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Muscle follistatin gene delivery increases muscle protein synthesis
independent of periodical physical inactivity and fasting
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1 | INTRODUCTION

Depletion of muscle tissue has detrimental effects on health
and physical function, and it is associated with increased
mortality and poor prognosis in different diseases, ' while
there is evidence in rodents that increasing muscle mass or
prevention of muscle loss may improve survival in cancer.>*
Many diseases and aging are accompanied by physical inac-
tivity and malnutrition that contribute to the decreased muscle
mass and function® and may also diminish the effectiveness
of therapies targeting skeletal muscles.® Muscle protein syn-
thesis in the basal state and/or protein synthesis in response to
nutrient stimulation are blunted in different models of disuse
or inactivity-induced atrophies, such as immobilization, bed
rest, and step reduction.” ! In contrast to the disuse atrophy
that has largely been attributed to diminished muscle protein
synthesis,12 muscle atrophy induced by starvation and nutri-
ent deprivation may arise from the combination of decreased
protein synthesis and increased protein degradation.13 4

The mechanisms of the protein synthesis responses to ac-
tivity and feeding may be associated with altered localization
of the key regulatory protein mechanistic target of rapamycin
(mTOR).">" This is probably important, since the associa-
tion of mTOR with the lysosome/late endosome appears to
be required for maximal mTOR complex 1 (mTORCI) acti-
vation.>'%!81% Based on the recent evidence, the activation
of mTORCI1 is additionally regulated via the cellular posi-
tioning of mTOR-lysosome complex«:s.”’zo’21 Both the colo-
calization and the translocation may be altered by nutrient
availability and muscle activity. 1519 This may also be relevant
to several diseases accompanied by decreased food intake
and physical inactivity as we have demonstrated decreased
colocalization of mTOR with lysosomes in cachectic skeletal
muscles of mice with experimental cancer.” However, it is
still poorly understood if and how short-term fasting in vivo
and the blocking of activin receptor ligands influence the co-
localization and translocation of mTOR and lysosomes.

It is crucial to find the potential therapeutic targets to
counteract negative protein balance in muscle and the re-
sulting muscle wasting. Myostatin, activin A and B, and
GDF11 belong to the transforming growth factor-f§ (TGF-f)
superfamily of proteins, and they negatively regulate muscle
mass through binding to activin receptors type 2A and 2B
(ACVR2) on the cell membrane.? Blocking of ACVR2 li-
gands through various strategies increases muscle mass and
decreases muscle Wasting3’4’22'25 In most cases, the blocking
of ACVR?2 ligands has increased muscle mass by strongly
promoting protein synthesis rather than substantially affect-
ing protein degradation pathways,***?® even though it has
not restored the decreased physical activity and food intake in
several rodent models of muscle wasting.3’25’27 Furthermore,
the blockade of ACVR?2 ligands has successfully prevented
disuse atrophy in mice.®**?’ These findings suggest the

effectiveness of these treatment modalities in counteract-
ing the negative effects of decreased physical activity and
food intake on muscle mass. However, more direct studies
investigating the underlying mechanisms required for en-
hanced muscle protein mass during these stress states are still
warranted.

There are many different strategies to block or inhibit
ACVR?2 ligands, such as using systemic administration of a
soluble ACVR2B trap.3’4’22'24 Another often used and effec-
tive approach is the overexpression of follistatin, which is a
secreted protein that binds myostatin, activin A and B, and
GDF11 and thus effectively inhibits their biological func-
tion.” The 288 amino acid isoform of follistatin (FS288)
contains heparan sulfate domains promoting its association
with cell surfaces, which makes it an effective tool for local
inhibition of myostatin, activin A and B, and GDF1 1.3 Local
adeno-associated virus (AAV)-mediated overexpression of
FS288 has previously been shown to result in pronounced
muscle hypertrophy and increased muscle protein synthesis
and mTOR signaling.32 However, it is not known if FS288
gene delivery influences mTOR localization and if it inter-
acts with altered levels of food intake and/or physical activity
in the regulation of muscle protein synthesis.

The purpose of this study was to investigate the local
effects of muscle follistatin (FS288) overexpression using
rAAV-mediated gene delivery on the regulation of muscle
protein synthesis and mTOR signaling in response to i) di-
urnal fluctuations in physical activity and food intake and ii)
food deprivation in mice.

2 | MATERIALS AND METHODS
2.1 | Cloning of DNA constructs and
production of adeno-associated viral vectors

The FS288 + O6His-insert was amplified from pOTB7
AU24-F5 Follistatin plasmid, IMAGE clone #3688745
(Geneservice Ltd, Cambridge, UK) via PCR and cloned into
pSupCAG vector for rAAV production. pSubCAG plas-
mid containing the gene of interest was then transfected to
CHO-S cells and transgene expression was confirmed by
Western blotting using anti-tetra-histidine antibody (1:5000,
#34670, Qiagen, Hilden, Germany). To produce recombinant
adeno-associated viral vectors (serotype 9), HEK293T cells
were transfected with the pSubCAG-FS288 or pSubCAG-
Scramble (rAAV9-CTRL) and helper plasmids. Media were
collected after 2 and 3 days and the rAAV preparations were
purified by ultracentrifugation using an iodixanol step gradi-
ent. The titers were determined by real-time qPCR. Finally,
HEK?293T cells were transduced with the AAVs encod-
ing FS288 (rAAV9-FS288) or a non-gene coding control
rAAV (rAAV9-CTRL), and the transgene expression was
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confirmed by Western blotting using anti-tetra-histidine
antibody (1:5000, #34670, Qiagen, Hilden, Germany). The
rAAVs were manufactured by the AAV Gene Transfer and
Cell Therapy Core Facility of Faculty of Medicine, University
of Helsinki, Finland.

2.2 | Animals

Male mice from C57Bl/6Jrj background (Janvier, France)
aged 10-12 weeks were used in all experiments. Mice
were maintained in standard conditions (temperature 22°C,
12:12 hours light/dark cycle) with free access to food (R36;
4% fat, 55.7% carbohydrate, 18.5% protein, 3 kcal/g, Labfor,
Stockholm, Sweden) and water. The treatment of the animals
was in strict accordance with the European Convention for
the protection of vertebrate animals used for experimental
and other scientific purposes (Directive 2010/63/EU). The
protocols were approved by the National Animal Experiment
Board, and all the experiments were carried out in accord-
ance with the guidelines of that committee (permit numbers:
ESAVI/10137/04.10.07/2014 and ESAV1/14457/2018).

2.3 | Experimental design

A schematic representation of the study design is presented
in Figure 1. The experimental design includes a 3-week
dose-response experiment and 1-week protein synthesis ex-
periments. In all experiments, mice were anesthetized with
an intraperitoneal injection of ketamine and xylazine (50-
60 mg/kg and 7-8 mg/kg, respectively), and given an intra-
muscular injection of recombinant rAAV9 encoding FS288

R
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(30 uL) into one tibialis anterior (TA) muscle and non-gene
coding rAAV9-CTRL into the contralateral TA. The order
of the experimental and control legs was randomized. Three
different doses were tested in the dose-response experiment
(experiment 1): 4 x 10°, 1.6 x 10'°, and 6.4 x 10'° viral par-
ticles/leg, N = 4 mice/dose. Samples were collected 20 days
after the rAAV injection. The lowest dose producing sig-
nificant hypertrophy in TA and extensor digitorum longus
(EDL) muscles without major effects on the mass of the
other muscles was selected for the following experiments
with rAAV9-FS288.

In the following short-term experiments, mice were in-
jected intramuscularly with rAAV9-FS288 or rAAV9-CTRL
(4 x 10 viral particles/leg) as above, 7 days before the col-
lection of blood and muscle samples. In experiment 2, half of
the mice (N = 8) were euthanized in the nighttime on aver-
age at 12 AM, and half of the mice (N = 8) were euthanized
in the daytime on average at 3 PM. These time points were
selected to represent periods of high physical activity and
feeding (nighttime) in contrast to low physical activity and
fasting (daytime), based on the light-dark cycle and our pilot
measurements. Mice were housed individually in Promethion
respirometry cages and respiratory gases and the amount
and timing of food intake were monitored with Promethion
High-Definition Multiplexed Respirometry System and
MetaScreen software (Sable Systems, North Las Vegas, NV,
USA) for 2 days before sample collection. In addition, phys-
ical activity was recorded with our validated force plate sys-
tem described previously.27’3 3

In experiment 3, mice were either fed ad libitum over-
night (AD, N = 8), fasted overnight (12 hours, F, N = 8), or
fasted overnight (11 hours) and then, refed for an hour (RF,
N = 8) before sample collection. The food was withdrawn an

Days 0 ,, 5 6
7/

- 7
3 N = 4/dose

t

Y Yy
3 N = 8/group

Activity, respirometry,
food intake

T

Y " Yy
3 N = 8/group

AD/F/RF
Activity

k = AAV injection i.m. T =sample collection

FIGURE 1 Schematic representation of the experimental design. Experiment (Exp) 1 is a dose-response experiment, based on which the
rAAV9-FS288 dose was determined for the time of day (Exp 2) and the fasting (Exp 3) experiments. AD, food provided ad libitum; F, overnight

fasting; RF, overnight fasting, and 1-hour refeeding
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hour into the dark phase to avoid a more prolonged fasting
by allowing feeding in the beginning of the dark phase and
to better standardize the fasting time. Muscle and blood sam-
ples were collected in the morning, 7 days after the rAAV-
injection. Physical activity was assessed by force plates as
above.

2.4 | Sample collection

In all experiments, mice were euthanized by cardiac puncture
followed by cervical dislocation under anesthesia (ketamine
and xylazine, i.p.). Blood samples were collected in serum
collection tubes, and centrifuged at 2000 g for 10 minutes
after which the serum was separated and stored in —80°C.
TA, EDL and gastrocnemius muscles were rapidly excised
and weighed. The TA muscles were cross-sectionally dis-
sected from the middle of the muscle belly, and the samples
were either snap-frozen in liquid nitrogen for Western blot
analyses (all experiments), or embedded in Tissue-Tek OCT
compound (Sakura Finetek, Torrance, CA, USA) and snap-
frozen in isopentane cooled with liquid nitrogen for histo-
logical analyses. In experiments 1 and 3, the proximal parts
of both TA muscles from each animal were used for histo-
logical analyses and the distal parts were used for Western
blot analyses.

2.5 | Analysis of muscle protein synthesis
Muscle protein synthesis was analyzed in experiments 2
and 3 using the surface sensing of translation (SUnSET)
method**¥ as reported earlier by our group.3’23’24 Briefly,
7 days after rAAV-injection, mice were anesthetized by i.p.
administration of ketamine and xylazine, and subsequently
injected i.p. with 0.040 pmol/g puromycin (Calbiochem,
Darmstadt, Germany) dissolved in 200 ul of PBS. At 22 min-
utes after puromycin administration, mice were euthanized
by cardiac puncture followed by cervical dislocation. Both
TA muscles were isolated and weighed, and the samples
were snap-frozen in liquid nitrogen exactly at 30 minutes
after puromycin administration.

2.6 | Protein extraction and protein content

TA muscle samples were homogenized with Tissue Lyser
IT (2 X 2 minutes, 30 Hz, Qiagen, Hilden, Germany) in ice-
cold HEPES-buffer with protease and phosphatase inhibitors
[20 mM Hepes, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl,,
2 mM DTT, 1 mM Na;VO,, 100 mM f-glycerophosphate,
1% NP-40, and 3% Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Waltham, MA, USA)]

followed by 30 minutes of agitation at +4°C. The samples
were then centrifuged at 500 g for 5 minutes at +4°C for the
analysis of the protein synthesis, and at 10 000 g for 10 min-
utes at +4°C for other analyses. Total protein content was
determined using the bicinchoninic acid (BCA) protein assay
(Pierce Biotechnology, Waltham, MA, USA) with an auto-
mated KoneLab device (Thermo Fisher Scientific, Vantaa,
Finland).

2.7 | Western blotting

TA homogenates containing 30 pg of protein were solubilized
in Laemmli sample buffer containing 5% p-mercaptoethanol
and heated for 10 minutes at 95°C to denature proteins.
Proteins were separated by SDS-PAGE in Criterion TGX
Stain-Free gels (Bio-Rad Laboratories, Hercules, CA, USA)
and then, transferred to PVDF membrane using Trans-Blot
Turbo Transfer System (Bio-Rad Laboratories, Hercules,
CA, USA). Membranes were then blocked and probed over-
night with primary antibodies against phosphorylated ribo-
somal protein (rp) S6 at Ser240/244 (#2215), p70 S6 Kinase
at Thr398 (#9234), 4E-BP1 at Thr37/46 (#2855), and SAPK/
JNK at Thr183/Tyr185 (#4668), and total rpS6 (#2217),
p70 S6K (#2708), SAPK/INK (#9252, Cell Signaling
Technology, Beverly, MA, USA), ubiquitin (sc-8017,
Santa Cruz Biotechnology, Dallas, TX, USA), LC3 (L7543,
Sigma-Aldrich, Darmstadt, Germany), and His-tag (anti-
tetra-histidine, #34670, Qiagen, Hilden, Germany) at 4°C.
After incubation with horseradish peroxidase-conjugated
secondary antibodies (Jackson ImmunoResearch Europe),
the proteins were visualized by enhanced chemiluminescence
(SuperSignal west femto maximum sensitivity substrate;
Pierce Biotechnology, Waltham, MA, USA) with ChemiDoc
MP device (Bio-Rad Laboratories, Hercules, CA, USA) and
quantified (band intensity X volume) with Image Lab soft-
ware (version 6.0; Bio-Rad Laboratories, Hercules, CA,
USA). In the case of the analysis of puromycin-incorporated
proteins, ubiquitinated proteins, and total protein loading
(stain-free), the intensity of the whole lane was quantified.
All Western blot results were normalized to the total protein
loading analyzed from the stain-free image of the membrane.

2.8 | Analysis of respirometry and food
intake data

In experiment 2, respirometry and food intake data acquired
from Promethion respirometry system were analyzed with
ExpeData software (version 1.9.14, Sable Systems, North
Las Vegas, NV, USA). The total food intake was validated by
weighing the food before and after the 2-day measurement.
In experiment 3, food intake during the ad libitum feeding
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FIGURE 2

Intramuscular follistatin gene delivery induces local muscle hypertrophy. (A) Representative blot showing a dose-dependent

expression of the FS288-6His protein in the TA muscles injected with rAAV9-FS288 and no FS288-6His protein when injected with rAAV-CTRL
or PBS. (B) Tibialis anterior (TA) mass (N = 4/dose) and (C) representative dystrophin staining 20 days after rAAV-injection. Scale bar = 100 pum.
### = P < .001, compared with the respective CTRL. * = P < .05, compared with the other doses. CTRL, control; FS288, Follistatin

and the 1-hour refeeding period was analyzed by weighing
the food.

2.9 | Serum insulin concentration

Insulin concentration was quantified from the serum sam-
ples by the enzyme-linked immunosorbent assay (ELISA)
using the Ultra Sensitive Mouse Insulin ELISA Kit (#90080,
Crystal Chem, Elk Grove Village, IL, USA) according to the
manufacturer's instructions and an automated DS2 ELISA
processing system (DYNEX Technologies, Chantilly, VA,
USA).

2.10 | Muscle histology

For histological analyses, 10 pm of thick frozen sections
were cut from OCT-embedded TA samples from experi-
ments 1 and 3. The sections were air-dried, and fixed in
—20°C acetone (dystrophin and mTOR-LAMP2 staining)
or methanol (His-tag staining) for 10 minutes. To assess
muscle fiber size, the sections from the dose-response ex-
periment (experiment 1) were stained with anti-dystrophin
antibody (1:500, ab15277, Abcam, Cambridge, UK) and
Alexa Fluor 555 secondary antibody (1:200, A32732,
Invitrogen, Waltham, MA, USA) to visualize the sarco-
lemma. To verify the expression of the His-tagged FS288
transgene, sections from the experiment 3 were stained
with antibodies against His-tag (hexa histidine-tag, 1:100,
ab9136, Abcam, Cambridge, UK) and dystrophin (1:500,
ab15277, Abcam, Cambridge, UK) with Alexa Fluor 555
donkey anti-goat and Alexa Fluor 488 donkey anti-rabbit
secondary antibodies (1:300, Invitrogen, Waltham, MA,
USA), respectively. To analyze mTOR-LAMP2 colocali-
zation, sections from the experiment 3 were stained with
antibodies against LAMP2 (1:200, ab13524, Abcam,
Cambridge, UK), mTOR (1:200, #2983, Cell Signaling

Technology, Beverly, MA, USA), and dystrophin (1:200,
NCL-DYS2, Novocastra, Newcastle upon Tyne, UK) and
with Alexa Fluor 488 donkey anti-rat, Alexa Fluor 555
goat anti-rabbit, and Alexa Fluor 647 goat anti-mouse
secondary antibodies (1:300, Invitrogen, Waltham, MA,
USA), respectively. All stained sections were mounted
with Mowiol.

2.11 | Image processing and analysis

The fluorescently labeled samples were scanned with a Zeiss
LSM 700 confocal microscope and a Plan Apochromat
63x/1.4 NA Oil objective using ZEN black (2011 SP7). A
stitched 4x4 tile scan (934 um?) consisting of an average of
241 cells was imaged for each subject. Data were deconvo-
luted with a theoretical PSF before achieving cell segmenta-
tion with the Trainable Weka Segmentation plugin36 in Fiji.37
Intracellular marker classification and distance calculations
were then performed in Fiji and Matlab R2018b (MathWorks
Inc), respectively. Colocalization between mTOR and
LAMP2 was performed according to Costes et al through the
Colocalization Threshold plugin in Fiji.3 8 All the steps were
performed blinded to the sample identification.

2.12 | Statistical analyses

The normality of the data was analyzed (Shapiro-Wilk test)
and the equality of variances (Levene's test) was assessed.
The main effects for FS288, time of day, and feeding sta-
tus were analyzed using General Linear Model Analysis
of Variance (GLM ANOVA) or Kruskal-Wallis test, when
appropriate. Between group (time of day or feeding status)
comparisons were conducted using Student's ¢ test or nonpar-
ametric Mann-Whitney U test, and Holm-Bonferroni correc-
tion was applied when more than two groups were compared
(feeding status). In case of the Western blot data, these
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comparisons were always made within the genotype (CTRL
or FS288, planned comparison). The differences between the
CTRL and FS288 legs were analyzed within time of day or
feeding status (planned comparison), unless otherwise stated,
by nonparametric Mann-Whitney U test, and the result of
the FS288 leg was expressed relative to the CTRL leg of the
same animal. Statistical significance was set at P < .05. All
results are presented as means + SEM.

3 | RESULTS

3.1 | FS288 gene therapy results in
substantial muscle hypertrophy

Western blot analysis showed a dose-dependent expression
of the FS288-6His protein in the TA muscles injected with
rAAV9-FS288 (Figure 2A). No expression was observed
in the muscles injected with the non-gene coding control
rAAV (rAAV9-CTRL, Figure 2A). All of the rAAV9Y-
FS288 doses tested in Experiment 1 strongly increased TA
and EDL masses (Figure 2B, Figure S1). The hypertrophy
was explained by increased muscle fiber size as shown by
the dystrophin staining (Figure 2C). The muscle masses of
the control leg injected with rAAV9-CTRL were not affected
and were also comparable to the muscle masses of the mice
injected only with PBS into both TA muscles, showing that
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the hypertrophy effect of the intramuscular FS288 gene de-
livery was indeed local (Figure 2B, Figure S1). We selected
the smallest dose for the following experiments, as the two
larger doses caused some hypertrophy also in the gastrocne-
mius muscle of the treated leg (17.8% + 4.3% and 25.2% +
2.1%, respectively, Figure S1).

3.2 | Time of day influences physical
activity, energy expenditure, feeding, and
serum insulin

We next conducted an experiment, in which the effects of
FS288 gene delivery were investigated at different times of
day (Experiment 2, Figure 1). To evaluate, whether this was
a suitable model to investigate the diurnal effects of different
levels of activity and feeding on the local muscle responses to
FS288 gene delivery, physical activity, respiratory gases, and
food intake were analyzed. The mice in the night group were
significantly more active and ate more during the 3-hour
period preceding sample collection compared with the day
group (Figure 3A,B). Oxygen consumption, carbon dioxide
production, and energy expenditure followed a similar pat-
tern with physical activity, and were also significantly higher
in the nighttime (Figure 3C-E). In addition, the respiratory
exchange ratio (RER) was significantly higher in the night-
time compared with the daytime (Figure 3F). In line with the
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FIGURE 3 Food intake, serum insulin, physical activity, and respiratory gases are altered by the time of day. (A) Food consumption, (B)
physical activity index, (C) oxygen consumption (VO,), (D) carbon dioxide production (VCO,), (E) energy expenditure (EE), (F) respiratory
exchange ratio (RER), (G) serum insulin concentration, and (H) body mass in daytime and nighttime. Food consumption, physical activity, and

respiratory parameters were analyzed from the last 3 hours preceding sample collection. **, and *** = P < .01, and .001, respectively [Student's ¢

test (A, H), or Mann-Whitney U test (B-E, G)]. N = 8/group
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FIGURE 4 Effects of FS288 gene delivery on muscle protein synthesis and mTORCT1 signaling on different times of the day. (A) Tibialis
anterior (TA) mass at 7 days after rAAV injection (N = 16 per leg) and (B) representative image of anti-histidine staining showing FS288 expression.
Scale bar = 500 um. (C) TA protein synthesis analyzed with SUnSET and (D) the representative blots. Phosphorylation of (E) p70 S6 kinase (T389),
(F) rpS6 (S240/244), and (G) SAPK/INK (T183/Y185), and (H) the representative blots. All results are normalized to the stain free and to the mean
of “Day CTRL.” Time of day comparisons: *, **, and *** = P < .05, .01, and .001, respectively [Holm-Bonferroni corrected Student's ¢ test (F)].
FS288 vs CTRL comparisons: #, and ## = P < .05, and .001, respectively [Student's ¢ test (A), Mann-Whitney U test (C, E-H)]. N = 8/group

increased feeding, the serum insulin concentration was also demonstrate that the chosen model was suitable to compare
significantly higher in the nighttime (Figure 3G). Body mass the diurnal effects of different levels of activity and feeding
was not altered by the time of day (Figure 3H). These results on the local responses to FS288 gene delivery.
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3.3 | FS288 gene delivery increases muscle
protein synthesis and JNK phosphorylation
independent of diurnal fluctuations in physical
activity and feeding

After 7 days, the selected dose (4 X 10° vp/leg) already re-
sulted in a small but significant increase in the TA mass
compared with the control TA (Figure 4A). At this time
point, the FS288 transgene expression was also verified
with anti-histidine staining, showing wide-spread, mosaic
expression pattern (Figure 4B). Muscle protein synthesis
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was markedly induced by FS288 gene delivery irrespec-
tive of time of day (Figure 4C,D). FS288 also increased
the phosphorylation of p70 S6 kinase (p70 S6K) and both
phosphorylated and total ribosomal protein S6 (rpS6) in-
dicating increased mTORCI1 signaling (Figure 4E, F, and
H, Figure S2). Time of day did not influence muscle pro-
tein synthesis (Figure 4C,D). However, the phosphorylation
of rpS6 was more pronounced in the nighttime compared
with the daytime in both legs, while phosphorylated p70
S6K as well as total p70 S6K, and total rpS6 were sim-
ilar between the day and the night (Figure 4E, F and H,
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FIGURE 5 Effects of FS288 gene delivery on muscle protein synthesis and mTORCI signaling after fasting and refeeding. (A) Tibialis
anterior (TA) protein synthesis and (B) the representative blots. Phosphorylation of (C) p70 S6K (T389), (D) rpS6 (S240/244), and (E) SAPK/JNK
(T183/Y185), and (F) the representative blots. All results are normalized to the stain free and mean of “AD CTRL.” Feeding status comparisons:

* %* and *¥* = P < .05, .01, and .001, respectively [Holm-Bonferroni corrected Student's ¢ test (A, C-D: FS288 effect, E-F), or Holm-Bonferroni
corrected Mann-Whitney U test (C, D)]. FS288 vs CTRL comparisons: #, ##, and ### = P < .05, .01, and .001, respectively (Mann-Whitney U
test). The main effects for fasting and FS288 were analyzed with GLM ANOVA. N = 7-8/group (A), N = 8/group (C-F). AD, food provided ad

libitum; F, overnight fasting; RF, overnight fasting and 1-hour refeeding
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Figure S2). In addition, FS288 increased the phosphoryla- phosphorylated mitogen-activated protein kinase SAPK/
tion of rpS6 more strongly in the nighttime, without diur- JNK has recently been identified to be a key driver for
nal differences in p-p70 S6K response (Figure 4E, F and muscle hypertrophy through negative regulation of TGF-f/
H,). FS288 gene delivery induced only a modest increase myostatin activity.” Interestingly, the FS288 gene delivery
in the phosphorylation of 4E-binding protein 1 (4E-BP1), also markedly increased the phosphorylation of SAPK/JINK
which is another downstream target of mTORC1 (FS288 irrespective of time of day, without effects on total SAPK/
main effect P = .068, Figure S2). In addition to mTORCI, JNK (Figure 4G and H, Figure S2).
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FIGURE 6 Effects of FS288 gene delivery and feeding status on mTOR and LAMP2 localization in TA muscle. (A) Quantification of the
mTOR-LAMP2 colocalization per area, (B) the total mTOR signal per area, (C) the total LAMP?2 signal per area, and (D) the distance of the
colocalized mTOR-LAMP2 particles from the sarcolemma. (E) Representative image of the cytosolic mTOR (red), LAMP2 (green) and their
colocalization (yellow) in the CTRL and FS288 muscles of AD. Dystrophin is represented in blue. Scale bar = 10 um. * P < .05, the main effect for
FS288 was determined by Kruskal-Wallis test (A, B), or GLM ANOVA (C). N = 7-8/group. AD, food provided ad libitum; F, overnight fasting;
RF, overnight fasting and 1-hour refeeding
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3.4 | FS288-induced mTORCI1 signaling,
but not protein synthesis, may be compromised
by short-term fasting

In the experiment 3, mice were either fasted overnight, fasted
overnight and then, refed for an hour, or fed ad libitum to more
accurately elucidate the effect of feeding status on FS288 re-
sponses (Figure 1). Fasting caused a slight decrease in serum
insulin concentration, whereas refeeding induced a threefold
and a fourfold increase in serum insulin concentration when
compared with ad libitum and fasted groups, respectively
(Figure S3). In addition, the mice tended to be more active
during fasting than during ad libitum feeding (Figure S3).
As in the time of day experiment (experiment 2, Figure 4C),
muscle protein synthesis was increased by the FS288 gene
delivery irrespective of the feeding status (Figure 5A,B).
However, the muscle protein synthesis was slightly lower in
both CTRL and FS288 muscles of the fasted groups (F and
RF pooled P < .05, main effect for fasting P < .01) com-
pared with the ad libitum feeding (Figure 5A). Fasting also
decreased the phosphorylated p70 S6K and rpS6 in both
CTRL and FS288 legs, whereas an hour of refeeding was
sufficient to reverse this effect of fasting on mMTORC1 signal-
ing (Figure 5C, D and F). The FS288 gene delivery increased
the phosphorylation of p70 S6K and rpS6 in all groups, but
the response to FS288 was significantly attenuated by fasting
(Figure 5C, D, and F). The total levels of p70 S6K and S6
proteins were not significantly affected by the feeding sta-
tus, but they were slightly increased by FS288 (Figure S4).
As in the experiment 2 (Figure S2), the FS288 gene delivery
induced only a modest increase in phosphorylated 4E-BP1,
which reached statistical significance only in the AD group
(Figure S4). The FS288 gene delivery increased the phospho-
rylation of SAPK/INK without significant interaction with
the feeding status (Figure SE and F, Figure S4).

3.5 | Colocalization of mTOR
with lysosomes is increased by FS288
irrespective of the feeding status

To analyze the potential mechanisms underlying the altera-
tions in mTORCT signaling, the colocalization of mTOR with
a lysosomal marker LAMP2 was analyzed, as association of
mTOR with the lysosome has been shown to be essential for
mTORC]I activation.”>!* FS288 significantly increased the
colocalization of mTOR and LAMP2, while the feeding sta-
tus did not have any significant effect on the mTOR-LAMP2
colocalization (Figure 6A,E). Overall, the proportion of the
total mTOR colocalized with LAMP2 (or the proportion of
the total LAMP2 colocalized with mTOR) was not altered by
FS288 or the feeding status (Figure S5). Thus, the increased
colocalization by FS288 may have been accompanied by an

increased abundance of mTOR and LAMP2. Indeed, the sig-
nals of mTOR and LAMP2 were significantly increased by
FS288 (Figure 6B, C, and E).

In addition to the association of mMTOR with the lysosome,
the translocation of the mTOR-lysosome complex to the cell
periphery has been suggested to increase mTORCI activa-
tion.” Thus, we analyzed the distance of the colocalized
mTOR-LAMP?2 particles from the sarcolemma as well as the
colocalization of mTOR-LAMP2 positive particles with the
sarcolemmal marker dystrophin. FS288 did not cause translo-
cation of mMTOR-LAMP?2 toward sarcolemma (Figure 6D), or
its colocalization with dystrophin (Figure S5). The distance
of the colocalized mTOR-LAMP?2 particles from the sarco-
lemma was also not altered by the feeding status (Figure 6D),
but the fasted groups tended to exhibit a slight decrease (ap-
proximately 6%) in the colocalization of mTOR-LAMP2
with dystrophin (Main effect for fasting P = .054, Figure S5).

4 | DISCUSSION

In the present study, we show that the diurnal fluctuation in
feeding and activity behavior, and fasting have little or no ef-
fect on the potency of the intramuscular FS288 gene delivery
to increase muscle protein synthesis. In addition, FS288 gene
delivery is able to increase the amount of mTOR colocal-
ized with lysosomes, and this effect occurs irrespective of the
feeding status. However, not all effects of feeding status on
muscle protein synthesis and mTORCI signaling responses
to FS288 can be ruled out, as we show that fasting attenuates
the phosphorylation of p70 S6K and rpS6 in both control and
FS288-treated muscles.

As mice are nocturnal animals, they are more active and
eat more during the dark phase.40 This was corroborated by
the results of the present study, as significantly higher levels
of activity, oxygen consumption, carbon dioxide production,
and food intake were recorded in the nighttime. Thus, this
model was appropriate to study whether the FS288 gene de-
livery has differential effects on muscle protein synthesis and
its regulation during the active and inactive times of the day.
As shown earlier, muscle protein synthesis was significantly
increased by the FS288 gene delivery,32’41 but as a novel re-
sult, we show that this response occurs irrespective of the
time of day. As blocking activin receptor ligands usually has
only minor effects on the markers of protein deg.gr:aldation,s’24
and because FS288 did not have any significant effects on
the amount of ubiquitinated proteins and slightly decreased
lipidated LC3 as a marker of autophagy (Figure S2), we pro-
pose that the constant expression of FS288 from the skeletal
muscle also increases muscle growth irrespective of the time
of day.

The ability of FS288 to induce anabolic effects on skeletal
muscle tissue despite altered levels of physical activity and
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food intake is consistent with the previous studies showing
that blocking myostatin or activin receptor ligands protects
from atrophy resulting from, for example, disuse,**** and
experimental cancer cachexia associated with decreased
physical activity and food intake.**>** Similar pharmacolog-
ical studies with blocking activin receptor ligands have not
been conducted in humans, but muscle hypertrophy induced
by resistance exercise with strong effects on muscle protein
synthesis43 has been found to be relatively little influenced by
the time of day when training is performed.44 These findings
suggest that the ability of a strong anabolic stimulus, such
as blocking activin receptor ligands or resistance training, to
enhance muscle hypertrophy is relatively little influenced by
the time of day.

The lack of an interaction between the effects of FS288
gene delivery and the diurnal variation in physical activ-
ity and feeding on muscle protein synthesis was perhaps
surprising. It is well established that the combination of
exercise and feeding stimulates mTORCI1 signaling and
consequently muscle protein synthesis and growth.43’45
Moreover, muscle disuse, such as immobilization and
bed rest, has been shown to cause muscle atrophy and
decreased muscle protein synthesis in basal state and in
response to nutrient stimulation.>™!! Similarly, reduced
muscle activity accomplished by the reduction of daily
step count decreases muscle protein synthesis and muscle
mass.”*® Indeed, muscle atrophy in response to inactivity
has been attributed mostly to decreased muscle protein
synthesis.'""'* Moreover, nutrient deprivation decreases
mTORCI signaling activity resulting in decreased protein
synthe:sis.13’26’47 Thus, we hypothesized that muscle pro-
tein synthesis and mTORCI signaling would be higher in
the nighttime, which is characterized by higher levels of
food intake and physical activity, and lower in the daytime,
which is characterized by more passive behavior and di-
minished eating. In contrast to our hypothesis, muscle pro-
tein synthesis was similar between the two different times
of day investigated in mice, which may also be a reason
why FS288 gene delivery did not interact with the time of
a day in the protein synthesis responses. It can be specu-
lated that compared with the more severe models of disuse
atrophy or starvation, mere diurnal fluctuation in physical
activity and feeding may not be dramatic enough to cause
substantial variation in muscle protein synthesis or in the
effects of strong anabolic stimuli, such as the FS288 gene
delivery. In addition to physical activity and feeding, other
diurnally fluctuating factors and the circadian clock may
also contribute to the results. All in all, these findings sug-
gest that effective blocking of activin receptor signaling
has such strong effects that it overrides the physiological
regulatory mechanism of muscle protein synthesis.

As there was no interaction between the FS288 gene
delivery and the diurnal variation in physical activity and
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feeding in muscle protein synthesis, we next sought to clar-
ify whether FS288 interacts with altered levels of food in-
take in a more controlled setting. Therefore, similarly to the
time of day experiment, 7 days after the FS288 gene deliv-
ery, mice were either fed ad libitum, fasted overnight, or
fasted overnight and then, refed for an hour. The overnight
(approximately 12 hours) fasting resulted in a mild decrease
in muscle protein synthesis, the magnitude of the decrement
being similar to previous studies reporting an approximately
20% decrease in muscle protein synthesis after a compara-
ble fasting protocol in rats*® and a 15%-19% nonsignificant
decrease after a 24-hour starvation in mice.*’ However, the
FS288 gene delivery again markedly increased muscle pro-
tein synthesis also in the fasted mice without any interaction
with the feeding status, thus supporting the results of the time
of day experiment. Previously, myostatin depletion did not
have an influence on the muscle protein synthesis responses
to overnight food deprivation, supporting the lack of inter-
action between myostatin signaling and food deprivation.26
Moreover, myostatin deficiency does not protect mice from
fasting-induced muscle atrophy or decrease in muscle protein
synthesis.%’49 However, we have demonstrated previously
that the blocking of ACVR?2 ligands by soluble ACVR2B is
able to restore muscle mass and protein synthesis in mice re-
ceiving chemotherapy, which was associated with decreased
food intake.?* These findings suggest that the blocking of all
activin receptor ligands instead of just myostatin might more
effectively counteract the fasting-induced muscle atrophy,
and future studies should, therefore, address this hypothesis
in settings of strongly decreased food intake in the absence of
other catabolic stimuli.

The increased muscle protein synthesis induced by the
FS288 gene delivery was in both experiments associated
with a robust increase in the markers of mTORCT1 signaling,
phosphorylated p70 S6K and rpS6, in all conditions investi-
gated. This is consistent with a previous study showing that
FS288 induces mTORCI signaling, protein synthesis and
muscle hypertrophy32 similarly to other modalities used to
block activin receptor ligands.23 In that study, the effect of
FS288 on muscle protein synthesis was attenuated by approx-
imately 50% with rapamycin showing that the activation of
mTORCI signaling is in part responsible for the increased
muscle protein synthesis and muscle hypertrophy response to
FS288 overexpression.3 2

To elucidate the potential mechanisms via which FS288
modulates mTORCT signaling and protein synthesis, the
subcellular localization of mTOR was analyzed. We re-
port here that FS288 overexpression caused a significant
increase in the colocalization of mMTOR with the lysosomal
marker LAMP2, potentially indicating increased associ-
ation of mTOR with lysosomes. This is consistent with
the increased mTORC]1 signaling and protein synthesis
in response to FS288. As with muscle protein synthesis,
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this occurred irrespective of the feeding status, which did
not have any independent effect on the colocalization of
mTOR with lysosomes. The present results expand our ear-
lier study in which we showed that systemic blockade of
activin receptor ligands with soluble ACVR2B was able to
restore the colocalization of mTOR with the lysosomes in
cachectic skeletal muscle,3 whereas here we report for the
first time the independent effect of blocking activin recep-
tor ligands on the mTOR-lysosome colocalization. Thus,
the blocking of activin receptor ligands may induce muscle
protein synthesis and mTORCI signaling at least in part
via increasing the amount of mTOR colocalized with the
lysosomes and this effect seems to be influenced relatively
little by the feeding status. However, further mechanistic
evidence with other feeding/starvation protocols is required
to confirm this hypothesis.

The lack of an effect from feeding per se on mTOR local-
ization was perhaps unexpected as nutrient availability has
been shown to regulate mTOR-lysosome association.'>™!”
Moreover, in tumor-bearing mice with strongly decreased
muscle protein synthesis and markedly reduced food intake
and physical activity, reduced colocalization of mTOR with
lysosomes has been reported.” However, supporting the re-
sults of the present study, recent studies have suggested, that
milder, more physiological nutrient deprivation alone would
not cause the dissociation of mTOR from the lysosome. 17.20.21
In physiological nutrient deprivation, mTORC] activity has
been suggested to be regulated via the subcellular localiza-
tion of the mTOR-lysosome complexes instead of altered
levels of mTOR associated with lysosomes.'”° Specifically,
it has been suggested that the translocation of the mTOR-
lysosome complexes to the cell periphery, and thus closer
to the upstream signals, substrates for protein synthesis and
downstream targets, would be associated with increased
mTORC]1 activation.'”*° Thus, we analyzed the distance
of the mTOR-lysosome complexes from the sarcolemma as
well as the colocalization of the mTOR-lysosome complexes
with the sarcolemmal marker dystrophin. However, neither
fasting nor refeeding caused any significant changes in the
subcellular localization of mTOR-lysosome complexes, de-
spite a slight tendency for fasting to decrease the colocal-
ization with dystrophin. It is possible that a more severe or
prolonged fasting protocol is required to observe substantial
changes in mTOR-lysosome localization, and thus, future
studies should aim to clarify the effects of fasting on mTOR-
lysosome complex translocation further in physiological
conditions.

Moreover, mTOR and lysosomes have been found to
translocate toward the cell membrane in response to anabolic
stimuli, namely, nutrients and resistance exercise, resulting
in enhanced mTORC1 sig.gnaling.g.zo’z1’50 However, we showed
for the first time that blocking activin receptor ligands via
FS288 gene delivery does not appear to cause translocation

of mTOR-lysosome complexes toward the sarcolemma.
Thus, the response to blocking activin receptor ligands may
differ from that induced by nutrient stimulation or resistance
exercise in a manner through which they regulate mTORC1
signaling,'”"** but further studies are needed to thoroughly
investigate this phenomenon. Taken together, the present and
the previous studies suggest that there are multiple factors
regulating mTORCI activity, including its localization, and
the importance of each regulatory factor may be dependent
on the stimulus or the condition.

The decreased phosphorylation of mTORCI1 signaling
markers p70 S6K and rpS6 in fasted mice is in line with the
previous studies.’!>? Interestingly, we found that also the
rpS6 phosphorylation response to FS288 gene delivery was
reduced in the fasted state and during the day. Moreover, even
though FS288 increased the phosphorylation of p70 S6K
throughout the different feeding status, the response of phos-
phorylated p70 S6K was significantly blunted in fasted mice.
The attenuated responses in both p-rpS6 and p-p70 S6K to
FS288 gene delivery were restored, or even augmented in the
case of p-p70 S6K, by refeeding. These effects might be due
to additive effects of FS288 and nutrient availability and/or
insulin stimulation, as higher insulin levels were observed in
the nighttime compared with the daytime, while the insulin
levels were decreased by fasting and robustly increased by
refeeding, consistent with previous evidence. *0°1:3453 Indeed,
in a recent study, AAV-mediated FS288 overexpression was
found to increase insulin stimulated but not basal phosphor-
ylation of p70 S6K, which is upstream kinase for rpS6.*!
Thus, it is possible that even though the FS288 gene delivery
increased muscle protein synthesis irrespective of the time
of day or the feeding status, the other physiological effects
of FS288 may in part be dependent on the time of day or
the feeding status. As the time of day and the feeding status
did not alter the protein synthesis responses to FS288, the
relevance of these findings concerning mTORCI signaling
requires further investigation.

Furthermore, other FS288-induced factors, beyond or
synergistic to mTORCI1, potentially contributing to the
FS288-induced muscle hypertrophy should not be dis-
regarded. Indeed, the inhibition of mTOR via rapamycin
administration did not fully abolish the FS288-induced in-
crease in muscle protein synthesis in a previous study,32
suggesting a role for FS288-induced effects on factors
other than mTORCI1 signaling in the regulation of muscle
protein synthesis. For example, repression of an ankyrin
repeat and SOCS box protein 2 (ASB2) was recently shown
to be essential for FS288-induced hypertrophy.’® Moreover,
the MAP kinase JNK induced by anabolic stimuli, such as
resistance exercise,39’57 has been recently identified to be a
key driver for muscle hypertrophy through negative regula-
tion of TGF-B/myostatin activity.?’9 Interestingly, the phos-
phorylation of JNK was increased by the overexpression
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of FS288 in the present study suggesting another pathway
worth investigating in the future. In addition to the mech-
anistic studies, future studies aiming for more therapeutic
applications should focus also on the systemic effects, with
a systemically delivered therapeutic agent.

In conclusion, we showed for the first time that the sig-
nificant increase in muscle mass and muscle protein syn-
thesis by follistatin gene delivery is largely independent of
the diurnal fluctuations in physical activity and food in-
take, and the feeding status, suggesting that follistatin gene
therapy may be an effective strategy to counteract muscle
atrophy in conditions of mildly reduced activity and nutri-
ent intake. In addition, our novel results demonstrate that
the follistatin-induced increases in mTORCI signaling and
protein synthesis may potentially be driven by the increased
amount of mTOR colocalized with the lysosomes, but not
by the translocation of this complex toward the sarcolemma
and that these effects are relatively little influenced by the
feeding status. However, further mechanistic evidence is
required to confirm the proposed mechanism. Finally, we
also observed that the mTORCI1 signaling response to folli-
statin gene delivery is attenuated by fasting and during the
day, but the physiological relevance of this finding requires
further investigation.

ACKNOWLEDGMENTS

This work was supported by the Academy of Finland (grant
No. 275922 (JJH) and 297245 (RK)), and the Ellen and
Artturi Nyyssonen Foundation (TAN). The authors thank
Dr Philippe Pierre for kindly providing the anti-puromycin
antibody. The authors also thank Tanja Laakkonen from the
AAYV Core Facility of Faculty of Medicine, University of
Helsinki, for the production of the AAVs. The authors ac-
knowledge Mika Silvennoinen, Sanna Lensu, Bettina Hutz,
Mervi Matero, Hanne Tahti, Jukka Hintikka, Risto Puurtinen,
Eliisa Kiukkanen, Suvi Hall, Jasmin Nevala, Aija Leppénen,
and Jouni Tukiainen, for their valuable help and technical
assistance.

CONFLICT OF INTEREST

Tuuli A. Nissinen, Jaakko Hentild, Vasco Fachada, Juulia
H. Lautaoja, Arja Pasternack, Olli Ritvos, Riikka Kiveld,
and Juha J. Hulmi declare that they have no conflict of
interest.

AUTHOR CONTRIBUTIONS

TA Nissinen, JJ Hulmi, and R. Kiveld designed the study; TA
Nissinen, J. Hentil4, and JH Lautaoja performed the research;
TA Nissinen and V. Fachada analyzed the data; O. Ritvos, A.
Pasternack, and R. Kiveld contributed new reagents or ana-
lytic tools; TA Nissinen and JJ Hulmi wrote the manuscript
with the help of R. Kiveld. All authors have read and ap-
proved the final manuscript.

= 13 of 15
FASE‘BJOURNALJ—O

ORCID

Tuuli A. Nissinen
Jaakko Hentildi
Juulia H. Lautaoja

https://orcid.org/0000-0003-1763-6083
https://orcid.org/0000-0001-8211-8827
https://orcid.

org/0000-0003-2037-829X

Arja Pasternack
Olli Ritvos
Riikka Kiveld

https://orcid.org/0000-0002-6088-4245
https://orcid.org/0000-0001-7017-6931
https://orcid.org/0000-0002-2686-8890

Juha J. Hulmi http://orcid.org/0000-0003-3813-2124

REFERENCES

1.

10.

11.

12.

13.

14.

Cooper R, Kuh D, Hardy R, Mortality Review Group. Objectively
measured physical capability levels and mortality: systematic
review and meta-analysis. BMJ. 2010;341:c4467. https://doi.
org/10.1136/bmj.c4467

Fearon K, Arends J, Baracos V. Understanding the mechanisms
and treatment options in cancer cachexia. Nat Rev Clin Oncol.
2013;10:90-99.

Nissinen TA, Hentila J, Penna F, et al. Treating cachexia using
soluble ACVR2B improves survival, alters mTOR localization,
and attenuates liver and spleen responses. J Cachexia, Sarcopenia
Muscle. 2018;9:514-529.

Zhou X, Wang JL, Lu J, et al. Reversal of cancer cachexia and mus-
cle wasting by ActRIIB antagonism leads to prolonged survival.
Cell. 2010;142:531-543.

Biolo G, Cederholm T, Muscaritoli M. Muscle contractile and met-
abolic dysfunction is a common feature of sarcopenia of aging and
chronic diseases: from sarcopenic obesity to cachexia. Clin Nutr
(Edinburgh, Scotland). 2014;33:737-748.

Sepulveda PV, Lamon S, Hagg A, et al. Evaluation of follistatin as
a therapeutic in models of skeletal muscle atrophy associated with
denervation and tenotomy. Sci Rep. 2015;5:17535.

. Breen L, Stokes KA, Churchward-Venne TA, et al. Two weeks of

reduced activity decreases leg lean mass and induces “anabolic re-
sistance” of myofibrillar protein synthesis in healthy elderly. J Clin
Endocrinol Metab. 2013;98:2604-2612.

. Drummond MJ, Dickinson JM, Fry CS, et al. Bed rest impairs skel-

etal muscle amino acid transporter expression, n”TORCI signaling,
and protein synthesis in response to essential amino acids in older
adults. Am J Physiol Endocrinol Metab. 2012;302:1113.

Glover El, Phillips SM, Oates BR, et al. Immobilization in-
duces anabolic resistance in human myofibrillar protein syn-
thesis with low and high dose amino acid infusion. J Physiol.
2008;586:6049-6061.

Gordon BS, Kelleher AR, Kimball SR. Regulation of muscle pro-
tein synthesis and the effects of catabolic states. Int J Biochem Cell
Biol. 2013;45:2147-2157.

Paddon-Jones D, Sheffield-Moore M, Cree MG, et al. Atrophy and
impaired muscle protein synthesis during prolonged inactivity and
stress. J Clin Endocrinol Metabol. 2006;91:4836-4841.

Phillips SM, McGlory C. CrossTalk proposal: the dominant mech-
anism causing disuse muscle atrophy is decreased protein synthe-
sis. J Physiol. 2014;592:5341-5343.

Ogata ES, Foung SK, Holliday MA. The effects of starvation and
refeeding on muscle protein synthesis and catabolism in the young
rat. J Nutr. 1978;108:759-765.

Paul PK, Bhatnagar S, Mishra V, et al. The E3 ubiqui-
tin ligase TRAF6 intercedes in starvation-induced skeletal


https://orcid.org/0000-0003-1763-6083
https://orcid.org/0000-0003-1763-6083
https://orcid.org/0000-0001-8211-8827
https://orcid.org/0000-0001-8211-8827
https://orcid.org/0000-0003-2037-829X
https://orcid.org/0000-0003-2037-829X
https://orcid.org/0000-0003-2037-829X
https://orcid.org/0000-0002-6088-4245
https://orcid.org/0000-0002-6088-4245
https://orcid.org/0000-0001-7017-6931
https://orcid.org/0000-0001-7017-6931
https://orcid.org/0000-0002-2686-8890
https://orcid.org/0000-0002-2686-8890
http://orcid.org/0000-0003-3813-2124
https://doi.org/10.1136/bmj.c4467
https://doi.org/10.1136/bmj.c4467

05 | EASEB i

15.

16.

17.

18.

19.
20.

21.

22.

23.
24.
25.

26.

217.

28.
29.

30.

31.

NISSINEN ET AL.

muscle atrophy through multiple mechanisms. Mol Cell Biol.
2012;32:1248-1259.

Sancak Y, Peterson TR, Shaul YD, et al. The rag GTPases bind rap-
tor and mediate amino acid signaling to mTORCI. Science (New
York, NY). 2008;320:1496-1501.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini
DM. Ragulator-rag complex targets mTORCI to the lysosomal
surface and is necessary for its activation by amino acids. Cell.
2010;141:290-303.

Hodson N, Philp A. The importance of mTOR trafficking for
human skeletal muscle translational control. Exerc Sport Sci Rev.
2019;47:46-53.

Jacobs BL, You JS, Frey JW, Goodman CA, Gundermann DM,
Hornberger TA. Eccentric contractions increase the phosphoryla-
tion of tuberous sclerosis complex-2 (TSC2) and alter the targeting
of TSC2 and the mechanistic target of rapamycin to the lysosome.
J Physiol. 2013;591:4611-4620.

Jacobs BL, Goodman CA, Hornberger TA. The mechanical acti-
vation of mTOR signaling: an emerging role for late endosome/
lysosomal targeting. J Muscle Res Cell Motil. 2014;35:11-21.
Korolchuk VI, Saiki S, Lichtenberg M, et al. Lysosomal posi-
tioning coordinates cellular nutrient responses. Nat Cell Biol.
2011;13:453-460.

Song Z, Moore DR, Hodson N, et al. Resistance exercise initiates
mechanistic target of rapamycin (mTOR) translocation and pro-
tein complex co-localisation in human skeletal muscle. Sci Rep.
2017;7:5028-x.

Lee SJ, Reed LA, Davies MV, et al. Regulation of muscle growth
by multiple ligands signaling through activin type II receptors.
Proc Natl Acad Sci USA. 2005;102:18117-18122.

Hulmi JJ, Oliveira BM, Silvennoinen M, et al. Muscle protein syn-
thesis, mTORCI1/MAPK/hippo signaling, and capillary density
are altered by blocking of myostatin and activins. Am J Physiol
Endocrinol Metab. 2013;304:41.

Nissinen TA, Degerman J, Rasanen M, et al. Systemic blockade of
ACVR2B ligands prevents chemotherapy-induced muscle wasting
by restoring muscle protein synthesis without affecting oxidative
capacity or atrogenes. Sci Rep. 2016;6:32695.

Toledo M, Busquets S, Penna F, et al. Complete reversal of muscle
wasting in experimental cancer cachexia: additive effects of ac-
tivin type II receptor inhibition and beta-2 agonist. Int J Cancer.
2016;138:2021-2029.

Welle S, Mehta S, Burgess K. Effect of postdevelopmental myo-
statin depletion on myofibrillar protein metabolism. Am J Physiol-
Endocrinol Metab. 2011;300:E993-E1001.

Hulmi JJ, Oliveira BM, Silvennoinen M, et al. Exercise restores de-
creased physical activity levels and increases markers of autophagy
and oxidative capacity in myostatin/activin-blocked mdx mice. Am
J Physiol Endocrinol Metab. 2013;305:171.

MacDonald EM, Andres-Mateos E, Mejias R, et al. Denervation at-
rophy is independent from akt and mTOR activation and is not res-
cued by myostatin inhibition. Dis Models Mech. 2014;7:471-481.
Murphy KT, Cobani V, Ryall JG, Ibebunjo C, Lynch GS. Acute
antibody-directed myostatin inhibition attenuates disuse muscle at-
rophy and weakness in mice. J Appl Physiol. 2011;110:1065-1072.
Lee SJ, McPherron AC. Regulation of myostatin activity and mus-
cle growth. Proc Natl Acad Sci USA. 2001;98:9306-9311.
Hashimoto O, Kawasaki N, Tsuchida K, Shimasaki S, Hayakawa
T, Sugino H. Difference between follistatin isoforms in the inhibi-
tion of activin signalling: activin neutralizing activity of follistatin

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

isoforms is dependent on their affinity for activin. Cell Signal.
2000;12:565-571.

‘Winbanks CE, Weeks KL, Thomson RE, et al. Follistatin-mediated
skeletal muscle hypertrophy is regulated by Smad3 and mTOR in-
dependently of myostatin. J Cell Biol. 2012;197:997-1008.
Silvennoinen M, Rantalainen T, Kainulainen H. Validation of a
method to measure total spontaneous physical activity of seden-
tary and voluntary running mice. J Neurosci Methods. 2014;235:
51-58.

Goodman CA, Mabrey DM, Frey JW, et al. Novel insights into the
regulation of skeletal muscle protein synthesis as revealed by a new
nonradioactive in vivo technique. FASEB J. 2011;25:1028-1039.
Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a non-
radioactive method to monitor protein synthesis. Nat Methods.
2009;6:275-2717.

Arganda-Carreras I, Kaynig V, Rueden C, et al. Trainable weka
segmentation: A machine learning tool for microscopy pixel classi-
fication. Bioinformatics. 2017;33:2424-2426.

Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012;9:676-682.

Costes SV, Daelemans D, Cho EH, Dobbin Z, Pavlakis G, Lockett
S. Automatic and quantitative measurement of protein-protein co-
localization in live cells. Biophys J. 2004;86:3993-4003.

Lessard SJ, MacDonald TL, Pathak P, et al. JINK regulates mus-
cle remodeling via myostatin/SMAD inhibition. Nat Commun.
2018;9:3030-3.

Jensen TL, Kiersgaard MK, Sorensen DB, Mikkelsen LF. Fasting
of mice: A review. Lab Anim. 2013;47:225-240.

Han X, Moller LLV, De Groote E, et al. Mechanisms involved in
follistatin-induced hypertrophy and increased insulin action in skel-
etal muscle. J Cachexia, Sarcopenia Muscle. 2019;10:1241-1257.
Busquets S, Toledo M, Orpi M, et al. Myostatin blockage using ac-
tRIIB antagonism in mice bearing the lewis lung carcinoma results
in the improvement of muscle wasting and physical performance. J
Cachexia, Sarcopenia Muscle. 2012;3:37-43.

Brook MS, Wilkinson DJ, Phillips BE, et al. Skeletal muscle ho-
meostasis and plasticity in youth and ageing: impact of nutrition
and exercise. Acta Physiol. 2016;216:15-41.

Sedliak M, Zeman M, Buzgo G, et al. Morphological, molecular
and hormonal adaptations to early morning versus afternoon resis-
tance training. Chronobiol Int. 2018;35:450-464.

Hulmi JJ, Tannerstedt J, Selanne H, Kainulainen H, Kovanen V,
Mero AA. Resistance exercise with whey protein ingestion affects
mTOR signaling pathway and myostatin in men. J Appl Physiol.
2009;106:1720-29.

Oikawa SY, Holloway TM, Phillips SM. The impact of step reduc-
tion on muscle health in aging: Protein and exercise as countermea-
sures. Front Nutr. 2019;6:75.

Sengupta S, Peterson TR, Sabatini DM. Regulation of the mTOR
complex 1 pathway by nutrients, growth factors, and stress. Mol
Cell. 2010;40:310-322.

Reeds PJ, Palmer RM, Hay SM, McMillan DN. Protein synthesis
in skeletal muscle measured at different times during a 24 hour
period. Biosci Rep. 1986;6:209-213.

Collins-Hooper H, Sartori R, Giallourou N, et al. Symmorphosis
through dietary regulation: a combinatorial role for proteolysis,
autophagy and protein synthesis in normalising muscle metabo-
lism and function of hypertrophic mice after acute starvation. PLoS
One. 2015;10:e0120524.



NISSINEN ET AL.

50.

51.

52.

53.

54.

55.

Hodson N, McGlory C, Oikawa SY, et al. Differential localization
and anabolic responsiveness of mTOR complexes in human skel-
etal muscle in response to feeding and exercise. Am J Physiol Cell
Physiol. 2017;313:C604-C611.

Agouni A, Owen C, Czopek A, Mody N, Delibegovic M. In
vivo differential effects of fasting, re-feeding, insulin and insu-
lin stimulation time course on insulin signaling pathway com-
ponents in peripheral tissues. Biochem Biophys Res Comm.
2010;401:104-111.

Shavlakadze T, Anwari T, Soffe Z, et al. Impact of fasting on the
rhythmic expression of myogenic and metabolic factors in skeletal
muscle of adult mice. Am J Physiol Cell Physiol. 2013;305:26.
Shavlakadze T, Soffe Z, Anwari T, Cozens G, Grounds MD.
Short-term feed deprivation rapidly induces the protein deg-
radation pathway in skeletal muscles of young mice. J Nutr.
2013;143:403-409.

Ahren B. Diurnal variation in circulating leptin is dependent on
gender, food intake and circulating insulin in mice. Acta Physiol
Scand. 2000;169:325-331.

Kmiec Z, Pokrywka L, Kotlarz G, Kubasik J, Szutowicz A,
Mysliwski A. Effects of fasting and refeeding on serum leptin, ad-
iponectin and free fatty acid concentrations in young and old male
rats. Gerontology. 2005;51:357-362.

56.

57.

= 15 of 15
FASE‘BJ‘OURNALJ—O

Davey JR, Watt KI, Parker BL, et al. Integrated expression analysis
of muscle hypertrophy identifies Asb2 as a negative regulator of
muscle mass. JCI Insight. 2016;1. https://doi.org/10.1172/jci.insig
ht.85477

Hentila J, Ahtiainen JP, Paulsen G, et al. Autophagy is induced by
resistance exercise in young men, but unfolded protein response is
induced regardless of age. Acta Physiol. 2018;224:e13069.

SUPPORTING INFORMATION
Additional supporting information may be found online in

the Supporting Information section.

How to cite this article: Nissinen TA, Hentild J,
Fachada V, et al. Muscle follistatin gene delivery
increases muscle protein synthesis independent of
periodical physical inactivity and fasting. The FASEB
Journal. 2021;35:€21387. https://doi.org/10.1096/

£j.202002008R



https://doi.org/10.1172/jci.insight.85477
https://doi.org/10.1172/jci.insight.85477
https://doi.org/10.1096/fj.202002008R
https://doi.org/10.1096/fj.202002008R

