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Abstract

Cancer cachexia is a multifactorial disease that causes continuous skeletal muscle wast-
ing. Thereby, it seems to be a key determinant of cancer-related death. Although an-
amorelin, a ghrelin receptor agonist, has been approved in Japan for the treatment of
cachexia, few medical treatments for cancer cachexia are currently available. Myostatin
(MSTN)/growth differentiation factor 8, which belongs to the transforming growth
factor-p family, is a negative regulator of skeletal muscle mass, and inhibition of MSTN
signaling is expected to be a therapeutic target for muscle-wasting diseases. Indeed, we
have reported that peptide-2, an MSTN-inhibiting peptide from the MSTN prodomain,
alleviates muscle wasting due to cancer cachexia. Herein, we evaluated the therapeu-
tic benefit of myostatin inhibitory D-peptide-35 (MID-35), whose stability and activity
were more improved than those of peptide-2 in cancer cachexia model mice. The bio-
logic effects of MID-35 were better than those of peptide-2. Intramuscular administra-
tion of MID-35 effectively alleviated skeletal muscle atrophy in cachexia model mice,
and the combination therapy of MID-35 with anamorelin increased food intake and
maximized grip strength, resulting in longer survival. Our results suggest that this combi-

nation might be a novel therapeutic tool to suppress muscle wasting in cancer cachexia.
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1 | INTRODUCTION

Cancer cachexia is a severe debilitating syndrome characterized by
progressive irreversible loss of skeletal muscle mass and adipose tis-
sue in advanced cancer patients.>? It is thought to be caused by meta-

bolic disorders such as chronic inflammation and imbalance of skeletal

muscle synthesis/decomposition, and its etiology is difficult to clarify
through pathologic and imaging examinations.® Progression of ca-
chexia is diagnosed by the degree of unintentional weight loss and has
serious impacts on the patient's QOL. Cancer cachexia develops in
many advanced cancers such as gastric and lung cancers. More than

50% of patient deaths seem to be due to cancer cachexia.* To date,
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no effective medical treatment that completely improves cachexia is
available, but it has been shown that adequate nutritional support and
inhibition of muscle wasting can be beneficial.®

Ghrelin is a peptide hormone secreted mainly by the stom-
ach. Increased levels of ghrelin in the body promote appetite.®”
Anamorelin is a ghrelin receptor agonist that can be taken orally.®
Therefore, anamorelin augments appetite in patients with cancer
cachexia, resulting in increased amounts of protein synthesis and
muscle mass. Anamorelin has been shown to contribute to weight
gain and to improvement of QOL in patients with non-small-cell lung
cancer.” ! In a clinical trial of anamorelin, the physical function was
not improved despite increased lean body mass in cancer cachexia
patients. Therefore, the EMA rejected use of this medicine for clini-
cal therapy, whereas Japan has approved it.

Myostatin (GDF-8), activin-A, and GDF-11, which belong to the
TGF-f family, are known to negatively regulate skeletal muscle mass
in humans and animals.?"%¢ Myostatin is initially produced as a latent
form by cells, then it undergoes proteolytic cleavage to become an
active ligand. After the mature MSTN binds to the type | (ALK4/5)
and type Il (ACTRIla/b) serine/threonine kinase receptors, the type |
serine/threonine kinase receptor phosphorylates Smad2 and Smad3
to transduce its signals.” Deficiency of MSTN signaling showed a
hypermuscular phenotype with increased muscle mass*®; in addi-
tion, inhibition of MSTN and activin-A signaling is effective against
cancer cachexia.?¢1%2°

We have reported that peptide-2, an MSTN inhibitory region
from the mouse MSTN prodomain, was able to alleviate muscle
wasting in cancer cachexia model mice. By improving the activity
and stability of peptide-2,"** we have developed MID-35 (IC,,
value of 0.19 uM, Figure S1), which is approximately 20 times more
active than peptide-2 (IC;, = 4.1 pM). In this study, we examined
the effect of MID-35 or its combination with anamorelin on muscle

wasting observed in cancer cachexia model mice.

2 | MATERIALS AND METHODS

2.1 | Cell culture

HepG2 and LLC cells were cultured in DMEM (Nacalai Tesque) con-
taining 10% FCS (Invitrogen), 1x MEM nonessential amino acids
(Nacalai Tesque), and 100U/ml penicillin/streptomycin (Wako).
C2C12 cells were cultured in the same media except for 15% FCS
instead of 10% FCS. When they had differentiated into myoblasts,
the C2C12 cells were cultured in DMEM containing 2% horse serum
(Cosmo Bio Co., Ltd), nonessential amino acids, and penicillin/
streptomycin.

2.2 | Drugs

MID-35 synthesis was described previously.24 MID-35 and SB-
431542 (Sigma-Aldrich) were reconstituted in saline and DMSO, re-
spectively. Anamorelin (AdooQ Bioscience) was dissolved in sterile

water. The dosage of anamorelin (30 mg/kg) was determined accord-

ing to a previous study.25

2.3 | Smad-dependent transcriptional
reporter assay

HepG2 cells were transfected in a 24-well plate with (SBE),-luc
and pCH110 (GE Healthcare Bioscience) as described previously‘20
Where indicated, 10 ng/ml MSTN, 10 ng/ml GDF-11, 5 ng/ml ac-
tivin-A, or 5 ng/ml TGF-p was added to the wells after the cells had
been pretreated with MID-35 (3 pM) or SB-431542 (10 pmol/L) for
1 h.2527 Subsequently, the cells were cultured for 8 h with or without
ligands. The luciferase activity of the cells was then measured, as
was the p-galactosidase activity, which was used to normalize the
transfection efficiency. All the ligands were purchased from Wako.
Each transfection was carried out in triplicate and repeated at least
twice. Values are expressed as mean+SD (n = 3).

2.4 | Animal studies

Male C57BL/6J mice (8-12weeks old; 20-24 g) were purchased from
Charles River Laboratories, and fed a standard laboratory diet and
housed in a temperature-controlled room under specific pathogen-
free conditions. An anesthetic mixture consisting of 0.3 mg/kg me-
detomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol was
administered. For the cancer cachexia model, LLC cells (5x10° cells
in 100l saline) were subcutaneously injected around the dorsal butt
of C57BL/6J mice after anesthesia.?® For ethical reasons, we decided
on the end-point of the cancer cachexia model as 22 or 20days after
inoculation of the cells. Some mice died of natural causes, while the
rest were euthanized when they showed signs of morbidity accord-
ing to the experimental animal guidelines (e.g., emaciation, lethargy
or failure to respond to gentle stimuli, or hypothermia). We undertook
the mouse experiments in accordance with the institutional guide-
lines of the Animal Care and Use Program of the Tokyo University of
Pharmacy and Life Sciences (L20-5, L21-7). The total four-limb grip

strength for each mouse was measured as described previously‘20

2.5 | Western blot analysis

Western blot analysis was carried out as described previously.?%282?
Antibodies were obtained from the following sources: mouse
anti-Smad2/3 mAb (cat. 610843, 1:1000) from BD Transduction
Laboratories, mouse monoclonal anti-p-actin (sc-69879, 1:5000)
from Santa Cruz Biotechnology, rabbit polyclonal pSmad2 Ab,
termed PS2 (1:1000) was homemade, and HRP-conjugated goat anti-
rabbit or anti-mouse IgG Abs (NA931V and NA934V, respectively,
1:10000) from Amersham Pharmacia. The nitrocellulose membranes
(Santa Cruz Biotechnology) were probed with the indicated Abs.
Primary Abs were detected with HRP-conjugated Ab with a chemi-
luminescent substrate (Thermo Fisher Scientific).



HANADA ET AL.

H 3549
Cancer Science A yinsanad

2.6 | Immunofluorescence analysis and
quantification

To detect the formation of myotubes in differentiated C2C12 cells,
filament actin was stained with rhodamine-phalloidin (Sigma). Four
days after the induction of myoblast differentiation, the cells were
rinsed with PBS, fixed with 4% PFA, and permeabilized with 0.1%
polyoxyethylene (10) octylphenyl ether (Wako) for 10 min. The cells
were washed with PBS three times and then stained with 200ng/
ml phalloidin and CF568 conjugate (cat. 00044; Biotium, Inc.) for
30min. To determine the diameter of the C2C12 myotubes, at least
20 myotubes were measured per sample cultured in differentiation
medium with ImagelJ.

The gastrocnemius muscles were surgically removed and em-
bedded into frozen section compound (Leica Camera). Fresh-frozen
sections (5 pm) were cut with a CM1850 cryostat (Leica), mounted
on cryofilm (Leica) and fixed in 100% ethanol, followed by fixation in
4% PFA. The films were washed three times with PBS, permeabilized
with 0.1% polyoxyethylene (10) octylphenyl ether (Wako), blocked
with blocking solution (Vector Laboratories) for 1 h at 37°C, and in-
cubated with the first Ab in the blocking solution overnight at 4°C.
The films were washed three times with PBS and then incubated
with Alexa488-conjugated donkey anti-rabbit IgG (A21206; Thermo
Fisher Scientific) or Alexa594-conjugated goat anti-rabbit 1gG
(A21207; Thermo Fisher Scientific) Ab at 1:200 for 1 h at room tem-
perature. For mouse-on-mouse staining, an MOM immunodetection
kit (FMK-2201; Vector Laboratories) was used. After the nuclei were
stained with 2 pg/ml DAPI for 10 min, the films were mounted with
mounting medium (Dako). To visualize the fluorescence, a BZ-9000
fluorescence microscope (Keyence) was used. Smad2/3 nuclear ac-
cumulation from each mouse (n = 2) was calculated with the rate
of DAPI and Smad2/3-positive cells from at least 50 dystrophin-

positive nuclei per mouse.

2.7 |
PCR

RNA isolation and quantitative real-time RT-

Total RNA was isolated using a ReliaPrep RNA Cell Miniprep System
(Promega). Reverse transcription was carried out with a PrimeScript
Il 1st strand cDNA Synthesis Kit (Takara Bio Inc.). Quantitative PCR
was undertaken using a THUNDERBIRD SYBR gPCR Mix Fast gPCR
kit (TOYOBO Co., Ltd) with LightCycler 96 (Roche). Each sample was
analyzed in triplicate at least twice for each qPCR measurement. The

sequences of the primers used are listed in Table S1.

2.8 | Cell viability assay

LLC cells were cultured with anamorelin or MID-35 for 24h. The
concentration of anamorelin is based on the plasma C__ average
(707 +307 ng/ml) of men who received 100mg in a clinical trial. The
viability of LLC cells was assessed by using the CellTiter-Glo 2.0

(Promega), following standard material procedures. Values were ex-

pressed as mean+SD (n = 3).

2.9 | Statistical analysis
Numeric results are expressed as mean+SD. Significance was as-
sessed using the unequal variances t-test and the Xz—test. Probability

values below 0.05, 0.01, and 0.001 were considered significant.

3 | RESULTS
3.1 | Inhibitory effects of MID-35 on TGF-g family
signaling

MID-35, composed of only 16 amino acids, is able to inhibit MSTN
signaling.?* To characterize the inhibitory effect of MID-35 on TGF-
B, activin, and GDF-11 signaling in addition to MSTN signaling, we
undertook a luciferase assay using the (SBE),-luc reporter.%° Cells
were stimulated with each ligand 8 h after being preincubated with
MID-35 or SB-431542, which is a known kinase inhibitor for ALK4,
ALK5, and ALK7 kinases,?® for 1 h. MID-35 inhibited TGF-p- and
GDF-11-induced reporter activity in addition to MSTN-induced
transcriptional activity, whereas SB-431542 suppressed the lucif-
erase activities induced by all the ligands used (Figure 1A,B). To in-
vestigate whether MID-35 can perturb phosphorylation of Smad2
by MSTN or TGF-f, C2C12 cells were stimulated with the ligands
for 1h. Myostatin- or TGF-p-mediated Smad2 phosphorylation was
marginally decreased in the presence of MID-35, whereas it was
completely inhibited in the presence of SB-431542 (Figure 1C,D).
Subsequently, we investigated whether the nuclear translocation
of Smad2 was inhibited by MID-35 when the cells were stimulated
with MSTN. Like SB-431542, MID-35 completely blocked their nu-
clear accumulation (Figure 1E). These results indicated that MID-35
is capable of inhibiting the Smad2 signaling pathways mediated by
MSTN.

3.2 | Inhibitory effect of MID-35 on MSTN-
mediated inhibition of myoblast differentiation

Next, we examined whether MID-35 enhanced differentiation of
C2C12 myoblasts through its inhibitory activity of MSTN signal-
ing. When C2C12 cells were cultured in differentiation medium
with 2% horse serum®! for 4 days, the cells showed syncytial myo-
tubes. After the cells were stained with rhodamine-labeled phal-
loidin, we could detect cell fusion and small muscle fiber formation
(Figure 2A). The treatment of cells with MSTN showed suppres-
sion of cell differentiation. Both MID-35 and SB-431542 lifted
MSTN-mediated inhibition of cell differentiation (Figure 2B). We
further investigated the effect of MID-35 on mRNA expression
of muscle creatine kinase (MCK), myosin light chain (MylpF), and



3550 - HANADA ET AL.
ELSRWIES Cancer Scienc
(A) (B)
100
W VID-35 50 -
80 " [ SB-431542 £ _ O None
- 2 F=") . o
S eo 4 4 [ Vehicle g8 40 B MSTN
=] 7 =1
§ § z 30 |
5 40 1 5E
= 5L 1
>S © *
20 - . J— 40 i
. 5 & & i - &
TGF-B Activin-A GDF-11 MSTN 1 3 6
MID-35 (uM)
©) —  MSTN TGF-p (E) Smad2/3 Merged
— — MD SB — MDD SB
pSmad?2 —_ -
L 53 kDa
100 um
Smad2/3 s,
B-Actin 53kDa  MSTN
42 kDa
MSTN
O None E
S5-200{ mMSTN
TEL MSTN
B4t TGF-B "
& O ° +SB
= b u6100 E o T
o< Eo\o o
Y iy | B
0 Jd

- —-— MD SB - MD SB

FIGURE 1 Myostatin inhibitory D-peptide-35 (MID-35) inhibits myostatin (MSTN) signaling. (A,B) HepG2 cells transfected with

an (SBE),-luc reporter construct were stimulated with transforming growth factor-p (TGF-p; 5 ng/ml), activin-A (10 ng/ml), growth
differentiation factor-11 (GDF-11; 10 ng/ml), or MSTN (10 ng/ml), and the reporter activity was measured. These ligands preincubated with
MID-35 (3 uM) or SB-431542 (10 uM) (A) or MID-35 (1, 3, or 6 pM) (B) were added to the cells for 8 h. Inhibition efficiency is shown as the
percentage of control. All values represent the mean+SD (n = 3). (C) MID-35 inhibited MSTN-induced Smad2 and Smad3 phosphorylation.
MID-35 (MID; 3 uM) or SB-431542 (SB; 10 uM) were preincubated with MSTN (10 ng/ml) or TGF-f (5 ng/ml) for 1 h and added to C2C12
cells for 1 h. These cell lysates were subjected to western blot analysis using anti-phospho-Smad2 (pSmad2), anti-Smad2/3, and anti-B-actin
Abs. (D) Quantification for pSmad2 protein levels was normalized using the intensity of the band corresponding to p-actin. Each relative
intensity was calculated by comparing it with the value for the MSTN-stimulated cells. (E) Smad2/3 nuclear localization induced by MSTN
was inhibited by MID-35. Immunofluorescence staining for Smad2/3 (green) in C2C12 cells. MID-35 (MID; 3 pM) or SB-431542 (SB; 10 pM)
was preincubated with MSTN (10 ng/ml) for 1 h, and added to C2C12 cells for 1 h. Nuclei were counterstained with DAPI (blue).

myogenin, all of which are known to be expressed in myotubes
(Figure 2C). Myostatin attenuated the transcripts of these marker
genes, although each of these genes was highly upregulated in
the differentiation medium. MID-35 and SB-431542 slightly and
completely inhibited the inhibitory action of MSTN, respectively
(Figure 2C). We further confirmed the reduced mRNA expression
of MSTN, whose expression is known to be suppressed by the in-

duction of myotube differentiation®? (Figure S2).

3.3 | Alleviation of muscle wasting in cancer
cachexia model mice treated with MID-35

To investigate the in vivo effect of MID-35 on cancer cachexia,
LLC cells were subcutaneously inoculated into the dorsal butt of

anesthetized C57BL/6 mice. MID-35 was administered to mouse

gastrocnemius muscle 4, 11, and 18days after the transplanta-
tion of the cells (Figure 3A). MID-35 did not affect the survival
ratio (Figure 3B), body weight change (Figure 3C), cancer growth
(Figure 3D,E), or heart weight per body weight without tumor
(Figure 3F) in the cancer cachexia model mice. However, the MID-35-
treated mice showed a significantly higher percentage of subcutane-
ous fat weight per body mass without tumor than the PBS-treated
mice (Figure 3G). This result indicates that MID-35 was effective in
treating cancer cachexia model mice when compared with peptide-
2, which did not improve loss of fat weight.

Like the subcutaneous fat weight in MID-35-treated mice, their
gastrocnemius muscles augmented 22days after transplantation
of LLC cells (Figure 4A,B). Next, the gastrocnemius muscle cross-
sections were stained with an anti-dystrophin Ab (Figure 4C). The
muscle fiber area from the PBS-treated mice (1415.3+504.7 pm?)

revealed a reduction of 22.1% when compared with that from the
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FIGURE 2 Myostatin inhibitory D- (A)
peptide-35 (MID-35) inhibited the effect
of myostatin (MSTN) and promoted
C2C12 myoblast differentiation. (A)
C2C12 cells in growth medium (GM),
which was replaced with differentiation
medium (DM) (2% horse serum [HS])
containing MSTN (10 ng/ml), MID-

35 (MID; 3 pM), or SB-431542 (SB;

10 pmol/L), as described, for 4days. These
cells were stained with TRITC-phalloidin
(red) and DAPI (blue). (B) Diameters

of C2C12 myotubes. Significance was
compared with the DM without MSTN.
(C) Results from quantitative PCR analysis
of the C2C12 differentiation markers
muscle creatine kinase (MCK), myosin
light chain (MylpF), and myogenin in
C2C12 cells 4days after the induction

of differentiation. Data are expressed as
mean=+SD (n = 3). **p<0.01; ***p<0.001.
NS, not significant.
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healthy control mice (1817.2+502.0 pm2), whilst the MID-35-
treated mice (1658.4 +424.3 pm?) showed a reduction of 8.2%. The
boxplot analyses indicated that MID-35 improved the fiber size in
muscles (Figure 4D). Furthermore, the grip strength in mice treated
with MID-35 was significantly increased when compared with that
in control mice (Figure 4E). These results indicate that MID-35 might

be able to retard the progression of cancer cachexia.

3.4 | Effect of combination therapy of MID-35 with
anamorelin on cancer cachexia model mice

Anamorelin is an orally administrable ghrelin receptor agonist that is
useful for cancer cachexia. Therefore, we investigated how the com-
bined treatment of MID-35 with anamorelin affects symptomsin cancer
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cachexia model mice (Figure 5A). As shown in Figure 5(B), the combina-
tion therapy showed a better survival rate than either MID-35 or an-
amorelin alone (p =0.052, Xz-test). The body weights among the groups
examined were not altered (Figure 5C), although the mice treated with
the combination therapy tended to have larger tumor volumes than did
the PBS-treated mice (p = 0.09; Figure 5D,E). Neither anamorelin nor
MID-35 had an effect on promoting growth of LLC cells (Figure S3).
Indeed, among the groups examined, the mice treated with the combi-
nation therapy took food and water the most often (Figure 5F,G). The
percentage of heart weight per body mass without tumor weight did
not differ among the groups examined (Figure 5H), whereas the pro-
portion of subcutaneous fat in the mice treated with the combination
therapy increased (Figure 51). These results suggested that the com-
bination therapy of MID-35 with anamorelin might be more effective
against cancer cachexia than MID-35 or anamorelin alone.
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When we observed the gastrocnemius muscles from each mouse
22days after the transplantation of LLC cells, the muscle atrophy
in the PBS-treated mice was the most remarkable among the mice
examined (Figure 6A,B). The gastrocnemius weight per body weight
without tumor increased in the mice treated with anamorelin alone,
MID-35 alone, or the combination of MID-35 with anamorelin, al-
though the combination therapy was the most effective among the
treatments (Figure 6B). Consistent with this result, the combination
therapy showed the maximum grip strength (Figure 6C). Therefore,
the cross-sections of the gastrocnemius muscles from the cancer
cachexia model mice and the control mice were stained with an an-
tidystrophin Ab. When the size of muscle fibers was evaluated using
frequency distribution (Figure S3) and boxplot (Figure 6D) analyses,
the MID-35-treated mice showed the highest value among the mice
examined. To investigate whether the improvement in muscle atro-
phy was mediated through the inhibition of the MSTN/Smad sig-
naling pathway, immunohistological analysis of the gastrocnemius
muscle was carried out to detect nuclear accumulation of Smad2/3
(Figure 6E). Compared with the control healthy mice, the PBS-
treated mice showed increased Smad2/3 nuclear translocation, al-
though we could see a decrease of nuclear translocation of Smad2/3
in the mice treated with MID-35 and/or anamorelin. In particular,
it was found that MID-35 was the strongest in terms of reduction

of nuclear translocation of Smad2/3, suggesting that MID-35 effec-
tively suppressed MSTN/Smad2/3 signaling (Figure 6E). To confirm
whether inhibition of Smad2/3 nuclear translocation affects mus-
cular atrophy, we investigated mRNA expression of the muscle at-
rophy markers®® muscle RING finger 1 (MuRF1)/Trimé3, F-box only
protein 31 (Fbxo31), and muscle atrophy F-box (MAFbx)/atrogin-1.
These expressions were significantly increased in the gastrocnemius
muscle in mice bearing cancer when compared with those in healthy
control mice. In particular, MID-35 most effectively suppressed the
expression of these genes (Figure 6F). Contrary to our expectations,
there was no synergistic effect between MID-35 and anamorelin
related to these mRNA expressions. These results might be due to

differing effects of MID-35 and anamorelin on muscle atrophy.

4 | DISCUSSION

Cancer cachexia leading to severe weight loss and anorexia is a
multifactorial syndrome that develops in many types of cancer and
chronic inflammatory diseases. In cancer cachexia patients, weight
loss is due to atrophy of the skeletal muscles, unlike malnutrition
which affects the adipose tissues. Myostatin, GDF-11, activin,
and TGF-p are known as potential factors that exacerbate skeletal
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FIGURE 4 Mpyostatin inhibitory D-
peptide-35 (MID-35) alleviates muscle
wasting in cancer cachexia model mice.
(A) Photographs of gastrocnemius muscle
of cancer cachexia mice in Figure 3. (B)
Gastrocnemius muscle weight/body
weight without (w/o0) tumor weight. (C)
Representative immunofluorescence
analysis of dystrophin-stained
gastrocnemius sections from the indicated
groups. Cryosections were stained with
antidystrophin Ab (green). (D) Box and ©
whisker plots show the distribution of

the muscle fiber cross-sectional area

from three identical images for each
group (n = 3). (E) Grip strength analysis

of cachexic mice treated with PBS or
MID-35. Data are expressed as mean+SD
(h=6). **p<0.01; ***p<0.001.

Control

MID-35

muscle atrophy. These cytokines can promote phosphorylation of
both Smad2 and Smad3, whereas their phosphorylation status was
diverse (Figure 1C) because of the different expression levels of their
receptors on the cell membrane.®* Therefore, simultaneous inhibi-
tion of these factors is preferred to suppression of MSTN alone for
muscle-wasting diseases. In this study, we showed that MID-35,
possessing a stable structure in vivo, can inhibit TGF-p and GDF-11
signaling as well as MSTN signaling. The broad spectrum of TGF-§
family signaling might be beneficial to improvement of muscle wast-
ing in cancer cachexia (Figure 5).°

Suppression of MSTN and activin-A expression as well as inhibi-
tion of their function is known to prompt increase in muscle mass.
Activin is produced from a variety of cell types, whereas MSTN is
primarily synthesized by skeletal muscle cells to act in an autocrine
loop. Systemic treatment with soluble ActRIIB-Fc reportedly had a
therapeutic potential on cancer cachexia model mice.’® However,
ActRIIB also binds to both BMP9 and BMP10, which regulate vas-
cular function through Smad1/5/8, causing vascular side-effects.3®
In this study, we showed that MID-35 does not affect activin signal-
ing. Therefore, it might show a therapeutic effect on muscle fiber
hypertrophy in addition to alleviation of muscle wasting in cancer
cachexia. No vascular abnormalities such as bleeding were observed
when MID-35 was injected into hind legs. Although atrophy of
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skeletal muscles can be seen throughout the body of patients with
cancer cachexia, it is possible that local intramuscular administration
of MID-35 might be enough to improve their QOL because increase
of muscle mass in patients with tumors is known to prolong their
survival.®’

MID-35 is a retro-inverso peptide that consists of a linear struc-
ture with a reversed amino acid sequence including D-amino acids,
rendering it resistant to proteolysis.?* Intramuscular administration
of MID-35 significantly enhanced gastrocnemius weight per body
weight in cancer cachexia mice (Figure 4B). Compared with pep-
tide-2, MID-35 significantly improved atrophied muscle fiber as
shown on cross-sections (Figures 4D and 6D) and increased fat pro-
portion (Figure 3G) in cachexia model mice.

Anamorelin, an orally administrable ghrelin receptor agonist, is
expected to improve the appetite of patients with cancer cachexia
and to increase their weight.""’8 It has been approved in Japan for
the treatment of cancer cachexia patients with malignant non-
small-cell lung, gastric, pancreatic, or colorectal cancer. However,
the EMA and the FDA have not yet approved the use of anamo-
relin for cancer cachexia patients. Although there are no suitable
ways to evaluate muscle function in humans, we were able to eval-
uate the quality and function of mouse muscles by measuring the
CSA and grip strength, respectively. MID-35 counteracted muscle
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atrophy in mice with tumors (Figures 4A and 6A) in addition to
enlarging the CSA in muscles of mice with tumors. In our current
study, combination therapy with MID-35 and anamorelin showed
the most potent grip strength among the treatments examined,
although anamorelin or MID-35 alone alleviated CSA atrophy in
the cancer cachexia model mice. To our knowledge, this is the first
study to examine the combination treatment of anamorelin with
the MSTN inhibitor in cancer cachexia model mice. Whether this
combination therapy will improve mouse QOL must be further

evaluated in the future. Unfortunately, the combination therapy

Ana MDD Ana
+MID

maximized tumor size in mice with tumors (Figure 5D). Tumor
growth with the combination therapy would be due to the syn-
ergistic effect of increase food intake by improved appetite and
athletic performance. In human patients, it was reported that
providing nutritional support caused tumor growth.38 We spec-
ulated that the mice could take a large amount of food and water
(Figure 5G,F) because of improvement of their QOL. Thus, we
supposed that they could survive longer, although their tumors
could grow as well. Since the combination therapy of anamorelin

with MID-35 possesses growth-promoting effect on tumors, it is

FIGURE 6 Combination of myostatin inhibitory D-peptide-35 (MID-35) with anamorelin (Ana) improves survival in cancer cachexia model
mice. (A) Photographs of gastrocnemius muscle of cancer cachexia mice in Figure 5. (B) Gastrocnemius muscle weight/body weight without
(w/0) tumor weight. (C) Grip strength analysis of cachexic mice from the indicated groups. (B,C) Data are expressed as mean+SD. (D) Box
and whisker plots show the distribution of the muscle fiber cross-sectional area for each group. (E) Percentage of gastrocnemius Smad2/3
nuclear translocation. Cryosections were stained with anti-Smad2/3 (green), antidystrophin (red), and DAPI (blue) (n = 2, each group).
Representative image of Smad2/3 translocation (arrowheads) from control mice is shown. (F) Results from quantitative PCR analysis of the
muscle atrophy markers Trimé63, F-box only protein 31 (Fbxo31), and atrogin-1 in gastrocnemius muscle from the indicated groups. Data are
shown in whisker plots (n = 6 mice/group). ***p<0.001; **p<0.01; *p<0.05.
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necessary to further evaluate the combination therapy accompa-
nied with surgical operation, chemotherapy, or radiation therapy.

In summary, MID-35 might be useful as a therapeutic drug for
patients with muscle-wasting diseases such as cancer cachexia
and sarcopenia because of its improvement of muscle atrophy.
Furthermore, we have shown that the combination treatment of
MID35 with anamorelin administered to cancer cachexia model mice
showed enhancement of appetite, thus improving the general health
as well as muscle quality of the mice. We suppose that both improve-
ment of muscle function and chemotherapy are needed to improve
the QOL of patients with tumors.
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