neurons were analysed using the
transgenic zebrafish line tg(mnx1-GEP)™?"C (Synonym TL/
EK-hb9-GFP; Flanagan-Steet et al., 2005). All procedures
were approved by LANUV NRW (reference number: 84-
02.04.2012.A251). Morpholinos (MO) were purchased
from GeneTools. smn-MO: 5'-CGACATCTTCTGCACCAT
TGGC-3', chp1-MO: 5'-CTGGAGCCCATGACTGCTGA
AGATC-3. Embryos at the 1-4-cell stage were injected
into the yolk sac with 2ng of chpl or smn morpholino
separately or in combination and incubated at 28°C. To
sort positively-injected eggs ~7h post-fertilization (hpf),
morpholinos were diluted in aqueous solution containing
0.05% Phenol Red and 0.05% rhodamine-dextran (Sigma).
Zebrafish larvae were dechorionized ~34 hpf, fixed in 4%
paraformaldehyde (PFA), permeabilized with 10 ug/ml pro-
teinase K and blocked in PBS 0.1% Tween-20/1% DMSO
(Sigma)/2% BSA/5% foetal calf serum. Embryos exhibiting
morphological defects were excluded from
(Supplementary Fig. 3). To visualize motor axons, fish
were stained with anti-Znp1 antibody and secondary o-
Alexa Fluor® 488. For imaging, fish were laterally embedded
in low-melting agarose slides. The first 10 motor axons after
the yolk sac were quantified. Based on overall appearance,
motor neurons were classified as: normal, short (truncated
axonal projection) or atrophy (absent axonal projection)
(Riessland et al., 2017).

analyses
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Mouse experiments

All mouse experiments were approved by LANUV NRW
(reference number: 84-02.04.2014.A242). Taiwanese SMA
mice [FVB.Cg-Tg(SMN2)2Hung Smnltm1Hung/], Stock
Number 005058] (Hsieh-Li et al., 2000) were purchased
from Jackson Laboratory. Vacillator mice (B6.Cg-
CHP1vac) (Liu et al., 2013) were provided by Susan L.
Ackerman, Howard Hughes Medical Institute and
Jackson Laboratory, Bar Harbor, Maine. All mouse lines
were backcrossed for seven generations to obtain a con-
genic CS7BL/6 N background. Heterozygous Chpl"*!
kot mice to generate
Smn*"; Chp1v*“"* mice. To obtain all required genotypes
within one breeding, we crossed Smn****; Chp1"*“** with
Smn*o"t; SMN2'¢"¢ mice (Fig. 4C). Genotyping for Smnl,
SMN2 and Chp1 was performed as described (Ackermann
et al., 2013; Liu et al., 2013).

mice were crossed with Smn

Antisense oligonucleotide injection of
mice

The offspring of the F1-generation (Fig. 4C) was subcuta-
neously injected with 30 pg of SMN antisense oligonucleo-
tides (ASOs) (IONIS Pharmaceuticals) at postnatal Days 2
and 3 as described (Hua et al., 2011; Hosseinibarkooie
et al., 2016).

Experimental design

According to the ARRIVE guidelines, all offspring of each
litter were prior to SMN-ASO injection and processing
randomized numbered by an independent person. The ex-
perimenter was blinded regarding genotypes of the mice at
all steps until final statistical analysis. All experiments were
performed at least in triplicates and blinded by randomized
numbering by an independent person. To avoid pseudo-
replication the mean value per animal and experiment
was applied for statistical analysis.

Motoric tests

The righting reflex test was performed as previously
described (El-Khodor et al., 2008). Animals were tested
between postnatal Days 3 and 12. Righting time scores
were evaluated as following: 1=0-2s; 2=3-4s; 3=5-
6s;4=7-8s; 5=9-10s; 6 = >10s.

Motor coordination of vacillator mice was assessed
using the beam-walking assay as previously described
(Stanley et al., 2005). After a short training period
using a ruler (60cm long, 3cm wide, 30cm elevated),
three trials were performed for each mouse (50cm
long, 8 mm diameter, 30 cm elevated). The time to cross
the beam was measured.
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Compound muscle action potential
and motor unit number estimation

Compound muscle action potential (CMAP) and motor
unit number estimation (MUNE) were recorded as
described (Arnold et al., 2015; Bogdanik et al., 2015).
Mice were anaesthetized with inhaled isofluorane (5% in-
duction, 1.5-2% maintenance and 11/min O, flow rate).
Body temperature was maintained at 37°C with a thermo-
static warming plate. Sciatic CMAP responses were re-
corded from the right hind limb using sensory needle
electrodes (28 gauge, recording area active 2.0 mm?). For
recording, the active (E1) electrode was positioned subcuta-
neously at the proximal portion of the gastrocnemius
muscle of the hind limb, at the knee joint. The reference
electrode (E2) was placed at the metatarsal region of the
foot of the same limb. For sciatic nerve stimulation at the
proximal hind limb, two insulated 28 gauge (0.25 mm
diameter) monopolar needle electrodes were placed sub-
cutaneously over the sacrum (anode) and the sciatic notch
(cathode). The sciatic nerve was stimulated with square-
wave pulses of 0.1 ms duration and <10 mA intensity,
until the responding amplitude no longer increased. Five
repetitive  CMAP responses were recorded for each
mouse. The peak-to-peak amplitude of the CMAPs was
measured (UltraPro S100, Natus Neurology). For MUNE,
the initial incremental response and nine additional incre-
ments were recorded. MUNE was calculated as described

(Arnold et al., 2015).

Neuromuscular junction staining and
quantification of size and maturity

Transversus abdominalis muscle was fixed for 20 min in 4%
PFA and stained as described in standard immunohistochem-
istry protocols. The following primary antibodies were used:
anti-SV2 and anti-NF-M for presynaptic and bungarotoxin
Alexa Fluor® 555 for postsynaptic neuromuscular junction
(NM]J) labelling. Quantification of NM] size and maturity
was performed using Image] (Riessland et al., 2017). NM]J
maturity was evaluated as followed: NMJs exhibiting >3
perforations were evaluated as mature, NM]Js with <3 per-
forations as immature (Bogdanik et al., 2015).

Quantification of proprioceptive
inputs

Sample preparation and analysis of proprioceptive inputs
number per motor neuron soma was performed as previ-
ously described (Hosseinibarkooie et al., 2016). The
lumbar L4-L5 region of the spinal cord was used for quan-
tifications. Primary anti-CHAT and anti-VGLUT1 antibo-
dies and secondary Alexa Fluor® conjugated antibodies
were used. Z-stacks of 30-50 slices (0.5 um interval) were
acquired. Proprioceptive inputs number and soma surface
size were quantified using Image].
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Histology

Organ preparation and haematoxylin and eosin staining of
paraffin sections of intestine and tibialis anterior muscle
were performed as previously described (Ackermann
et al., 2013). Muscle fibre area was measured using ZEN
software (Zeiss). For histological analysis of the cerebellum,
anaesthetized mice (ketamine/xylazine: 0.1ml/10g) were
fixed by transcardial perfusion with 4% PFA. Brains were
incubated overnight in 4% PFA at 4°C and processed as
described in standard protocols for paraffin sectioning. For
colorimetric calbindin D-28 detection, anti-calbindin-D-28k
antibody was used. Immunohistological stainings were per-
formed as described in Storbeck ez al. (2014) using an ABC
kit (Vector Laboratories).

Primary cultures of motor neurons,
hippocampal neurons and murine
embryonic fibroblasts

Spinal cords and hippocampi were dissected from embryonic
Day 12.5-13.5 and 16-18 mouse embryos, respectively, and
processed for culture as previously described (Riessland
et al., 2017). Motor neurons and hippocampal neurons
were plated on poly-p-lysine/laminin (Sigma, Invitrogen)
and poly-p-lysine coated coverslips/plates, respectively.
Neuronal culture medium was composed of Neurobasal®
medium, B27 supplement, 2mM 1-glutamine, Pen/Strep
(10U/ml), and Amphotericin B (250 ug/ml) (Invitrogen).
For motor neuron culture, Neurobasal® medium was sup-
plemented with 2% horse serum, 10 ng/ml BDNF, 10 ng/ml
GNTF, and 10ng/ml CNTF (Peprotech). Primary murine
embryonic fibroblasts (MEFs) were prepared from embry-
onic Day 12.5-13.5 animals as previously described
(Ackermann et al., 2013). Cells were grown under standard
cell culture conditions (37°C, 5% CO,).

Microscopy

Fluorescence images were acquired with a fully motorized
fluorescence microscope Axiolmager M2 (Zeiss) equipped
with an ApoTome.2 system mimicking confocality (Zeiss).
Zebrafish caudal primary motor neurons, as well as NM]Js,
spinal cord sections and MEF images were acquired as z-
stacks. All quantitative measurements were performed using
ZEN software (Zeiss) and Image]. For co-localization analysis
the Pearson co-localization coefficient was determined using
Image] with the plugin JACoP (Bolte and Cordelieres, 2006).

Statistical analysis

All statistical analyses were performed using the software
programs Excel2013 (Microsoft), GraphPad Prism 6 and
RStudio 1.1.442. Unpaired and paired two-tailed
Student’s #-test, for equal, and Welch’s t-test, for unequal
variances, were used for the comparison of two means. For
multiple comparisons Holm correction was applied. Chi-
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square test was applied to compare frequencies of zebrafish
motor axon categories. If not mentioned, all data are rep-
resented as mean =+ standard error of the mean/standard
deviation (SEM/SD). Mice survival was graphically repre-
sented by the Kaplan-Meier method and analysed applying
log-rank test and exact Wilcoxon Rank test. Three levels of
statistical ~ significance  were considered: *P < 0.05,
**P < 0.01, and ***P < 0.001. Sample size for survival
analysis was predetermined by Power analysis using G*
Power 3.1 software. Exact P-values are listed in the
Supplementary material. Note that N = number of indivi-
duals used, whereas 7 = number of replicates/similar objects
tested in one and the same individual.

Results

CHPI directly interacts with PLS3

To unveil the molecular pathomechanisms by which PLS3
acts as a protective SMA modifier, we searched for novel
PLS3 interacting partners applying a yeast two-hybrid
screen using human PLS3 as bait and a brain ¢cDNA library
as prey. CHP1 was the only identified interacting partner of
PLS3 (Supplementary Fig. 1). To validate this result, we con-
ducted detailed interaction studies of PLS3 and CHP1.
HEK293T cells were co-transfected with CHP1-GFP and
His-PLS3 expressing plasmids and co-immunoprecipitation
studies were performed in the absence or presence of Ca®*.
Thereby, we proved that CHP1 and PLS3 are co-precipitating
independently of Ca®* (Fig. 1A). Furthermore, pull-down
assays revealed that GST-CHP1 and His-PLS3 are directly
interacting (Fig. 1B). Moreover, immunofluorescence analyses
of MEFs isolated from PLS3-V5 overexpressing embryos
(Ackermann et al., 2013) showed that CHP1 and PLS3
strongly co-localize in filopodia (Fig. 1C). In congruence,
the calculated correlation coefficient indicated a high linear
correlation between PLS3 and CHP1 (Costes-adjusted
Pearson coefficient 0.77). Together, these data support the
fact that CHP1 is a novel direct interacting partner of PLS3.

CHPI is highly abundant in neuronal
tissue and elevated in SMA

The difference between expression patterns of two previ-
ously-identified SMA modifiers PLS3 (ubiquitously present)
and NCALD (mainly restricted to neuronal tissues) ex-
plains the broader and stronger beneficial effect of PLS3
overexpression than NCALD reduction on the SMA pheno-
type (Hosseinibarkooie et al., 2016; Riessland et al., 2017).
Therefore, we investigated CHP1 levels in various tissues
from wild-type mice. CHP1 was present in all tested tissues,
but was particularly abundant in neuronal tissues, includ-
ing hippocampus, cortex, cerebellum and spinal cord (Fig.
2A). Next, we investigated the localization of CHP1 in
motor neurons and NMJs by immunostaining. CHP1
showed a broad localization throughout the motor
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Figure | PLS3 and CHPI are directly interacting. (A) Western blots of co-immunoprecipitation experiments show that CHP| and PLS3
interact independently of Ca?*. HEK293T were transiently co-transfected with CHP1-GFP and Flag-His-PLS3. Co-immunoprecipitation with GFP
affinity microbeads revealed that CHP| and PLS3 co-precipitate in the absence (addition of EGTA to the cell lysates) and presence of different
Ca®* concentrations. Input: total HEK293T cell lysates. PLS3 staining upper band: Flag-His-PLS3, lower band: endogenous PLS3. (B) Western blot
of pull-down assay of purified GST-CHPI (49 kDa) and His-PLS3 show that CHPI and PLS3 directly interact. Input: purified His-PLS3 protein.

Negative control |: GST-CAPZAI (59 kDa). Negative control 2: GST-CAPZB (58 kDa). Positive control: GST-hnRNPAI (61 kDa) (Janzen, 2013).
Numbers in blot: | = GST-CAPZALI; 2 = GST-CAPZB; and 3 = GST-hnRNPAI. (C) Co-localization analysis of CHP| and PLS3V5 in HET-PLS3V5%€"¢
transgenic MEFs. CHPI and PLS3V5 co-localize in filopodia. ®-CHPI antibody (red), a-V5 antibody (green) for PLS3, phalloidin (magenta, for F-
actin) and Hoechst (blue, for nuclei). Scale bars = 20 im, left, inset magnifications = 5 um. HET = heterozygous SMA (Smn***%; SMN2'¢/°),

neuron soma with the majority of CHP1 abundant in axon
and growth cone (Fig. 2B, magnifications). For CHP1 lo-
calization analysis in NMJs, the transversus abdominis
muscle, one of the most affected muscles in SMA
(Murray et al., 2008), was tested. A strong CHP1 localiza-
tion along the axon and in the synapse at the NM]J was
observed (Fig. 2C). Interestingly, CHP1, PLS3 and SMN
display developmentally-related levels in spinal cord.
SMN was highly abundant in mice at postnatal Days 7
and 14, and decreased over time, whereas the levels of
both, CHP1 and PLS3, strongly increased between postna-
tal Days 7 and 14 (Fig. 2D and Supplementary Fig. 2).
Strikingly, CHP1 level was elevated in spinal cord and
brain of severely affected SMA (Sn2*°’%°; SMN2¢") mice
as compared to asymptomatic heterozygous SMA (HET)
(Smn*o"t; SMN2%°) mice used as controls (Fig. 2E and
F), in contrast to no difference in PLS3 levels
(Ackermann et al., 2013). In summary, we confirmed the
ubiquitous presence of CHP1, and showed that CHP1 is

particularly abundant in neuronal tissues and at SMA rele-
vant sites including motor neuron soma and growth cone,
and in the synapse of the NM]J. Furthermore, we demon-
strate elevated CHP1 levels in severe SMA mice.

CHPI reduction ameliorates SMA
axonal outgrowth defects in vitro and
in vivo

The SMA phenotype is mainly characterized by degener-
ation of motor neurons in anterior horns of the spinal
cord, leading to progressive denervation and atrophy of
skeletal muscles. Previous studies in NSC34 motor
neuron-like cells showed a reduced neurite length upon
Smn depletion (Nolle et al., 2011). Since CHP1 is elevated
in SMA, we next investigated whether Chp1 knockdown
can restore aberrant neurite outgrowth in Smn-depleted
cells. Therefore, we differentiated NSC34 cells with retinoic
acid for 72h and measured the neurite length in the
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(Smn*°™°; SMN2¢%) mice at postnatal Day 10 (N = 3). *P < 0.05, unpaired two-tailed Student’s t-test. Error bars represent SEM.
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different knockdown conditions. Knockdown efficiency was
confirmed by western blotting (Fig. 3A). Consistent with
previous results, a significant decreased neurite length in
Smn-depleted cells was observed, which was fully restored
to control levels by Chpl knockdown (Fig. 3B). Instead,
overexpression of CHP1-GFP resulted in shorter neurites
(Supplementary Fig. 4A), strengthening the hypothesis,
that CHP1 levels influence neurite outgrowth. In line with
this, we observed increased motor neuron axon length in
Chpl mutant mice, presenting very low CHP1 amounts
(Supplementary Fig. 4B).

Next, we investigated the effect of Chpl suppression
in vivo in zebrafish. Human CHP1 and its zebrafish ortho-
logue are 90% identical. Moreover, Chpl is highly abun-
dant in primary motor neurons (Supplementary Fig. 4C).
Hence, we performed a morpholino (MO)-mediated knock-
down of either smn or chpl, or both in zebrafish embryos.
Knockdown efficiency was confirmed by western blotting
(Fig. 3D). The specificity of both morpholinos has been
previously proven by rescue experiments with wild-type
SMN or wild-type CHP1 mRNA (McWhorter et al.,
2003; Mendoza-Ferreira et al., 2018). In line with earlier
studies, smn depletion resulted in motor axon outgrowth
defects and altered axon morphology (Fig. 3C)
(McWhorter et al., 2003). Importantly, combined smn
and c¢hpl depletion significantly ameliorated motor axon
outgrowth defects (Fig. 3C and E). Thus, we demonstrate
that CHP1 reduction not only ameliorates the axonal
phenotype of SMA in vitro but also in vivo in an SMA
zebrafish model.

CHPI reduction ameliorates the
SMA phenotype in mice

Next, we analysed the influence of CHP1 reduction in a
severe and intermediate SMA mouse model. The intermedi-
ate mouse model was generated by injection of low-dose
SMN-ASO into a severe SMA mouse model on C57BL/6N
background (Hosseinibarkooie et al., 2016). Additionally,
we used a genetically modified Chp1-deficient mouse model
(named ‘vacillator’), carrying a splice site mutation (Liu
et al., 2013). Homozygous Chpl (Chp1"*’¥*¢) mice
hardly show any CHP1 protein, whereas heterozygous
(Chp1"*“"“") mice show a ~50% reduction of CHP1 in
spinal cord, primary motor neurons and cerebellum
(Fig. 4A, B and Supplementary Fig. 5A). Homozygous
Chp1***¢ mice or biallelic mutated individuals develope
autosomal recessive inherited cerebellar ataxia; instead in-
dividuals with heterozygous CHP1 mutation or heterozy-
gous Chp1**' mice are asymptomatic (Liu et al., 2013;
Mendoza-Ferreira et al., 2018). Chp1"“*“** mice show nei-
ther an ataxic gait nor Purkinje cell loss (Supplementary
Fig. 5B and C). To generate SMA mice carrying a hetero-
zygous Chpl mutation, we applied the depicted breeding
strategy (Fig. 4C). Our previous studies showed that neither
transgenic PLS3 overexpression nor heterozygous Ncald
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knockout in a severely-affected SMA mouse model pro-
longed survival due to the massive multi-organ dysfunc-
tions of dramatically reduced SMN level; similar results
were obtained for CHP1 (Fig. 4D and E). Instead, slightly
increased SMN levels by injecting low-dose SMN-ASOs
provided an adequate intermediate SMA phenotype
(Hosseinibarkooie et al., 2016; Riessland et al., 2017).
Pre-symptomatic  subcutaneous injection of low-dose
SMN-ASO at postnatal Days 2 and 3 prolonged median
survival from 16 days to 26 days (Fig. 4D and E) by ame-
liorating inner organ impairment (Supplementary Fig. 6B).
Low-dose SMN-ASO injection elevated SMN levels in liver
but not in spinal cord (Fig. 4F) and CHP1 reduction did
not influence SMN-ASO activity (Supplementary Fig. 6A).
Remarkably, additional CHP1 reduction in SMA-
Chp1***'+ ASO mice further significantly prolonged
median survival form 26 days to 29 days, while mean sur-
vival was prolonged from 31.15 + 15 to 51.95 £ 39 days
(Fig. 4D and E). Moreover, weight progression analysis
demonstrated a trend towards increased body weight of
SMA-Chp1“*** 4+ ASO mice (Fig. 4G). Previous studies re-
ported a decreased CMAP as well as a reduced MUNE in
SMA (Arnold et al., 2015; Bogdanik et al, 2015).
Symptomatic SMA + ASO-treated mice showed a strongly
reduced CMAP response and a diminished MUNE at post-
natal Day 21, which were both ameliorated upon CHP1
reduction (Fig. 4H and I). Pre-symptomatic testing of the
motoric abilities by righting reflex test—a test sensitive in
non-treated severe SMA mice up to 2 weeks (El-Khodor
et al., 2008)—did not reveal any difference between geno-
types (Supplementary Fig. 6C). Taken together, we show
that CHP1 reduction not only prolongs survival of low-
dose SMN-ASO-injected severe SMA mice but also ameli-
orates electrophysiological defects found in SMA.

CHPI reduction restores axonal out-
growth, neuromuscular junction size
and maturation in SMA mice

Finally, we tested the influence of reduced CHP1 levels on
well-described hallmarks of SMA pathology in mice,
including defects in axonal outgrowth, proprioceptive
inputs on motor neuron soma, NM] size and maturation
as well as muscle fibre size (Kariya e al., 2008; Murray
et al., 2008; Kong et al., 2009; Mentis et al, 2011;
Bogdanik et al., 2015).

Immunostainings of primary motor neuron cultures
showed a significantly shorter axon length in SMA com-
pared to HET motor neurons at Day § in vitro, which was
fully restored by heterozygous Chpl mutation (Fig. SA)
and thus comparable to our previous results in Smn-
depleted NSC34 cells and zebrafish (Fig. 3B and E).
Next, we quantified the motor neuron surface area and
number of proprioceptive inputs per motor neuron in
spinal cord (L4-5) cross sections of SMN-ASO-injected
mice at postnatal Day 21. SMA + ASO mice displayed a
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reduced motor neuron area and reduced number of pro-
prioceptive inputs per motor neuron compared to controls.
Importantly, additional CHP1 reduction improved both
motor neuron area and proprioceptive input number (Fig.
5B). Moreover, we found in transversus abdominis muscle
increased NM]J size and restored NM]J maturity by add-
itional CHP1 reduction in SMA-Chp1v*“** 1+ ASO mice
compared to SMA + ASO mice alone (Fig. 5C). However,
heterozygous Chpl mutation had no significant influence
on mean muscle fibre size, but showed a clear trend to-
wards a reduced number of small-sized muscle fibres
(<300um?) and an increased number of medium-sized
muscle fibres (300500 pum?) in SMA-Chp1“*““* + ASO
versus SMA + ASO mice at postnatal Day 21 (Fig. 5D).
In summary, these findings demonstrate that CHP1 reduc-
tion has a beneficial effect on well-characterized hallmarks
of SMA, providing compelling evidence for CHP1 reduc-
tion to be a novel SMA protective modifier.

CHPI downregulation rescues dyna-
min- and calcineurin-dependent
impaired endocytosis in SMA

Since our data indicate that CHP1 is a modifier for SMA,
we aimed to unveil the molecular mechanism behind the
ameliorating effect. In recent studies, we showed that endo-
cytosis is impaired and the Ca®* influx is reduced in SMA.
Interestingly, both modifiers, PLS3 overexpression and
NCALD reduction, rescued decreased endocytosis, indicat-
ing that endocytosis is one of the most important affected
pathways in SMA (Hosseinibarkooie et al., 2016; Riessland
et al., 2017).

CHP1 is a Ca®* binding protein involved in multiple
processes, including membrane trafficking (Barroso et al.,
1996), microtubule dynamics (Andrade et al., 2004), tran-
scription (Lin et al., 1999), pH homeostasis (Pang et al.,
2001; Liu et al., 2013) and apoptosis (Kuwahara et al.,
2003). Most importantly, CHP1 interacts with calcineurin
(CaN, PP2B), an important Ca®*/calmodulin-dependent
phosphatase and major regulator of essential proteins
required for presynaptic endocytosis (Baumgartel and
Mansuy, 2012). Overexpression of CHP1 in CCL39 fibro-
blasts leads to a 50% decrease of calcineurin phosphatase
activity (Lin et al., 1999); consequently, CHP1 is an en-
dogenous calcineurin inhibitor.

Figure 3 Continued
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Based on these findings, we hypothesized that CHP1 in-
fluences endocytosis via modulating calcineurin activity and
thereby counteracting SMA pathology. To ascertain the
impact of CHP1 reduction on endocytosis, we conducted
knockdown studies followed by endocytosis assays. Since
previous studies indicate that in SMA clathrin-independent
bulk endocytosis as well as clathrin-dependent endocytosis
are disturbed (Hosseinibarkooie et al., 2016; Riessland
et al., 2017), we performed specific endocytosis assays for
clathrin-independent macropinocytosis—formation of large
endocytic vacuoles in unstimulated cells resembling bulk
endocytosis in neurons—(FITC-dextran uptake) and cla-
thrin-dependent receptor-mediated endocytosis (transferrin
uptake) (Le Roy and Wrana, 2005). In neurons, bulk endo-
cytosis can be specifically monitored by large fluorescent
dextrans, which are too large to be accumulated in synaptic
vesicles (Holt et al., 2003; Clayton et al., 2008). To detect
large endocytic vacuoles formed by macropinocytosis,
FITC-dextran (70kDa) was considered as a suitable
marker. In NSC34 cells, siRNA-mediated knockdown of
Smn or Chpl or both was confirmed by western blotting
(Supplementary Fig. 7A and D). Indeed, Smn-depleted
NSC34 cells showed decreased FITC-dextran uptake,
whereas Chp1 knockdown resulted in an up to 3-fold in-
crease of FITC-dextran endocytosis compared to control
cells. Most interestingly, combined Sm7 and Chpl knock-
down restored impaired endocytic FITC-dextran uptake
compared to Smn-depleted cells (Fig. 6A and
Supplementary Fig. 7C). In contrast, Smn- and Chpl-
depleted cells showed no difference in clathrin-mediated
transferrin endocytosis compared to control cells, respect-
ively (Fig. 6B and Supplementary Fig. 7E).

To unveil the mechanism behind the increased macropi-
nocytosis upon Chpl knockdown, we treated Chpl-
depleted cells with inhibitors of major endocytic proteins.
When treating cells with Dynasore—an inhibitor of dyna-
min, a GTPase required for membrane fission during endo-
cytosis (Macia et al., 2006)—we observed a marked
reduction of endocytosis in control as well as in Chpl-
depleted cells (Fig. 6C and Supplementary Fig. 7G), sug-
gesting that the increased endocytosis in Chpl-depleted
cells is dynamin-dependent. Since CHP1 was reported to
regulate calcineurin, we investigated the effect of CHP1
during  endocytosis inhibited.
Therefore, we treated cells with the calcineurin inhibitor

when calcineurin  is

Student’s t-test and Holm correction for multiple comparison. Error bars represent SD. (C) Representative images of motor axons posterior to
the yolk globule of 34 hpf zebrafish embryos injected with the respective morpholinos (MOs) and labelled with a-Znp| antibody. Zebrafish
embryos were injected at the |4 cell stage with 2 ng chp/, smn morpholino, or both and further analysed 34 hpf. Motor axons of smn-depleted

fish show severe truncations (absent or shortened axons) and branching phenotypes, which are ameliorated upon co-injection with chp [
morpholino. Scale bar = 50 um. Solid arrowheads indicate truncated and absent axons, open arrowheads indicate terminal branching. (D)
Western blotting demonstrates the morpholino-mediated knockdown of smn and chp |, respectively. Actb = loading control. (E) Quantitative

analysis of caudal primary motor neurons shows that co-injection of smn and chp| morpholinos ameliorates the frequencies of reduced motor
axon length (absent or shortened axons) of smn morphants (n > |50 analysed motor axons). **P < 0.001, Chi-square test. n.s. = not significant.
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Figure 4 CHPI reduction additionally improves the phenotype of a low-dose SMN-ASO-injected severe SMA mouse model.
(A) Western blot analysis of CHPI level in spinal cord of vacillator mice at postnatal Day (P) 21. CHPI is reduced to <50% in spinal cord of
heterozygous (Chp ') and almost absent in homozygous (Chp I**“**) mice (N = 3—4). ACTB = loading control. *P < 0.05, unpaired two-tailed
Student’s t-test. Error bars represent SEM. (B) Western blot analysis of CHPI level in motor neurons derived from wild-type, Chp ! and
Chp 1" embryonic Day 12.5-13.5 embryos at in vitro Day 7. CHPI is reduced to 50% in primary motor neurons from Chp!"*’** and almost
absent in Chp**“*** embryos (N = 3). ACTB = loading control. **P < 0.01, **P < 0.001, unpaired two-tailed Student’s t-test. Error bars
represent SEM. (C) Breeding scheme to produce SMA, SMA-Chp **“**, HET and HET-Chp I**** mice in a congenic C57BL/6 N background. All
offspring were subcutaneously injected with 30 ;g SMN-ASO at postnatal Days 2 and 3. (D) Kaplan-Meier curves of uninjected and SMN-ASO-
injected mice show a significant prolongation of survival in SMA-Chp I + ASO versus SMA + ASO mice. No difference in lifespan was present
in SMA-ChpI"*“** compared to non-treated SMA mice (N = 19-21). (E) Median survival and interquartile range of SMA and SMA-Chp [
mice uninjected and low-dose SMN-ASO-injected. Median survival: SMA = 16 days, SMA-Chp "™ = |3 days, SMA + ASO = 26 days, SMA-
Chp 1" + ASO = 31 days. Mean survival & SD: SMA = 15.75 = 3 days, SMA-Chp |"*™*= 143 + 3 days, SMA + ASO = 31.15 = |5 days,
SMA-Chp 1'% + ASO = 51.95 & 39. *P < 0.05, **P < 0.001, log-rank (Mantel-Cox) test and exact Wilcoxon-Rank test. (F) Western blot
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cyclosporin A (Liu et al, 1991). Indeed, we found a
reduced endocytosis in Chp1-depleted cells upon cyclospor-
in A treatment (Fig. 6D and Supplementary Fig. 7I), sug-
gesting that the elevated endocytosis upon CHP1
knockdown is calcineurin activity-dependent. Chp1 knock-
down was not affected by treatment with Dynasore and
cyclosporin A (Supplementary Fig. 7F and H). In summary,
we show that CHP1 downregulation dramatically enhances
macropinocytosis but not clathrin-mediated endocytosis
and rescues impaired endocytosis in SMA. Furthermore,
these processes are dependent on dynamin and calcineurin
activity.

CHPI reduction increases calcineurin
activity counteracting dynamin |
hyperphosphorylation in SMA

To assess whether CHP1 reduction increases calcineurin activ-
ity and thereby induces endocytosis, we performed a specific
cellular calcineurin phosphatase activity assay to detect the
phosphorylation of the RII phosphopeptide—the most specific
substrate of calcineurin activity (Roberts et al, 2008).
Importantly, Chp1 depletion increased free phosphate, indicat-
ing an elevated calcineurin phosphatase activity (Fig. 7A). In
line with this, we detected decreased levels of phospho-dyna-
min 1 (pDNM1) in Chp1-depleted cells (Fig. 7B) as well as in
hippocampal neurons from vacillator mice (Supplementary Fig.
8B), proving that CHP1 downregulation results in increased
calcineurin phosphatase activity. Notably, the calcineurin level
itself did not change upon Chpl knockdown (Supplementary
Fig. 8A). Previous studies have reported a reduced Ca®* influx
(Riessland et al., 2017) as well as cyclin-dependent kinase 5
(CDKS) hyperactivity in SMA (Miller et al., 2015). CDKS
phosphorylates dynamin 1 (DNM1) (Tan et al, 2003).
Therefore, we assessed calcineurin activity as well as DNM1
phosphorylation in SMA. Indeed, Smn-depleted NSC34 cells
showed diminished calcineurin activity (Fig. 7C). Moreover,
Smn-depleted NSC34 cells (Fig. 7D) and motor neurons
from SMA mice (Fig. 7E) showed a robust increase of
pDNMI1. In congruence with our observations in NSC34
cells (Fig. 7A), CHP1 reduction in HET-Chp1***** motor neu-
rons resulted in decreased pDNM1 (Fig. 7E). Remarkably,

Figure 4 Continued
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downregulation of CHP1 reduced DNMT1 hyperphosphoryla-
tion in SMA motor neurons (Fig. 7E). Collectively, we show
DNMT1 is hyperphosphorylated in SMA motor neurons, which
could explain the reduced endocytosis in SMA. Furthermore,
we demonstrate that CHP1 reduction increases calcineurin ac-
tivity, which reduces DNM1 hyperphosphorylation in SMA
motor neurons.

Discussion

In summary, our main results demonstrate: (i) CHP1 dir-
ectly interacts with PLS3, a strong protective SMA modi-
fier; (i) CHP1 is ubiquitously present, but particularly
abundant in neuronal tissues and at SMA relevant sites,
including motor neuron soma and growth cones and pre-
synaptic NM] sites; (iii) CHP1 level is elevated in spinal
cord and brain of SMA mice; (iv) Chpl depletion rescues
reduced axonal outgrowth in various SMA models, includ-
ing Smmn-deficient NSC34 cells, zebrafish smn morphants
and mouse primary motor neurons; (v) CHP1 reduction
extends the lifespan and improves weight progression and
electrophysiological defects of a low-dose SMN-ASO-trea-
ted SMA mouse model; (vi) CHP1 downregulation im-
proves major SMA hallmarks in mice such as motor
neuron soma area, proprioceptive input number, NM]J
size and maturity, and muscle fibre size; (vii) Chp1 knock-
down rescues impaired macropinocytosis in Smn-deficient
NSC34 cells; and (viii) in SMA, DNM1 is hyperphosphory-
lated; CHP1 depletion facilitates calcineurin phosphatase
activity, which not only reduces DNM1 hyperphosphoryla-
tion but also counteracts impaired endocytosis in SMA.
Therapy studies of SMA1 individuals treated intra-
thecally with SPINRAZA™ (splice correction of SMN2)
or intravenously with SMN-AAVY (gene-replacement ther-
apy) show impressive improvements in motoric abilities
and survival (Finkel et al., 2016, 2017; Mendell et al.,
2017). Upon successful clinical trials, SPINRAZA™ has
recently been FDA- and EMA-approved for SMA therapy.
Although SMN-dependent therapy markedly improves
symptoms and increases survival, for SMA1 individuals,
carrying only two SMN2 copies (Finkel ef al., 2016,
2017), this approach may be insufficient and not curative.

analysis of liver and spinal cord lysates from uninjected and SMN-ASO-injected HET and SMA mice at postnatal Day 10. SMN levels were
increased in liver, but not in spinal cord of SMA mice after SMN-ASO injection. SMN-ASO injection did not significantly change CHPI levels in
spinal cord compared to uninjected animals. ACTB = loading control. *P < 0.05, **P < 0.0, **P < 0.001, unpaired two-tailed Student’s t-test.
Error bars represent SEM. (G) Weight progression of SMN-ASO-injected SMA and SMA-Chp I**“** mice in comparison to SMN-ASO-injected
HET and HET-Chp I "*“** mice. No significant difference but a trend of increased weight progression was observed between SMA + ASO and SMA-
Chp "™ + ASO mice From Day 9 on a significant difference between SMA + ASO and HET + ASO mice was observed (N = 20-30). *SMA
tested against HET mice, **P < 0.001, unpaired two-tailed Student’s t-test. Error bars represent SD. (H) Sciatic CMAP response in SMA + ASO
mice is markedly reduced as compared to HET + ASO mice, but significantly ameliorated by CHP| reduction. Representative sciatic CMAP
responses and quantification of SMN-ASO-injected mice at postnatal Day 21. The peak-to-peak amplitude was quantified (N = | [-I5). *P < 0.05,
*#P < 0.001, unpaired two-tailed Student’s t-test and Holm correction for multiple comparison. Error bars represent SD. (I) MUNE is markedly
reduced in SMA + ASO versus HET + ASO mice at postnatal Day 21. CHPI reduction significantly improves MUNE in SMA-Chp "™ mice
compared to SMA + ASO mice (N = 9—12). *P < 0.05, unpaired two-tailed Student’s t-test and Holm correction for multiple comparison. Error

bars represent SD.
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Figure 5 Heterozygous Chpl mutation improves axonal outgrowth, proprioceptive input number, and NM] size and maturity
in low-dose SMN-ASO-injected severe SMA mice. (A) Representative merged images and quantification of motor axon length of motor

neurons isolated from E12.5-13.5 embryos at 5 DIV. CHPI reduction (Chp
neurons derived from SMA mice show shorter motor axons, which were restored to HET levels by CHPI reduction (SMA-Chp

| vac/wt:

) alone has no effect on axonal outgrowth. In contrast, motor

I vac/wt:

). Motor

neurons were stained with TAU (white, for axon), HB9 (magenta, for motor neuron) and Hoechst (blue, for nuclei). Scale bar = 50 pm.

(continued)
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Thus, there is a need to identify additional pharmacological
interventions to further improve their disease course.
Therefore, a combinatorial treatment targeting SMN-de-
pendent and SMN-independent pathways might be more
promising (Wirth et al., 2015). Importantly, PLS3 overex-
pression and NCALD reduction have been identified as the
first SMN-independent modifiers of SMA (Oprea et al.,
2008; Riessland et al., 2017). In recent studies, not only
the stable overexpression of PLS3 but also the AAV9-
mediated delivery of PLS3 have been shown to extend the
lifespan of low-dose SMN-ASO-injected severe SMA mice
(Hosseinibarkooie et al., 2016; Kaifer et al., 2017). These
studies highlight the potential utility of combinatorial
therapeutics in SMA that target both SMN-dependent
and SMN-independent pathways.

To unveil the molecular mechanism behind the rescuing
effect of PLS3 and to find new disease modifiers, which
could be used as therapeutic targets, we screened for
novel PLS3-interacting partners. Hereby, we identified
CHP1 as a promising candidate that directly interacts
with PLS3. Remarkably, the CHP1 level was increased in
severely-affected SMA mice. Consequently, we postulated
that CHP1 reduction might be beneficial to counteract the
SMA phenotype. Indeed, analysis of low-dose SMN-ASO-
injected severely-affected SMA mice presenting reduced
CHP1 levels showed a significantly extended lifespan and
improvement of all well-characterized SMA hallmarks com-
pared to low-dose SMN-ASO-injected SMA mice alone.

Since CHP1 was reported to be a calcineurin inhibitor
(Lin et al., 1999), increased CHP1 levels most likely results
in decreased calcineurin activity in SMA. Calcineurin is a
Ca’*-calmodulin-dependent  phosphatase
involved in vesicle endocytosis in neuronal and non-neur-
onal secretory cells (Wu et al,, 2014). In detail, during
elevated neuronal activity calcineurin is activated by Ca®*
influx and dephosphorylates various dephosphins, includ-
ing DNM1 (Cousin and Robinson, 2001). DNM1 depho-
sphorylation stimulates a specific DNMT1-syndapin 1
interaction, which triggers activity-dependent  bulk

universally

Figure 5 Continued

E. Janzen et al.

endocytosis to massively increase synaptic vesicle endocyto-
sis (Clayton et al., 2009). Finally, after the scission of bulk
endosomes, DNM1 is rephosphorylated by CDK5 (Evans
and Cousin, 2007) and glycogen synthase kinase 3 (GSK3)
(Smillie and Cousin, 2012). Among all types of endocytosis,
bulk endocytosis is of particular importance in neurons as
it is the dominant mode during intense neuronal activity
(Clayton et al., 2008). Interestingly, increased CDKS activ-
ity was reported in both SMA mice and human SMA
induced pluripotent stem cell-derived motor neurons
(Miller et al., 2015). Consequently, the aberrant endocyto-
sis in SMA might be caused not only by decreased Ca”*
influx and disturbed F-actin levels (Hosseinibarkooie et al.,
2016; Riessland et al., 2017), but also by increased CDKS$
activity as well as reduced calcineurin activity caused either
by increased CHP1 expression and/or by reduced Ca’*
influx  failing to completely activate
Importantly, we not only show for the first time that calci-
neurin activity is reduced in Smn-depleted cells but also
that CHP1 reduction increases endocytosis due to an
increased calcineurin activity and thereby promotes
DNM1 dephosphorylation, which counteracts DNM1
hyperphosphorylation in SMA motor neurons. These find-
ings indicate that CHP1 reduction improves macropinocy-
tosis not only in NSC34 cells by increasing calcineurin
activity, but also neuronal bulk endocytosis in primary
motor neurons. In line with this, we demonstrate that
CHP1 downregulation rescues reduced axonal outgrowth
in various SMA models. Interestingly, DNM1 dephosphor-
ylation by calcineurin was previously linked to neurotro-
phin receptor endocytosis, thus promoting axonal growth
(Bodmer et al., 2011). The latter strongly suggests that
upon CHP1 reduction, increased calcineurin-dependent
DNM1 dephosphorylation stimulates growth factor endo-
cytosis and thereby axonal growth. Of note, motor neurons
are particularly vulnerable to defects in endocytosis because
of their high firing rate and large synapses. Since, SMA
motor neurons are hyperexcitable (Gogliotti et al., 2012),
they might additionally have a higher demand of

calcineurin.

Quantification of the longest axon with ZEN software (Zeiss) (N = 3—-7, n = 20-50 motor neurons/embryo). *P < 0.05, **P < 0.01, unpaired two-
tailed Student’s t-test and Holm correction for multiple comparison of mean per embryo. Error bars represent SD. (B) Representative merged
images and quantification of motor neuron soma surface area and proprioceptive input number (VGLUT I, green) per motor neuron soma (CHAT,
magenta) in lumbar regions of the spinal cord of low-dose SMN-ASO-injected mice at postnatal Day 21. Scale bar = 20 pm. CHP| reduction
ameliorates decreased motor neuron soma and number of proprioceptive inputs per motor neuron soma in SMA mice. Mean input number within
5 um of motor neuron soma was analysed with Image] (N = 3—4, n = 40-60 motor neurons/mouse). *P < 0.05, **P < 0.01, unpaired two-tailed
Student’s t-test and Holm correction for multiple comparison of mean per mouse. Error bars represent SD. (C) Representative images and
quantification of NMJ area and maturity in transversus abdominis muscle of SMN-ASO-injected mice at postnatal Day 21, stained with NF-M and
SV2 (green) and BTX (magenta). Scale bar = 20 um. CHPI reduction improved NM] size and the number of mature NMJs in SMA mice. NM] area
was analysed with Image] (N =4, n = 100 NMJs/mouse). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t-test and Holm
correction for multiple comparison of mean per mouse. Error bars represent SD. (D) Representative pictures of haematoxylin and eosin staining
and quantification of muscle fibre size of tibialis anterior (TA) muscle from low-dose SMN-ASO-injected mice at postnatal Day 21. Scale

bar = 250 um. Muscle fibre size was measured with ZEN software (N = 4-5, n = 100 fibres/mouse). For visualization, muscle fibres were grouped
according to area intervals of 50 umZ ***P < 0.001, unpaired two-tailed Student’s t-test and Holm correction for multiple comparison of mean

per mouse. Error bars represent SD. n.s. = not significant.
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Figure 6 CHPI reduction rescues impaired macropinocytosis in Smn-depleted motor neuron-like cells. (A) Representative FACS
dot plots (20 min) and quantification of the Poly-| cell population of FITC-dextran (70 kDa) uptake, measuring macropinocytosis, in NSC34 cells.
Knockdown of Chp !l highly improves FITC-dextran uptake and restores impaired FITC-dextran uptake in Smn-deficient cells. NSC34 cells were
incubated for 10, 20 and 30 min with FITC-dextran. FITC-dextran uptake of gated Poly-I cell population was measured by FACS (N =3,

n =20000 cells). Dead cells were detected by propidium iodide. Black asterisk indicates tested against control; orange asterisk indicates tested
against Smn-depleted cells. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test. Error bars represent SEM. (B) Representative FACS dot
plots (20 min) and quantification of the Poly-I cell population of transferrin uptake, measuring clathrin-mediated endocytosis, in NSC34 cells.
Clathrin-mediated endocytosis is not changed upon Smn knockdown. NSC34 cells depleted for CHP| and SMN were incubated for 5, 10 and
|5 min with transferrin and measured by FACS (N = 3, n = 20 000 cells). Dead cells were detected by propidium iodide. Error bars represent SEM.
(C) Chp ! knockdown effect in FITC-dextran uptake is dynamin-dependent. Inhibition of dynamin by Dynasore treatment, abolished the enhanced
FITC-dextran endocytic uptake by Chpl knockdown. Control cells were treated with DMSO. FITC-dextran uptake was measured by FACS
(N =3, n=20000 cells). *P < 0.05, ***P < 0.001, unpaired two-tailed Student’s t-test. Error bars represent SEM. (D) Inhibition of calcineurin
phosphatase activity with cyclosporin A (CsA) reduces FITC-dextran uptake upon Chpl knockdown. Control cells were treated with DMSO.
Uptake was measured by FACS (N = 3, n = 20000 cells). **P < 0.01, **P < 0.001, unpaired two-tailed Student’s t-test. Error bars represent SEM.
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Figure 7 Chpl knockdown increases calcineurin phosphatase activity and counteracts DNMI hyperphosphorylation in SMA.
(A) Chpl knockdown increases calcineurin phosphatase activity. Cellular calcineurin phosphatase activity was investigated in transfected NSC34
cells by measuring the phosphorylation of the Rll phosphopeptide, a specific substrate of calcineurin (N = 6). *P < 0.05, paired, two-tailed

Student’s t-test. Error bars represent SEM. (B) Western blot analysis shows decreased phosphorylated dynamin | (pPDNMI) in Chp/-depleted

NSC34 cells. Phosphorylation of DNMI was investigated by specific antibodies recognizing the Ser-778 phosphorylation site. ACTB =

loading

control. *P < 0.01, unpaired two-tailed Student’s t-test. Error bars represent SEM. (C) Smn knockdown diminishes calcineurin phosphatase
activity in NSC34 cells (N = 5). *P < 0.05, paired, two-tailed Student’s t-test. Error bars represent SEM. (D) Western blot analysis indicates

increased pDNM| in Smn-depleted NSC34 cells. ACTB =

loading control. *P < 0.05, unpaired two-tailed Student’s t-test. Error bars represent

SEM. (E) Representative western blot and quantification shows increased pDNMI in SMA motor neurons, which was restored to HET levels in
SMA-Chp 1"*™, and furthermore decreased in HET-Chp I**™™* motor neurons at in vitro Day 7. Total DNMI level was not changed (N = 4-5).

ACTB =

endocytosis to recycle synaptic vesicles and retrieve mem-
brane. Therefore, disturbances in presynaptic vesicle recy-
cling caused by
decreased replenishment of the synaptic vesicle pool,
reduced clearance of release sites, disturbed presynaptic in-
tegrity and reduced membrane retrieval. Previous studies
showed impaired neurotransmission and decreased synaptic
vesicle number in SMA (Kong et al., 2009; Torres-Benito
et al., 2012). More recently, defects in endocytosis were
shown to contribute to SMA pathology at the NM]J level
(Dimitriadi et al., 2016; Hosseinibarkooie et al., 2016;
Riessland et al., 2017). Taken together, our study further
emphasizes the importance of the endocytic pathway as a
key-affected pathway in SMA. We suggest that CHP1
downregulation ameliorates the SMA phenotype by im-
proving the impaired bulk endocytosis by inducing calci-
neurin activity and DNM1 dephosphorylation (Fig. 8).
Interestingly, compared to CHP1 reduction, NCALD
knockdown has a positive effect only in a mild but not
in an intermediate low-dose SMN-ASO-induced SMA

severely reduce neurotransmission

loading control. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test. Error bars represent SEM.

mouse model (Riessland et al., 2017). Thus, CHP1 reduc-
tion appears to be a stronger protective modifier. This
difference might be due to the ubiquitous presence of
CHP1, which guarantees a systemic effect, while NCALD
Additionally,
NCALD suppression improves clathrin-mediated endocyto-
sis (Riessland et al., 2017), whereas CHP1 suppression im-
proves bulk endocytosis, which is particularly required in
neurons with frequent firing (Clayton et al., 2008). In con-
trast, PLS3 overexpression showed the highest effect in the
SMN-ASO-injected severe SMA mouse model so far. PLS3
also improves bulk endocytosis by increasing F-actin levels
but further counteracts F-actin-dependent processes im-
paired in SMA, both at motor neuron and NM] level
(Ackermann et al., 2013; Hosseinibarkooie et al., 2016).
Importantly, overexpression of a certain gene is more dif-
ficult to achieve than knockdown, a combinatorial therapy
using CHP1- and SMN-ASOs could be highly promising
for future therapy in SMA, especially in SMAT-affected
individuals.

is mainly restricted to neuronal tissues.
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Figure 8 CHPI downregulation improves endocytosis by increasing calcineurin phosphatase activity. (A) In wild-type (WT), upon
stimulation Ca?" influx activates calcineurin (CaN) activity leading to DNM| dephosphorylation, thereby allowing DNMI and syndapin| inter-
action and triggering bulk endocytosis. Cyclin dependent kinase 5 (CDKS5) rephosphorylates DNMI and stops bulk endocytosis. (B) In SMA,
decreased F-actin levels impair endocytosis (Hosseinibarkooie et al., 2016). Elevated CHPI levels and decreased Ca®* influx, lead to decreased
CaN activity. CDKS5 activity is increased in SMA (Miller et al., 2015). Decreased CaN activity as well as increased CDKS5 activity cause dynamin |
(DNMI) hyperphosphorylation, which blocks its interaction with syndapin |; consequently, bulk endocytosis is inhibited in SMA. (C) CHPI
downregulation in SMA rescues impaired endocytosis. CHP| reduction increases calcineurin activity, which leads to increased DNMI depho-
sphorylation thereby, allowing DNM|-syndapin | interaction, which triggers bulk endocytosis. Hereby, increased calcineurin activity compensates
for both reduced Ca®" influx and increased CDKS5 activity in SMA. CME = clathrin-mediated endocytosis.

Since endocytosis defects and Ca®* misregulation have
also been reported in Parkinson’s disease, amyotrophic lat-
eral sclerosis, and hereditary spastic paraplegias (Schreij
et al., 2016), CHP1 downregulation might be beneficial
for the treatment of other neurodegenerative diseases.
Strikingly, in multiple sclerosis patients, interferon-p treat-
ment—a first line therapy for multiple sclerosis—was found
to downregulate CHP1 mRNA expression (Srinivasan
et al., 2017), suggesting a beneficial effect of CHP1 reduc-
tion in multiple sclerosis too. Moreover, calcineurin-related
pathways like NGF signalling are involved in neurodegen-
eration of Down syndrome (Cooper et al, 2001).
Furthermore, reduction of calcineurin activity has been
implicated in Alzheimer’s disease (Ladner et al., 1996),
whereas overexpression of a regulator of calcineurin 1—
an endogenous calcineurin inhibitor—has been associated
with Alzheimer’s disease and Down syndrome (Ermak
et al., 2001). Therefore, induction of calcineurin activity
by downregulation of its endogenous inhibitor CHP1
might be used as a cross-disease therapy targeting a
common pathogenic pathway.
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