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Neonatal Systemic AAV-Mediated Gene Delivery
of GDF11 Inhibits Skeletal Muscle Growth
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Growth and differentiation factor 11 (GDF11; BMP11) is a
circulating cytokine in the transforming growth factor beta
(TGF-b) superfamily. Treatment with recombinant GDF11
(rGDF11) protein has previously been shown to reverse skeletal
muscle dysfunction in aged mice. However, the actions of
GDF11 in skeletal muscle are still not fully understood. Because
GDF11 activates the TGF-b-SMAD2/3 pathway, we hypothe-
sized that GDF11 overexpression would inhibit skeletal muscle
growth. To test this hypothesis, we generated recombinant
adeno-associated virus serotype 9 (AAV9) vectors harboring
the gene for either human GDF11 (AAV9-GDF11) or human
IgG1 Fc-fused GDF11 propeptide (AAV9-GDF11Pro-Fc-1) to
study the effects of GDF11 overexpression or blockade on
skeletal muscle growth and function in vivo. After intravenous
administration of AAV9-GDF11 into neonatal C57BL/6J mice,
we observed sustained limb muscle growth inhibition along
with reductions in forelimb grip strength and treadmill
running endurance at 16 weeks. Conversely, treatment with
AAV9-GDF11Pro-Fc-1 led to increased limb muscle mass
and forelimb grip strength after 28 weeks, although a difference
in the total body mass/muscle mass ratio was not observed
between treatment and control groups. In sum, our results
suggest GDF11 overexpression has an inhibitory effect on
skeletal muscle growth.
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INTRODUCTION
The more-than-30 members of the transforming growth factor b

(TGF-b) superfamily have critical roles in cell development, differen-
tiation, and proliferation in embryonic and adult tissues. TGF-b
signaling has essential functions in the regulation of muscle growth
and homeostasis, and pharmacologic modulation of TGF-b signaling
has been actively studied for the treatment of muscular diseases.1–3

The growth and differentiation factor 11 (GDF11; also known as
BMP11) is a secreted protein belonging to the TGF-b superfamily.
GDF11 is translated as a precursor protein that is proteolytically pro-
cessed to an N-terminal propeptide and a C-terminal disulfide-linked
homodimer. After initial cleavage, the N-terminal GDF11 propeptide
remains associated with the C-terminal GDF11 homodimer in an
inactive latent complex. An additional proteolysis step cleaves the
GDF11 propeptide, leading to the release of the active GDF11 homo-
dimer. Studies in vitro and in vivo have shown that this active GDF11
homodimer is inhibited in the presence of the full-length N-terminal
GDF11 propeptide.4,5 GDF11 has previously been identified as a
critical factor for axial patterning, neuronal development, and kidney
and pancreas organogenesis in the developing embryo.6–9 In the
olfactory epithelium, GDF11 has been shown to play a role in the
regulation of neurogenesis.10 However, GDF11 effects in skeletal
muscle remain poorly understood.

Recently, GDF11 has been recognized as a potential anti-aging factor
after its identification from novel mouse heterochronic parabiosis
experiments.11 Circulating GDF11 was found to decline with age,
and restoration of GDF11 levels by recombinant GDF11 (rGDF11) in-
jections in agedmice restoredmuscle integrity, reversedpathologic car-
diac hypertrophy, and induced vascular remodeling and neurogenesis
in the brain.11–13 In its active domain, GDF11 possesses 90% homology
to the TGF-b superfamilymembermyostatin (also known as GDF8).14

BothGDF11andmyostatin signal via a heterodimeric complex consist-
ing of a serine-threonine kinase activin receptor type II (ActRII) and
type I activin receptor-like kinase 4/5 (ALK4/5). Ligand binding to
ActRII triggers ALK4/5 phosphorylation, which mediates phosphory-
lation of transcription factors SMAD2/3. Activated SMAD2/3 forms a
complex with SMAD4 and translocates to the nucleus, where it may
elicit changes in gene expression.15,16 ActRII activation is known to
inhibit myogenesis, and blockade of ActRII or its ligands results in
skeletal muscle hypertrophy.16 The close similarity between GDF11
andmyostatin, which is a known negative regulator ofmyogenesis, rai-
ses questions about the true role of GDF11 in the context of aging skel-
etalmuscle, although the possibility thatGDF11mediates its anti-aging
effects via alternativemechanisms cannot be ruled out. Since the initial
discovery of GDF11 as an anti-aging factor, conflicting studies have
emerged.17–20 Questions regarding the validity of GDF11 detection
methods and significance of pathological cardiac hypertrophy in
aged mice have further complicated the field.21,22

As described in several reports, inconsistencies in reagents may be
partly responsible for the discrepancy in observations with GDF11
studies.21–23 Earlier GDF11 studies primarily utilized rGDF11 synthe-
sized in bacterial protein production systems. Recombinant protein
administration is subject to variability in dosing, activity, and
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Figure 1. Reduced Body Mass in Neonatal Mice

Induced by GDF11 Overexpression

(A) AAV9-GDF11 and AAV9-GDF11-Pro-Fc-1 vector

design. The DNA gene sequence encoding for human

GDF11 or human Fc-conjugated GDF11 propeptide wAS

cloned into an AAV expression vector after a cytomega-

lovirus early enhancer/chicken b-actin (CAG) promoter

with a polyadenylation signal. The entire sequence is

flanked by two AAV inverted terminal repeats (ITRs). (B)

Body weight of pups 10 days after treatment with 5� 1011

vg AAV9-GDF11 or PBS control (n = 5). (C) Representative

immunofluorescence sections from 14-day-old neonatal

heart and liver sections stained for GDF11 (red).

Scale bars, 50 mm. All error bars represent mean ± SEM.

***p < 0.001.
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antigenicity, which may potentially contribute to unreliable observa-
tions.24 For the present study, we chose to use gene delivery via
adeno-associated virus (AAV) vectors to achieve systemic GDF11
overexpression. AAV-mediated gene delivery has been consistently
shown to produce widespread and long-term gene expression in
tissues such as liver, skeletal muscle, and heart. Proteins produced
and secreted from host cells are expected to undergo a more natural
maturation with proper protein folding and are, therefore, likely to
exhibit higher activity and less immunogenicity. Furthermore, the
AAV vector itself is non-pathogenic and does not provoke any
measurable immune response.25 To study the impact of GDF11
overexpression or blockade on skeletal muscle, we packaged the
codon-optimized DNA sequence for human GDF11 or human
Fc-conjugated GDF11 propeptide into AAV serotype 9 (AAV9)
and assessed the effects in mouse skeletal muscle after neonatal intra-
venous administration. Here, we demonstrate that AAV9-mediated
GDF11 overexpression inhibits skeletal muscle growth and causes
corresponding reductions in muscle strength and endurance. Addi-
tionally, we show that GDF11 propeptide overexpression results in
skeletal muscle hypertrophy and increased muscle strength without
producing cardiac hypertrophy.

RESULTS
Excessive GDF11 Expression Causes Lethality

To study the impact of GDF11 overexpression, the codon-optimized
DNA sequence encoding the full-length human GDF11 transgene
was packaged into an AAV9 vector (AAV9-GDF11; Figure 1A; Fig-
ures S1 and S2A). To confirm proper transgene expression by the
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AAV9-GDF11 vector in vitro, HEK293 cells
were infected with viral vectors, and the target
protein was detected in whole cells by immuno-
fluorescence and cell lysates by western blot
(Figures S2B and S2C). For in vivo experiments,
3-day-old neonatal mice on a C57BL/6J back-
ground were intravenously administered
5 � 1011 vector genomes (vg) per mouse
AAV9-GDF11 or PBS vehicle. Mice were
followed closely after vector administration to
assess treatment effect and identify signs of toxicity. Approximately
10 days after vector administration, mice treated with AAV9-
GDF11 had an average body weight 38.1% lower than PBS-treated
control mice (Figure 1B). By 14 days after injection, all mice treated
with AAV9-GDF11 had either died or required euthanasia. Immuno-
fluorescence analysis using a validated anti-human GDF11 antibody
(R&D Systems, MAB19581, Minneapolis, MN, USA) revealed GDF11
expression in the neonatal liver and heart of mice treated with AAV9-
GDF11 but not in PBS-treated control mice (Figure 1C).

GDF11 Overexpression Inhibits Skeletal Muscle Growth

Because AAV9-GDF11 was lethal at the initial treatment dose used,
we titrated the AAV9-GDF11 treatment dose to determine a surviv-
able dose. It was found that a 10-fold dose reduction from the initial
dose of 5 � 1011 vg AAV9-GDF11 per mouse to 5 � 1010 vg AAV9-
GDF11 per mouse was non-lethal. All mice that were administered
this reduced dose of GDF11 survived to adulthood without any signs
of overt toxicity, with the exception of reduced body mass. Mice
treated with AAV9-GDF11 consistently weighed less than control
mice at every time point tested, and at 16 weeks post-treatment,
AAV9-GDF11-treated mice had an average total body weight
26.0% lower than PBS-treated controls (Figure 2A). Additionally,
mice treated with AAV9-GDF11 demonstrated reduced forelimb
strength and running endurance compared to PBS-treated controls,
with a 43.4% and 25.3% decrease in grip strength and total distance
traveled, respectively (Figures 2D and 2E). Differences in forelimb
grip strength persisted even after normalizing force pulled to body
weight (�34.6%; Figure 2F).



Figure 2. Effects of Neonatal GDF11 Administration on Muscle Mass and Function

3-day-old C57BL/6J pups were treated with 5� 1010 vg AAV9-GDF11 or PBS control and followed for 16 weeks. (A) Body weight (n = 5). (B) Weight of whole limb muscles,

diaphragm, and heart and (C) weight normalized to body weight (n = 5). (D) Total distance traveled on the treadmill running test (n = 5). Depicted data represent total distance

traveled at 14 weeks post-treatment. (E) Peak force produced on the forelimb grip strength test and (F) peak force normalized to body weight (n = 5). Depicted data represent

peak force reading at 16 weeks post-treatment. All error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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16 weeks after treatment, the whole tibialis anterior (TA), gastrocne-
mius, quadriceps, diaphragm, and heart were extracted for analysis.
In AAV9-GDF11-treated mice, limb muscles weighed significantly
less compared to those of control mice, with an observed �43.9%,
�42.6% and �35.1% difference in TA mass, gastrocnemius mass,
and quadriceps mass, respectively. A difference of �16.5% and
�24.7% in diaphragm mass and heart mass, respectively, was also
observed with AAV9-GDF11 treatment (Figure 2B). The difference
in diaphragm mass paralleled a decreased diaphragm myofiber diam-
eter in mice treated with AAV9-GDF11 (Figure S3). However, when
tissue weight was normalized to body weight, there was no statistically
significant difference seen in diaphragm or heart (�11.8%; p = 0.0984
for normalized heart mass), although normalized limb muscle mass
remained significantly different (�34.8%, �33.8%, and �26.1%
difference in normalized TA mass, normalized gastrocnemius mass,
and normalized quadriceps mass, respectively; Figure 2C). Addition-
ally, no difference was observed in abdominal fat pad mass
(348.7 mg ± 62.3 mg and 357.5 mg ± 107.5 mg in mice treated
with PBS or AAV9-GDF11, respectively) or in supraclavicular brown
fat mass between the experimental groups (122.2 mg ± 9.6 mg and
130.6 mg ± 18.5 mg in mice treated with PBS or AAV9-GDF11,
respectively; Figures S4A and S4B).

H&E staining and immunofluorescence analysis of the quadriceps
muscles using an anti-laminin a2 primary antibody to stain individ-
ual muscle fibers showed a significantly left-shifted minimum Feret
diameter (MFD) distribution in samples from mice treated with
AAV9-GDF11 (Figures 3A–3C). The median MFDs in quadriceps
myofibers were 57.35 mm (interquartile range [IQR], 46.47 mm to
68.27 mm) and 38.73 mm (IQR, 30.02 mm to 49.72 mm) for PBS-treated
and AAV9-GDF11-treated mice, respectively (Figure 3D). Western
blot analysis of heart, liver, and quadriceps homogenates revealed a
band corresponding to full-length GDF11 (�45 kDa), whereas
no band was observed in corresponding samples from PBS-treated
control mice (Figure 3E).26,27

We next sought to determine whether GDF11 overexpression led to
upregulation of TGF-b-SMAD2/3 signaling in skeletal muscle. The
bands for phosphorylated SMAD3 (pSMAD3) (�48 kDa) and
SMAD3 (�48 kDa) were detected at the expected size. Western
blot analysis showed a 2.2-fold increase in pSMAD3 protein in
gastrocnemius samples from mice treated with AAV9-GDF11, while
protein levels of total SMAD3 were not significantly different between
AAV9-GDF11-treated mice and PBS-treated mice (Figure 4B).
Additionally, immunofluorescence analysis in gastrocnemius
muscle sections revealed an increase of 41.8% in the proportion of
pSMAD2/3+ nuclei to total nuclei in mice treated with AAV9-
GDF11 compared to PBS-treated mice (Figures 4C and 4D).

Fc-Conjugated GDF11 Propeptide Overexpression Enhances

Skeletal Muscle Growth without Affecting Heart Mass

Given the hindering effects of GDF11 onmuscle growth and function,
we next aimed to determine whether GDF11 blockade by GDF11 pro-
peptide could enhance muscle growth. The effector protein GDF11
propeptide was fused to human immunoglobulin (Ig)G1 Fc
(GDF11Pro-Fc-1) to prolong factor half-life in circulation and also
to facilitate identification by an anti-human Fc antibody. The DNA
sequence encoding the GDF11Pro-Fc-1 gene was then packaged
into AAV9 vector (AAV9-GDF11Pro-Fc-1; Figure 1A; Figures S1
and S2A). For in vivo experiments, 3-day-old neonatal mice were
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Figure 3. GDF11 Overexpression Inhibits Skeletal

Muscle Growth

(A) Representative H&E sections and (B) immunofluores-

cence sections from quadriceps sections. Laminin-a2

staining was used to visualize individual myofibers. Scale

bars, 100 mm. (C) Mean distribution of myofiber MFD in

quadriceps muscle. 600 myofibers were measured

per mouse (n = 3). Error bars represent mean ± SEM.

**p < 0.01; ***p < 0.001. (D) Box-and-whiskers plot of my-

ofiber MFD spread in quadriceps (n = 3). Box represents the

interquartile range (IQR), with the middle line representing

the 50th percentile. The lower and upper whisker bound-

aries represent the 5th and 95th percentiles, respectively.

***p < 0.001. (E) Western blot analysis revealed the ex-

pected band corresponding to full-length GDF11 (�45 kDa;

black arrows) in tissue homogenates in the AAV9-GDF11

group. GAPDH was used as a loading control.

Molecular Therapy
intravenously administered the AAV9-GDF11Pro-Fc-1 vector at a
dose of 5 � 1011 vg per mouse or PBS vehicle. Both treated and con-
trol mice survived to adulthood and showed no signs of toxicity. The
AAV9-GDF11Pro-Fc-1 group exhibited significantly increased body
mass compared to the PBS-treated control group (+24.2%; Figure 5A).
Mice treated with AAV9-GDF11Pro-Fc-1 demonstrated a 34.9% in-
crease in force pulled on a forelimb grip strength test compared to
control mice, which changed to a 7.7% increase when force pulled
was normalized to body weight (p = 0.0344; Figures 5E and 5F). How-
ever, a significant difference was not observed on running endurance
by the treadmill running test (Figure 5D).

At 28 weeks of age, whole TA, gastrocnemius, quadriceps, diaphragm,
and heart samples were collected. Limb muscle mass and diaphragm
mass in the AAV9-GDF11Pro-Fc-1 group were higher than those of
corresponding PBS-treated control mice (+30.6%, +17.8%, +20.2%
1112 Molecular Therapy Vol. 26 No 4 April 2018
and +21.1% difference in TA mass, gastrocne-
mius mass, quadriceps mass, and diaphragm
mass, respectively; Figure 5B). However, there
was no difference observed in the ratio of tissue
weight to body weight (Figure 5C). Also, no dif-
ference was observed in abdominal adipose tissue
mass (397.7 mg ± 98.7 mg and 544.5 mg ±

115.0 mg in mice treated with PBS or AAV9-
GDF11Pro-Fc-1, respectively) or in supraclavic-
ular brown fat mass between the groups
(122.2 mg ± 17.9 mg and 148.4 mg ± 22.0 mg
in mice treated with PBS or AAV9-GDF11Pro-
Fc-1, respectively; Figures S4C and S4D).

H&E analysis and muscle fiber staining using an
anti-laminin a2 antibody showed significant
muscle hypertrophy in mice treated with
AAV9-GDF11Pro-Fc-1, as evidenced by a
right-shifted MFD distribution in comparison
to PBS-treated control mice (Figures 6A–6C).
The median MFD in the PBS-treated group was 51.39 mm (IQR,
39.41 mm to 64.29 mm), while the medianMFD in the GDF11 propep-
tide-Fc-treated group was 62.19 mm (IQR, 48.45 mm to 73.51 mm; Fig-
ure 6D). Western blot analysis of heart, liver, and quadriceps detected
a band corresponding to full-length GDF11Pro-Fc-1 (�57 kDa) pro-
tein only in the heart and liver of mice treated with AAV9-
GDF11Pro-Fc-1. Additionally, a major degradation product contain-
ing the human Fc was observed in heart, liver, and quadriceps samples
(�32 kDa), while no equivalent bands were observed in the heart,
liver, or quadriceps samples from the PBS-treated group (Figure 6E).

DISCUSSION
In the present study, we show that GDF11 overexpression via AAV9-
mediated gene delivery in neonatal mice inhibits skeletal muscle
growth and causes reductions in forelimb grip strength and running
endurance. Additionally, we report decreased heart mass with



Figure 4. GDF11 Activates the TGF-b-SMAD2/3

Pathway

(A) Representative western blot analysis of SMAD3

signaling. (B) Semiquantitative analysis of relative pSMAD3

and SMAD3 protein levels normalized to GAPDH (n = 2–3).

(C) Representative immunofluorescence sections from

gastrocnemius stained for pSMAD2/3 (red). Nuclei were

stained with DAPI (blue). Scale bars, 50 mm. (D) Percentage

of SMAD2/3+ nuclei in relation to total nuclei (n = 3). All error

bars represent mean ± SEM. *p < 0.05.
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GDF11 overexpression. On the contrary, GDF11 propeptide induces
a modest increase in skeletal muscle growth and forelimb grip
strength. Earlier reports identified GDF11 as a factor capable of
increasing strength and reversing functional impairment in aged
skeletal muscle.12 From a mechanistic standpoint, GDF11, similarly
to myostatin, would be expected to negatively regulate skeletal
muscle growth in vivo by signaling through the canonical TGF-
b-SMAD2/3 pathway. Overall, our findings agree with the view that
activation of the TGF-b-SMAD2/3 pathway by GDF11 has inhibitory
effects on skeletal muscle growth.17

Several in vitro and in vivo studies suggest ActRII-mediated activa-
tion of the TGF-b-SMAD2/3 pathway inhibits myogenesis and
inhibition of ActRII induces skeletal muscle hypertrophy.28–32 It is,
therefore, reasonable to predict that blockade of ActRII-binding li-
gands such as GDF11 would lead to reduced inhibition of skeletal
muscle growth, and our results with AAV9-GDF11Pro-Fc-1 confirm
that hypothesis. Similar results in skeletal muscle have also been
observed with myostatin inhibitors such as myostatin propeptide
and follistatin.16,32–35 Our data show that treatment with GDF11 pro-
peptide may augment skeletal muscle growth and forelimb grip
strength, albeit not substantially in our trial, as the observed differ-
ence in muscle mass disappears when muscle mass is normalized to
body mass. Furthermore, there is only a small difference in forelimb
grip strength between treatment and control when grip force is
normalized to body mass. Even so, the increase in muscle mass is at
M

least proportional to the increase in body mass,
which suggests that muscle growth is a major
contributor to the change in body mass. To
explain these results, it is possible that the dose
of AAV9-GDF11Pro-Fc-1 vector used in this
study is insufficient to cause a hypertrophic effect
large enough to be measurable in the muscle
mass/body mass ratio, as western blot analysis
reveals considerable degradation of the GDF11
propeptide in vivo. If desired, we predict that
enhanced skeletal muscle growth may be
achieved by the addition of a mutation
(D120A) into the GDF11 propeptide gene to
impart resistance to in vivo protease degradation
of the active protein in order to extend its half
life.5 Additionally, due to the close similarities be-
tween GDF11 andmyostatin, it is likely that GDF11 propeptide exerts
its hypertrophic effects in muscle via both GDF11 and myostatin in-
hibition, as GDF11 propeptide has shown inhibitory effects on myo-
statin in vitro.5 Lastly, despite increases in skeletal muscle mass and
forelimb grip strength, we do not see any signs of cardiac hypertrophy
in mice treated with GDF11 propeptide. A similar observation was
reported in a previous study examining the effects of myostatin
propeptide on skeletal muscle and heart.32 This may be explained
by differences in signal transduction and, possibly, negative-feedback
regulation between skeletal and cardiac muscle, and these tissue-spe-
cific distinctions should be more closely examined.

GDF11 has previously been reported to improve skeletal muscle
mass and strength in aged mice.12 In order to evaluate the true ef-
fects of GDF11 in the context of aging, it is important to take into
consideration potential age-specific differences that may influence
effects of GDF11. The present study only examined GDF11 overex-
pression and blockade in young mice, and that is a major limitation
of this dataset. Levels of endogenous circulating GDF11 are sug-
gested to change with increasing age, and the value of restoring
GDF11 levels in old age is not clear.17,36 Future studies should
examine the effect of GDF11 overexpression or blockade in aging
models to identify age-specific differences. Decreased skeletal mus-
cle mass and strength are among the characteristics observed in old
mice, and it will be interesting to see what effect GDF11 or GDF11
propeptide overexpression would have on those features.37–39
olecular Therapy Vol. 26 No 4 April 2018 1113
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Figure 5. Effects of Neonatal GDF11 Propeptide Administration on Muscle Mass and Function

3-day-old C57BL/6J pups were treated with 5� 1011 vg AAV9-GDF11Pro-Fc-1 or PBS control and followed for 28 weeks. (A) Body weight (n = 5). (B) Weight of whole limb

muscles, diaphragm, and heart and (C) weight normalized to body weight (n = 5). (D) Total distance traveled on the treadmill running test (n = 5). Depicted data represent total

distance traveled at 26 weeks post-treatment. (E) Peak force produced on the forelimb grip strength test and (F) peak force normalized to body weight (n = 5). Depicted data

represent peak force reading at 28 weeks post-treatment. All error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Another point to consider is that GDF11 may exhibit unique effects
via alternative pathways such as Ras/ERK, PI3K/Akt/FOXO, and
p38 MAPK.21,40 However, the significance and consequence of these
alternative pathways remains to be elucidated. These potentially
unique mechanisms of GDF11 need to be further explored, specif-
ically factors that differentiate GDF11 from other TGF-b ligands,
such as myostatin.

There are several limitations to this study that leave unanswered ques-
tions. First, AAV9 achieves widespread transgene expression in the
liver, lungs, heart, skeletal muscle, and CNS after systemic adminis-
tration. Therefore, we cannot yet conclude whether the observed
effects in muscle are primarily due to local effect in the muscle tissue
or a by-product of a systemic response to GDF11 overexpression.
TGF-b signaling has roles across multiple organs in the body, and
it is understood that GDF11 overexpression or blockade mediates
potentially variable effects across different organs such as the brain,
heart, and endothelial tissue.41 Additionally, we cannot exclude the
possibility that GDF11-induced anorexia may have contributed to
inhibited muscle growth in AAV9-GDF11-treated mice because
food intake was not measured in this study. Given that fat mass
does not change significantly with GDF11 treatment, we do not pre-
dict that anorexia is a major contributor to the observed phenotype.
Finally, the systemic targeting by AAV9 may influence expression
of other circulating factors with undetermined effects.

Here, we present a method of studying GDF11 in vivo using an AAV
vector to achieve long-term factor expression after only a single dose.
This gene delivery strategy circumvents the need for daily injections
of expensive rGDF11 protein used in previous studies.12,42 In summa-
1114 Molecular Therapy Vol. 26 No 4 April 2018
tion, the results of this study and several other recent reports indicate
that GDF11 has a detrimental effect on skeletal muscle growth and
function.19,20 Conversely, treatment with the GDF11 propeptide ap-
pears to augment skeletal muscle growth and increase strength
without causing undesirable cardiac hypertrophy.

MATERIALS AND METHODS
Plasmid Construction and AAV Vector Production

The sequence for human IgG1-Fc was inserted at the C terminus of
the human GDF11 propeptide sequence to form the GDF11Pro-
Fc-1 fusion protein sequence. Sequences encoding codon-optimized
GDF11 and GDF11Pro-Fc-1 were synthesized (GenScript, Piscat-
away, NJ, USA) and cloned into the AAV backbone under the tran-
scriptional control of the ubiquitous CAG promoter (consisting of
the cytomegalovirus [CMV] enhancer, chicken b-actin promoter,
and a globin intron).43 AAV9 vectors were generated by the triple
plasmid transfection method in HEK293 cells.44 Vectors were puri-
fied from cell lysate and medium by polyethylene glycol (PEG) pre-
cipitation followed by two rounds of CsCl density ultracentrifugation.
Titers of purified viral stock determined by DNA dot blot were in the
range of 5 � 1012 to 1 � 1013 vg/mL. Vector infectivity and proper
transgene expression of purified vectors were confirmed by in vitro
reinfection in HEK293 cells at an MOI of 10,000 vg per cell. 5 to
10 mM Hoechst 33342 was co-administered into HEK293 cells to
facilitate transgene expression.45 Proper transgene expression was
verified by immunofluorescence and western blot in transiently trans-
fected HEK293 cells, using a monoclonal mouse anti-human GDF11
antibody (R&D Systems, MAB19581, Minneapolis, MN, USA) and a
polyclonal goat anti-human IgG Fc-specific (Sigma-Aldrich, I2136)
antibody for GDF11 and GDF11Pro-Fc-1, respectively.



Figure 6. GDF11 Propeptide-Fc Enhances Skeletal

Muscle Growth

(A) Representative H&E sections and (B) immunofluores-

cence sections from quadriceps sections. Laminin-a2

staining was used to visualize individual myofibers. Scale

bars, 100 mm. (C) Mean distribution of myofiber MFD in

quadriceps muscle. 600 myofibers were measured per

mouse (n = 5). Error bars represent mean ± SEM. *p < 0.05.

(D) Box-and-whiskers plot of myofiber MFD spread in

quadriceps (n = 5). Box represents the interquartile range

(IQR), with the middle line representing the 50th percentile.

The lower and upper whisker boundaries represent the 5th

and 95th percentiles, respectively. ***p < 0.001. (E) Western

blot analysis revealed the expected band corresponding to

full-length GDF11Pro-Fc-1 (�57 kDa; black arrows) in tissue

homogenates from heart and liver in the AAV9-GDF11Pro-

Fc-1 group. The corresponding band could not be detected

in GDF11 propeptide-Fc-treated quadriceps samples. An

additional band was recognized at �32 kDa (gray arrows) in

GDF11 propeptide-Fc-treated heart, liver, and quadriceps

that was not present in PBS-treated samples. GAPDH was

used as loading control.
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Mice and AAV Vector Administration

Mice were maintained in a 12-hr:12-hr light:dark artificial light cycle
(0700–1900 hr) at a temperature of 20�C and a humidity of 55 ± 5%.
All animal protocols were approved by the University of North
Carolina Animal Care and Use Committee. Sample size determina-
tion was based on power analyses from previous studies and literature
review. Neonatal mice (3 days of age) on a C57BL6J background were
randomly allocated into experimental groups and treated by temporal
vein injection, with doses ranging from 5 � 1010 to 5 � 1011 vg per
mouse of AAV9-GDF11, AAV9-GDF11Pro-Fc-1, or PBS in a
50-mL volume. Treated mice were weaned at 3 weeks of age. Mice
had ad libitum access to food and water. Body weight was assessed
at weaning and every week initially. As weight gain became more
gradual, body weight measurements were taken bimonthly to
monthly. AAV9-GDF11- and AAV9-GDF11Pro-
Fc-1-treated mice were sacrificed at 16 weeks
and 28 weeks, respectively. For non-survival sur-
gery, mice were anesthesized with 2.5% 2,2,2-tri-
bromoethanol (Avertin) at a dose of 350 mg/kg.
The entire heart, diaphragm, gastrocnemius, TA,
hamstring, and quadriceps muscles were surgically
removed, snap frozen in 2-methylbutane, and
stored at �80�C.

Muscle Functional Testing

Mice were trained and acclimated to grip
strength and treadmill apparatuses prior to data
collection. Before testing, experimental groups
were anonymized. The grip strength device
(Columbus Instruments, Columbus, OH, USA)
measured tension peak force. The mouse was al-
lowed to rest its front forepaws on the bar until
the bar was evenly grasped with both forepaws. Then the mouse
tail was pulled back slowly until the mouse released its grip on
the bar. The maximal force pulled by the mouse in grams was
recorded. A minimum of 5 measurements at 1-min intervals were
obtained at testing for each mouse, and the highest value obtained
was used for statistical analysis. The treadmill apparatus
(Harvard Apparatus, Holliston, MA, USA) was placed on a 15�

incline, with the shock pad set to 1 mA. Starting speed was set
at 5 m/min for 1 min. The speed was then gradually increased
to 10 m/min for 5 min and continually increased in 5-m/min incre-
ments every 5 min. A mouse was removed when it failed to re-enter
the treadmill after 7 s. Total distance traveled was used for statistical
analysis. Grip strength and treadmill tests were conducted by a
single experimenter blinded to the experimental groups.
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H&E Staining

10-mm transverse cryosections were prepared from snap-frozen quad-
riceps samples. Sections were fixed with 3% acetic acid in 95% ethanol
andwashed in tapwater. Sections were subsequently stainedwith Gill’s
hematoxylin #3 for 20min and washed with tap water to blue. Sections
were differentiated in 1% acid alcohol for 10 s and washed with tap wa-
ter. Sections were blued in 0.2% ammonia water for 30 s and washed
with tap water. Eosin counterstain was applied for 5 s, and excess eosin
was washed off with tap water. Slides were dehydrated for 2 min each
in 70%, 85%, 95%, and 100% ethanol and dried. Sections were
immersed in xylene for at least 5 min, and slides were mounted with
Permount (Thermo-Fisher, SP 15-100). A Nikon Eclipse TE300
microscope (Nikon USA, Melville, NY, USA) was used to visualize
sections, and images were captured with a SPOT RT Slider camera
(Diagnostic Instruments, Sterling Heights, MI, USA).

Immunofluorescence Analysis

10-mm transverse cryosections were prepared from snap-frozen
quadriceps samples. Sections were blocked with 10% horse serum
in PBS and stained with rat monoclonal anti-laminin a2 antibody
(1:500; Sigma-Aldrich, L0663) for 1 hr. Sections were washed three
times with PBS and Cy3-conjugated anti-rat IgG (1:5,000) was added
for 1 hour. Slides were washed again with PBS, and coverslips were
affixed with Gel-Mount aqueous mounting media (Biomeda, Foster
City, CA, USA). A Nikon Eclipse TE300 microscope (Nikon USA,
Melville, NY, USA) was used to visualize individual muscle fibers.
Images were captured at 10� magnification with a SPOT RT Slider
camera (Diagnostic Instruments, Sterling Heights, MI, USA) for fiber
diameter analysis. ImageJ software was used to outline individual
myofibers and determine MFD in 600 myofibers per mouse. For
pSMAD2/3 staining, all steps were as described, with the exception
of an additional permeabilization step prior to blocking with 0.2%
Triton X-100 for 30 min. Sections for pSMAD2/3 staining were incu-
bated with rabbit anti-pSMAD2/3 antibody (1:500; Santa Cruz
Biotechnology, sc-117691) overnight, washed three times with PBS,
and incubated with Cy3-conjugated anti-rabbit IgG (1:1,000) for
1 hr. Percentage of pSMAD2/3+ nuclei was calculated from at least
1,000 nuclei per mouse. Image captures were anonymized, and the
investigator conducting immunofluorescence analysis was blinded
to the experimental group.

Western Blot

Snap-frozen samples from heart, quadriceps, and liver were finely
homogenized in RIPA buffer (150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris [pH 7.5], 1 mM
PMSF) with protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO, USA) and briefly sonicated to shear genomic DNA. Samples
were centrifuged at 13,000 rpm for 15 min to pellet unsolubilized
DNA, and the concentration of the supernatant was determined by
bicinchoninic acid assay (BCA). Protein samples were diluted to
the same concentration and reduced in SDS-PAGE loading
buffer (62.5 mM Tris-HCl [pH 6.8], 1.5% SDS, 8.3% glycerol, 1.5%
b-mercaptoethanol, 0.005% bromophenol blue). Approximately
40 mg protein was loaded per lane. Samples were separated at
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80–120 V on a 12% SDS-PAGE gel and transferred to a 0.2-mm
polyvinylidene fluoride (PVDF) membrane. 5% non-fat dry milk in
TBS-T (10 mmol/L Tris-HCl [pH 7.5], 100 mmol/L NaCl, and
0.1% Tween 20) was used to block the membrane. Primary antibodies
were incubated with the membrane overnight. The membrane was
washed in TBS-T three times, and appropriate horseradish peroxidase
(HRP)-conjugated antibodies were incubated for 1 hr. Themembrane
was washed in TBS-T five times and developed with Western
Lightning ECL Pro (PerkinElmer, Waltham, MA, USA). Primary
antibodies used were anti-human GDF11 (1:5,000; R&D Systems,
MAB19581, Minneapolis, MN, USA), anti-human IgG Fc specific
(1:5,000; Sigma-Aldrich, I2136), anti-pSmad3 (S423/425; 1:1,000;
Abcam, ab52903), anti-Smad3 (1:1,000; Abcam, ab28379), and anti-
mouse GAPDH (1:10,000; Sigma-Aldrich, G9545).

Statistical Analysis

Statistical values are given as mean ± SEM, except where indicated.
Student’s t test was used to compare two groups. One-way ANOVA
was used to compare three or more groups. Mann-Whitney U test
was used specifically to compare overall myofiber MFD distribution
between two groups. Graphs and statistical analysis were produced
using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA,
USA). p < 0.05 was considered statistically significant.
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