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Urocortin 2 promotes hypertrophy and enhances
skeletal muscle function through cAMP and
insulin/lGF-1 signaling pathways
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ABSTRACT

Objective: Although it is well established that urocortin 2 (Ucn2), a peptide member of the corticotrophin releasing factor (CRF) family, and its
specific corticotrophin-releasing factor 2 receptor (CRF2R) are highly expressed in skeletal muscle, the role of this peptide in the regulation of
skeletal muscle mass and protein metabolism remains elusive.

Methods: To elucidate the mechanisms how Ucn2 directly controls protein metabolism in skeletal muscles of normal mice, we carried out
genetic tools, physiological and molecular analyses of muscles in vivo and in vitro.

Results: Here, we demonstrated that Ucn2 overexpression activated cCAMP signaling and promoted an expressive muscle hypertrophy associated
with higher rates of protein synthesis and activation of Akt/mTOR and ERK1/2 signaling pathways. Furthermore, Ucn2 induced a decrease in
mRNA levels of afrogin-1and in autophagic flux inferred by an increase in the protein content of LC3-I, LC3-Il and p62. Accordingly, Ucn2 reduced
both the transcriptional activity of FoxO in vivo and the overall protein degradation in vitro through an inhibition of lysosomal proteolytic activity. In
addition, we demonstrated that Ucn2 induced a fast-to-slow fiber type shift and improved fatigue muscle resistance, an effect that was
completely blocked in muscles co-transfected with mitogen-activated protein kinase phosphatase 1 (MKP-1), but not with dominant-negative Akt
mutant (Aktmt).

Conclusions: These data suggest that Ucn2 triggers an anabolic and anti-catabolic response in skeletal muscle of normal mice probably through
the activation of CAMP cascade and participation of Akt and ERK1/2 signaling. These findings open new perspectives in the development of

therapeutic strategies to cope with the loss of muscle mass.
© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION nuclei of hypothalamus and /locus coeruleus [1]. More recently, Ucn2

expression has been identified in lower levels in several peripheral

The peptide urocortin 2 (Ucn2), also known as stresscopine-related
peptide (SRP), is a member of the corticotrophin-releasing factor
(CRF) neuropeptide family, which also includes CRF homologues such
as urotensin 1, sauvagin, urocortin 1, and urocortin 3 [1,2]. Ucn2 is a
selective agonist of corticotrophin-releasing factor 2 receptor (CRF2R)
[3—5], which expression was initially detected in a few regions of the
central nervous system of rats, such as arched and paraventricular

tissues such as lung, stomach, adrenal, testes, ovary, brown adipose
tissue (BAT), thymus and spleen and in high levels in skin and skeletal
muscle [6]. It has been reported that Ucn2 can regulates hypotha-
lamic—pituitary—adrenal axis (HPA) [7—10] which suggests that this
peptide is an endogenous moderator of the actions triggered by the
HPA axis under stress. Ucn2 has been shown to promote satiety [2],
cardioprotection in a rat model of ischaemia/reperfusion injury [11] and
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peripheral vasodilation [12]. However, the physiological role of Ucn2 is
far from being completely established.

Ucn2 is a myokine since it is produced, expressed, and released by
muscle fibers and exerts either autocrine, paracrine or endocrine ef-
fects [1,2,13]. It has been demonstrated that acute treatment of Ucn2
increases muscle mass and strength [14], and prevents atrophy in
rodent muscles submitted to models of sciatic motor denervation and
treatment with dexamethasone [14,15]. A recent study demonstrated
that modified Ucn2 peptide systemically administered enhances
skeletal muscle mass and function in high-fat diet-induced obesity in
mice [16]. Although the growth-promoting and anti-atrophy actions of
Ucn2 are known, the underlying mechanisms and related intracellular
mediators of these actions are not completely established. CRF2R is a
Ggs protein-coupled receptor (GPCR) that can activate adenylyl cyclase
(AC), which enhances intracellular cAMP levels, and consequently
activates CAMP-dependent protein kinase (PKA) [5,13]. Indeed, Ucn2
has been shown to stimulate the in vitro production of cAMP in C2C12
myotubes [17] and in isolated mouse muscles [14,15]. Cyclic AMP
enhancers such as the nonspecific phosphodiesterase (PDE) inhibitor
isobutylmethylxanthine and the selective PDE4 inhibitor rolipram have
shown to suppress muscle protein degradation [18]. B2-adrenergic
agonists may also increase cCAMP levels and promote muscle growth
by stimulating protein synthesis via a cross-talking with insulin/IGF-1
pathways [19]. Thus, these findings open a possibility that the
growth-promoting effects of Ucn2 involve similar mechanisms.
Insulin/IGF-1 signaling is the major intracellular pathway controlling
protein metabolism in skeletal muscle by activating the kinases Akt
and ERK1/2 [20—23]. Both kinases regulate muscle mass by two
possible downstream targets: 1) by activating the mechanistic target of
rapamycin (mTOR), the main responsible for the stimulation of muscle
protein synthesis [24—26], and 2) by inhibiting Forkhead box class O
(Fox0), the main transcriptional factor that regulates atrophy-related
genes, also known as atrogenes [27,28]. Several atrogenes code
components of the ubiquitin-proteasome system (UPS) [e.g., the
ubiquitin-ligases atrogin-1 and muscle RING finger-1 (Murf-1)] and
autophagic-lysosomal [e.g., microtubule-associated protein light chain
3 beta (Map1/c3b), gamma-aminobutyric acid (GABA) A receptor-
associated protein-like 1 (Gabarapl/1) and cathepsin L (Ctsh] system,
which degrade the most cellular proteins and organelles in skeletal
muscle during physiological and pathological states [29—32].

In addition to muscle size, CAMP/PKA and ERK1/2 signaling may also
regulate fiber type specification and function. PKA signaling induces a
slow-oxidative phenotype by upregulating the expression of peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a), a master regulator of mitochondrial biogenesis [33—35]. It has
been demonstrated that the transcriptional factor cAMP response
element-binding protein (CREB) once stimulated by PKA mediates the
induction of PGC-1a. in C2C12 cells [36]. Murgia et al. [37] reported
that ERK1/2 activity is increased by low-frequency electrical nerve
stimulation, and a dominant-negative mutant of Ras, an upstream of
ERK1/2, inhibited these effects. These findings indicate that Ras-ERK1/
2 signaling promotes nerve-activity-dependent differentiation of slow-
twitch muscle fibers. It is noteworthy that slow oxidative fibers are
more resistant than fast glycolytic fibers under various atrophic con-
ditions caused by FoxO [38]. Moreover, Ucn2 treatment activates
ERK1/2 inducing cardioprotection in isolated hearts from rats subjected
to protocol of ischemia/reperfusion injury [39]. However, it is unknown
whether or not Ucn2 can induce a shift toward slow fiber type and
fatigue resistance mediated by ERK1/2.

Therefore, we hypothesized that the effects of Ucn2 on skeletal muscle
involves cAMP signaling and insulin/IGF-1 downstream targets. The

current study was undertaken to clarify the muscle phenotype, the
molecular mechanisms and the signaling pathways regulated by Ucn2
in controlling muscle protein metabolism. Since previous literature data
available reported systemic treatment to study Ucn2-induced skeletal
muscle effects, in order to rule out the indirect peripheral effects of
Ucn2 that could interfere on its hypertrophic action, skeletal muscles
were transfected in vivo with Ucn2 by electroporation or incubated
in vitro with the peptide. Here we show that the in vivo overexpression
of Ucn2 promotes substantial muscle hypertrophy in normal mice,
which was attenuated by genetic blockage of either Akt or ERK1/2.
Ucn2 also stimulated the downstream targets of these kinases favoring
protein synthesis (i.e., mTOR signaling) and inhibited atrophy-related
proteins suppressing proteolysis (i.e., FoxO signaling). Ucn2-induced
muscle hypertrophy was also accompanied by a shifting toward a
slow oxidative phenotype and fatigue resistance, an effect that was
prevented by the overexpression of mitogen-activated protein kinase
phosphatase 1 (MKP-1), an inhibitor of ERK1/2. Identifying mechanisms
behind a peptide with such muscle-growth potential provide therapeutic
targets for combating muscle loss of several diseases.

2. MATERIAL AND METHODS

2.1. Animals

In vitro experiments were performed in fed 4-week-old male Wistar
rats (~ 70 g) since the incubation procedure requires intact muscles of
a sufficient thinness to allow the adequate diffusion of metabolites and
oxygen [40]. All in vivo experiments were performed in fed 8-week-old
male C57BI6/J mice (~ 30 g). All animals were housed in a room with
a 12 h—12h light—dark cycle and were given free access to water and
a normal lab chow diet until the start of the experiment. All experi-
ments and protocols were performed in accordance with the ethical
principles for animal research adopted by Brazilian College of Animal
Experimentation and were approved by the Ribeirdo Preto Medical
School of the University of Sao Paulo — Ethical Commission of Ethics in
Animal Research (no. 063/2014).

2.2. Adult skeletal muscle in vivo transfection

Mice were anaesthetized by intraperitoneal injection of 85 mg.kg’1
ketamine and 10 mg.kg’1 xylazine. A minor incision was performed on
mouse hindlimb to expose tibialis anterior (TA) muscles in order to
inject along its length 30 pul of 0.9% saline containing purified plasmid
DNA (PureLink HiPure Plasmid Filter Purification Kit, Invitrogen). For
evaluation of the direct Ucn2 effect, 30 pug of mouse (m) Ucn2 and
10 pg of green fluorescent protein (GFP) were used. For evaluation of
FoxO activity, 10 pg of DBE-FoxO luciferase and 5 pg of pRL-null-
Renilla luciferase were used. Electric pulses were then applied using
an electroporator (CUY21; Tokiwa Science, Fukuoka, Japan) and two
stainless steel spatula electrodes placed on each side of the isolated
muscle. Four positives and four negatives square-wave pulses with a
pulse length of 20- and 200- ms intervals between each pulse were
delivered at 21 V. Seven and fourteen days after transfection, animals
were Killed by cervical dislocation and muscles were removed to
molecular analysis. Transfection efficiency of muscle fibers was also
evidenced by the co-transfection of a plasmid expressing a GFP gene
in both groups as can be observed in TA muscles cross-sections
(Figure 1B). In order to demonstrate the homogeneity of the in vivo
electroporation process, TA were co-transfected with a plasmid
expressing histone 2 B fused to red fluorescent protein (H2B-RFP) plus
an empty vector or mUcn2 for 7 and 14 days. There was no difference
in the protein content of RFP (Fig. S1), demonstrating that both
muscles of control and experimental groups had the same transfection
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Figure 1: Characterization of Ucn2 overexpression in vivo in mice skeletal muscle phenotype. The expression of Ucn2 mRNA (A) and Ucn2 protein (B) of normal mice
transfected in vivo with the plasmid expressing pcDNA 3.1+ empty vector + GFP or mUcn2 + GFP for 7 and 14 days. The effect of Ucn2 overexpression for 7 and 14 days in the
protein content of p-Ser1 33 CREB and PGC1-o. (C, D), in CREB target genes (E) and in the protein content of Epac (F, G). The temporal effect of Ucn2 overexpression in vivo for 7 and
14 days in TA muscle mass of normal mice (H, I). P: phospho; AF: Alexa Fluor; GFP: Green Fluorescent Protein. Microscopy images with 40x of magnification. Negative control was
obtained by omission of primary antibody. The nuclei were stained with Dapi. Results are expressed as mean + SEM. (*P < 0.05 vs control) (n = 4—5).
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efficiency pattern in the analyzed periods. In addition, there were
neither injury signs nor cellular regeneration in cross-section of TA
stained with hematoxylin and eosin (data not shown), demonstrating
the integrity of muscle fibers after Ucn2 overexpression for 14 days
through the in vivo electroporation technique.

2.3. Luciferase reporter assay

TA muscles were homogenized in Passive Lysis Buffer on the Tis-
sueLyzerll (Qiagen) and processed to quantify the activity of luciferase
reporter according to Kit instructions (Promega #E1910). The samples
were read in a luminometer (Glomax 20/20 Luminometer, Promega,
Model: 2031—002) and FoxO activity was determined by normalizing
firefly luciferase activity (DBE-FoxO reporter) to pRL-null-Renilla
luciferase activity.

2.4. In vivo muscle function experiments

Considering that Ucn2 was able to modulate muscle mass the
investigation whether Ucn2 hypertrophic effect impacts on skeletal
muscle function was performed. Plasmids encoding muUcn2,
dominant-negative Akt mutant (Aktmt) and MKP-1 were co-transfected
in TA of normal mice for 14 days. After this period, animals were
anaesthetized with tribromoethanol (20 mg.100 g‘1 body weight, i.p.).
The sciatic nerve was then exposed through an incision 1 cm above the
popliteal fossa and connected to an electrode. Then, mice were placed
on an acrylic platform with a metallic bar crossing the knee in order to
immobilize the limb. The TA tendon was connected to a force trans-
ducer coupled to a computer that was used in order to collect and
analyze data related to the strength generated by the muscle
contraction. Muscle twitch strength and tetanic force were recorded
using a data acquisition system (Biopac Systems, USA). Muscle
strength was analyzed using the AcgKnowledge program, version
3.9.1.6 (Biopac Systems, USA). Mice were submitted to external
warming in order to maintain core temperature throughout the pro-
cedure. At the start of the experiment, the muscle was set to the
optimum length (Lo, defined as the length resulting in maximum twitch
strength). There was a 2 min rest period between stimuli [41]. To
achieve the maximal plateau strength with the minimal frequency, we
chose to use stimuli of 350 Hz for measuring the maximum isometric
tetanic strength and 200 Hz for measuring fatigue [42]. Based on Chan
& Head [42], isolated twitches (0.2 Hz) were generated over a 2 min
period, followed by a pre-fatigue maximum tetanic contraction
(induced at 350 Hz for 2s) in each TA muscle. We then performed a
fatigue protocol, which consisted of ten tetanic stimulations (2s each)
at 200 Hz, each followed by a 4s rest. At the end of the fatigue protocol,
a 2 min rest-period was given to the muscle by stimulating it at 0.2 Hz,
followed by a post-fatigue maximum tetanic contraction (induced at
350 Hz for 2s). Muscle force was normalized by the mass of TA
muscle. Tetanic specific strength is expressed in millinewtons per
milligram of muscle. The maximum tetanic strength loss was
measured through difference between the pre-fatigue- and the post-
fatigue maximum tetanic contraction.

2.5. In vitro measurements of protein degradation

Rats were killed by cervical dislocation and extensor digitorum longus
(EDL) and soleus muscles were rapidly dissected, weighed and
maintained at approximately its resting length by securing the tendons
in specific supports. Tissues were incubated at 37 °C in Krebs—Ringer
bicarbonate buffer (pH 7.4) equilibrated with 95% oxygen and 5%
carbon dioxide. Isolated muscles were incubated in the presence or in
the absence of Ucn2 (10~7 M, 5.10~7 M, 1078 M) for 2 h. Briefly,
overall proteolysis was measured by following the tyrosine released

into the medium in the presence of cycloheximide (0.5 mM), which
prevented protein synthesis and reincorporation of tyrosine back into
proteins. Tissues were preincubated for 1 h and then incubated for 2 h
in fresh medium with the identical composition. For measurement of
lysosomal proteolysis, muscles from ipsilateral limb were incubated in
the absence of methylamine and branched-chain amino acids, a
condition in which the lysosomal system is activated. Contralateral
muscles were incubated in the presence of leucine (170 pM),
isoleucine (100 uM), valine (200 uM) and methylamine (10 mM), a
weak base that increases pH and inhibits lysosomal proteolysis. The
overall proteolysis was evaluated by measuring the tyrosine released
into the medium, using a fluorometric method [43] and the difference
of tyrosine values between the two muscles estimated the contribution
of lysosomal proteolytic process.

2.6. Measurements of in vivo protein synthesis with SUnSET

In vivo measurements of protein synthesis was performed by using the
SUNSET technique [44]. Mice previously transfected with Ucn2 for 14
days received one single intraperitoneal injection of 0.040 umol.g'1
puromycin dissolved in phosphate buffered saline 30 min before
euthanasia. Then, TA muscles were harvested and frozen in liquid
nitrogen to be processed for immunodetection of puromycin-labeled
peptides. In this case, the magnitude of the protein synthesis is
directly proportional to the intensity of the bands marked with anti-
puromycin antibody.

2.7. Autophagic flux quantification

The autophagic flux was monitored in animals using a modified
colchicine protocol (C9754, Sigma—Aldrich) [45]. Briefly, mice were
treated with one injection of vehicle (saline) or 0.4 mg.kg*1 of
colchicine (i.p.) three times (48, 24 and 1 h) before the euthanasia.

2.8. Quantitative PCR

TA muscles were harvested and promptly frozen in liquid nitrogen.
Total RNA was extracted from individual muscles using TRIzol (Invi-
trogen, Carlsbad, California), then reverse transcribed into cDNA using
SuperScript IV First-Strand Synthesis System (Invitrogen, Carlsbad,
California) according to the manufacturer’s protocols. Quantitative PCR
was carried out using PowerUp SYBR Green Master Mix (Thermo-
Fisher) with primers as detailed in Table 1, and normalized to RPL39.

2.9. Western blot analysis

TA muscles were homogenized in RIPA buffer containing 10 mM so-
dium pyrophosphate, 100 mM sodium fluoride, 10 mM sodium
orthovanadate, 5 ug.mL'1 of aprotinin, 1 mg.mL’1 of leupeptin, and
1 mM phenylmethyl-sulfonyl fluoride. Lysates were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotted
with anti-phospho-Ser'3® CREB (1:1000, Cell Signaling #9198), anti-

Table 1 — Oligonucleotide primers used for gPCR analysis.

Forward Reverse
Ucn2 5 CAGCTTCCTGGAGCAACTCT 3’ 5 GATTCCTGGCAGCCTTGTAA 3
PGC-1a¢ 5’ AATCCAGCGGTCTTAGCACT 3’ 5 TTTCTGTGGGTTTGGTGTGA 3’
NR4at 5 AGCTTGGGTGTTGATGTTCC 3’ 5’ AGAACCGCATTGCTAGCTGT 3’
SIK1 5’ TCCACCACCAAATCTCACCG 3’ 5" GTTTCGGCGCTGCCTCTTC 3’
Atrogin-1 5 CAGGTCGGTGATCGTGAG 3’ 5 GCAGAGAGTCGGCAAGTC 3’
Murft 5 TGTGCAAGGAACACGAAG 3 5’ TGAGAGATGATCGTCTGC 3’
Maplic3b 5 CGTCCTGGACAAGACCAAGT 3 5" ATTGCTGTCCCGAATGTCTC 3’
Gabarapl1 5 CATCGTGGAGAAGGCTCCTA 3’ 5 ATACAGCTGGCCCATGGTAG 3’
p62 5 AGAATGTGGGGGAGAGCGTGGC 3' 5 GGGTGTCAGGCGGCTTCTCTT 3/
RPL39 5' CAAAATCGCCCTATTCCTCA 3’ 5" AGACCCAGCTTCGTTCTCCT 3’
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PGC1-a, (1:500, Cell Signaling #2178), anti-3-actin (1:2000, Santa Cruz
sc - 81,178), anti-Epac1 (1:500, Cell Signaling #4155), anti-puromycin
(1:500, Kerafast EQ 0001), anti-phospho-Ser®**8 mTOR (1:500, Cell
Signaling #2971), anti-phospho-Ser?¥2%6s6 (1:1000, Cell Signaling
#2211), anti-phospho-Thr*”/46 4 E-BP1 (1:1000, Cell Signaling #2855),
anti-phospho-Ser?®® elF4E (1:1000, Cell Signaling #9741), anti-mTOR
(1:500, Cell Signaling #2972), anti-S6 (1:500, Cell Signaling #2217),
anti-4E-BP1 (1:1000, Cell Signaling #9452), anti-elF4E (1:1000, Cell
Signaling #9742), anti-LC3 (1:1000, Cell Signaling #2775), anti-p62
(1:1000, Cell Signaling #5114), anti-phospho-Ser256 Fox01 (1:500,
Cell Signaling #9461), anti-phospho-Thr?* Fox01 and anti-phospho-
Thr*? Fox03a (1:500, Cell Signaling #9464), anti-Fox01 (1:500, Cell
Signaling #9454), anti-phospho-Ser473 Akt (1:1000, Cell Signaling
#9271), anti-phospho-Thr*® Akt (1:500, Cell Signaling #9275), anti-
phospho-Thr2%/Tyr?® ERK1 and anti-phospho-Thr'8%/Tyr'®” ERK2
(1:1000, Cell Signaling #9101), anti-phospho-Thr'®/Tyr'8 p38 MAPK
(1:1000, Cell Signaling #9211), anti-Akt (1:500, Cell Signaling #9272),
anti-ERK1/2 (1:1000, Cell Signaling #9102), anti-slow myosin (1:1000,
Sigma—Aldrich M8421), anti-fast myosin (1:2000, Sigma—Aldrich
M4276), anti-GFP (1:1000, Santa Cruz sc - 8334), anti-phospho-
Tyr'1%5/11%6 |GF-| receptor B and anti-phospho-Tyr' "%/ nsulin
Receptor B (1:500, Cell Signaling #3024). Primary antibodies were
detected using peroxidase-conjugated secondary antibodies (1:5000 for
B-actin, slow- and fast-myosin and 1:1000 for the other primary an-
tibodies) and visualized using enhanced chemiluminescence (ECL) re-
agents on ChemiDoc XRS + System (Bio-Rad). Band intensities were
quantified using the software ImageJ/Fiji (version 1.52 d, National In-
stitutes of Health, USA).

2.10. Plasmids, antibodies and reagents

The pcDNA3.1+ and pEGFP-N1 plasmids were obtained from Addgene
Vector Database. The mUcn2-pcDNA3.1+ was a gift from Dr. Paul
Sawchenko (Salk Institute, San Diego, CA) and has been previously
described [46]. The dominant-negative Akt mutant (Aktmt) Thri%/
Ser*”® was a gift from Dr. S. Dimmeler (University of Frankfurt, Ger-
many) and has been previously described [47]. The pWay21-EGFP and
pWay21-EGFP-MKP-1 plasmids were a gift from Dr. Anton Bennett
(Yale University School of Medicine, New Haven, CT) and have been
previously described [48]. The DBE-FoxO reporter containing six
forkhead (DAF-16) binding sites was previously described [30], pRL-
null Renilla was obtained from Promega. The pDest-mCherry-EGFP-
p62 was a gift from Dr. Terje Johansen (University of Tromsg, Oslo,
NO) and has been previously described [49].

The Aktmt plasmid expresses a mutant isoform of Akt in Ser*’® and
Thr®® residues and therefore cannot be activated to exert its catalytic
activity, and thus, by a competitive binding mechanism to the
endogenous Akt substrates, it inhibits Akt downstream signaling
pathway [47]. The suppression of endogenous ERK1/2 activity occurs
through MKP-1 phosphatase, which dephosphorylates and inhibits
mitogen-activated protein kinases (MAPKs), amongst then ERK1/2
[48]. TA muscles of normal mice were co-transfected with the control
vector pWay21-EGFP and/or Aktmt or pWay21-EGFP and/or MKP-1
(control groups) or co-transfected with plasmids expressing mUcn2
and/or Aktmt, or mUcn2 and/or MKP-1 (experimental groups).

The double-tagged pDest-mCherry-EGFP-p62 plasmid is a pH-
sensitive sensor used to assess different steps of autophagy. The
GFP is acid-sensitive and mCherry is acid-insensitive. So, in the
autophagosome, the junction of both tags results in a yellow fluores-
cent. However, the green fluorescent from GFP is lost when auto-
phagosome is fused with lysosome but, the red fluorescent from
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mCherry remains until the substrates and the double tagged protein
are degraded in the autolysosome.

Reagents, primary and secondary antibodies were purchased from
Sigma—Aldrich (St Louis, Missouri), Cell Signaling Technology (Dan-
vers, Massachusetts), Santa Cruz Biotechnology (Dallas, Texas), KPL
(Gaithersburg, Maryland) and Jackson ImmunoResearch Laboratories
(West Grove, Pennsylvania).

2.11. Immunofluorescence assay and confocal microscopy
analyses

TA muscles were carefully harvested, snap-frozen in isopentane, and
stored in liquid nitrogen at —80 °C. Muscles were mounted in optimal
cutting temperature (OCT) medium (Sakura Finetek, USA) and cry-
osections of 10 pum thick of muscles were performed through a Leica
CM1850 UV cryostat at —25 °C (Leica Microsystems, Wetzlar, Ger-
many) then placed on 76-mm slides in order to be processed for
immunofluorescence and confocal microscopy analyses using stan-
dard conditions. Immunofluorescence for Ucn2 staining was performed
on fixed muscle cryosections with paraformaldehyde 4%, 10 min at
room temperature. Sections were permeabilized with 0.1% Triton X-
100 for 2 min at room temperature. Primary antibody was incubated
overnight at 4 °C and secondary antibody was incubated 1 h at room
temperature. Images were captured and examined with a confocal
microscope (Leica TCS SP5; Software LAS AF). Transfected fibers and
their myonuclei were identified by GFP and DAPI staining, respectively.
Images were processed using Image J 1.53c (Fiji is Just) and
approximately 400 fibers were analyzed per muscle.

2.12. Statistical analysis

Data are presented as mean + standard error of mean (SEM). The
means from different groups were analyzed using paired or unpaired
Student’s t-test. P < 0.05 was taken as the criterion of significance.
Animals were randomly allocated to the different experimental groups.

3. RESULTS

3.1. Ucn2 overexpression activates CAMP signaling and promotes
skeletal muscle growth

The efficacy of Ucn2 overexpression was attested by an increase in
Ucn2 mRNA levels in TA muscles after 7 (~500-fold) and 14 days
(~40-fold) of the transfection compared with muscles of control
group, which received the plasmid expressing the empty vector
(pcDNA3.1+) (Figure 1A). The Ucn2 mRNA increase was accompanied
by a higher content of Ucn2 protein (Figure 1B), which mainly remained
around myofibers as compared with the intracellular medium, sug-
gesting that this peptide may be synthesized and secreted by myocytes
and exerts its autocrine/paracrine effects on muscle cells. Since it is
well known that Ucn2 increases cAMP levels in vitro [14,15,17] we
confirmed that in vivo in Ucn2-transfected TA muscles for 14 days
(1508 4+ 109* vs 1082 4+ 100 cAMP fmol/mg of muscle, control
group; n = 3). Then, the involvement of PKA, the canonical down-
stream effector of CAMP, was investigated. Ucn2 overexpression for 7
and 14 days increased the phosphorylation levels of CREB, a well-
known PKA substrate (Figure 1C—D), and also CREB target genes
(Figure 1E; 14 days only), highlighted for a substantial increase in the
protein content of PGC1-a (Figure 1C—D). In addition, Ucn2 over-
expression drastically increased the protein content of exchange
protein directly activated by cAMP (Epac) (Figure 1F—G), a non-
canonical direct target for cAMP [50]. Although Ucn2 overexpression
for 7 days did not cause significant changes in muscle mass, the
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transfection for 14 days was able to induce a striking hypertrophy in TA
(33%) as compared to control muscles (Figure 1H, ).

3.2. The hypertrophy promoted by Ucn2 overexpression is
associated with an increase in protein synthesis and mTOR signaling
To investigate the mechanisms underlying the Ucn2-induced muscle
hypertrophy, protein synthesis was investigated by measuring the la-
beling of proteins bound to puromycin. Ucn2 overexpression increased
by 39% the content of puromycin-labeled peptides in TA (Figure 2B, D)
indicating an enhancement of protein synthesis.

Next, the activation status of mTOR kinase and its downstream targets
was evaluated in Ucn2 transfected muscles because this signaling
pathway has been considered the major regulator of protein synthesis
[24,26]. The in vivo transfection of Ucn2 caused an increase in the
phosphorylation levels of mTOR after 7 (~ 1.5-fold) and 14 (76%) days
(Figure 2E—F). Consistently, Ucn2 overexpression for 7 days increased
the phosphorylation of S6 (62%) and 4E-BP1 (~ 1.2 fold) (Figure 2E—
F), the two downstream targets of mTOR, suggesting an increased
activity of mTOR. When hyperphosphorylated, 4E-BP1 protein becomes
inactive, thus releasing elF4E from its repressive action [51]. Indeed, at
the same period, Ucn2 increased the phosphorylation levels of elF4E
(~4 fold) (Figure 2E—F), the downstream target of MAP kinase-
interacting serine/threonine-protein kinase 1 (Mnk1), a well-known
MAPKs substrate [52]. The protein content of mTOR (~ 1.9 fold), S6
(40%), 4E-BP1 (42%) and elF4E (53%) was also increased by Ucn2
overexpression at day 7 (Figure 2G—H). However, all these effects were
no more observed after 14 days of transfection (Figure 2G—H).
Collectively, these data suggest that the stimulation of protein syn-
thesis via mTOR signaling may mediate Ucn2-induced muscle growth
in vivo.

3.3. Ucn2 reduces skeletal muscle protein degradation in vitro and
exerts a negative modulatory effect on FoxO transcription factors

in vivo

In order to investigate whether or not muscle protein degradation could
be directly modulated by Ucn2, rates of protein degradation were
estimated in isolated skeletal muscles in vitro. As shown in Figure 3A,
the addition of 1077, 5,10~ and 107® M Ucn2 to the incubation
medium of EDL muscles for 2 h reduced the rate of overall proteolysis
(nmol tyrosine.mg~".2 h™") by 17%. A similar anti-proteolytic effect
was observed when soleus muscles were incubated with 106 M Ucn2
(Figure 3A). In attempt to investigate which intracellular proteolytic
systems might be regulated by Ucn2, the proteolytic activity of UPS,
lysosomal and Ca*z-dependent was evaluated. Ucn2 (5.10*7 M)
in vitro reduced by 41% the activity of lysosomal system but did not
affect the activity of Ca*z-dependent system (Figure 3B). There was a
tendency (P = 0.06) towards reduced activity of the UPS in Ucn2-
transfected muscles, but this did not reach statistical significance
(Figure 3B). Moreover, Ucn2 overexpression for 7 days reduced by
25% atrogin-1 expression suggesting a suppression of the process of
ubiquitination in vivo (Figure 3E).

To further investigate the inhibitory effect of Ucn2 in the lysosomal
system, the protein content of autophagy markers was measured to
infer whether this peptide could also control autophagic flow in vivo. Itis
known that the lipidated form of LC3-Il is responsible for the formation
and the expansion of the autophagosome double membrane and is
considered a marker of autophagic flow [53]. In addition to the LC3-II
measurement, we also evaluated another lysosomal marker known
as p62/SQTM1 (sequestosome 1), which in turn, binds to LC3-Il and is
therefore preferentially degraded by lysosome [54]. Thus, the accu-
mulation of LC3-l and p62 proteins occurs under conditions

characterized by the inhibition of the autophagic-lysosomal process.
Ucn2 overexpression in vivo for 7 days increased the protein content of
LC3-1 (96%), LC3-Il (70%), p62 (6-fold) (Figure 3C, D) as well as
reduced by 27% levels of mapllc3b (27%) without altering p62 mRNA
(Figure 3G) as compared to controls. After 14 days of Ucn2 transfection
no change was observed in the protein content of LC3-1 and LC3-Il,
however, an increase in the protein content of p62 (64%) could still be
observed (Figure 3C, D), with no change in their mRNA levels
(Figure 3H). These results suggest that the accumulation of LC3-Il and
p62 is due to an inhibition of its degradation by lysosome and Ucn2
in vivo exerts an inhibitory modulation on the autophagic-lysosomal
system in skeletal muscle. To confirm the inhibition of autophagy by
Unc2, we treated animals with colchicine, a microtubule-disrupting
agent that inhibits autophagosome-lysosome fusion. LC3-Il accumu-
lation after lysosomal inhibition reflects LC3-Il flux or autophagy flux.
Colchicine inhibited autophagosome degradation as identified by the
increased protein content of LC3-I, and Ucn2 overexpression for 7 days
decreased this effect (Figure 3E—F). We also monitored the formation of
autophagic vesicles in TA muscles after the co-transfection of
pcDNA3.1+ (or mUcn2) + pDest-mCherry-EGFP-p62 plasmids for 7
days (Figs. S3A—B). There was a tendency for Ucn2 to increase the
ratio of yellow/mCherry puncta (Figs. S3A—B), indicating that Ucn2
might inhibit the fusion of autophagosome to lysosome vesicles.
Because the atrogenes atrogin-1 and map7l/c3b are downstream
target genes of Fox0, the master regulator of the UPS and autophagic-
lysosomal systems [55], respectively, the activity of this transcription
factor was evaluated by means of FoxO-dependent reporter and
western blot. Interestingly, the transcriptional activity of FoxO was
reduced by 70% after 14 days of Ucn2 overexpression (Figure 4A) but
this effect was not accompanied by any changes in the mRNA levels of
atrogenes (Figure 3F). On the other hand, this reduction in FoxO activity
was related to a tendency (P = 0.07) toward higher phosphorylation
levels of FoxO1 (Ser%) without any change in the phosphorylation
levels of Fox03 and FoxO1 (Thr?%) (Figure 4B—C). However, the
phosphorylation levels and the protein content of FoxO1 were signifi-
cantly increased (2-fold) and decreased (50%), respectively, in Ucn2-
transfected muscles for 7 days (Figure 4B—C).

Taken together, these data demonstrate that Ucn2 exerts a direct
inhibitory action on protein degradation probably through the sup-
pression of lysosomal and UPS activities in rat isolated muscle, being
the suppression of atrogenes a FoxO-dependent mechanism.

3.4. Akt and ERK signaling mediate growth-promoting effects
induced by Ucn2

To investigate further the signaling pathways involved in the anabolic
and anti-catabolic effects of Ucn2, Akt phosphorylation was assessed
in Ucn2-transfected muscles for 7 days. In agreement with the acti-
vation of the phosphorylation status of FoxO, Ucn2 increased the
phosphorylation of Akt in both residues of Ser*”® (50%; Figure 5A—B)
and Thr3% (2-fold; Figs. S2A—B). However, this effect disappeared 14
days after Ucn2 overexpression (Figure 5A—B). Following, different
components of the MAPK pathway, a well-known signaling involved in
the regulation of protein synthesis were also investigated [56,57]. At 7
days, Ucn2 overexpression increased both the protein content and
phosphorylation levels of ERK1 (27%) and ERK2 (50%) with no alter-
ation in ERK1/ERK2 ratio, but did not alter the phosphorylation levels of
p38MAPK (Figs. S4A—B). At 14 days, Ucn2 also increased phospho-
ERK2 (34%) indicating that Ucn2 selectively recruits ERK1/2.

In order to investigate the involvement of Akt and ERK1/2 kinases in the
growth-promoting effects induced by Ucn2, the endogenous activity of
these kinases was indirectly blocked by means of a genetic approach.
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Thus, muscles were co-transfected with Ucn2 and/or Aktmt or MKP-1
genes. Overexpression of either Aktmt or MKP-1 plasmids significantly
reduced by 38% and 48%, respectively, the hypertrophic effect induced
by Ucn2 in vivo (Figure 6A), demonstrating that both Akt and ERK1/2
kinases mediate Ucn2-induced muscle growth.

3.5. The muscle growth induced by Ucn2 overexpression via ERK
is associated with fatigue resistance enhancement

To investigate further whether or not muscle hypertrophy induced by
Ucn2 overexpression is functionally relevant, we measured maximum
tetanic strength and fatigue resistance in muscles from living animals
co-transfected or not with Aktmt or MKP-1. Although Ucn2 over-
expression for 14 days have not altered the maximum tetanic strength
pre-fatigue (Figure 6B), the peptide reduced by 80% the maximum
tetanic strength loss post-fatigue (Figure 6C), indicating an enhance-
ment of muscle fatigue resistance in mice. These effects induced by
Ucn2 overexpression were completely blocked in muscles co-
transfected with MKP-1, but not with Aktmt (Figure 6C) demon-
strating that they are probably mediated by activation of ERK signaling.
Taken into account that Ucn2 increased PGC1-o. protein content
(Figure 1C—D) and also activates ERK1/2 (Figure 5A—D), well stab-
lished components involved in the maintenance and expression of
oxidative myofibrils [37,58], muscle fibers typing differences were
investigated by means of western blot. Ucn2 increased the protein
content of slow myosin heavy chain (MHC) (~1,2 fold), but did not
affect fast MHC fibers (Figure 6D). These findings suggest that Ucn2

induces a fast-to-slow fiber type shift, probably mediated by PGC1-a
(Figure 1G—D), an effect that could contribute to the improvement in
fatigue resistance induced by ERK signaling.

4. DISCUSSION

The present study has provided several new insights concerning the role
of Ucn2 in the regulation of muscle protein metabolism and its related
signaling pathways. Using genetic, biochemical and functional ap-
proaches, we show, for the first time, that overexpression of Ucn2 pro-
motes gain of muscle mass and resistance to fatigue in normal mice, a
beneficial effect that persisted for up to 14 days and was probably due to
direct actions of Ucn2 on muscle fiber. Similar phenotype has been re-
ported in animals systemically treated with this peptide or its specific
receptor CRF2R agonist in different catabolic situations, including
denervation [15,59], corticosteroid treatment [15] and unloading [14,15].
Moreover, subcutaneous injections of Ucn2 for two weeks induced a
slight increase in skeletal muscle mass [60,61] and improved muscle
resistance [60] in dystrophic mdx mice. The present study complements
and extends these findings and shows that Ucn2-induced muscle hy-
pertrophy at baseline conditions was associated with an activation of
cAMP cascade and an enhancement of protein synthesis. Indeed, in a
recent study Borg et al. [16] have demonstrated that the treatment with a
modified Ucn2 peptide analog of human Ucn2 increased lean mass and
rates of skeletal muscle protein synthesis in ob/ob mice, even though
CAMP intracellular signaling has not been investigated. The present
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finding that Ucn2 caused an upregulation of CREB phosphorylation, a
well-established PKA target, and its target genes (i.e., PGCT-o. and SIK7)
suggests that Ucn2 activated cAMP/PKA/CREB signaling pathway.
Recent reports have shown that compounds that act through the CAMP
cascade, like catecholamines and [2-agonists, stimulate mTOR
signaling in muscles [19,62], hearts [63] and BAT [64] from rodents.
Consistently, we have shown that the physiological stimulation of sym-
pathetic nervous system in the setting of cold plays a hypertrophic role in
BAT by stimulating the cAMP and mTOR signaling [65]. Our data are in
agreement with these previous reports and show that mTOR activity is
highly induced by Ucn2 in transfected muscles in parallel to the induction
of intracellular cAMP levels. Besides stimulating protein synthesis, our
data show that Ucn2 in vitro decreased the overall proteolysis in different
isolated muscles from rats and mice and this effect was due mainly to the
suppression of lysosomal proteolytic system. Consistently, Ucn2 over-
expression led to the accumulation of LC3-Il and p62 as well as a
reduction of maplic3b, suggesting that Ucn2 genetic transfection
negatively modulates the autophagic-lysosomal proteolytic pathway. In
addition, Ucn2 in vivo transiently suppressed atrogin-1 and tended to
decrease the UPS activity in isolated muscles suggesting an inhibitory
effect of ubiquitination. Accordingly, in vivo overexpression of Ucn2
significantly increased the phosphorylation levels and suppressed the
activity of Fox0, the major transcriptional activator of the autophagic-
lysosomal and UPS systems. Thus, it is likely that the combined ac-
tions of both processes stimulation of protein synthesis and inhibition of
proteolysis (i.e., autophagic-lysosomal and UPS systems) contributed to
Ucn2-induced muscle hypertrophy. In agreement with this notion, we
and others have previously demonstrated that similar mechanisms are
involved in the gain of muscle mass promoted by treatment with 32-
agonists in different species [19,41,66—69]. The administration of for-
moterol [19] or clembuterol [70], selective [»-agonists, to mice
increased muscle cAMP levels and in parallel inhibited the fasting-
induced formation of autophagosome, activity of Fox0, and expression
of atrogin-1 and MuRF-1. Furthermore, daily administration of CAMP PDE
inhibitors that act through the increase of cCAMP intracellular levels have
been used to counteract UPS activity, atrophy and weakness in Yoshida
sarcoma-bearing [71], septic rats [72] and diabetic rats [73]. Taken
together, these findings suggest that CAMP signaling plays a critical role
inthe stimulation of protein synthesis and suppression of the autophagic-
lysosomal and UPS systems promoted by Ucn2 in mice skeletal muscles.
Although it is well established that most metabolic actions of Ucn2 are
mediated through the cAMP, like first postulated by Hinkle et al. [14],
the involvement of its downstream intracellular effectors PKA and Epac
on the control of muscle mass is still a focus of an intense investi-
gation. Here, we show that in vivo overexpression of Ucn2 increased
CREB phosphorylation and its target genes like PGCT-a [74,75].
Because the transcriptional coactivator PGC-1¢., a master regulator of
mitochondrial biogenesis that drives the formation of slow-twitch
muscle fibers [58], prevents FoxO activation and protect muscles
against atrophy [76,77], it is possible that Ucn2 overexpression may
have inhibited FoxO activity and muscle proteolysis by activating PKA/
CREB/PGC-1a. axis. The present findings that Ucn2 overexpression
increased the protein content of slow MHC and muscle resistance to
fatigue are consistent with this possibility. Alternatively, FoxO activity
could be negatively modulated by Ucn2 via a direct action of PKA. In a
recent study, we demonstrated that the overexpression of catalytic
subunit of PKA reduced the FoxO reporter activity in skeletal muscles.
On the other hand, FoxO transcriptional activity was increased by the
overexpression of PKI, an inhibitor of PKA [78].

In addition to the canonical CAMP/PKA/CREB signaling pathway, Ucn2
also stimulated key components of the insulin/IGF-1 pathway. Indeed,

the in vivo overexpression of Ucn2 positively modulated Akt and ERK1/2,
as well as downstream targets of these kinases responsible for protein
synthesis such as mTOR/S6 and elF4E, respectively, suggesting an
increase in insulin/IGF-1 sensitivity in TA muscles. The drastic increase
in the phosphorylation levels of insulin/IGF-1 receptor (Fig. S5) and Fox0
(Figure 4B—C), a well-known target of Akt, support this hypothesis. In
agreement with this notion, the systemic administration of a modified
Ucn2 peptide for 14 days enhanced glucose tolerance and concomi-
tantly increased phosphorylation levels of Akt (Ser*’” and Thri%) in
skeletal muscles of obese mice [79]. In contrast, Chen et al. [13] have
shown that Ucn2 knockout animals were more sensitive to insulin when
compared to wild animals and in vitro studies [13,80] have reported that
Ucn2 decreased the phosphorylation levels of Akt (Ser*’®), IRS-1
(Tyr®%), and ERK1/2 (Thr?%2/204/Tyr'85187) i differentiated muscle
cells incubated with insulin. These conflicting results may be due to
differences in the experimental approaches including time of treatment,
pharmacological doses and indirect effects of Ucn2.

Besides PKA, our data showed that Epac, a non-classical CAMP effector
[50], is also upregulated by Ucn2. Accordingly, it has been shown that
attenuation of necrosis in muscle from mdx mice systemically treated
with Ucn2 was associated with the increased activity of Epac and PKA
[60]. The finding that increases in Epac levels in different cell culture
lineages [81] and in skeletal muscles [66,82] leads to the phosphory-
lation of Akt via PI3K highlights the possibility that the stimulation of Akt
in response to Ucn2 overexpression may also occur via a Gs-AC-cAMP-
Epac-PI3K signaling pathway independently of insulin. In addition to
promoting Akt activation, Epac can activate ERK1/2 through Ras stim-
ulation in HEK-293 cell culture [83]. Like Akt, ERK1/2 is a critical
regulator of muscle metabolism by promoting differentiation and sur-
vival of C2C12 myotubes [84,85] as well as induction of muscle hy-
pertrophy in mice [86,87]. Moreover, overexpression of MKP-1, an
endogenous ERK1/2 suppressor, induced a robust atrophic phenotype
in slow and fast muscles [88] and prevented the B-adrenergic agonist-
induced hypertrophy in fast-twitch skeletal muscle in rats [89]. Using a
similar genetic approach, the present work demonstrated that the
inactivation of ERK1/2 partially attenuated the hypertrophic effect of
Ucn2 in muscles of normal mice. Since a similar attenuation of hyper-
trophy was observed in muscles co-transfected with Ucn2 and Aktmt,
these data suggest that both kinases ERK1/2 and Akt play a role in the
gain of mass promoted by Ucn2 in vivo. Moreover ERK1/2 stimulation by
Ucn2 overexpression could also explain the fast-to-slow fiber type shift,
corroborating with Murgia et al. [37] that demonstrated the physiological
relevance of Ras/ERK1/2 pathway in modulating the phenotype induced
by slow motor neurons in skeletal muscle. Our functional studies show
that Ucn2 overexpression did not affect maximum tetanic strength. In
contrast, previous studies in pathological condition have shown that the
systemic pharmacological activation of CRF2R in mdx animals
increased the isometric contraction force in the triceps surae muscles
[60,90]. Intriguingly, Ucn2 increased muscle resistance to fatigue, and
this effect was associated with the activation of ERK1/2, but not Akt,
because MKP-1 abolished the beneficial effect of Ucn2 on muscle fa-
tigue resistance. Other studies have shown that the cardioprotective
effects promoted by Ucn1 and Ucn2 are associated with ERK1/2 stim-
ulation [91,92]. Brar et al. [93] have reported that astressin-2B, the
selective antagonist of the CRF2R receptor, as well as the pharmaco-
logical inhibition of ERK1/2, abolished the cardioprotective effect pro-
moted by Ucn2 and Ucn3. Although the underlying mechanisms involved
in the role of ERK1/2 in controlling muscle mass and function are still
focus of investigation, it is possible to speculate that such signaling is
necessary for the force magnitude in Ucn2-transfected muscles. Further
studies are needed to confirm this possibility.
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In summary, we have demonstrated that 1) Ucn2 overexpression in vivo
caused strikingly muscle hypertrophy, which was functional relevant
and was probably due to the activation of protein synthesis, via mTOR,
and inhibition of proteolysis (i.e., autophagic-lysosomal and UPS sys-
tems), via Fox0 signaling; 2) the rise in intracellular cAMP levels and its
downstream targets (PKA and Epac) promoted by Ucn2 may be one of
the regulatory mechanisms stimulating anabolism and a fast-to-slow
fiber type shift in skeletal muscle; and 3) while both Akt and ERK1/2
are involved in the signaling pathways of muscle growth induced by
Ucn2, ERK/1/2 increases the muscle fatigue resistance. Thus, the
present work opens new perspectives in the development of therapeutic
strategies to improve muscle mass in the setting of catabolic diseases.
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