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France Muscle atrophy is associated with many diseases including genetic disorders, sarco-
penia, or cachexia syndromes. Myostatin (Mstn), a transforming growth factor-beta
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GASP-2, two natural inhibitors of Mstn, might represent a potential therapeutic. As
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fects. We also found that 7g(Gasp-2) mice displayed, like Mstn™" mice, a switch from
slow- to fast-twitch myofibers whereas Tg(Gasp-1) mice exhibit a reverse switch.
Our studies supported the fact that GASP-2 has less affinity than GASP-1 for Mstn,
leading to a constitutive Mstn upregulation only in 7g(Gasp-1) mice, responsible
for the observed phenotypic differences. Altogether, our findings highlighted a gene

expression regulatory network of TGF-f members and their inhibitors in muscle.
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1 | INTRODUCTION Muscle wasting occurs also as a natural process of aging and

can lead to sarcopenia, a generalized loss of muscle mass
Many diseases (neuromuscular or chronic inflammatory dis- and function. These muscle tissue defects are highly dis-
eases, cancer...) are associated with skeletal muscle atrophy. abling for patients, especially since there is a lack of adequate
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treatments.' Improving our understanding of the mechanisms
responsible for skeletal muscle atrophy in patients is import-
ant in order to develop therapies to prevent these clinical
conditions.

Skeletal muscle is composed of heterogeneous muscle fi-
bers bundled together and which differ in their metabolism and
contractile properties.z’3 This type of organization confers to
skeletal muscle remarkable levels of plasticity in the face of
changes to the external environment. During embryonic devel-
opment, the number and the size of myofibers increase (hyper-
plasic and hypertrophic growth) until birth.* Postnatal muscle
growth is then only achieved by myofibers hypertrophy and
can be divided into two distinct steps. Between birth and wean-
ing in mouse, hypertrophy is supported by a rapid increase of
the nuclei number within myofibers via the activation and fu-
sion of satellite cells.” From 3 weeks old to adulthood, mus-
cle mass regulation is dependent of a balance between protein
synthesis and degradation. This protein turnover is induced
in response to various stimuli such as exercise, inactivity, or
environmental factors (hypoxia, heat, nutrient availability, and
growth factors).® During the past two decades, much progress
has been made in unraveling the molecular mechanisms under-
lying either adult muscular hypertrophy or 21t1r0phy.6’7

Myostatin (Mstn), a member of the transforming growth
factor-beta (TGF-P) superfamily, is an important negative
regulator of skeletal muscle growth, homeostasis and re-
pair.g’9 Myostatin knockout (Mstn™) mice exhibit at 3
months an increase in muscle mass due to both hyperplasia
and hypertrophy of myofibers. Mstn -null mice have reduced
body fat and increased tolerance to glucose, protecting them
from age-related obesity.lo’ll Targeting the Mstn signaling
pathway may offer promising therapeutic strategies for the
treatment of muscle wasting disorders."? Although several
clinical trials by inhibiting Mstn are conducted, the first re-
sults are controversial except in a gene therapy trial based
on the inhibition of Mstn by follistatin, one of its natural
inhibitors.'>'* In this context, we investigated whether the
paralogs growth and differentiation factor-associated serum
protein-1 (GASP-1) and GASP-2, two other natural Mstn
inhibitors, might represent a potential therapeutic.

Growth and differentiation factor-associated serum
protein-1 and GASP-2 are two closely related multi-do-
main glycoproteins, playing a role of chaperones for some
TGF-f members and are able to inhibit in vitro Mstn and
growth and differentiation factor-11 (GDF-11), a Mstn -ho-
mologous protein.ls’16 GASP-1 or GASP-2 overexpression
promotes proliferation and differentiation of C2C12 myo-
blast cells by inhibiting the Mstn pathway.''® As we have
shown, transgenic 7g(Gasp-1) mice overexpressing Gasp-
1 present a hypermuscular phenotype associated with hy-
pertrophy without hyperplasia and exhibit no decrease in
fat mass at 3 months." Surprisingly, we found that these
mice gained weight with age and developed muscle/hepatic

insulin resistance.?’ Molecular analyses revealed an upreg-
ulation of Mstn from the embryonic stage and throughout
life, responsible for the absence of hyperplasia and meta-
bolic defects in Tg(Gasp-1) mice.?*?! Thus, GASP-1 does
not constitute a good drug candidate with a high therapeu-
tic potential.

Here, we investigated the effects of the overexpression
of Gasp-2 by generating and characterizing the Tg(Gasp-2)
mice. Phenotypic analyses revealed that the Tg(Gasp-2) ex-
hibit an increase of muscle mass due to a myofiber hypertro-
phy without hyperplasia as previously shown in Tg(Gasp-1)
mice. Interestingly, the Tg(Gasp-2) mice do not develop
metabolic defects. At the molecular level, we showed that
the Tg(Gasp-2) mice exhibit an upregulation of GDF-11
and a downregulation of several Mstn inhibitors, leading
to the absence of hyperplasia. Our findings highlighted a
functional duality between GASP-1 and GASP-2 as well as
a gene expression regulatory network of TGF-f members
and their inhibitors in muscle at the embryonic stage.

2 | METHODS

2.1 | Animals
Myostatin deficient mice ( Mstn™") and Gasp-1 overexpress-
ing mice (Tg(Gasp-1)) have been described previously.lg’22
The generated transgenic lines Tg(Gasp-2) overexpressing
Gasp-2, Mstn™", Tg(Gasp-1), and control animals are on
FVB/N background. All mice were bred and housed in the
animal facility of Limoges University under controlled con-
ditions (20°C, 12 hours light/12 hours dark cycle) with free
access to standard mouse chow and tap water. Experimental
procedures were carried out in accordance with European
legislation on animal experimentation (Directive 2010/63/
UE) and approved by the ethical committee n°033 (APAFIS
#1903-2015091612088147 v2).

Phenotypic and molecular analyses were performed on
3-weeks-old, 3-month-old, and 16-month-old mice, inde-
pendently of animal sex.

2.2 | Generation of transgenic lines
overexpressing Gasp-2

The 1656 bp coding sequence of the murine Gasp-2 gene was
amplifiedby primers 5-~ATGCCTGCCCCACAGCCATTC-3’
and 5“GTCTTGGAAGCGGTTGAGCAGTTC-3’ (transcript
sequence ENSEMBL ENSMUSG-00000071192) and was
introduced into the expression vector pcDNA3.1/V5-His
TOPO (Invitrogen) where Gasp-2 cDNA is under the cy-
tomegalovirus (CMV) promoter/enhancer. A purified Sall-
Nisil fragment was microinjected into the male pronucleus
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of one-cell fertilized FVB/N embryos. Two independ-
ent homozygous lines overexpressing Gasp-2, named
Tg(Gasp-2.2), and Tg(Gasp-2.9), were obtained from two
different founders and were characterized.

2.3 | Copy number genotyping

Copy number genotyping was done using SYBR Green—based
Real-Time PCR from Tg(Gasp-2) genomic DNA (QuantStudio
3 system, ThermoFisher Scientific). To determine the average in-
serted Gasp-2 transgene copy number, we used C-C chemokine
receptor type 5 (Ccr5) as endogenous reference gene to normal-
ize the amount of chromosomal DNA (number of transgene
copy number by cell =2 ACt X2 —2). PCR assays were carried
out as previously described in Monestier et al' using the follow-
ing primers: Gasp-2-Fwd (5" ATGCGCCCTGACCAAATGTA
3% and Gasp-2-Rev (5-CTGTCCTGAGTAGTTGCCCG-3’)

primers  targeting  Gasp-2 exon  2;  Ccr5-Fwd
(5-GCACAAAGAGACTTGAGGCA-3) and  Ccr5-Rev
(5-GTCATCTCTAGGCCACAGCA-3") primers targeting

Ccr5 exon 2. Data were analyzed by the QuantStudio Design &
Analysis software."”

2.4 | RNA extraction, retrotranscription and
gene expression analysis

Total RNA from tissues, cells, or embryos were isolated
using RNeasy midi kit (Qiagen). Synthesis of cDNA was per-
formed with the High Capacity cDNA Archive kit (Applied
Biosystems) to convert 2 pg of total RNA into single-stranded
cDNA. Tagman copy number assays were done with Gene
Expression Master Mix (Applied Biosystems, ThermoFisher
Scientific, Waltham, MA, USA), according to the manu-
facturer’s instructions. Twenty nanograms of cDNA were
run in triplicate on QuantStudio 3 real-time PCR system
(Applied Biosystem) with Tagman primers and probe sets: /8S
(Hs99999901 _s1), glycéraldéhyde-3-phosphate deshydroge-
nase (Gapdh) (Mm99999915_g1), beta-2-microglobulin ($2m)
(MmO00437762_m1), Gasp-I (Mm00725281_ml), Gasp-2
(MmO01308311_m1), Mstn (Mm03024050_m1), Myogenic
regulatory factord (Mrf-4) (MmO00435126_m1), and Myog
(Mm00446194_m1). Relative mRNA expression values were
calculated by the AACt method with normalization of each
sample to the average change in cycle threshold value of the
controls.

TagMan low-density array (TLDA, Applied Biosystems)
assays were performed based on the same above conditions,
except that 200 ng cDNA were used per TLDA card. TLDA
cards present 43 selected genes involved in TGF-f signaling
pathway as previously described.”!

FASEB .0 —
2.5 | Enzyme-linked immunosorbent assay
(ELISA) of GASP-2

Growth and differentiation factor-associated serum protein-
2concentration from mouse plasma was determined in a sand-
wich ELISA according to the manufacturer’s instructions
(GASP-2/WFIKKN DuoSet ELISA, R&D Systems). All meas-
urements were performed in triplicate and data for the standard
curve were fitted to a logistic plot with the MARS Data Analysis
Software (BMG Labtech) to determine the levels of GASP-2.

2.6 | Protein extraction and immunoblotting
Total cell protein extracts were prepared from frozen tis-
sues or cell pellets, solubilized for 2 hours at 4°C in a RIPA
lysis buffer (50 mM Tris, pH 8, 150 mM NaCl, 0.1% SDS,
1% NP-40, 0.5% sodium deoxycholate, and protease inhibi-
tors). Protein lysates were centrifuged at 12 000 g for 20
minutes at 4°C, and protein supernatant concentration was
determined at A595 nm using the Bradford assay (Bio-
Rad). Equal amounts of proteins (50 pg) were resolved by
SDS-PAGE using 10% polyacrylamide gels and then, trans-
ferred onto Amersham Protra premium 0.2 pm nitrocellu-
lose (GE Healthcare, Buckinghamshire, UK). Membranes
were blocked using 5% nonfat dry milk (w/v) in TBST
0.1% buffer (S0 mM Tris-HCI, 150 mM NaCl, pH 7.4, 0.1%
Tween-20) for 1 hour at room temperature. Specific primary
antibodies were diluted in 2.5% nonfat dry milk and incu-
bated overnight at 4°C: anti-phospho-Sma Mothers Against
Decapentaplegic homolog (Smad2/3) (polyclonal Rabbit
1:500, AB3226, R&D Systems), anti-SMAD2/3 (Polyclonal
Goat 1:500, AF3797, R&D Systems), anti-V5 (monoclonal
mouse 1:1000, MAS5-15253, Invitrogen) and anti-mouse
GAPDH antibody (Goat polyclonal 1:2000, AF5718, R&D
Systems). After three washes with TBST, membranes were
incubated with secondary antibodies (anti-goat, anti-rab-
bit or anti-mouse HRP-conjugated IgG, Dako, Glostrup,
Denmark) diluted at 1:1000 in TBST, 2.5% (w/v) nonfat dry
milk for 1 hour at room temperature. After three washes in
TBST, reactive proteins were visualized with ECL Prime
Western blotting system (GE Healthcare, Uppsala, Sweden).
For detection and relative quantification of band intensities,
we used Amersham Imager 600 device (GE Healthcare).

2.7 | Immunofluorescence staining

Skeletal muscles having a glycolytic, oxidative or mix metabo-
lism (tibialis anterior, gastrocnemius, flexor digitorum longus,
and soleus) were frozen in liquid nitrogen-cooled isopentane,
stored at —80°C and sectioned (10 pm thick). Cryosections were
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thawed at room temperature and air-dried. A permeabilization
step was required only for paired box 7 (Pax7) staining with
cold methanol at —20°C and a treatment for antigen retrieval in
10 mM citrate buffer, pH 6 at 90°C for 2 X 5 min. Then, cryo-
sections were blocked for 1 hour at room temperature in block-
ing buffer (5% BSA in phosphate buffered saline (PBS)) or
(10% goat serum, 1% bovine serum albumin (BSA), and 0.1%
Triton X-100 in PBS) for Pax7 staining. Incubation with pri-
mary antibodies diluted in BSA 1%/PBS took place overnight
at 4°C for Pax7 staining and 1 hour at 37°C for other staining.
Primary antibodies used for these analyses were anti-laminin
(Rabbit IgG, 1/500, L9393, Sigma-Aldrich), anti-Pax7 (Mouse
IgGl1, 1/100, MAB1675, R&D System), and different anti-my-
osin: BA-D5 for Type I (Mouse 1gG2b, 1/3, Agro-bio), SC-71
for Type ITa (Mouse IgGl, 1/3, Agro-bio), BF-F3 for type IIb
(Mouse IgM, 1/3, Agro-bio), and 6H1 for Type IIx (Mouse
IgM, 1/100, DSHB). After washes, slides were incubated for 30
minutes at 37°C with DAPI (1/1000) and secondary antibodies
conjugated to a fluorescent dye diluted in BSA 1%/PBS: Alexa-
Fluor-350 Goat Anti-Mouse IgG2b, Alexa-Fluor-546 Goat
Anti-Mouse IgGl1, Alexa-Fluor-488 Goat Anti-Mouse IgM,
or Alexa-Fluor-633 Goat Anti-Rabbit IgG (Invitrogen). After
washes, the slides are mounted with a coverslip with Mowiol
solution and colorless varnish. Scan of the entire muscle area
were acquired with an automated Nikon inverted epifluores-
cence microscope with NIS Element Software. Myofiber area
and number were calculated semiautomatically from laminin-
stained cryosections using ImageJ software in whole muscle
cross sections. Total and Pax7* myonuclei were automatically
counted using ImageJ software. Fiber typing was performed as
previously described.” Briefly, the fiber type characterization
was realized by semiautomatic image analysis Visilog software
(FED), using the double laminin/myosin labelling.

2.8 | Isolation of satellite cell-derived
myoblasts and cell culture

Primary myoblasts were obtained from 5-weeks-old male wild-
type (WT) or Tg(Gasp-2.9) mice. Briefly, murine myoblasts
were isolated from hindlimb muscles after enzymatic diges-
tion by pronase (Sigma-Aldrich, P-5147) diluted in Ham’s-F10
medium (Gibco) and 1% penicillin/streptomycin, 1 hour at
37°C. The solution was centrifuged for 5 minutes at 800 rpm
to remove undigested fragments. The supernatant was filtered
on 45 pm cell strainers. The cells are washed three times in
Ham’s F-10 medium and centrifuged at 1500 rpm for 20 min-
utes at room temperature. Mouse satellite cells are isolated by
depletion of nontarget cells using the Satellite Cell Isolation Kit
(Miltenyi Biotec). Cells were plated on Matrigel-coated Petri
dishes (BD Biosciences) in Growth Medium (GM): Ham’s F10
supplemented with 20% horse serum and 1% penicillin/strep-
tomycin supplemented with 5 ng/mL basic fibroblast growth

factor (bFGF, Invitrogen). Cells were maintained at 37°C in a
water-saturated atmosphere containing 5% CO, in air. To in-
duce differentiation, primary myoblasts at 80% confluence were
placed in Differentiation Medium (DM) consisting of Ham’s
F10 with 10% horse serum and 1% penicillin/streptomycin.

2.9 | Proliferation assay and fusion index
measurement

Primary myoblast proliferation was assessed as described in
Oliver et al.** Cells were seeded at 2500 cells per well in GM in
96-well microtiter plates and fixed at regular 24 hours periods
before methylene blue staining and measured at Asgq,, using
an ELISA plate reader (FLUOstar Omega; BMGLabtech,
Ortenberg, Germany). Point O hour of proliferation does not
correspond to plating but to 6 hours post-plating. Fusion index
measurement was performed by immunofluorescence as previ-
ously described.” Cells were fixed in 4% paraformaldehyde
for 10 minutes and permeabilized with 0.1%Triton X-100-PBS
for 30 minutes at 4°C. The cells were washed three times in
PBS 1X and saturated for 1 hour at room temperature using
PBS with 20% goat serum. Then, the cells were stained with
the primary antibody 1:500 in PBS-BSA 4% (Anti-MyHC
Class II antibody, Abcam) overnight in a humid atmosphere at
4°C. Cells were washed three times for 5 minutes with 0.01%
Tween 20-PBS and incubated with the Alexa-Fluor conjugated
secondary antibody (1:1000) and DAPI (1:1000) in PBS-BSA
4% for 15 minutes at 37°C in a humid atmosphere. Images were
acquired with a Leica DMI6000B inverted epifluorescence mi-
croscope using the MetaMorph software (Molecular Devices,
Sunnyvale, USA). Fusion index was calculated by dividing the
number of myonuclei contained in MyHC-expressing myo-
tubes by the total number of myonuclei (Imagel software).

2.10 | Metabolic analyses

For intraperitoneal glucose tolerance test IPGTT), 16 hours-
fasted mice were injected with 20% D-glucose (2 mg/g body
weight). Glucose levels were measured using a glucose meter
(OneTouch Ultra) from tail blood at 0, 15, 30, 60, and 120
minutes after glucose injection.

2.11 | Skeletal muscle enzymatic activities

Lactate dehydrogenase (LDH) and isocitrate dehydrogenase
(ICDH) were measured from a 5% (w/v) muscle (quadriceps or
gastrocnemius) homogenate in pH 8.0 buffer (250 mM sucrose,
2 mM EDTA, 10 mM Tris). The frozen muscle was crushed
in the buffer on ice with an ultra-turax. After centrifugation at
6000 rpm for 15 minutes at 4°C, the supernatants were removed
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and stored on ice until the enzymatic activities were measured
using the Konelab 30 controller (Thermo Scientific). The meas-
urement of the LDH and ICDH activities at A3y, Was based
on the NADH disappearance or production, respectively. The
reactions were done in LDH buffer (Triethanolamine 50 mM/
EDTA 5 mM/Pyruvate de sodium 2 mM/NADH 0.234 mM/
pH 7.5) or ICDH buffer (Na2HPO4 36.1 mM/MgClI2 0.5 mM/
Triton 0.05%/NADP 0.334 mM/Isocitrate 1.29 mM/pH 7.3)

2.12 | Statistical analyses

Unless otherwise stated, results are expressed as mean +
SEM. One-way ANOVA was performed to examine the
effect of genotype (WT vs genotype) on each parameter.
Statistical significance was set at P < .05. A minimum

5
FASEB ouu
of three replicates were performed for each experimental
condition.

3 | RESULTS
3.1 | Generation of Gasp-2 transgenic mouse
lines

We constructed a transgene expressing mouse Gasp-2 cDNA
under the control of a CMV promoter to create mice overex-
pressing ubiquitously Gasp-2. Two independent Tg(Gasp-2)
lines were successfully established and named Tg(Gasp-2.2)
and Tg(Gasp-2.9). Transgene copy number was estimated by
semi quantitative real-time PCR using Ccr5 gene as an en-
dogenous reference to normalize the amount of chromosomal
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FIGURE 1

Generation of Gasp-2 transgenic mouse lines. A, Real-time PCR-based transgene copy number determination of wilt-type (WT)

(n>5), Tg(Gasp-2.2) (n > 5) and Tg(Gasp-2.9) mice (n > 5). B, Relative mRNA expression levels of Gasp-2 were measured by quantitative PCR

in brain, lung, spleen, kidney, testis, and adipose tissues and (C) heart, Pectoralis, quadriceps, and Gastrocnemius from WT (white), Tg(Gasp-2.2)

(light grey), and Tg(Gasp-2.9) (dark grey) (n = 10). D, Western blot analysis of transgene-driven GASP-2 protein expression with an anti-V5

antibody. Total proteins were extracted from quadriceps and Gastrocnemius from WT and Tg(Gasp-2) mice. GAPDH was used as a loading control

signal of three distinct experiments. E, Concentrations of serum GASP-2 were determined in sandwich ELISA from WT and Tg(Gasp-2) lines

(n =4). Data are shown as means + SEM; One-way ANOVA was performed (WT vs genotypes) (***P value < .001)
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DNA. The homozygous Tg(Gasp-2.2) mice harbored ~ six
copies of the transgene, while the Tg(Gasp-2.9) mice had ~
four copies (Figure 1A). The copy number was stable within
all subsequent generations. The two Tg(Gasp-2) lines dis-
played a strong expression of Gasp-2 (100- to 10 000-fold
compared to WT) in various tissues (Figure 1B) and muscles
(Figure 1C). The transgene-driven GASP-2 protein expression
was further analyzed by western blotting with an anti-V5 an-
tibody (Figure 1D), confirming the GASP-2 overexpression
in both lines. As GASP-2 is a secreted protein, we measured
its amount in serum and showed a 3-fold overexpression of
GASP-2 in Tg(Gasp 2.2) mice and 4-fold in Tg(Gasp 2.9)
mice (Figure 1E).

3.2 | Overexpression of Gasp-2 leads to a
hypermuscular phenotype due to hypertrophy
without hyperplasia

Mice overexpressing Gasp-2 have a higher overall weight
compared to WT mice from weaning to 90 days (Figure 2A).
Compared to 3-month-old WT mice, the Tg(Gasp-2.2) and
Tg(Gasp-2.9) animals exhibit a total body weight increase of
11.5% and 13%, respectively. Furthermore, the overexpres-
sion of Gasp-1, the paralog of Gasp-2, or the knock-out of
Mstn, the targeted gene by Gasp-2, lead to an overall weight
increase of 15% and 28% in mice, respectively (Figure 2B).
This gain is associated with an increase in skeletal muscle
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FIGURE 2 Characterization of skeletal muscles from Tg(Gasp-2) mice. A, Total body weight of WT (black, n = 10), Tg(Gasp-2.2) (light
grey, n = 10), and Tg(Gasp-2.9) (dark grey, n = 10) were measured from 30 to 90 days old. B, Total body weight of 3-month-old mice (n =15
mice/genotype). C, Muscles of 3-month-old mice were harvested and weighed. D, Representative cryosections of Tibialis anterior from 3-month-
old WT and Tg(Gasp-2) mice. Laminin (red) staining showed basal lamina of myofibers. E, Mean myofiber cross-sectional areas and (F) mean
myofiber numbers of Gastrocnemius, Flexor Digitorum Longus (FDL) and Tibialis anterior muscle from 3-month-old WT and Tg(Gasp-2) mice
(n = 10 mice/genotype). Data are shown as means + SEM; One-way ANOVA was performed (WT vs genotypes) (*P value < .05; **P value <
.005; ***P value < .001). Benferroni posttest was used for the weight curve to include a correction for repeated measures
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mass of Tg(Gasp-2) lines (gastrocnemius, tibialis ante-
rior, pectoralis, and quadriceps) (Figure 2C). To confirm
whether this muscle phenotype is due to hypertrophy and/
or hyperplasia, histological analyses were carried out on
three muscles (tibialis anterior, soleus, and Gastrocnemius)
(Figure 2D-F). Muscle cross sections of Tg(Gasp-2.2) and
Tg(Gasp-2.9) mice immunostained with an anti-laminin an-
tibody show an increase of myofiber cross-sectional area
(CSA) compared to the WT mice, independently of the
muscle type (Figure 2D,E). However, no significant differ-
ence in muscle fibers number was observed between WT
and Tg(Gasp-2) mice (Figure 2F). This phenotype is found
preserved at 6 months (data not shown). These results show
that the overexpression of Gasp-2 leads to a myofiber hy-
pertrophy without hyperplasia, as we have previously ob-
served in Tg(Gasp-1) mice.

3.3 | Tg(Gasp-2) mice display a switch from
slow- to fast-twitch myofibers.

It has been shown that Msm™~ mice present a switch from
slow- to fast-twitch myofibers. We checked whether the
Gasp-2 overexpression leads to a change in the myofiber
type proportion in two different muscle. We measured the
overall activity of isocitrate dehydrogenase ICDH and lac-
tacte dehydrogenase LDH from extracts of gastrocnemius
and quadriceps of 3-month-old animals (Figure 3A,B). Like
Mstn™~ mice, Tg(Gasp-2.2) and Tg(Gasp-2.9) mice show
a decrease in ICDH activity compared to WT (Figure 3A).
In opposite, Tg(Gasp-1) mice do not present this ICDH de-
crease but exhibit a decrease in LDH activity (Figure 3A,B).
Quantification of the different type of myofibers tends to
show a decrease in the percentage of type I myofibers and
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FIGURE 3 Skeletal muscle fiber type distribution from Tg(Gasp-2) mice. A, Isocitrate dehydrogenase (ICDH) and (B) Lactate

dehydrogenase (LDH) were measured from Gastrocnemius or quadriceps muscle from 3-month-old WT, Tg(Gasp-2.2), Tg(Gasp-2.9), Tg(Gasp-1),
and Mstn™~ mice (n = 10 mice/genotype). The measurement of the LDH and ICDH activities at A, Was based on the NADH disappearance or
production, respectively. C, Representative cryosections of Soleus from 3-month-old WT immunostained with an antibody cocktail. D, Percentage
of fibers type distribution in the Soleus and Tibialis Anterior, realized by semiautomatic image analysis Visilog software, using the double laminin/
myosin labelling (n > 5 mice/genotype). Data are shown as means + SEM; One-way ANOVA was performed (WT vs genotypes) (*P value < .05;

*#%P yalue < .005; ***P value < .001)
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a significant increase of type IIA myofibers in soleus of
Tg(Gasp-2) line (Figure 3C,D). A similar result was ob-
served in Mstn™™ mice but not in Tg(Gasp-1) mice which
showed a significant increase in type I fibers and decrease
in type ITA myofibers (Figure 3D). We observed the same
switch from slow- to fast-twitch in the tibialis anterior mus-
cle (Figure 3D).

3.4 | Overexpression of Gasp-2 leads to an
increase of myonuclei accretion during the first
3 postnatal weeks

Muscular hypertrophy could be associated to the addition of
new nuclei from activated satellite cells within the myofiber
and/or to the increased rate of protein synthesis. We there-
fore analyzed the muscle phenotype of 3-week-old mice, just
after the myonuclear accretion phase. The Tg(Gasp-2.2) and
Tg(Gasp-2.9) mice already show an increase of muscle mass
due to a myofiber hypertrophy without hyperplasia (Figure 4A-
C). The number of myonuclei per myofiber was increased in
tibialis anterior in Tg(Gasp-2) lines, demonstrating a higher
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myonuclear accretion (Figure 4D). The pool of Pax7" positive
satellite cells are not affected after this myonuclear accretion
phase in overexpressing Gasp-2 skeletal muscles (Figure 4E).

3.5 | Overexpression of Gasp-2 in
Tg(Gasp-2) primary myoblasts enhances cell
proliferation and differentiation

To investigate the molecular mechanisms regulating muscle
mass in both Tg(Gasp-2) lines which present the same pheno-
type, myoblasts derived from Tg(Gasp-2.9) satellite cells were
isolated. We showed that Tg(Gasp-2.9) myoblasts overex-
pressed Gasp-2 (a 100-fold change) at 48 hours of proliferation
without affecting the Gasp-1 and Mstn expression (Figure 5A).
This result is quite surprising since we previously demonstrated
that the Tg(Gasp-1) myoblasts showed an upregulation of
Mstn. Tg(Gasp-2.9) cells were assessed for rate of proliferation
and showed a faster proliferation (Figure 5B), associated with a
decrease of pSMAD2/3 (Figure 5C). These results revealed that
Gasp-2 overexpression inhibited TGF-p pathway (including
Mstn) which normally activated SMADZ2/3 phosphorylation
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FIGURE 4 Characterization of skeletal muscles after myonuclear accretion phase. A, Representative cryosections of Tibialis Anterior (TA)

muscle from 3-week-old WT and Tg(Gasp-2.9) mice immunostained for laminin (red), Pax7 (green), and DAPI (blue). B, Mean myofiber cross-

sectional areas and (C) mean myofiber numbers of 7A muscle from 3-week-old WT and Tg(Gasp-2) mice (n > 5 mice/genotype). D, Quantification

of the number of myonuclei per fiber in TA from 3-week-old WT and Tg(Gasp-2) mice and (F) percentage of satellite cells (Pax7™) per cross-

sectional area (n > 5 mice/genotype). A nucleus was identified as myonucleus if one of the following criteria is observed: (i) the nucleus was

located within the laminin boundary, (ii) the nucleus is at the inner periphery of the fibre (laminin) or (iii) >50% of the surface of the nucleus was

within the laminin boundary. Data are shown as means + SEM; One-way ANOVA was performed (WT vs genotypes) (*P value < .05; **P value

<.005)
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FIGURE 5 Overexpression of Gasp-2 in Tg(Gasp-2) primary myoblasts. A, Relative mRNA expression levels of Gasp-2, Gasp-1, and

myostatin (Mstn) were measured by quantitative PCR of WT and Tg(Gasp-2.9) myoblasts grown under proliferating conditions for 48 hours. B,

WT and Tg(Gasp-2.9) primary myoblasts were plated at 2500 cells per well and grown in growth medium for a period of 72 hours. Proliferation

was measured by Methylene Blue assay (n = 5 independent experiments). C, Immunoblot analysis of pPSMAD2/3 expression of WT and

Tg(Gasp-2.9) myoblasts grown under proliferating conditions for 48 hours. Nitrocellulose membranes were also probed with anti-GAPDH antibody

and anti-SMAD 2/3 total to show equal loading of samples. D, WT and Tg(Gasp-2.9) myotubes were immunostained for MyHC protein at 72

hours after induction of differentiation. The cells were plated before differentiation at confluence (20 000 cells/cmz) and not at subconfluence to

avoid seeing a proliferation impact on differentiation. E, Fusion indexes during 72 hours of WT and Tg(Gasp-2.9) myoblasts differentiation were

determined from DAPI/Myosin staining (n = 3 independent experiments). F, Relative mRNA expression levels of Gasp-2, (G) Mrf-4 and (H)

Myog were measured by quantitative PCR from 0 to 72 hours of differentiation in WT and Tg(Gasp-2) primary myotubes (n = 3 independent

experiments). Data are shown as means + SEM; One-way ANOVA was performed (WT vs genotypes) (¥*P value < .005; ***P value < .001)

to inhibit proliferation. Using myosin immunostaining, we
observed after 72 hours of differentiation that Tg(Gasp-2.9)
myoblasts form larger myotubes compared to WT (Figure 5D).
Fusion index of Tg(Gasp-2.9) myotubes is increased, leading to
a higher differentiation rate (Figure 5E). In addition, the expres-
sion of the two myogenic factors of the terminal differentia-
tion, Mrf-4 and myogenin (Myog), normally inhibited by Msn,
are more expressed in 7g(Gasp-2.9) cells throughout the time
course of differentiation (Figure SF-H).

To obtain more insight into molecular characterization, we
performed a gene expression array analysis during proliferation

of 43 genes involved in muscle development. Among the
43 genes, 10 genes were upregulated and 5 were downregu-
lated (Table 1). Gasp-2 expression was increased more than
247-fold in the Tg(Gasp-2) myoblasts compared to the WT,
confirming that Gasp-2 overexpression was significant in
Tg(Gasp-2) satellite cell-derived primary myoblasts. We also
found that Myf6, MyoG and Inhba (Inhibin beta A chain) were
upregulated in Tg(Gasp-2) cells. In contrast, the Ltbp3 (Latent
transforming growth factor beta binding protein 3) gene, an-
other TGF-p inhibitor was downregulated in 7g(Gasp-2) myo-
blasts (Table 1).



PARENTE ET AL.

‘(sedKjouad sa 1 A) pountojrad sem YAQNY Aem-ouQ ‘uonerojijoid Surmp sisejqoAw Arewrnd 1 s paredwoos sysejqoAwr Arewnd (z-dspo)8 ur p1oj-¢ 1 ueyy a1owr Aq sauad pajendarumop Jo paje[naidn Jo ISIT ‘210N

THE

| FASEB

8%9°0 65 €~ IPPON PPON 61181
0120 12— € wajod Suipuiq q-{9 [ 1217 cdqr7 86691
8TT0 90'C— [POS [POSH LTOLT
PET'0 96'1— € uta10.4d x0q pa.ing cxnd 50581
0S80 LLT— 01 H0190f uoUDYURLZ[J1p pUD YIMO0LD 0LPD 0951 pajem3aIumo
€LS0°0 6L1 up0y) 2] L99C1
6¥500°0 98'l up>£]51g sug 11et
9€10°0 86'1 uISoN 30N 12181
616000 10T unaSoL Jodpw 8T6LI
7€10°0 10T 9 40100f D120 A 8L8LI
11400 €€C [ g 101o0f yimo.8 Suturiofsun. 2931 8081¢
91£0°0 8%°C [ & 101o0f yimo.8 Sutuitofsun. caf3r 6081¢C
60200°0 vLT vydpp uqiyuf vyuj TTe91
$9€00°0 18°¢C y-p1ag uiquuy vqyuf €291
Z-u1230.4d win4as
+100°0 18° LT P2IDI20SSD-101OD[ UODIIUIAD[[IP PUD YINO.1L) Z-dsvo 100S1¢C parensardn
anfea 4 sagueyd piog uondirsaq [0quIAS JuUdL) [ ELER)

sise[qoAw (Z-dspn) )3 [ ul soud3 paje[n3a1ap JO S[oAQ] uolssardxo oanedy [ ATAV.L



11

THE

PARENTE ET AL.

FASE‘BJOURNAL

JuedIuSIS-uou

“su (sadAjouas sa JA\) pouriofiad sem YAONY ABm-9uQ "G+ PUB G 6 So5e1s d1uoAIquua Je 901 [ A\ Ym paredwod are 901w (g-dspn)s 1 ut Kemyyed Surfeusis ¢-40], 9Y) Ul PIAJOAUT SOUIT JO 93UBYD P[0 210N

L¥900°
su
su

6810°
su
¥L200°
12949

18€0°
£6£0°
1234
89¢0°
[4410%

LTLOO

angea g

L8Y'C
Ly v—
Y0'C—
S6°C—
8L 1—
(8%
cle—

€10Cc—
8¢C
90°¢
9L'¢
(44

66'61

sagueyd piog

S'PIA—93e)s [B10]

19€0°
6%7800°
0810
£Ce0’
eSO
8700
940

€LED
€920
(4140}
080
¥L800°

YLYTO

anea g

LY9—
658~
SLG—
CTS—
6T €~
Y0CI—
9Ct—

clvi—
[4:x4
£€9°C
L0°€
88°C

9Ice

sagueyd piog

S'6H—a3e)s duokiquuy

sage)s

£ wz10.4d d132ua3oyd.ious 2uog
D] LI
Grretzig] gLy
unok]s1g
 wi2t0.4d Suipuiq q-90 [ 1u210]
uLI022(]
unvISIio

[-u1210.4d WINL2S P2IDIDOSSD
-10JODf UOUDIUILD[JIP PUD YINO.LL)

# u1210.4d o12uaoyd.iour auog
/ u12j0.4d xoq pa.nivg
€ u1230.4d xoq pasivg

[ [ 4019Df uonpyua12[ip Yyimo.r)
Z-u1210.4d WN12s parp1d0ssyH

-1030Df uouPUIL[JIp pup YIMOLL)

uondrsaq

cdug
oqiuy
qqyuy
usg
rdqr1
us(q
8

[-dspn)
pdug
LXvd
£Xod
[1-4dD

Z-dsvo

[0quIAS dUdL)

9¢ICI
9Ce91
143!
TTICh
SLO8OT
6LIC]
elevl

100S1¢T
6S1¢CI
60581
C0s8I
196v1

100€1¢C
[OELER)

poje[n3arumo

pojendardn

01w (Z-dsp)3 ] ur souas paje[NSIp JO S[OAD] uoIssaIdxo oAneRy 7 14V .L



“ PARENTE ET AL.
2 L EASEB o
A) - (B) Gasp-1 O wT (C) Mstn O wWT
G 2 P
- = 1 [ Tg(Gasp-2.9) 4q B Ty(Gasp-2.9)
c 307 o « [ Tg(Gasp-2.9) s 1.5+ g(Gasp-2. .
o o 5
Q @ 2
£ 20- % 1.0 g
3 3 < 21
; Q
e 107 S 0.5 . s |
2 E - E
2 E e
o 0.0- ol
) o o - X .
ébs q:\bu @\ Q:\b“ @ Q/\“

FIGURE 6 Relative expression levels of deregulated genes in Tg(Gasp-2) embryos. Relative mRNA expression levels of (A) Gasp-2, (B)
Gasp-1, and (C) myostatin were measured by qRT-PCR at embryonic stages E9.5 (primary myogenesis) and E14.5 (secondary myogenesis) from
WT and Tg(Gasp2.9) embryos. Data are shown as means + SEM; One-way ANOVA was performed (WTvs genotypes) (**P value < .005; ***pP
value < .001)
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FIGURE 7 Adipose phenotype in Tg(Gasp-2) mice. Adipose tissue mass from (A) 3-month-old and (B) 16-month-old WT and Tg(Gasp-2)
mice. C, Intraperitoneal glucose tolerance test from overnight-fasted mice, injected with glucose (2 mg/g body weight). Blood glucose levels

were monitored at 0, 15, 30, 60, and 120 minutes after glucose injection of 16-month-old mice. D, Relative mRNA expression levels of myostatin
(Mstn) were measured by quantitative PCR of WT and Tg(Gasp-2.9). Data are shown as means + SEM; One-way ANOVA was performed (WT vs
genotypes)

3.6 | Deregulated

levels during primary (at E9.5 embryonic stage) and sec-

expression of TGF-f and their inhibitors
during primary and secondary myogenesis in
Tg(Gasp-2) mice

Understanding the absence of hyperplasia in Gasp-2 over-
expressing mice requires to investigate gene expression

ondary myogenesis (at E14.5 fetal stage). We found a 20-
fold overexpression of Gasp-2 at both stages (Table 2 and
Figure 6A). Interestingly unlike the Tg(Gasp-1) mice, the
Tg(Gasp-2) animals do not present variation in Mstn ex-
pression but exhibit at these stages a 2- to 3-fold upregu-
lation of Gdfl1, a gene closely related to Mstn known to
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regulate anterior/posterior axial patterning (Table 2 and
Figure 6B). Moreover, Tg(Gasp-2) mice show a 2- to 14-
fold downregulation of several Mstn inhibitors such as
Gasp-1, Fst, Dcn, and Ltbp4 at embryonic stages (Table
2 and Figure 6C). Our findings highlighted a gene expres-
sion regulatory network of TGF- members and their in-
hibitors during primary and secondary myogenesis. This
transcriptional deregulation could be responsible for the
absence of hyperplasia by counteracting the effect of Gasp-
2 overexpression.

3.7 | Overexpressing Gasp-2 mice
do not present an adipose and insulin
resistance phenotype

We have previously shown that the Tg(Gasp-1) mice
gained weight with age due to an increase in fat mass,

Wildtype Mstn”/-

hyperglycemia, and insulin resistance and found that all
these symptoms are dependent of an upregulation of Mstn.*°
At 3 months, the Tg(Gasp-2.2) and Tg(Gasp-2.9) mice do
not present changes in adipose tissue mass (subcutaneous,
epididymis and brown) compared to controls (Figure 7A).
Unlike Tg(Gasp-1) animals, the 16-month-old Tg(Gasp-2)
mice show no increase in their fat mass (Figure 7B). In
IPGTT, there was no difference in glucose clearance be-
tween old mutant and WT mice (Figure 7C). Molecular
analyses revealed no upregulation of Mstn in young and
aged Tg(Gasp-2) muscles (Figure 7D).

4 | DISCUSSION

In this paper, we studied the cellular and molecular mecha-
nisms underlying the muscle phenotype in a mouse model over-
expressing GASP-2, a Mstn inhibitor, to investigate a potential
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FIGURE 8 A model highlighting the functional duality of GASP-1 and GASP-2 for myostatin inhibition. Molecular and/or phenotypic
analyses after myostatin knockout (Mstn™~ mice), Gasp-1 overexpression (Tg(Gasp-1)), and Gasp-2 overexpression (Tg(Gasp-2)) in adult stage—3

months—(middle part), in embryonic stage (upper part) and aged stage—14 months—(lower part). In comparison to WT, Mstn

~~ mice exhibit an

increase in muscle mass due to both hyperplasia and hypertrophy of myofibers, and a decrease in fat mass with age. Phenotypic analysis revealed

at 3 months that both Gasp-1 and Gasp-2 overexpression in adult mice leads to an increase in muscle mass only due to myofiber hypertrophy

without hyperplasia. Tg(Gasp-2) mice, like Mstn™

mice, display a switch from slow- to fast-twitch myofibers, while Tg(Gasp-1) mice exhibit an

opposite switch. Interestingly, at 14 months of age, only the Tg(Gasp-1) mice develop most of the symptoms associated with a metabolic syndrome,

resulting in an upregulation of Mstm. Molecular studies show, at embryonic stage (stage of hyperplasia formation), that (i) overexpression of

Gasp-1 leads to upregulation of Mstn and downregulation of Gasp-2 and follistatin (FST, a myostatin inhibitor) whereas (ii) overexpression of

Gasp-2 results in upregulation of GDF-11 (a MSTN-homologous protein) and a downregulation of Gasp -1 and Fst
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new therapeutic approach for muscle atrophy. Although its
paralog, GASP-1, was a good candidate because it led to a hy-
permuscular phenotype when overexpressed, age-related meta-
bolic defects are also observed in Tg(Gasp-1) mice.” To date,
only the phenotypic study of Gasp-2 deficient mice associates in
vivo GASP-2 with a context of muscle.”® These knock-out mice
develop muscle atrophy and have defects in myofiber regen-
eration. Here, we generated and characterized two independent
lines overexpressing Gasp-2, Tg(Gasp-2.2) and Tg(Gasp-2.9),
to better understand the functions of GASP-2 and evaluate its
therapeutic potential. We showed that these mice present an in-
crease of skeletal muscle mass due to myofiber hypertrophy at
3 months, still observed at 6 months. This increase is similar to
that seen for the Tg(Gasp-1) mice and is less than the observed
muscle increase of the Mstm-null mice. We demonstrated that
this hypertrophy was accompanied by an increase of myonu-
clear accretion during the first 3 postnatal weeks. In accord-
ance with these results, we showed that overexpressing Gasp-2
primary myoblasts proliferated faster and myonuclei average
per myotube was increased during differentiation. Thus, over-
expression of Gasp-2 could result in accelerated regeneration
during muscle injury.

Unlike Msm™~ mice, no muscle hyperplasia was observed
in Tg(Gasp-2). We previously observed this absence of hy-
perplasia in the Tg(Gasp-1) line and have shown an upregula-
tion of Mstn at the embryonic stages, which counterbalances
the effect of Gasp-1 overexpression during the early phases
of myogenesis.21 Interestingly, we did not find a Mstn up-
regulation in the Tg(Gasp-2) embryos but an upregulation of
Gdf-11, a gene closely related to Mstn known to regulate an-
terior/posterior axial patternin g.27 Recent studies showed that
GDF-11 could inhibit skeletal muscle development similar to
Msin. 30 Differentially upregulation of Mstn or Gdf-11 in
Gasp-1 or Gasp-2 overexpressing models could be explained
by a different affinity between GASP proteins with Mstn or
GDF-11. Indeed, Kondas et al'’® and Walker et al*! showed
that in vitro, GASP-1 is approximately 100 times more affine
for Mstn than GASP-2 and GASP-2 would have a better affin-
ity for GDF-1 113! Our in vivo data are consistent with these
results and are reinforced by the presence of an up-regulation
of Mstn in the Tg(Gasp-1) mice, while Gdf-11 is up-regulated
in Tg(Gasp-2) line. In addition, Tg(Gasp-2) mice present a
downregulation of several Mstn inhibitors such as Gasp-1,
Follistatin, decorin, and Ltbp3 at embryonic stage. A sim-
ilar result was observed in Tg(Gasp-1) mice, with a down-
regulation of Gasp-2, Follistatin, and Ltbp1 expression. Our
findings highlighted a gene expression regulatory network of
TGF-f members and their inhibitors in muscle, responsible
for the absence of hyperplasia by counteracting the effect of
Gasp-2 overexpression.

Unlike the Tg(Gasp-1) mice,”! GASP-2 overexpression
did not lead to metabolic defects with age. In addition, the
Tg(Gasp-2) mice display, like the Mstn™™ mice, a switch

from slow- to fast-twitch myofibers whereas Tg(Gasp-1)
mice exhibit a switch from fast- to slow-twitch myofibers.
Altogether, the difference of the phenotypes observed be-
tween the Tg(Gasp-1) and Tg(Gasp-2) lines could be ex-
plained at the molecular level by the induction or not of Mstn
upregulation as shown in Figure 8. Our results suggested
that the GASP-2 protein might be a better candidate to target
Mstn -signaling pathway without affecting the metabolism.
To further develop the potential of GASP-2 as a therapeutic
treatment, it would be interesting to get any functional as-
sessment of muscle contractile activity or of muscle regen-
erative potential.
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