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IGF-1R Reduction Triggers Neuroprotective Signaling
Pathways in Spinal Muscular Atrophy Mice
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Spinal muscular atrophy (SMA) is a neuromuscular disease characterized by the selective loss of spinal motor neurons due to the
depletion of the survival of motor neuron (SMN) protein. No therapy is currently available for SMA, which represents the leading genetic
cause of death in childhood. In the present study, we report that insulin-like growth factor-1 receptor (Igf-1r) gene expression is enhanced
in the spinal cords of SMA-like mice. The reduction of expression, either at the physiological (through physical exercise) or genetic level,
resulted in the following: (1) a significant improvement in lifespan and motor behavior, (2) a significant motor neuron protection, and (3)
an increase in SMN expression in spinal cord and skeletal muscles through both transcriptional and posttranscriptional mechanisms.
Furthermore, we have found that reducing IGF-1R expression is sufficient to restore intracellular signaling pathway activation profile
lying downstream of IGF-1R, resulting in both the powerful activation of the neuroprotective AKT/CREB pathway and the inhibition of
the ERK and JAK pathways. Therefore, reducing rather than enhancing the IGF-1 pathway could constitute a useful strategy to limit
neurodegeneration in SMA.
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Recent evidence of IGF-1 axis alteration in spinal muscular atrophy (SMA), a very severe neurodegenerative disease affecting
specifically the motor neurons, have triggered a renewed interest in insulin-like growth factor-1 (IGF-1) pathway activation as a
potential therapeutic approach for motor neuron diseases. The present study challenges this point of view and brings the alter-
native hypothesis that reducing rather than enhancing the IGF-1 signaling pathway exerts a neuroprotective effect in SMA.
Furthermore, the present data substantiate a newly emerging concept that the modulation of IGF-1 receptor expression is a key
event selectively determining the activation level of intracellular pathways that lie downstream of the receptor. This aspect should
be considered when designing IGF-1-based treatments for neurodegenerative diseases. j

ignificance Statement

exists. SMA is characterized by the specific loss of spinal motor
neurons, leading to a progressive muscular weakness and subse-
quent death when vital muscles are affected (Crawford and
Pardo, 1996). SMA is caused by mutation of the Survival of Motor
Neuron 1 (SMN1) gene (Lefebvre et al., 1995), leading to a defec-

Introduction
Spinal muscular atrophy (SMA) is an autosomal-recessive dis-
ease occurring in early childhood for which no specific therapy
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tive SMN protein expression. The disease severity is modulated
by the expression of SMN2, a SMNI gene copy. SMN2 produces
only a small amount of full-length SMN transcripts due to the
alternative splicing of exon 7, leading to a small amount of stable
SMN protein (Lorson and Androphy, 2000). Despite two decades
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of research, the specific sensitivity of motor neurons to defects of
the ubiquitous SMN protein that is involved in essential cell pro-
cesses such as mRNA metabolism (Fischer et al., 1997; Pellizzoni
etal., 1998) remains poorly understood. Microarray analyses un-
expectedly failed to identify the specific misexpression of some
essential genes in motor neurons after SMN depletion (Zhang et
al., 2008). This may suggest that the selective degeneration of
motor neurons in SMA results from alterations of systemic path-
ways that would ultimately target motor neurons.

Although multiple neurotrophic factors are implicated in
neuron survival, insulin-like growth factor-1 (IGF-1) is a critical
factor for the maintenance and the survival of motor neurons
(Neff et al., 1993; Ozdinler and Macklis, 2006). Interestingly,
several recent investigations pointed toward an IGF-1 signaling
pattern-alteration in SMA. First, the levels of circulating IGF-1
and Igf-1 hepatic mRNA expression were shown to display a
marked reduction in a severe type of SMA-like model mice (Hua
et al., 2011; Murdocca et al., 2012). Second, in skeletal muscles
from type 1 SMA patients (Millino etal., 2009) or from SMA mice
(Bosch-Marcé et al., 2011), the IGF-1 receptor (IGF-1R) was
found to be overexpressed. The level of this overexpression in
human biopsies correlated with the severity of the disease
(Millino et al., 2009). Interestingly, increasing IGF-1 availability
for mouse SMA mouse muscles had no effect on IGF-1R expres-
sion (Bosch-Marcé et al., 2011), suggesting that IGF-1R overex-
pression was constitutive and not the result of a compensatory
mechanism for a putative decrease in serum IGF-1 concentra-
tion. Unfortunately, data on the IGF-1R expression in SMA
mouse CNS are presently lacking. Third, among the three intra-
cellular signaling pathways known to lie downstream of IGF-1R,
the ERK1/2, JAK/STAT3, and AKT pathways (D’Mello et al.,
1997; Parrizas et al., 1997; Yadav et al., 2005), the ERK cascade
was found to be constitutively overactivated in the spinal cord
and muscles (Millino et al., 2009; Biondi et al., 2010). In contrast,
the AKT pathway was found to be underactivated in SMA mouse
spinal cords (Biondi et al., 2010; Kye et al., 2014).

Interestingly, IGF-1R overexpression was reported in the CNS
and muscles from patients with amyotrophic lateral sclerosis
(ALS) (Wilczak et al., 2003; Lunetta et al., 2012), another fatal
motor neuron disease, contrasting with nearly identical serum
IGF-1 concentration (Corbo et al., 2010). Moreover, recent data
demonstrated that the reduction of IGF-1 signaling through
Igf-1r gene partial inactivation (Igf-1r */ ~) resulted in an increase
in lifespan; a greater resistance to oxidative stress (Holzenberger
etal., 2003); and a reduction in behavioral impairment, neuroin-
flammation, and neuronal and synaptic loss in a mouse model of
Alzheimer’s disease (Cohen et al., 2009). Therefore, one could ask
whether enhancing or depressing IGF-1 related signaling path-
way results in a beneficial or detrimental effect on SMA motor
neurons. To address this question directly, we generated an SMA
mouse model harboring only one functional allele for Igf-1r (Igf-
1r™/7) and analyzed the hallmarks of SMA pathogenesis.

Materials and Methods

Mice and treatments. The knock-out transgenic type 2 SMA-like mice
(FVB/NRj—SmnA7/ A7 SMN2) derived from mice obtained from the In-
stitute of Molecular Biology (Hsieh-Li et al., 2000; Academia Sinica). To
standardize the type 2 phenotype, male and female mutant mice with a
weight ranging from 3 to 4 g at 8 d of age were used for this study, as
described previously (Biondi et al., 2008). We generated a new mouse
strain by crossing FVB/NRj-Smn ™27 SMN2 mice with Igflr ¥/~ mice
(B6.129-Igf1rtm1.2Mhz/Orl, strain EM00115 from the EMMA mouse
repository; (Holzenberger et al., 2003). After the crossing between FVB/
NRj-Smn */27 SMN2 and B6.129-Igf11tm1.2Mhz/Orl strains, the double

Biondi, Branchu et al. @ Reducing IGF-1R Is Neuroprotective in SMA

mutant carriers were backcrossed for 10 generations to the FVB/NR;
strain (Janvier Labs) to purify the genetic background of the mice.
Among the different genotypes generated in offspring, the original pa-
rental genotypes (Smn®”'* SMN2 Igf-Ir*'*; n = 74) mice and
(Smn7" SMN2 Igf-Ir*' 5 n = 65) mice were referred to as “control”
and “Igf—lr“ ~ control,” respectively, and the SMA-like mice
(Smn®7"A7 SMN2 Igf-1r*/*; n = 62) and Smn*”'27 SMN2 Igf-1r*'~
(n = 61) mice were designated as “SMA” and “Igf-1r "/~ SMA,” respec-
tively. Male and female were used for this study. Body weight and lifespan
recording were performed daily until animal death. The animals were
considered to be dead when they were no longer able to stand up after
having been placed on their sides for 1 min. The care and treatment of
animals followed the national authority (Ministere de I'Enseignement
Supérieur et de la Recherche, France) guidelines for the detention, use,
and ethical treatment of laboratory animals.

Training protocol. Exercise was performed in a wheel with a controlled
speed as described previously (Grondard et al., 2005). The protocol was
started from 8 d of age (postnatal day 8, P8). The mice in the trained
group were progressively accustomed to wheel training for 2 d (the first
day, 4 periods of 5 min running with a rest period of 30 min; the second
day, 2 periods of 10 min running with a rest period of 30 min). Next, mice
were individually and continuously trained for 20 min/d. The speed was
fixed at 1 m/min for the first 3 d and then increased by successive steps of
2 m/min, finally reaching 5 m/min (maximal speed).

Behavioral evaluation. The grip strength was performed in the forelimb
of Igf-1r*'* and Igf-1r*'~ control mice and Igf-1r ™'+ and Igf-1r*'~
type 2 SMA-like mice from P8 to death. The time spent holding onto a
thin metal rod suspended in midair was calculated. Each mouse was
subjected to five successive attempts separated by a 10 min rest period.

The ambulatory behavior was assessed in an open-field test for all
groups. The apparatus consisted of a wooden box measuring 28 X 28 X
15 cm. The floor of the arena was divided into 16 7 X 7 cm squares. The
mice were tested individually and the open field was washed after each
session. Each mouse initially placed in the center of the open field was
allowed to move freely for 5 min. The behavioral measures recorded
manually during these 5 min were the number of peripheral and central
square crossings.

IGF-1 ELISA. Mice were anesthetized with 1% pentobarbital solution
(6 nl/g) diluted in 0.9% saline buffer by intraperitoneal injection. A 400
ul blood sample was taken from the right ventricle with a 1 ml syringe
mounted with a 22 gauge needle, both coated with heparin (5000 Ul/ml;
Pan Pharma Luitré). The blood sample was centrifuged at 1500 X gfor 10
min at +4°C. The serum was frozen, stored at —80°C, and used within 1
month. The quantity of IGF-1 was determined on 100 ul of serum in
duplicate using the Murine IGF-1 ELISA kit (900-K170; Peprotech) and
following the manufacturer’s instructions.

In situ hybridization. To detect Igf-1r mRNAs, antisense oligonucleo-
tide probes were synthesized as described previously (Oshima etal., 2002;
Fukaya et al., 2005): forward 5'-CACAGTCATCCGTGGCTGGA-3' and
reverse 5'-CGCTTCCCACACACACTTGG-3'. Under deep pentobarbi-
tal (40 mg/kg) anesthesia, spinal cords were obtained from P12 SMA-like
mice. Frozen sections (14 wm thickness) were mounted on glass slides
coated with 3-aminopropyltriethoxysilane. Each section was fixed im-
mediately after cutting by immersion for 20 min in 2% paraformalde-
hyde in phosphate buffer (0.1 M, pH 7.4). Sections were then rinsed three
times in PBS, dipped in water, and dehydrated with a graded ethanol
series (70%, 95%, and 100%). The sections were then air-dried and
stored at —80°C until further use. The hybridization mixture contained
50% formamide, 4 X standard saline citrate (SSC), 1X Denhardt’s solu-
tion, 0.25 mg/ml yeast tRNA, 0.25 mg/ml sheared salmon sperm, 0.25
mg/ml polyA, 10% dextran sulfate, 100 mm DTT, and [**S]-dATP-
labeled oligonucleotide probes (4.5 X 10° dpm/ml). One hundred mi-
croliters of hybridization mixture was placed on each section. The
sections were then covered with a Parafilm coverslip and incubated in a
humidified chamber at +43°C for 20 h. After hybridization, the sections
were washed successively twice in 1X SSC containing 0.01 M DTT and
twice in 0.5X SSC containing 0.01 M DTT for 15 min at +55°C and finally
in 0.5X SSC containing 0.1 M DTT for 15 min at room temperature.
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Sections were exposed to Nuclear Track emulsion (NTB-2; Kodak) for 8
weeks.

Histological and immunohistochemical analysis. For motor neuron
studies, anesthetized animals were submitted to an intracardial perfusion
of 40 ml of PBS solution at 1.2 ml/min followed by 40 ml of 4% PFA
solution diluted in PBS solution at the same flow. Then, spinal cords were
dissected, incubated overnight in 4% PFA solution, and washed twice for
2 h with PBS. The lumbar spinal cords (L1 to L5) were cut using a
vibratome VT-1000S (Leica) on the whole length of the sample at 50-
pum-thick cross sections. One of every five sections was processed for
immunohistochemical analysis as described previously (Branchu et al.,
2013).

For SMN immunostaining, spinal cords were dissected from anesthe-
tized animals and immediately frozen in cold isopentane solution
(—80°C). The lumbar spinal cords (L1 to L5) were cut selectively using a
cryostat microtome (CM3050S; Leica) at 14-um-thick cross sections.
One of every 10 sections (40 sections examined) was processed for im-
munohistochemical analysis as described previously (Grondard et al.,
2005).

All types of sections were then incubated for 1 h at room temperature
in a blocking solution (7% normal donkey serum with 1% Triton X-100
and 0.5% Tween 20 in TBS). Incubations in corresponding primary an-
tisera, namely polyclonal goat anti-choline acetyltransferase (ChAT;
1:400; Millipore) and polyclonal rabbit anti-SMN clone 502 (1:400; ob-
tained from Suzie Lefebvre, Paris, France) primary antibodies, were then
performed for 3 d at +4°C in the blocking solution. Sections were washed
in TBS buffer with 0.5% Tween 20 and subsequently incubated with
polyclonal Cy3-conjugated donkey anti-goat (1:400; Jackson Immu-
noResearch) and/or polyclonal Alexa Fluor 488-conjugated donkey anti-
rabbit (1:400; Jackson ImmunoResearch) antibodies for 1 h at room
temperature in the blocking solution. The sections were washed in TBS
and mounted in Vectashield mounting medium with DAPI (Vector Lab-
oratories). The staining specificity was checked incubating sections in
absence of the primary antibody.

For motor end-plate labeling, whole-mount preparations of muscle
fibers were stained using Alexa Fluor 568-conjugated a-bungarotoxin (4
mg/ml in PBS with 4% bovine serum albumin), monoclonal rabbit anti-
neurofilament light protein (NN18, 1:500; Millipore), and synaptophy-
sin (1:5; Invitrogen Life Technologies). The whole-mount preparations
were subsequently incubated with an Alexa Fluor 488 goat anti-rabbit
IgG (1:400; Invitrogen) for 1 h at room temperature as described previ-
ously (Branchu etal., 2013). The different developmental synapse shapes
were determined according to Sanes and Lichtman (1999) and visualized
using a-bungarotoxin staining for innervated neuromuscular junctions
(NM]Js). The acetylcholine receptor (AChR) clusters appearing elliptical

<«

Figure 1.  The IGF-1 axis is altered in the spinal cords of severe SMA-like mice. A, In situ
hybridization on /gf-7r mRNA for the localization of expression in the lumbar spinal cords (L1-
L5) of untrained control and type 2 SMA-like mice (left) compared with trained control and type
2 SMA-like mice (right) at 12 d of age (n = 4). Scale bar, 100 wm. B, Quantification by real-time
gRT-PCR of /gf-Tr transcripts normalized by 18S transcripts in the ventral lumbar spinal cords of
untrained control and type 2 SMA-like mice compared with trained control and type 2 SMA-like
mice at 12 d of age (n = 10). (—E, Western blot analysis (€) and quantification of IGF-1R3 (D)
and SMN (E) protein expression in the ventral lumbar spinal cords of untrained control and type
2 SMA-like mice compared with trained control and type 2 SMA-like mice at 12 d ofage (n = 4).
F, Quantification of circulating IGF-1 concentration by ELISA in the serum of untrained control
and type 2 SMA-like mice compared with trained control and type 2 SMA-like mice at 12 d of age
(n = 4). G, Schematic representation of the crossings yielding to /gf-7r */~ SMA mice. H,
Quantification by real time qRT-PCR of lgf-1r transcripts normalized by 18S transcripts in the
ventral lumbar spinal cords of lgf-1r ™/ and Igf-1r ™/~ control mice compared with Jgf-
Tr /" and Igf-7r '~ SMA mice at 12 d of age (n = 10). 1, J, Western blot analysis (/) and
quantification (J) of IGF-1R 3 protein expression in the ventral lumbar spinal cords of fgf-7r */*
andlgf-1r ™/~ control mice compared with [gf-7r */* and lgf-1r */ ~ SMAmice at 12 d of age
(n = 5). K, Quantification of circulating IGF-1 concentration by ELISA in the serum of /GF-
TR ™" and IGF-TR ™/~ control mice compared with lgf-7r */* and lgf-7r */ ~ SMA mice at
12d of age (n = 4). Data are represented as mean == SEM and significance is reported versus
untrained or Igf-Tr /™ control mice, respectively (*p << 0.05, **p < 0.01, ***p < 0.001).
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and uniform or with some low AChR density but without perforation
were defined as “uniform-plaques.” Elliptical AChR clusters displaying at
least one perforation but maintaining a peripheral continuity were de-
fined as “perforated-plaques.” Finally, AChR cluster displaying an im-
portant number of perforations and a loss of peripheral continuity were
defined as “pretzel-like plaques,” the only shape for which we could
observe a more precise spatial correspondence between nerve terminals
and AChR clusters. The proportions of each type of plaque were deter-
mined from a minimum of 100 NMJs per muscle and per mouse and
expressed as percentage of total counted NMJs.

For muscle typology, cryostat sections (one transversal medial section
per muscle and per animal, which represented ~4000, 6000, and 12,000
muscle fibers in the soleus, the plantaris, and the tibialis, respectively, for
each experimental point) were either stained or processed for immuno-
chemistry. For the staining protocol, muscles sections were dried for 30
min at room temperature and then stained with an H&E classical proto-
col. For the immunochemistry protocol, muscles sections were fixed with
acetone for 20 min at room temperature and washed three times in PBS
containing 0.1% Tween 20 (PBST). Slices were then incubated with
mouse monoclonal antibodies raised against myosin heavy chains (My-
HCs): (1) embryonic (F1.652; University of Iowa, Iowa City, 1A), (2)
neonatal (N3.36; University of lowa), (3) slow type I (NCL-MyHCs), (4)
all fast type IT (NCL-MyHCT; Leica), and (5) intermediate type Ila MyHC
isoforms (A4.74) at a dilution of 1:20 for 1 h at room temperature and
washed three times in PBST. Sections were then incubated at room tem-
perature with a rabbit anti-mouse Ig conjugated with FITC (1:20; Sigma-
Aldrich) for 1 h. After washing with PBS, sections were mounted in
Vectashield mounting medium (Vector Laboratories). The percentage of
fast IIx/b fibers were determined as the difference between the total num-
ber of type II and type Ila fibers.

All counts were performed using Image] software version 1.46. Color
images were tinted, also using ImageJ, and identical brightness, contrast,
and color balance adjustments were applied to all groups.

Microscopy. All immunofluorescence images were collected with a
CMOS camera (ORCA Flash 2.8; Hamamatsu Photonics) mounted
on a Zeiss Z1 AxioObserver using ZEN 2012 software with 100X [10X
Zeiss Plan NeoFluar numerical aperture (NA) 0.3], 200X (20X Zeiss
EC-Plan-Apo NA 0.8), and 630X (63X Zeiss Plan-Apo Oil NA 1.4)
magnifications.

Silencing of IGF-1R with siRNA in cell cultures. MN-1 (Motoneuron-1)
cells have been derived from the spinal cords of E18 control mice and
immortalized (Salazar-Grueso et al., 1991). These cells only harbor the
two alleles of the murine Smn genes. MN-1 cells have been provided by J.
Coté (Ottawa University, Canada) and were plated at 5000 cells/cm? at
+37°C in 5% CO, in a 6 well plate with DMEM (Invitrogen) supple-
mented with 10% FBS and 1% of penicillin/streptomycin (P/S) growth
medium (GM).

Human primary culture of myogenic precursor cells was derived from
SMA patient biopsies. Muscle biopsies were obtained from the Bank of
Tissues for Research (a partner in the European Union network Euro-
BioBank) in accordance with European recommendations and French
legislation. Satellite cells were isolated from biopsies and grown as de-
scribed previously (Bigot et al., 2009). The myogenic purity of the pop-
ulation was monitored by immunocytochemistry using desmin as a
marker. Myoblast cells were plated at 10,000 cells/cm* in 6 well plates at
+37°Cin 5% CO, in DMEM Glutamax (Invitrogen) supplemented with
20% FBS (Invitrogen), 1% Ultroser G (Pall), and 1% P/S (5000 U; Invit-
rogen) for 2 d. Then, differentiation was induced with DMEM supple-
mented with 5% horse serum (Invitrogen) and 1% P/S (5000 Us
Invitrogen) differentiation medium (DM) for 10 d.

MN-1 cells at 50% confluence were transfected with Lipofectamine
2000 transfection reagent (Invitrogen) in antibiotic-free GM with either
ON-TARGETPIus nontargeting siRNA (D-001810-01; GE Healthcare)
as a negative control or ON-TARGETPlus mouse Igf-Ir siRNA (L-
056843; GE Healthcare) at 50 nw, following the manufacturer’s instruc-
tions. Human myotubes were transfected with Dharmafect 3 transfection
reagent (GE Healthcare) in antibiotic-free DM with either the same non-
targeting siRNA or with ON-TARGETPlus human IGF-IR siRNA (L-
003012; GE Healthcare) at 50 nm following the manufacturer's
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instructions. Transfection medium was replaced by GM or DM after
16 h. Cells were harvested 56 h later in cold 1X PBS (Invitrogen) and
centrifuged at 200 X g for 3 min. Then, supernatants were removed and
pellets frozen at —80°C.

Protein and Western blot analysis. The ventral part of frozen spinal
cords was selectively dissected by razor blade at —20°C. A furrow appears
in the middle of the ventral part and dorsal root ganglia and can be seen
on the dorsal part of the spinal cord. Frozen pellets of MN-1 and human
primary culture myotubes were homogenized in 50 ul of ice-cold RIPA
buffer [50 mm Tris HCL, pH 8.0, 150 mm NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% NP40, 5 mm EDTA, pH 8.0, 2 mM PMSF (Sigma-
Aldrich), 50 ug/ml leupeptin, 50 pg/ml pepstatin A, and 50 ug/ml apro-
tinin] for 2 wells of a 6 well plate; ventral lumbar spinal cord samples were
homogenized in 100 ul of ice-cold RIPA buffer for 5 mg of tissue. Protein
concentration of the clarified homogenates (+4°C, 15 min, 13,500 rev-
olutions/min) was determined on all samples using the Bradford protein
assay (Bio-Rad). Then, 10 ug protein samples for SMN analysis and 30
g samples for other analysis of each homogenate were submitted to
12.5% SDS-PAGE electrophoresis (1.5 m Tris, pH 8.3, 12.5% acrylamide,
0.07% Bis, 0.1% SDS, 0.05% APS, 0.06% TEMED). The separated pro-
teins were transferred on PVDF membranes (Bio-Rad; Towbin et al.,
1984). Equal loading of samples was checked by Ponceau dye staining of
the transferred gels. Western blot analysis was performed on membranes
incubated overnight at +4°C in 4% BSA, 0.1% Tween 20, and TBS, pH
7.4. Each of the following primary antibodies, including monoclonal
mouse anti-SMN (1:5000; Santa Cruz Biotechnology), polyclonal rabbit
anti-Ser*”? phospho-AKT (1:1000; Cell Signaling Technology), poly-
clonal rabbit anti phospho-ERK1/2 (1:500; Cell Signaling Technology),
polyclonal rabbit anti-Ser '** phospho-CREB (1:1000; Millipore), mono-
clonal mouse anti-Ser '** phospho-Elk-1 (1:1000; Santa Cruz Biotech-
nology), monoclonal mouse anti-Tyr ”°® phospho-STAT3 (1:500; Santa
Cruz Biotechnology), monoclonal rabbit anti-cleaved caspase 3 (ref.9661,
1:1000; Cell Signaling Technology), and polyclonal rabbit anti-IGF-1R3
(30275 1:1000; Cell Signaling Technology), was incubated overnight at +4°C
in the above blocking medium. Membranes were rinsed in 0.1% Tween 20 in
TBS for 3 X 10 min at room temperature and then incubated in horseradish
peroxidase-conjugated goat secondary antibody directed against mouse im-
munoglobulins (1:5000; Bio-Rad) and directed against rabbit immunoglob-
ulins (1:20,000; Jackson ImmunoResearch) in 0.1% Tween 20 in TBS for 1 h
at room temperature. Bound antibody complexes were developed using the
ECL system (GE Healthcare) and exposed to hyperfilm ECL-plus x-ray film
(GE Healthcare).

In some instances, membranes were stripped after immunoblotting
with phospho-AKT, phospho-ERK1/2, phospho-CREB, phospho-Elk-1,
and phospho-STAT3 by incubation in stripping buffer (100 mwm
B-mercaptoethanol, 2% SDS, 62.5 mMm Tris-HCI, pH 6.7) for 30 min at
+55°C with agitation and membranes were then blocked and reprobed
with polyclonal rabbit anti-AKT (1:1000; Cell Signaling Technology),
polyclonal rabbit anti-ERK1/2 (1:500; Cell Signaling Technology), poly-
clonal rabbit anti-CREB (1:1000; Millipore), monoclonal mouse anti-
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(Figure legend continued.) €, Weight curve of lgf-Tr ™/ and Igf-Tr ™/~ control (left) and SMA
(right) mice until SMA death (n = 40). D, Grip time of Igf~7r */* and Igf-1r */ ~ control (left)
and SMA (right) mice until SMA death (D; n = 20). E, Total number of squares crossings during
5 min in the open-field test for Jgf-7r ™/ and Igf-1r */ ~ control (left) and SMA (right) mice
until SMA death (E; n = 20). F-1, Inmunodetection of ChAT-positive motor neurons in the
lumbar spinal cord (L1-L5) of lgf-1r ™/ (F) and Igf-Tr */ ~ control mice (G) compared with
lgf-1r ™/ (H) and Igf-1r */~ SMA mice (1) at 12 d of age (n = 10. Scale bar, 50 wm. J, K,
Quantitative analysis of the number (J) and the cell body area (K) of motor neurons per ventral
horn in the ventral lumbar spinal cord of Igf-7r */* and Igf-1r */ ~ control mice compared
withIgf-1r */* and Igf-1r ¥/~ SMA mice at 12 d of age (n = 10). L, M, Western blot analysis
(L) and quantification (M) of cleaved caspase-3 protein expression in the ventral lumbar spinal
cordof lgf-1r /™ and Igf-1r */ ~ control mice compared with Igf-7r */* and lgf-1r ™/~ SMA
mice at 12 d of age (n = 4). Dotted lines on Western blot images symbolize some removed
interspacing lanes for a side-by-side display of samples from all groups. Data are represented as
mean = SEM and significance is reported versus /gf-7r */* control mice (*p << 0.05, **p <
0.01, ***p < 0.001).

Biondi, Branchu et al. @ Reducing IGF-1R Is Neuroprotective in SMA

Elk-1 (1:1000; Santa Cruz Biotechnology), polyclonal rabbit anti-STAT3
(1:5005 Cell Signaling Technology) and monoclonal mouse anti-GAPDH
(1:2000, sc-32233, Santa Cruz Biotechnology). The optical density (OD)
of each specific band was quantified with Image], subtracted to the back-
ground, and divided by the OD of corresponding GAPDH bands. The
values for respective controls were set as 1 and the values for the other
groups were normalized by the control and expressed as fold change. The
number of animals in each group (1) was obtained by performing inde-
pendent experiments using different membranes in which each group
was compared with the control.

ChIP. Ventral lumbar spinal cord samples were chopped into small
pieces with a scalpel and fixed for 15 min in 1% formaldehyde. Tissues
were washed 3 times in cold PBS containing protease inhibitors (2 mm
PMSEF, 50 pg/ml leupeptin, 50 wg/ml pepstatin A, and 50 ug/ml apro-
tinin) and collected by centrifugation. Cells were pelleted by centrifuga-
tion and resuspended in 300 ul of 85 mm KCI, 0.5% NP-40, 5 mm
piperazine-N,N’-bis(2-ethanosulfonic acid; PIPES), pH 8.0, in the pres-
ence of protease inhibitors (2 mm PMSF, 50 ug/ml leupeptin, 50 pg/ml
pepstatin A, and 50 pg/ml aprotinin). After incubation on ice for 10 min,
cells were sonicated 6 times for 30 s using Bioruptor (Diagenode). Lysates
were cleared by centrifugation and DNA concentration was determined
by nanodrop spectrophotometer. ChIP-Adembeads (Ademtech) were
incubated for 15 min at room temperature with blocking buffer on a
rotating wheel. Beads were resuspended in 125 ul of ChIP dilution buffer
(0.01% SDS, 1% Triton X100, 1.2 mm EDTA, 16.7 mm Tris-HCI, pH 8.1)
and, after 1 h of incubation, equal amounts of DNA diluted 10 times in
dilution buffer were added. DNA was incubated overnight at +4°C on a
rotating wheel with 1 ug of the following antibodies: polyclonal rabbit
anti-Ser '** phospho-CREB (Millipore), monoclonal mouse anti-Ser '*
phospho-Elk-1 (Santa Cruz Biotechnology), polyclonal rabbit anti-
acetyl-histone H3 (Millipore), and polyclonal rabbit-acetyl-histone H4
Lys8 (Millipore). Beads were washed sequentially in 150 mm NaCl TSE
(0.1% SDS, 1% Triton X100, 2 mm EDTA, 20 mum Tris-HCI, pH 8.1, with
500 mm NaCl TSE), buffer A (0.25 m LiCl, 1% NP-40, 1% deoxycholate,
1 mm EDTA, 10 mm Tris-Hcl, pH 8.1), and 2 times with Tris-EDTA, pH
8.1, and then selectively eluted with 200 ul of 1% SDS and 0.1 m
NaHCO;. Cross-links were reversed by heating at +65°C for 4 h after
adding NaCl at a 200 mM final concentration. After treatment with pro-
teinase K (50 ug/ml) for 1 h at +37°C, DNA was purified using Ge-
neclean Turbo Kit (Q-Biogene; MP Biomedicals). Real-time qRT-PCR
analysis of inputs or immunoprecipitated DNAs was performed.

qRT-PCR analysis. Ventral lumbar spinal cord samples were chopped
into small pieces with a scalpel and RNA was extracted using TRIzol
(Invitrogen). Each RNA preparation was treated with RQ1 RNase-Free
DNase (Promega). One microgram was reverse transcribed with random
primers (Promega) and reverse transcriptase M-MLV-RT (Invitrogen).

qRT-PCR was performed with standard protocols using SYBRGreen
ROX Mix (ABgene) as a fluorescent detection dye in an ABI Prism 7000
in a final volume of 10 ul, which also contained 300 nwm of the following
primers (Operon): SMN2 exon 4—exon 5 segment forward: 5'-TGTGT
TGTGGTTTACACTGG-3'; SMN2 exon 4—exon 5 segment reverse: 5'-
TATTTCCAGGAGACCTGGAG-3'; SMN2 exon 7-exon 8 segment
forward: 5'-AAAAAGAAGGAAGGTGCTCAC-3'; SMN2 exon 7—exon
8 segment reverse: 5'-GCCTCACCACCGTGCTGG-3'; Igf-1r forward:
5'-GCATCTGATCATTGCTCTG-3'; Igf-1r reverse: 5'-GCCCAACCT
GCTGTTATTTC-3'; 18S forward: 5'-GTAACCCGTTGAACCCCATT-
3’5 18S reverse: 5'-CCATCCAATCGGTAGTAGCG-3"; SMN2 promoter
site 1 [—2667nu to —2401nu] forward: 5'-GAGAGAGTTCCAGGAGT
CAA-3'; SMN2 promoter site 1 [—2667nu to —2401nu] reverse: 5'-
GTCTCAAACTCGGTTGCTT-3"; SMN2 promoter site 2 [+160nu to
+503nu] forward: 5'-TCGTAGAAAGCGTGAGAAGT-3'; SMN2 pro-
moter site 2 [+160nu to +503nu] reverse: 5'-AAAACGCGGACCACA
ACTC-3'. The relative amounts of DNA in samples were determined on
the basis of the threshold cycle for each PCR product (Ct).

Statistical analysis. All values are displayed as mean + SEM within each
group (Systat version 8.0; SPSS). A Kolmogorov—Smirnov normal distri-
bution analysis was performed on all data, followed by either a Student’s
t test for normally distributed data or a nonparametric Kruskal-Wallis
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test to verify significant differences between groups. Survival analysis was
performed using Kaplan—Meier analysis.

Results
The IGF-1R is overexpressed in the spinal cords
of SMA-like mice
We first analyzed the distribution of Igf-1r transcripts using in
situ hybridization in the spinal cords of SMA-like and control
mice at P12 (Fig. 1A, left). We found that Igf-1r mRNAs were
significantly overexpressed in the spinal cords of SMA-like mice
throughout the cord, including the motor column cells. We next
analyzed the Igf-Ir expression level by qRT-PCR in the ventral
horn of the lumbar spinal cords of SMA-like mice and controls.
There was a 2.5-fold increase in Igf-1r expression in SMA spinal
cords compared with controls (Fig. 1B). Igf-Ir mRNA overex-
pression in SMA mouse spinal cords was confirmed at the protein
level with a 1.6-fold increase (Fig. 1C,D).

We then recorded the evolution of IGF-1R expression levels in
a physiological neuroprotective paradigm for SMA-like mice
based on physical exercise (Grondard et al., 2005). Submitting
control and SMA-like mice to a daily running protocol led to a
significant reduction in IGF-1R overexpression in the spinal
cords of SMA-like mice (Fig. 14, right, B-D). Because the reduc-
tion in IGF-1R expression could be the direct consequence of the
exercise-induced enhancement of the ligand expression, we
measured the circulating IGF-1 concentrations through
ELISA quantifications (Fig. 1F). We found that, in striking
contrast to controls, the level of circulating IGF-1 remained
significantly lower in SMA compared with control mice, with
no detectable change in trained compared with untrained
SMA-like mice.

Most interestingly, SMN protein expression levels were in-
versely proportional to IGF-1R expression levels in the spinal
cords of sedentary and trained SMA-like mice (Fig. 1C-E).

Strategy for genetically reducing IGF-1R expression

in SMA-like mice

To determine whether the IGF-1R expression level might be in-
volved in SMA pathogenesis, we created a new SMA-like mouse

<«

Figure 3.  Genetic reduction of IGF-1R expression promotes SMN expression in mouse SMA
spinal cords. A, B, Western blot analysis (4) and quantification (B) of SMN protein expression in
the ventral lumbar spinal cords of lgf-7r */* and Igf-7r */ ~ control mice compared with
lgf-1r ™/ and lgf-1r */ ~ SMA mice at 12 d of age (n = 4). C~E, Western blot analysis (C) and
quantification of IGF-TR3 (D) and SMN (E) protein expression in MN-1 cell culture transfected
with either a nonrelevant siRNA (siRNA Control) or an siRNA against Igf-Tr (siRNA Igf-Tr;n = 3).
F, Immunodetection of SMN protein (SMN, green) in the nucleus (DAPI, blue) of ChAT-positive
motor neurons (red) in the lumbar spinal cord (L1-L5) of Ig-7r */* and lgf-1r ™/~ control
mice (left) compared with Igf-7r */* and Igf-7r ™/~ SMA miice (right) at 12 d of age (n = 4).
Scale bar, 25 wm. G, Number of Gems per nucleus of ChAT-positive motor neuronsin the ventral
lumbar spinal cord of lgf-7r */* and Igf-7r */ ~ control mice compared with /gf-7r */* and
Igf-1r /= SMAmiceat12d of age (100 motor neurons per mouse; n = 4). H—J, Quantification
by real-time 1RT-PCR of the E7—E8 segment containing SMN transcripts normalized either by
the E4—E5 segment containing SMN transcripts (H) or by 18S transcripts (/) and of total E4 —E5
segment SMN transcripts normalized by 18S transcripts (J) in the ventral lumbar spinal cord of
Igf-1r ™/ and Igf-r */ ~ control mice compared with lgf-1r /™ and Igf-Tr */ ~ SMA mice
at 12 d of age (n = 10). K—M, Western blot analysis (K) and quantification of IGF-1R3 (L) and
SMN (M) protein expression in primary culture of myotubes from human SMA patient trans-
fected with either a nonrelevant siRNA (siRNA Control) or an siRNA against /GF- TR (siRNA /GF-
1R;n = 3).Dotted lines on Western blotimages symbolize some removed interspacing lanes for
a side-by-side display of samples from all groups. Data are represented as mean == SEM and
significance is reported versus Igf-Tr */* control mice or siRNA control MN-1 or siRNA control
myotube-transfected cells, respectively (*p << 0.05, **p << 0.01, ***p < 0.001).
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model in which one allele of the Igf-Ir gene was inactivated
(Smn®7'27 SMN2 Igf-1r ™' ~; Fig. 1G). In this new mouse strain,
IGF-1R expression was reduced by 4-fold in the SMA spinal cord,
reaching a level comparable to Igf-Ir*'~ controls, as evidenced
by qRT-PCR and Western blot (Fig. 1H-J). We next investigated
whether altering IGF-1R expression would change circulating
IGF-1 concentrations through ELISA quantifications (Fig. 1K).
We found that, in striking contrast to controls, the level of circu-
lating IGF-1 remained significantly lower in SMA regardless of
the IGF-1R expression level.

Genetically reducing IGF-1R expression strikingly prolongs
survival and improves the motor behavior of SMA mice

The impact of IGF-1R reduction on the life span of SMA mice was
then investigated. As expected in this new strain, SMA mice lived
no longer than 15 d (Fig. 2 A, B), as reported for the original severe
SMA-like mouse strains (Hsieh-Li et al., 2000). Reducing IGF-1R
expression significantly increased survival of SMA mice (Fig.
2A,B). The mean survival increased from 10.9 * 2.2 d for SMA
mice to 21.5 * 5.3 d for the Igf-1r ¥/~ SMA, which represented a
2-fold increase in lifespan. Furthermore, the IGF-1R reduction,
in striking contrast to controls (data not shown), led to a signif-
icant and progressive increase in the body weight of Igf-1r ™/~
SMA mice until death (Fig. 2C). All these effects were similar
regardless of sex.

We then questioned whether the reduction in IGF-1R expres-
sion would improve the motor behavior of the SMA mice. We
tested all groups of mice on both the grip strength and the open
field tests. We found that, in contrast to SMA mice, which were
unable to grip the metal rod efficiently, the grip time of Igf-1r ™/~
SMA progressively increased up to 17 = 3 s at P19 and then
stabilized until death (Fig. 2D). Again, whereas SMA mice dis-
played a strongly reduced exploratory activity compared with
age-matched controls, the Igf-1r '~ SMA mice displayed a pro-
gressive increase in exploratory behavior until P20, decreasing
thereafter until death (Fig. 2E).

Reducing IGF-1R expression protects motor neurons in

SMA mice

We next compared the number of ChAT-positive motor neurons
in the ventral spinal cords of SMA, Igf-1r "/~ SMA, control and
Igf-1r ™'~ control mice at P12 (Fig. 2F-]). As observed in the
original SMA mouse strain (Hsieh-Li et al., 2000), we found a
34% loss of motor neurons in spinal cords of SMA mice com-
pared with controls (Fig. 2]). In contrast, Igf-Ir "/~ SMA mice
only showed a 10% reduction in the number of motor neurons,
suggesting that reducing IGF-1R expression significantly reduced
the extent of motor neuron death in SMA mice. Furthermore, the
evaluation of motor neuron cell body area provided evidence of a
persistent atrophy of the motor neurons in the ventral horn of the
spinal cords in SMA mice compared with control mice at P12
(Fig. 2K). In contrast, the extent of atrophy was significantly
reduced in Igf-1r "'~ SMA mice. No difference could be observed
in the number and size of motor neurons in control and Igf-
1r™'~ control mice at the same age (Fig. 2],K).

To determine whether the reduction of IGF-1R level inter-
fered with the apoptotic process in the spinal cords of SMA mice,
we evaluated the activation of the caspase-3 in the ventral spinal
cords of SMA and Igf-1r ™/~ SMA mice. As shown in Fig. 2, L and
M, the IGF-1R reduction reduced the extent of the apoptotic
process in SMA mouse spinal cords.
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Figure4. Genetic reduction of IGF-1R expression restores intracellular pathway activation profile and promotes phospho-CREB-binding on SMN2 promoter in the spinal cords of SMA mice. 4, B,
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Spinal cord of P12 mice

Western blot analysis (4) and quantification (B) of ERK protein phosphorylation in the ventral lumbar spinal cords of Igf~7r */* and Igf-7r ™/~ control mice compared (Figure legend continues.)
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Reducing IGF-1R expression enhances SMN protein
expression in the spinal cords of SMA mice and in human
myotubes

We next analyzed the impact of IGF-1R reduction on the SMN
expression profile in the spinal cords of all four groups at P12.
The increase in SMN protein level induced by IGF-1R reduction
was clearly evidenced by the Western immunoblot analysis per-
formed at the lumbar spinal cord level (Fig. 3A,B). A 2-fold
increase in SMN expression level was observed in Igf-1r "/~ SMA
mice compared with SMA mice, but it remained 50% lower than
controls. Unexpectedly, IGF-1R reduction was unable to enhance
SMN expression in controls, as shown in the spinal cords of Igf-
1r ™'~ control mice compared with Igf-Ir*'* control mice, but
also in MN1 culture, which arbors only the two alleles of the
murine Smn gene and for which Igf-1r depletion by a specific
siRNA resulted in a slight decrease in SMN (Fig. 3C-E).

To investigate whether the IGF-1R reduction-induced in-
crease in SMN expression in SMA spinal cords occurred in motor
neurons, we compared the number of Gemini of coiled-bodies
(Gems) per nucleus in ChAT-positive neuron within the ventral
spinal cords of SMA, Igf-1r "/~ SMA, control and Igf-1r ™/~ con-
trol mice at P12 (Fig. 3 F, G). Consistent with the values we found
in the original SMA mouse strain (Hsieh-Li et al., 2000; Grondard
et al., 2005), from 0 to 1 Gems per nucleus (0.6 = 0.1 on the
average) could be counted in SMA, contrasting with up to 2.0 *
0.1 in control. Therefore, reducing IGF-1R expression increased
the number of Gems per nucleus by almost 1, reaching 1.4 * 0.1
in Igf~1r "'~ SMA motor neurons (Fig. 3G).

To determine whether the increased SMN protein level re-
sulted from an increase in SMN transcript steady-state levels
and/or from a modulation of the exon-7 inclusion in SMN tran-
scripts, we quantified the fraction of exon-7-containing mRNA
inside the population of SMN transcripts using qRT-PCR
aimed at amplifying either the exon 4—exon 5 segment (E4—
E5) or the E7-E8 segment in the ventral spinal cords of SMA,
Igf-1r ™'~ SMA, controls and Igf-1r*’~ control mice at P12
(Fig. 3H-J). We found that the reduction of IGF-1R did in-
crease both the steady-state level of SMN transcripts (Fig. 3])
and also the relative level of exon-7-containing SMN tran-
scripts (Fig. 3H,I).
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(Figure legend continued.) with lgf-7r */* and Igf-1r */ ~ SMA mice at 12 d of age (n = 5). €,
D, Western blot analysis (€) and quantification (D) of AKT protein phosphorylation in the ventral
lumbar spinal cords of gf-7r */* and Igf-r */ ~ control mice compared with Igf-7r +/* and
lgf-1r ™/~ SMA mice at 12 d of age (n = 5). E, F, Western blot analysis () and quantification
(F) of STAT3 protein phosphorylation in the ventral lumbar spinal cords of /gf-7r ™/ and
Igf-1r ™/~ control mice compared with lgf-1r ™/ and lgf-7r ™/~ SMA mice at 12 d of age
(n=15).G, H, Western blot analysis () and quantification (H) of Elk-1 protein phosphorylation
in the ventral lumbar spinal cords of Igf-7r */* and Igf-1r */ ~ control mice compared with
lgf-1r ™' and Igf-1r */ ~ SMA mice at 12 d of age (n = 5). 1, J, Western blot analysis (/) and
quantification (J) of CREB protein phosphorylation in the ventral lumbar spinal cords of /gf-
1r*/* and lgf-1r ™/~ control mice compared with Jgf~7r */* and lgf-7r */ ~ SMA mice at
12dofage (n = 5). K-N, ChIP analysis of phospho-Elk-1 (K, L) and phospho-CREB (M, N) in the
ventral lumbar spinal cords of lgf-7r */* and Igf-7r */~ control mice compared with /gf-
Tr ™" and Igf-1r ™/~ SMA mice at 12 d of age. Real-time qRT-PCR was performed to
detect the SMN2 promoter site 1 (K, M) and site 2 (L, N; n = 12). 0—R, ChIP analysis of
Histone H3 (0, P) and H4 (Q, R) acetylation in the ventral lumbar spinal cords of lgf-1r */*
and lgf-1r ™/~ control mice compared with lgf-7r */* and Igf-Tr ¥/~ SMA mice at 12 d
of age. Real-time qRT-PCR was performed to detect SMN2 promoter site 1 (0, Q) and site
2(P,R;n = 12). Dotted lines on Western blotimages symbolize some removed interspac-
ing lanes for a side-by-side display of samples from all groups. Data are represented as
mean + SEM and significance is reported versus /gf-7r /™ control mice (*p < 0.05,
*¥p < 0.01, ***p < 0.001).
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Finally, in agreement with our findings in mice, the siRNA-
induced depletion of IGF-IR transcripts in a myotube culture of
paravertebral muscles from type 2 SMA patient resulted in a sig-
nificant SMN expression increase (Fig. 3K—M).

Genetically reducing IGF-1R expression shifts the
equilibrium among ERK, JAK, and AKT signaling pathways

in SMA spinal cords

To investigate whether the modulation of IGF-1R expression
level affected the activation profile of the intracellular pathways
downstream of the receptor, we analyzed the phosphorylation
status of ERK, STAT3, and AKT in the spinal cords in all four
groups at P12 (Fig. 4A—F). We found that, in the spinal cords of
SMA mice, ERK (Fig. 4A, B) and STAT3 (Fig. 4E, F) phosphory-
lation status were consistently higher and those of AKT (Fig.
4C,D) were consistently lower compared with controls. Reducing
IGF-1R expression in the spinal cords of SMA mice resulted in a
>2-fold increase in AKT phosphorylation (Fig. 4C,D), a 25%
decrease of ERK phosphorylation (Fig. 4A, B), and a 2-fold de-
crease of STAT3 phosphorylation (Fig. 4E, F). Accordingly, the
p-AKT/total AKT ratio increased and the p-ERK/total ERK,
pSTAT-3/total STATS3 ratios decreased in the spinal cords of Igf-
1r™'~ SMA mice, reflecting an increase in the activity level of
AKT and conversely a decrease in the activity level of ERK and
JAK pathways. Unexpectedly, IGF-1R reduction had no effect on
the activation profile of ERK and AKT pathways in control spinal
cords, contrasting with the previous data in mouse Igf-1r*'"~
fibroblasts (Holzenberger et al., 2003).

We next investigated whether this shift from ERK to AKT,
induced by IGF-1R reduction, could influence SMN expression.
Indeed, phospho-ERK and phospho-AKT activate by phosphor-
ylation the transcription factors Elk-1 and CREB, respectively,
resulting in their binding to their specific sites on SMN2 gene
promoter and thus altering SMN expression in SMA spinal cords
(Branchu et al., 2013). In the SMA background, activated Elk-1
was thought to exert a repressive role on SMN2 gene transcrip-
tion, contrasting with the activating role of CREB (Branchu etal.,
2013). As expected, we found that the activation level of Elk-1 and
CREB paralleled those of their respective activating kinases in the
spinal cords of all four groups (Fig. 4G-J ). Furthermore, the level
of Elk-1 binding on the SMN2 promoter, which was originally
found to be higher in SMA compared with controls, was signifi-
cantly lowered by IGF-1R reduction, as evidenced by ChIP anal-
ysis (Fig. 4K,L). In contrast, the level of CREB binding on the
SMN2 promoter, originally found to be lower in SMA compared
with controls, was significantly increased by IGF-1R reduction
(Fig. 4M,N). Expectedly, the CREB binding on the SMN2 pro-
moter was correlated with a significant increase in histone H3 and
H4 acetylation (Fig. 40-R), suggesting a chromatin remodeling
at the SMN2 promoter level.

Reducing IGF-1R expression improves the NM]J phenotype in

SMA mice

Because alteration of the NMJ development is at present consid-
ered to be a hallmark of SMA pathogenesis in patients (Kariya et
al., 2008) and in mouse models (Biondi et al., 2008; Kariya et al.,
2008; Kong et al., 2009), we analyzed shape and surface of the
NMJs, as described previously (Sanes and Lichtman, 1999;
Biondi et al., 2008). The developmental changes in the synapse
shape from an immature, uniform plaque of AChRs (Fig. 54) to
a perforated large plaque of AChRs (Fig. 5B) that eventually
adopts a pretzel-like form (Fig. 5C) were determined for inner-
vated NM]Js using a-bungarotoxin staining of the two extensor
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muscles, the slow-twitch soleus (Fig. 5D-G) and fast-twitch plan-
taris and the flexor fast-twitch tibialis in all four groups of mice at
P12. We found that up to 63% of the NM]Js were elliptical, made
of uniform plaques of AChRs, in the two extensors muscles of
SMA mice at P12 (Fig. 5H,J). As expected for a flexor muscle at
this age (Biondi et al., 2008), NMJs in the tibialis were more
advanced in terms of maturation, with only 34% of immature
NM]Js in SMA mice (Fig. 5L). In contrast, only 32% and 11% of
immature NMJs were found in extensor and flexor muscles of
controls, respectively, with a number of pretzel-like form NMJs
between 2% and 5% for the extensors and 10% for the flexor, as
found previously in the former SMA-like mice (Biondi et al.,
2008; Fig. 5H,],L). IGF-1R reduction improved NMJ morphol-
ogy in the three muscles in SMA mice, as demonstrated by the
increase in NMJ perforation (Fig. 5H,J,L) and enlargement (Fig.
5L K,M) of the NMJs on the muscle fibers. These effects of
IGF-1R reduction on NMJ maturation were only evidenced in
SMA mice.

Reducing IGF-1R expression improves the muscle phenotype
in SMA mice
Finally, we examined in all four groups of mice at P12 whether the
IGF-1R reduction could alleviate SMA-induced muscular im-
pairments, including muscle aplasia, atrophy, and typology alter-
ation. As evidenced by the phenotypic analysis of H&E-stained
soleus, plantaris, and tibialis (Fig. 6A-D), reducing IGF-1R ex-
pression in SMA mice was sufficient to counteract muscle aplasia
(Fig. 6E) and to reduce muscle atrophy significantly by 50% in
soleus and plantaris and by 100% in tibialis (Fig. 6F). We then
looked at the muscle maturation rate through the analysis of the
different MyHC distribution, including the embryonic; neonatal;
and adult I, IT ITa, and IIx/IIb isoforms (Fig. 6G—L). In SMA mice,
consistent with our previous results in the original SMA mouse
strain (Biondi et al., 2008), we found an increase in embryonic
(20%, 13%, and 10% for soleus, plantaris, and tibialis, respec-
tively) and type I (5% and 13% for soleus and plantaris, re-
spectively) MyHC-expressing myofibers compared with control
mice. These alterations were associated with a decrease in myofibers
expressing the neonatal (15%, 20%, and 12% for soleus, plantaris,
and tibialis, respectively) and type II (5% and 15% for soleus and
plantaris, respectively) isoforms, suggesting, as expected, an overall
muscle maturation delay (Fig. 61,]). Reducing IGF-1R expression in
SMA mice resulted in a rebalancing of the percentage of embryonic
versus neonatal MyHC-expressing myofibers (Fig. 6K) and of type I
versus type II, as well as among the different type II-MyHC-
expressing myofibers (Fig. 6L). These data suggested that IGF-1R
reduction in SMA muscles is sufficient to override the major char-
acteristic muscular impairments of the disease.

Because a decrease of AKT activation has been reported in
atrophic muscles of severe ALS patients (Yin et al., 2012), we

<«

(Figure legend continued.) control mice (D), lgf-1r ™/~ control mice (E), Igf-Tr ™/ SMA mice
(F),and Igf-7r "~ SMA mice (G) at 12 d of age. Scale bars, 10 um for high magnifications, 25
um for low magpnifications, and 5 m for crops. H, I, Determination of the NMJ maturation (H)
and area (/) in the soleus muscle from lgf-7r */* and Igf-7r ™/~ control mice compared with
lgf-1r ™' and lgf-7r "/~ SMA mice at 12 d of age (n = 5).J, K, Determination of the NMJ
maturation (J) and area (K) in the plantaris muscle from Igf—7r+/+ and lgf—ir“ ~ control
mice compared with fgf-7r /" and Igf-7r '~ SMA mice at 12 d of age (n = 5). L, M, Deter-
mination of the NMJ maturation (L) and area (M) in the tibialis muscle from /gf~7r */* and
Igf-1r */~ control mice compared with /gf-7r */* and Igf-1r */ ~ SMA mice at 12 d of age
(n = 5). Data are represented as mean = SEM and significance i reported versus lgf-Tr */*
control mice (*p << 0.05, **p < 0.01, ***p < 0.001).
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analyzed the phosphorylation status of ERK and AKT in the tib-
ialis of SMA, Igf-1r "'~ SMA, control and Igf-1r "/~ control mice
at P12 (Fig. 7A-D). As in the spinal cord, reducing IGF-1R ex-
pression shifted the balance of ERK and AKT activation patterns,
leading to a shift in the activation level of the transcription factors
Elk-1 and CREB (Fig. 7E-H) and finally to a significant SMN
expression increase in SMA muscles at the protein level (Fig.
71]). Interestingly, as found in the spinal cord, the IGF-1R re-
duction led to an increase of both the SMIN transcript steady-state
level and the proportion of exon-7-containing transcripts (Fig.
7K-M).

Discussion

This study provides the first lines of evidence that, regardless of
the circulating IGF-1 level, which remained dramatically low in
SMA compared with controls, the reduction of IGF-1R expres-
sion, be it at the physiological (through physical exercise) or
genetic level, significantly protects motor neurons from SMA-
induced cell death. Unexpectedly, reducing the first steps of
IGF-1 axis activation, instead of resulting in an unselective de-
pression of the three intracellular pathways known to lie down-
stream the receptor, exerted a specific effect on each pathway,
leading to an alteration of the overall activation balance. These
results suggest a crucial role of the surface receptor expression
levels in the selective activation or depression of a given down-
stream intracellular pathway. In the specific case of SMA, IGF-1R
reduction led to AKT/CREB pathway activation, which was associ-
ated with ERK and JAK inhibition in the spinal cord and skeletal
muscle, both events contributing to the significant increase of SMN
expression. This was most notable in in motor neurons, as revealed
by Gem counts, neuroprotection, and subsequent benefits for SMA-
like mice in terms of lifespan and motor behavior (Fig. 8).

On the basis of accumulating in vitro evidence, it is well known
that all types of cells in the CNS are targeted by IGF-1, including
motor neurons (Kaspar et al., 2003; Rabinovsky et al., 2003; Do-
browolny et al., 2005; Ozdinler and Macklis, 2006). Whereas, for
many years, canonical signaling through the IGF-1 receptors was
considered to include the PI3K/AKT, Ras/ERK, and, more re-
cently, the JAK/STAT pathways (Himpe and Kooijman, 2009),
the signaling network elicited by IGF-1 is likely to be differentially
activated depending on the cell context, making it difficult to
predict the pathway that will ultimately be triggered and thus
which biological effect will result. The present data suggest that
there are some cell-specific events in which intracellular signaling
routes triggered downstream of IGF-1R might depend on the
expression levels of the receptor at the cell surface. Reducing
IGF-1R expression results in the shift from both ERK and JAK to
the AKT pathway and in a parallel alteration of their signaling
cascade, leading to Elk-1, STAT, and CREB phosphorylation, re-
spectively. This IGF-1R reduction-induced shift in intracellular
pathways occurred only in SMA tissues and not in controls, re-
gardless of tissue origin (e.g., human or murine, spinal cord or
muscle). The reasons underlying this discrepancy remain un-
known. However, in all of the conditions explored here, an
IGF-1R reduction effect on the intracellular pathway activation
profile was only found when these pathways were constitutively
imbalanced (i.e., ERK overactivation and AKT underactivation).
This imbalance could be essential for an IGF-1R reduction effect
in restoring the selective pathway activation, ultimately resulting
in SMN expression increase. In addition, and most unexpectedly,
the IGF-1R reduction in control spinal cords and muscles did not
result in half of the activation rate of ERK and AKT, as was re-
ported previously in fibroblasts (Holzenberger et al., 2003), sug-
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gesting a cell-specific adaptation to the modulation of IGF-1R

expression.

Whatever the molecular mechanism of the signal transduc-
tion switch, IGF-1R reduction results in the activation of the

AKT/CREB pathway and the inhibition of the ERK/Elk-1 path-

way in SMA tissues. In all likelihood, the resulting CREB activa-

tion led to its increased binding to the SMN2 promoter and,
conversely, the Elk-1 inhibition to its binding decrease. This shift
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Figure7.  Genetic reduction of IGF-1R expression restores the intracellular pathway activation profile in the skeletal muscle tibialis in SMA mice. 4, B, Western blot analysis (4) and quantification (B) of ERK
protein phosphorylation in the tibialis muscle of Igf-7r ™/ and Igf-1r ™/~ control mice compared with lgf-7r ™/ and Igf-1r ™/~ SMA mice at 12 d of age (n = 4). €, D, Westem blot analysis (€) and
quantification (D) of AKT protein phosphorylation in the tibialis muscle of lg£-7r ™/ and Igf-1r */ ~ control mice compared with Jgf-1r */* and lgf-7r */ ~ SMAmiice at 12d of age (n = 4). E, F, Western blot
analysis () and quantification (F) of Elk-1 protein phosphorylation in the tibialis muscle of lgf-7r */ and lgf-7r ™/ ~ control mice compared with lgf-1r */* and Igf-1r */ ~ SMAmice at 12 d of age (n = 4).
G, H, Western blot analysis (G) and quantification (H) of CREB protein phosphorylation in the tibialis muscle of Igf-7r ™/ and Igf-1r * ~ control mice compared with Jgf-7r */ and lgf-7r ™/~ SMA mice at
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mice at 12 d of age (n = 4). K-M, Quantification by real-time qRT-PCR of the E7—E8 segment containing SMN2 transcripts normalized either by the E4—E5 segment containing SMN2 transcripts (K) or by 785
transcripts (L) and of total E4—E5 segment SMN2 transcripts normalized by 785 transcripts (M) in the tibialis muscle of Igf1r */* and lgf-7r */ ~ control mice compared with Igf-r */* and lgf-r */ ~ SMA
mice at 12 d of age (n = 8). Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from all groups. Data are represented as mean == SEM and
significance s reported versus fgf-Tr "/ control mice (*p << 0.05, **p < 0.01, ***p < 0.001).
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The modulation of IGF-1R expression levels is sufficient to restore the AKT/CREB and ERK/EIk-1 intracellular signaling pathway activation profile, resulting in SMN expression increase

in SMA mice. A—C, Proposed mechanisms involved in the increase of SMN expression induced by the genetic reduction of IGF-1R expression in severe SMA-like mice. Modulation of the activation
profile of ERK/Elk-1 and AKT/CREB signaling pathways in control () compared with lgf-7r */* (B) and Igf-Tr ™/~ SMA (€) mice at 12 d of age. Large characters indicate activated molecules.

in transcription factor binding was followed by increased acety-
lation of H3 and H4 histones on sites that are involved in the
control of SMN2 transcription (Majumder et al., 2004; Branchu
etal,, 2013), ultimately resulting in a significant increase in SMN
expression. All of these molecular events resulting from the
IGF-1R reduction occurred only in SMA and not in controls, in
which the intracellular signaling pathways are not altered after
IGF-1R expression decrease. Therefore, in SMA only, the IGF-1R
reduction correlated with both an increase in SMN steady-state
level, strongly suggesting an SMN2 transcriptional activation,
and an increase in exon-7 inclusion in SMN2 transcripts, suggest-
ing a modulation of the splicing process. This dual effect on
SMN2 gene expression, both transcriptional and posttranscrip-
tional, is unexpected in this mouse model at this age when one
considers the effects of NMDA receptor activation in (Smn®7/ 4
SMN?2) mice at P12. In that case, the NMDA-induced activation
of the AKT/CREB pathway specifically enhanced exon-7 inclu-
sion in SMN transcripts without any observable effect on SMN
steady-state levels (Biondi et al., 2010). A probable effect on the
SMN?2 gene transcription upon CREB phosphorylation induced
either by NMDA receptor activation (Biondi et al., 2010) or ERK
inhibition (Branchu et al., 2013) was only found during the first
week (P6) in another severe mouse model of SMA. Clearly, iden-
tifying the mechanisms underlying IGF-1R reduction effects on
the control of SMN2 expression may provide new tools aimed at
modulating SMN2 gene expression trough transcriptional and
posttranscriptional mechanisms.

Furthermore, whereas the ERK/Elk-1, JAK/STAT, and AKT/
CREB pathways have all been correlated to neuroprotection, it is
today widely admitted that IGF-1-mediated neuroprotection oc-
curs through activation of the AKT/CREB pathway (D’Mello et
al., 1997; Parrizas et al., 1997; Yadav et al., 2005). Furthermore, in
the specific case of cerebellar granule neurons, IGF-1-induced
neuroprotection results from both the activation of AKT and the
inhibition of MEK-ERK1/2 through the AKT pathway (Subra-
maniam et al., 2005). Similarly, the neuroprotection induced by
IGF-1R reduction in SMA spinal cords, as evidenced by the rela-
tive persistence of the motor neuron population and the reduced
activation of caspase-3, might result from both an increased SMN

protein expression and the presence of the two powerful anti-
apoptotic molecules, AKT and CREB, at the activated state. Al-
though no role has been reported to date for the JAK/STAT
pathway in SMA pathogenesis, the fact that it parallels the activa-
tion profile of ERK, in contrast to AKT, suggests a detrimental
role of this pathway in SMA.

The present results help to predict the consequences of the
dramatic overexpression of IGF-1R in muscles of severe type 1
SMA patients compared with the IGF-1R down-expression in less
severe type 3 SMA patients (Millino et al., 2009) in terms of
intracellular signalization, SMN expression, cell survival, and
muscle maintenance. Furthermore, it could be speculated con-
sidering the present results that the constitutive underactivation
of AKT recently found in the muscles of ALS patients (Yin et al.,
2012) might result from muscular IGF-1R overexpression (Lu-
netta et al., 2012). The fact that the expression of IGF-1R was
found to be dramatically increased in these two genetic motor
neuron diseases is puzzling and suggests that an alteration of the
IGF-1/IGF-1R equilibrium might be directly involved in motor
unit destabilization, ultimately resulting in specific motor neu-
ron death. Over the past 20 years, compelling lines of evidence
have accumulated throughout the literature designating IGF-1 as
one of the most powerful anti-apoptotic agents for neurons. Sev-
eral groups subsequently attempted to test the potential effects of
IGF-1 in alleviating the symptoms in a variety of neurodegenera-
tive diseases including ALS (Sakowski et al., 2009) and SMA
(Bosch-Marcé et al., 2011; Murdocca et al., 2012; Tsai et al.,
2012). When tested in different mouse models of SMA, treat-
ments with IGF-1 (Bosch-Marcé et al., 2011; Tsai et al., 2012) or
the IGF-1/IGF-BP3 complex (Murdocca et al., 2012) gave rise to
disappointing results in terms of SMA mouse survival. Moreover,
clinical trials using IGF-1 treatment failed to reduce ALS symp-
toms in humans (Sorenson et al., 2008; Howe et al., 2009). This
paradoxical lack of IGF-1 effects might be due to an aberrant
expression of IGF-1R in diseased tissues. More precisely, its over-
expression might result in the activation of other, as yet unsus-
pected pathways that would restrict the beneficial effects of
IGF-1. This newly emerging concept involving the modulation of
the IGF-1R expression seems to be key for the selection of intra-
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cellular pathways and should be taken into account when design-
ing IGF-1-based treatments for neurodegenerative diseases.
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