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Cancer cachexia causes skeletal muscle damage via
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Abstract

Background Muscle wasting during cancer cachexia contributes to patient morbidity. Cachexia-induced muscle damage may
be understood by comparing its symptoms with those of other skeletal muscle diseases, but currently available data are
limited.

Methods We modelled cancer cachexia in mice bearing Lewis lung carcinoma/colon adenocarcinoma and compared the
associated muscle damage with that in a murine muscular dystrophy model (mdx mice). We measured biochemical and
immunochemical parameters: amounts/localization of cytoskeletal proteins and/or Ca** signalling proteins related to muscle
function and abnormality. We analysed intracellular Ca** mobilization and compared results between the two models.
Involvement of Ca®*-permeable channel transient receptor potential vanilloid 2 (TRPV2) was examined by inoculating Lewis
lung carcinoma cells into transgenic mice expressing dominant-negative TRPV2.

Results Tumourigenesis caused loss of body and skeletal muscle weight and reduced muscle force and locomotor activity.
Similar to mdx mice, cachexia muscles exhibited myolysis, reduced sarcolemmal sialic acid content, and enhanced lysosomal
exocytosis and sarcolemmal localization of phosphorylated Ca?*/CaMKIl. Abnormal autophagy and degradation of dystrophin
also occurred. Unlike mdx muscles, cachexia muscles did not exhibit regeneration markers (centrally nucleated fibres), and
levels of autophagic proteolytic pathway markers increased. While a slight accumulation of TRPV2 was observed in cachexia
muscles, Ca®* influx via TRPV2 was not elevated in cachexia-associated myotubes, and the course of cachexia pathology was
not ameliorated by dominant-negative inhibition of TRPV2.

Conclusions Thus, cancer cachexia may induce muscle damage through TRPV2-independent mechanisms distinct from those
in muscular dystrophy; this may help treat patients with tumour-induced muscle wasting.
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Introduction persistent erosion of host body cell mass, which cannot be

completely reversed by conventional nutritional support
Cancer cachexia, also known as muscle wasting syndrome, is  and leads to progressive functional impairment.”™ Cachexia
a multifactorial syndrome characterized by progressive loss of is present in up to 80% of patients with advanced cancer
skeletal muscle mass, fatigue, weakness, anorexia, and and in 60-80% of those diagnosed with gastrointestinal,
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pancreatic, and lung cancers.’ This condition causes severe
fatigue and reduces mobility, leading to a loss of functional
independence and reduction in overall quality of life.® Fur-
thermore, cachexia is associated with reduced efficacy of
anti-neoplastic treatments as well as an increased risk of
post-surgical complications and accounts for more than 20%
of all cancer-related deaths.” Effective treatments are there-
fore needed to improve patient quality of life and reduce
mortality. However, cancer cachexia is a complex metabolic
process characterized by breakdown of skeletal muscle, and
the mechanisms underlying the associated muscle wasting
have remained unclear.

An important strategy to understand the reduced muscle
performance caused by cancer cachexia would be to compare
its symptoms with other well-known skeletal muscle dis-
eases. Muscular dystrophy is a well-characterized genetic dis-
ease, and in a subset of patients, this disorder is caused by a
mutation or a deletion in the gene encoding one of the com-
pounds of the dystrophin glycoprotein complex (DGC). The
DGC spans the sarcolemma to structurally link the extracellu-
lar matrix and actin cytoskeleton. The strong mechanical link
mediated by the DGC protects cells from contraction-induced
injuries. Conversely, functional disruption of DGC compo-
nents can induce Duchenne/Becker forms of skeletal muscle
dystrophy. A previous study® reported that tumour-induced
dysfunction in DGC occurs in cachexia, suggesting that
cachexia-induced and muscular dystrophy-induced muscle
damage might proceed via a common mechanism.

Excess Ca’* influx across the sarcolemma causes skeletal
muscle damage associated with muscular dystrophy.>** we
previously identified transient receptor potential vanilloid
type 2 (TRPV2) as a candidate mediator of such Ca** influx.*®
By preventing abnormal Ca** handling, transgenic (Tg) or ad-
enoviral expression of dominant-negative TRPV2 ameliorates
muscle pathology in 6-sarcoglycan-deficient BIO14.6 ham-
sters and dystrophin-deficient mdx mice, which are genetic
homologs of human limb-girdle and Duchenne forms of mus-
cular dystrophy, respectively.® These results demonstrated a
relationship between TRPV2 activation and muscle degenera-
tion and the therapeutic potential of targeting TRPV2 in mus-
cular dystrophy patients. By extension, if DGC dysregulation
is the common mechanism that underlies skeletal muscle
damage in both cachexia and muscular dystrophy, it could
be inferred that TRPV2 also plays a crucial pathological role
in cachexia-induced muscle atrophy via intracellular Ca®*-
abnormality.

In this study, we generated a cancer cachexia model in
mice bearing Lewis lung carcinoma (LLC) or colon adenocar-
cinoma (colon-26) and examined whether cancer cachexia
and muscular dystrophy produce similar muscle damage
by comparing cachexic mice and mdx mice. We also set
out to determine whether TRPV2 is involved in cachexia-
induced muscle damage using transgenic mice expressing
dominant-negative TRPV2.

Methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM) high glucose
(Sigma-Aldrich, St. Louis, MO) containing 10% foetal bovine se-
rum, penicillin G sodium sulfate, streptomycin sulfate, and
0.05% trypsin/0.53 mM EDTA 4Na (Life Technologies, Carlsbad,
CA) were used for cell culture. For immunohistochemical and
immunoblotting analyses, mouse monoclonal anti-glyceralde-
hyde-3-phosphate-dehydrogenase, mouse monoclonal anti-
dystrophin, rabbit polyclonal anti-neuraminidasel (Neul)
(Sigma-Aldrich), mouse monoclonal anti-p-dystroglycan
(Novocastra Laboratories, Newcastle, UK), rabbit polyclonal
anti-Ca®*/calmodulin-dependent protein kinase Il (CaMKil),
anti-ganglioside neuraminidase3 (Neu3), mouse monoclonal
anti-Lysosome-associated membrane protein 1 (Lamp1) (Santa
Cruz Biotechnology, Inc., Dallas, TX), mouse monoclonal anti-
phosphorylated CaMKIl (ABR, Golden, CO), mouse monoclonal
anti-neuraminidase (Neu2) (Abnova), Alexa Fluor 647 goat
anti-mouse IgG (Life Technologies), anti-Pax-7 antibody (Devel-
opmental Biology Hybridoma Bank), and in-house prepared rab-
bit polyclonal anti-a-sarcoglycan and anti-TRPV2 antibodies®®
were used. For the lectin staining, biotinylated peanut agglutinin
(PNA) lectin, Amaranthus caudatus lectin (ACL), and fluorescein
isothiocyanate (FITC)-PNA (Vector Laboratories, Burlingame,
CA) were used according to the manufacturer’s instructions. In-
terferon gamma (IFNy) and Tumor necrosis factor alpha (TNFa)
were obtained from R&D systems (Minneapolis, MN).

In vivo tumour studies

Eight male transgenic mice expressing the dominant-
negative TRPV2 (E604K) (DN-Tg mice, C57/BL6J back-
ground)*® and male wild-type mice on C57BL/6J (n=16) or
CD2F1 (Balb/c x DBA/2) (n=10) backgrounds (Japan SLC,
Hamamatsu, Japan) were used for tumour inoculation
experiments. Inoculation of tumour cells was started at
10 weeks of age. The animals were individually housed in
a temperature-controlled room (19-25°C) with a diurnal
12 h light cycle and provided with tap water and standard
rodent chow ad libitum (FR-2, Funabashi Farm). All animal
experiments were performed in accordance with the animal
experimentation guidelines of the National Cerebral and
Cardiovascular Center, Japan, and procedures were carried
out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication, 8th Edition, 2011).

Lewis lung carcinoma cells (ATCC CRL-1642; lung cancer
cell line) and colon-26 cells (Japanese Foundation for Cancer
Research; mouse carcinoma cells) were used for transplanta-
tion to induce cancer cachexia as previously reported.’” Cells
were maintained in DMEM supplemented with 10% fetal
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bovine serum in an incubator with a humidified atmosphere
of 95% air and 5% CO, at 37°C. Tumour cells were grown to
80% confluency, trypsinized, and resuspended in phosphate
buffered saline (PBS).

DN-Tg mice and wild-type mice were divided into two
groups (tumour-bearing and non-tumour-bearing). At the be-
ginning of the experiment, there were no significant differ-
ences in body weight between these four groups. In
tumour-bearing groups, mice were subcutaneously injected
into the right thigh with LLC cells (5 x 10°)/PBS (100 pL) while
under anesthesia induced by 50 mg/kg of pentobarbital. In
non-tumour-bearing groups, mice were injected (subcutane-
ously) with PBS only. Two days after inoculation of tumour
cells or PBS, body weight and food intake were measured
daily until the end of the experiment. Grip strength and loco-
motor activity were measured on 3, 6, 10, 13, 17, 20, and
24 days after inoculation by a grip strength measuring device
for small animals (GPM-100B, Mel Quest Ltd., Toyama, Japan)
and Supermex (CompACT AMS ver. 3, Muromachi Kikai,
Osaka, Japan). Twenty-four days after inoculation, all animals
were sacrificed by bleeding under anesthesia induced by
50 mg/kg of pentobarbital. Skeletal muscles (right gastrocne-
mius and soleus muscles), epididymal and retroperitoneal fat,
and tumours (only for cancer-bearing mice) were extirpated
and weighed. Throughout this paper, we refer to non-tu-
mour-bearing or non-treated mice as ‘controls’. Each control
was used corresponding strain.

Muscle and serum samples for the comparative
study between Lewis lung carcinoma cachexia mice
and mdx mice

To compare LLC cachexia mice and mdx mice on the basis of
biochemical and histochemical methods, we used serum and
gastrocnemius muscle samples from four normal wild-type
C57BL/6) mice (male, 12 weeks old), four LLC-transplanted
wild-type C57BL/6J mice (male, 12 weeks old), four DN-Tg
mice (male, 12 weeks old), and four LLC-transplanted DN-Tg
mice (male, 12 weeks old) and mdx mice (male, 8-12 weeks
old). LLC cachexia mice were prepared by the same method
as mentioned in the previous text and sacrificed 2 weeks after
tumour inoculation.

Histopathological analysis

Gastrocnemius muscle tissues were fixed in PBS containing 10%
formalin and embedded in paraffin. Serial sections (5 pm thick)
were stained with haematoxylin and eosin or Masson’s
trichrome for morphological analysis. To detect apoptosis,
formalin-fixed muscle fibres were TdT-mediated dUTP Nick-End
Labeling (TUNEL)-stained using an apoptosis detection kit (Takara
Biomedical, Otsu, Japan). These samples were observed using a
light microscope (Olympus BX41; Olympus, Tokyo, Japan).

Frozen muscle sections (5-6um thick) were immuno-
stained with anti-TRPV2 or anti-dystrophin antibody, followed
by further incubation with FITC-conjugated or rhodamine-
conjugated secondary antibody, respectively.

The sugar chain properties in frozen sections were
analysed by the binding of biotinylated PNA or ACL to detect
muscle cell membrane damage, as described previously.*®
Frozen sections were fixed in 100% ethanol for 10 min at
room temperature (RT). The sections were incubated with
each biotinylated lectin (10 ug/mL) for 15min at RT. These
lectins were visualized by incubating the sections with
20 ug/mL of FITC-avidin D for 5min at RT. Immunostained
and lectin-stained samples were observed with a confocal
laser scanning microscope (FLUOVIEW FV1000, Olympus).

Cachexia-mimetic and dystrophic myotubes

The immortalized human myogenic cell lines Hu5/KD3 (KD3),
established previously from healthy muscles,**~2* and D4P4,
established from human patients with Duchenne muscular
dystrophy, were cultured as described previously.™® To trigger
their differentiation, myogenic cells were switched from a
DMEM media containing 20% foetal bovine serum to a
DMEM media containing 2% horse serum and insulin—trans-
ferrin—selenium-A, as described previously.'® At 10 days after
induction of differentiation, resultant myotubes were treated
with or without a combination of IFNy (100 U/mL) and TNFa
(20 ng/mL) for 24-48 h to generate cells that recapitulated
the cachexia phenotype.

Ca?* measurement

Myotubes were loaded with 4 uM fura-2 acetoxymethyl ester for
30 min at 37°C and maintained in balanced salt solution (146 mM
NaCl, 4mM KCl, 2mM MgCl,, 0.5mM CaCl,, 10mM glucose,
0.1% bovine serum albumin, and 10 mM 2-[4-(2-Hydroxyethyl)-
1-piperazinyllethanesulfonic Acid (HEPES)/Tris, pH 7.4); fura-2
fluorescence was measured by a ratiometric fluorescence
method using a fluorescence image processor (Aquacosmos, Ha-
mamatsu Photonics). The excitation wavelength was alternated
at 340 and 380nm (1Hz), and the emitted fluorescence light
was detected at 510 nm. The fluorescence ratio at 340/380 nm
was calculated and [Ca®']; was determined using a Ky of 135 nM
for the dissociation of fura-2/Ca®* complex.??> Myotubes were
stimulated with high Ca**-containing (5mM) balanced salt
solution and then 38 1M TRPV2 activator probenecide.”® All
Ca®* measurements were carried out at RT.

Immunoblotting

Immunoblotting of gastrocnemius muscle tissues was carried
out as previously described.’® Briefly, after blotting,
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membranes were blocked with PBS containing 5% non-fat
milk and incubated with the appropriate primary and horse-
radish peroxidase-conjugated secondary antibodies. The im-
munoblots were then visualized using an enhanced
chemiluminescence detection system (GE Healthcare,
Chalfont St. Giles, UK).

Serum creatine kinase activity assay

Creatine kinase (CK) activity is measured to evaluate the ex-
tent of muscle tissue damage in myopathies such as progres-
sive Duchenne muscular dystrophy. CK activity in the serum
was evaluated using an in vitro colorimetric assay kit (CK test
kit; Wako Pure Chem. Co., Osaka, Japan) according to the
protocol provided by the manufacturer.

Statistical analysis

After the F-test, Student’s t-test (in cases where the F-test did
not indicate significant differences) or Aspin—Welch test (in
cases where the F-test indicated significant differences) were
performed. Unless otherwise stated, data are represented as

means + standard error (SE) of at least three determinations.
We used an unpaired t-test, one-way analysis of variance,
and Dunnett’s test for statistical analyses. Values of
P < 0.05 were considered statistically significant.

Results

Monitoring cancer cachexia in mice with Lewis lung
carcinoma xenografts

Body weight and food intake were automatically measured
prior to and following inoculation of LLC. The body weight be-
gan to rapidly increase 15 days after LLC inoculation because
of tumour formation (Figure 1A), while food consumption
was essentially the same in control and LLC-inoculated mice
(Figure 1B). At the end of experiment, tumours were re-
moved from tumour-bearing mice, and the weights of tu-
mour and the tumour-removed bodies were separately
measured. The tumour weight was 6.4+0.4g (meantSE,
n=8). The tumour-free body weight of the tumour-bearing
wild-type group was reduced compared with control groups,
indicating that tumour formation resulted in an overall lean

Figure 1 Cachexia phenotype of Lewis lung carcinoma-bearing (LLC) mice. Time-dependent changes in body weight (A) and food intake (B) in phos-
phate buffered saline (PBS) (control) or LLC-injected mice. LLC cells (5 x 10° cells) or PBS (control) were subcutaneously injected into wild-type (WT)
(n=28) mice. The data represent the mean * standard error. *P < 0.05, **P < 0.01, and *** P < 0.001 compared with control mice. Body weights
(C), weights of gastrocnemius (D) and soleus muscles (E), grip force (F), and locomotor activity (G) in control (PBS-injected) or LLC-injected mice at
24 days post-injection. In (C), tumour-removed body weight was represented for LLC mice.
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body because of cachexia (Figure 1C). In the wild-type mice,
weights of skeletal muscles such as gastrocnemius and soleus
(Figure 1D and E, respectively) and epididymal and retroper-
itoneal fats (Figure S1A and B, respectively) in the tumour-
bearing group were significantly reduced compared with
those of the control group. Concomitant with the onset of ca-
chexia, we observed a remarkable reduction of grip force and
locomotor activity in the tumour-bearing group as compared
with the control group (Figure S2); this was also the case at
the end of the experiment (Figure 1F and G). Cancer cachexia
was also similarly produced by inoculation of colon-26 cells
into CD2F1 mice (Balb/c x DBA/2); in this case, we used
CD2F1 strain as a control.

Muscle injury observed in tumour-bearing mice
We next determined whether skeletal muscle damage oc-

curred during cancer cachexia, and to what degree this over-
lapped with the muscle damage in the mdx muscular

dystrophy mouse model. In contrast to mdx mice, the serum
CK levels were not different between control and cancer ca-
chexia mice (Figure 2A). We employed another more sensi-
tive method® using PNA and/or ACL staining, which was
recently developed by us, to detect muscle damage in the
mice. The PNA lectin specifically binds to non-sialylated
galactose-(P1,3)-N-acetylgalactosamine (Galf1,3GalNAc) moi-
eties on oligosaccharide groups on glycoproteins or glyco-
lipids, but not to sialylated sugar moieties. In contrast,
another type of lectin (ACL) can interact with both sialylated
and non-sialylated forms of GalB1,3GalNAc structures. While
muscles from all groups were stained with ACL (Figure 2B, left
panels), control muscles were not stained with PNA (Figure
2B, right panel), indicating that the sarcolemma of normal
muscles is highly sialylated. In contrast, and similar to skeletal
muscles from mdx mice, those from cancer-bearing mice (LLC
and colon-26) were well stained with PNA (Figure 2B and C),
indicating that muscles from cancer cachexia contain higher
levels of non-sialylated sugars. These data suggest that some
extent of muscle injury occur during cancer cachexia.

Figure 2 Increased peanut agglutinin (PNA) staining of cancer cachexia muscles. (A) Comparison of serum creatine kinase (CK) levels. Serum CK levels
were measured in 8- to 12-week-old mice. The data represent the mean * standard error (n=4). * P < 0.05 compared with control mice. (B) Repre-
sentative images of muscle frozen sections stained with PNA or Amaranthus caudatus lectin (ACL). Frozen sections of gastrocnemius muscles from
phosphate buffered saline (control), Lewis lung carcinoma (LLC) cells (5 x 10° cells), or colon-26 cells (10 x 10° cells) injected (24 days) mice and
mdx mice were stained with biotinylated PNA or ACL followed by fluorescein isothiocyanate-avidin D. C57BL/6 data were represented as control. Scale
bar, 100 um. (C) Summarized data for PNA staining. Data indicate the mean + standard error (n=3-4). ¥P < 0.05 vs. control. The staining of tumour-
bearing or mdx mice was compared with each control mouse of the same strain.
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Histopathological analysis of the gastrocnemius muscles
was performed. Apparent muscle myolysis and dysgenesis
were observed in some fibres of LLC or colon-26 muscles
stained with haematoxylin and eosin. However, infiltration
of immune cells or centrally nucleated fibres, which were of-
ten seen in mdx muscles, were not observed (Figure 3A).
Fibrosis, which was clearly seen as a blue colour in mdx

Figure 3 Histological features of cancer cachexia muscles. Representa-
tive images of haematoxylin and eosin staining (A) and Masson’s
trichrome staining (B) of gastrocnemius muscles sections from cancer-
bearing mice or mdx mice. Scale bar, 200 um. Although C57BL/6 data
were represented as control, a similar result was obtained from other
control strain (CD2F1). LLC, Lewis lung carcinoma.
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muscle tissue, was not pronounced in mice bearing LLC or
colon-26 xenografts (Figure 3B). Consistent with these phe-
nomena, expression of M-cadherin or pax7 (markers of satel-
lite cells) and periostin (a marker of fibrosis) were increased
in mdx mice, but not in mice with cancer cachexia (Figure
S3). These results suggest that unlike mdx mice, the muscle
regenerative process that begins with satellite cells does
not increase in cachexia mice. Although a high incidence of
apoptosis was seen in the mdx mouse muscle, few TUNEL-
positive apoptotic cells were observed in the muscle of
cachexia mice (data not shown). In mdx mice, in addition to
dystrophin, dystrophin-associated proteins such as o-
sarcoglycan and 3-DG were much reduced in skeletal muscles
(Figure S4A). In contrast, in cachexia mice, total expression of
these proteins was apparently unchanged. However, we ob-
served that expression of dystrophin was markedly reduced
in some muscle fibres from cachexia mice (Figure S4B). We
analysed the muscle fibre size using photographs taken for
sarcolemmal staining of the muscle sections. Detailed mea-
surements of fibre size revealed that the median value of
the cross-sectional area of fibres was 46.3% or 24% lower in
the gastrocnemius muscles from colon-26-bearing or LLC-
bearing mice compared with the corresponding non-cancer-
bearing control mice (P < 0.001), respectively (Figure S5).
These results show that muscle atrophy did occur, although
the actual level of atrophy was small.

Transient receptor potential vanilloid 2 is
concentrated in a part of fibres but not involved in
skeletal muscle atrophy during cachexia

We previously reported that abnormal Ca®*-handling via
the TRPV2 ion channel was involved in muscle degenera-
tion associated with muscular dystrophy.®> We therefore
examined whether TRPV2 was also involved in muscle at-
rophy during cancer cachexia. In contrast to mdx mice,
TRPV2 expression was not markedly elevated upon onset
of cachexia (Figure 4A). However, we did observe a slight
accumulation of TRPV2, particularly in the sarcolemma
and intracellular vesicles of some muscle fibres, in ca-
chexia mice. To test the functional significance of this,
we utilized transgenic mice expressing a dominant-
negative form of TRPV2 (DN-Tg), in which the activity of
endogenous TRPV2 in the skeletal muscles is blocked
through forming the inactive tetrameric channels.® LLC
cells were inoculated into DN-Tg mice to induce cachexia;
the tumours that developed in these mice were similar in
size (7.4+0.5g, mean+SE, n=4) to those in wild-type an-
imals. We found that similar to the wild-type mice, typical
phenotypes of cancer cachexia are also observed in DN-Tg
mice, that is, decreased body weight (tumour-free) (Figure
5A and C), decreased skeletal muscle weight (Figure 5D
and E), reduced muscle force (Figures 5F and S2A),
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Figure 4 Transient receptor potential vanilloid 2 (TRPV2) expression pattern in cancer cachexia muscles. (A) Immunoblot analysis of TRPV2 and glyc-
eraldehyde-3-phosphate-dehydrogenase (GAPDH) in skeletal muscle homogenates from control, Lewis lung carcinoma (LLC), colon-26, and mdx mice.
The relative amount of TRPV2 was normalized to a GAPDH internal control. Data indicate the mean # standard error (n =3-4). *P < 0.05 vs. control. (B)
Immunohistochemical analysis of TRPV2 and dystrophin in frozen cross sections of skeletal muscles. Double immunostaining was performed using rab-
bit anti-TRPV2 and mouse anti-dystrophin followed by fluorescein isothiocyanate-conjugated or rhodamine-conjugated secondary antibodies, respec-

tively. Scale, 100 um.
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reduced locomotion (Figures 5G and S2B), and decreased
weight of fat tissues (Figure S1A and B). There was no
significant improvement of cachexia symptoms in LLC-
inoculated DN-Tg mice compared with wild-type animals.

To further analyse the relationship between TRPV2 and
Ca®* abnormality in cachexia muscle, we used in vitro ca-
chexia models. We exploited the finding that treatment of
myotubes with IFNy and TNFa mimics cachexia® in order to
produce mouse or human cachexia models. Myotubes pro-
duced from the immortalized human myogenic cell line
(KD3) from healthy human skeletal muscle were treated for

48 h with IFNy /IFNg /TNFa (I/T), and compared with a myo-
pathic cell model based on myotubes derived from human
Duchenne muscular dystrophy patients (D4P4). Although
dystrophin was detected in the sarcolemma of I/T-treated
KD3 myotubes (Figure S6A), its level was slightly decreased
(Figure S6B). The expression of myosin heavy chain was also
decreased (Figure S6B), probably owing to some myolysis in
I/T-treated KD3 myotubes. While TRPV2 was highly localized
in the sarcolemma of D4P4 myotubes, such a membrane ac-
cumulation of TRPV2 was virtually absent in I/T-induced KD3
myotubes (Figure S6A).
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Figure 5 Cachexia phenotype of Lewis lung carcinoma-bearing (LLC) transgenic mice expressing the dominant-negative transient receptor potential
vanilloid 2 (TRPV2). Time-dependent changes in body weight (A) and food intake (B) in phosphate buffered saline (PBS) (control) or LLC-injected mice.
LLC cells (5x 10° cells) or PBS (control) were subcutaneously injected into transgenic mice expressing dominant-negative TRPV2 (DN-Tg) (n=4). The
data represent the mean * standard error. *P < 0.05, **P < 0.01, and *** P < 0.001 compared with control mice. Body weights (C), weights of gastroc-
nemius (D) and soleus muscles (E), grip force (F), or locomotor activity (G) in control (PBS-injected) or LLC-injected transgenic mice expressing dom-

inant-negative TRPV2 (DN-Tg) at 24 days post-injection. In (A), tumour-removed body weight is represented for LLC-injected DN-Tg mice.
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Next, we measured the intracellular Ca** response in these
myotubes. Because human TRPV2 is refractory to the commonly
used activator 2-APB,*>?® we used probenecid to activate TRPV2
following stimulation of myotubes with high Ca** and hypo-
osmotic stressor. When D4P4 mytotubes were perfused with
high Ca®"-containing medium and then 70% hypo-osmotic me-
dium, the cytosolic [Ca®']; was slightly increased (Figure S6C,
right panel). Thereafter, probenecid treatment massively
increased [Ca**];, which was almost completely inhibited by
the TRPV2 inhibitor tranilast (Figure S6C and D). In contrast,
these treatments did not induce such large [Ca**]; increases in
control and I/T-induced KD3 myotubes (Figure S6C and D). Sim-
ilar results were seen in mouse cell models (data not shown).

Comparison of additional phenotypes in cachexia
and dystrophic muscles

Because we excluded a role for TRPV2, we decided to exam-
ine the expression of several other signalling proteins that are
implicated in muscle pathologies. Because activation of
CaMKIl is a critical event in Ca®*-induced muscle dysgene-

sis,’® we evaluated the levels of phosphorylated CaMKil,

using immunoblot analysis with antibody against phosphory-
lated CaMKII. In contrast to the marked increase of CaMKII
phosphorylation in mdx muscles, there was no significant in-
crease in muscle tissue of mice with LLC or colon-26-induced
cachexia (Figure S7A). CaMKIl was intracellularly localized in
all types of myotubes (Figure S7B, lower panels). Interest-
ingly, a major fraction of phosphorylated CaMKIl was local-
ized to the sarcolemma of both cachexia and mdx mice
(Figure S7B, upper panels), suggesting that its activation in
the subsarcolemmal space is common in these muscles.

In addition to aberrant Ca** handling, autophagy is a hall-
mark of cancer cachexia reportedly.”” Small ubiquitin-like
proteins such as microtubule-associated protein 1 light chain
3B (LC3B) are involved in the formation of autophagosomes
by fusing with lysosomes. Autophagy activation leads to con-
version of the cytosolic-soluble LC3B-I to its lipidated
autophagosome-bound form LC3B-II (i.e. a higher LC3B-II/I ra-
tio indicates an increased number of autophagosomes).?
Furthermore, the p62 protein recognizes ubiquitinated sub-
strates and transports them to the autophagosome via its in-
teraction with LC3B-I.>° Although p62 can be degraded
during autophagy, its levels increase with long-term starva-
tion or in the initial stages of autophagy.?’*° The LC3B-II/I
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ratio was increased in samples from mice with LLC-induced
cachexia but decreased in mdx mice, while p62 was increased
in mice with colon-26 cell-induced cachexia (Figure S8).

Finally, we examined marker proteins of vesicle trafficking
in cachexia muscles, because dystrophin deficiency is reported
to lead to its dysregulation.3* We observed a dramatic decrease
in the expression of lysosomal neuraminidase 1 (Neul) in cancer
cachexia as well as mdx skeletal muscles, which was detected by
the immunoblot analysis (Figure S9A), while the expression of
cytosolic neuraminidase (Neu2) and ganglioside neuraminidase
(Neu3) was less affected in all cases. We found that lysosomal
membrane protein, Lamp1l, was clearly detected in the sarco-
lemma of both cachexia and mdx muscles (Figure S9B), suggest-
ing an enhanced lysosomal exocytosis in both cases.

Discussion

Our study provides new insight into the similarities and dif-
ferences of muscle wasting in two pathological states. In
muscles of mice with cachexia and muscular dystrophy, some
degree of myolysis was observed, and this was concomitant
with a marked reduction in muscle force. Additionally, sialic
acid in the sarcolemma was reduced as a consequence of
muscle damage-induced leak of cytosolic neuraminidase. At
the molecular levels, phosphorylated CaMKIl (the active
form) was localized in the sarcolemma, and abnormal TRPV2
localization was observed. In both diseases, dysregulation of
autophagy was observed, and lysosomal exocytosis was en-
hanced as evidenced by a reduction of lysosomal neuramini-
dase Neul and increased sarcolemmal Lampl localization.
Finally, dystrophin was partly destroyed in some LLC-induced
cachexia muscle fibres, while it is genetically deleted in the
case of mdx mice. However, there are some differences be-
tween the two mice. Unlike mdx mice, cachexia mice did
not exhibit increase in serum CK level, and signs of regenera-
tion were absent. Additionally, while changes in phospho-
CaMKIl localization were evident in cachexia mice, there
was no increase in its level. Another important difference is
that expression of dominant-negative TRPV2 did not improve
the cachexia-induced phenotypes, in contrast to our earlier
findings in muscular dystrophy.*® Finally, molecular markers
of autophagy such as LC3B-Il were induced by cachexia but
were not present in mdx mice. These findings suggest that
distinct mechanisms underlie cachexia-induced and
dystrophy-induced muscle damage.

In muscular dystrophy, satellite cells are activated to prolif-
erate, differentiate, and fuse into multinucleated myotubes
in response to stress or injury.:"2 Mediators of this activation
include insulin-like growth factor and hepatic growth fac-
tor.333% In contrast, in cancer cachexia, some humoral factors
reportedly block the regeneration process. For example, TNFa.
was reported to induce cachexia and inhibit muscle

regeneration,®° while angiotensin Il was recently shown to in-
hibit satellite cell proliferation.>® The lack of regeneration in
cachexia muscle tissue most likely exacerbates the process
of atrophy. Thus, distinct compositions of circulating factors
may explain the difference in the regenerative potential of
satellite cells between cachexia and dystrophic muscles.

We observed that dystrophin was degraded in some mus-
cle fibres of cachexia mice, consistent with another report.8
In muscular dystrophy, DGC dysfunction induces a mechanical
weakness of the sarcolemma, which in turn results in abnor-
mal Ca®" influx, leading to activation of Ca®*-dependent
protease and subsequent muscle injury.*® TRPV2 is a candi-
date Ca**-permeable channel that has been implicated in
such pathological process.*® Consistent with this, TRPV2 was
concentrated in the sarcolemma of some muscle fibres of
cachexia mice (Figure 4B). However, expression of dominant-
negative TRPV2 did not ameliorate LLC-induced muscle
wasting symptoms (Figure 5). Furthermore, in our in vitro
cachexia model, expression of TRPV2 was nearly absent in
the sarcolemma, and probenecid-induced increase in [Ca*];
was not detected (Figure S6C and D). Thus, our results suggest
that abnormal Ca®*-handling via TRPV2 plays only a minor role
in cachexia-induced membrane abnormality or atrophy.

We suggest that CaMKIl may contribute to the pathology
of cachexia. Although we did not observe abnormal global
Ca®" increase and/or enhanced phosphorylation (activation)
of CaMKIl in cachexia models, this form was relocalized to
the sarcolemma of cachexia muscles, as also seen in mdx
muscles. The subcellular localization of phospho-CaMKII does
change in response to various stimulants.>® For instance, in
rat cardiomyocytes, CaMKIl is normally exclusively located
just beneath the sarcolemma but relocalizes to transverse tu-
bules when the L-type Ca®* channel is activated in response
to al-adrenargic receptor stimulation.?” This suggests that
CaMKII localization may create a spatial restriction for sub-
strate phosphorylation in concert with kinase-anchoring pro-
teins. Thus, CaMKIl may play an important role in
phosphorylating plasma membrane targets in cachexia
muscles.

Furthermore, we found that the sarcolemmal sialic acid
content was significantly lower in cachexia muscles, where
serum CK level was not elevated in cachexia. Recently, we re-
ported that a decrease in the sarcolemmal sialic acid caused
by the action of cytosolic neuraminidase (Neu 2) (also called
sialidase) released from damaged muscles is a more sensitive
indicator of muscle injury.*® Our present data indicate that at
least a fraction of muscle fibres is considerably membrane
damaged to allow the release of neuraminidase. We propose
that the muscle damage-induced release of trace amounts of
neuraminidase would be sufficient to remove sialic acids
from the sarcolemma.

In addition to Neu2, which is thought to be released
through damaged sarcolemma, the amount of lysosomal
neuraminidase (Neul) was markedly reduced in cachexia
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and mdx muscles (Figure S9A). Muscle damage likely pro-
moted Ca**-induced exocytosis of lysosomes and secretion
of Neul, and thus consequently, the content of Neul was re-
duced. Although it is reported that Neul can work only in an
acidic medium,®® the secreted Neul with acidic contents
would function in the surface membrane near secreted vesi-
cles. In fact, we detected the surface expression of Lampl
and decrease of extracellular fluid pH in mouse cachexia
myotubes models (unpublished observation). Genetic abla-
tion of Neul results in muscle degeneration due to infiltra-
tion of muscle fibres by expanded connective tissues.
Enhanced exocytosis of lysosomes would result in increased
proteolytic activity in the extracellular fluid, leading to muscle
dysgenesis. Ultimately, this would result in an atrophic phe-
notype in cachexia muscles.

Muscle hypertrophy and atrophy are the consequences of
changes to the balance between protein synthesis and protein
degradation.*® Cachexia-induced muscle wasting is intimately
linked to known proteolytic pathways, autophagy-lysosome®”*%*
caspase-dependent apoptosis,”> and Ca®*-dependent protease
calpain.** Our data suggest that increased autophagy and exocy-
tosis of lysosomes may be involved in cachexia-induced muscle
atrophy, while decreased autophagy may occur in muscular
dystrophy.

In this study, we could not detect a significant increase in
Pax7 expression in the cachectic muscles (Figure 3). A previ-
ous study demonstrated that Pax7 expression was decreased
in rat cachexia models,*> whereas other studies demon-
strated that Pax7 expression was up-regulated in the cachec-
tic muscles in both LLC and C26 tumour-bearing mouse
models as well as in cancer patients.*®*” The specific reason
for these variable results among studies remains unclear. One
possibility is that the lack of an apparent change in Pax7 may
indicate that our models are in the early stage of cachexia,
similar to the pre-cachectic stage in patients.*®

In conclusion, we studied cancer cachexia-induced muscle
damage and compared it with that of muscular dystrophy.
We detected a reduced level of sarcolemmal sialic acid
(a sensitive indicator of muscle injury) in cachexia mice. In
contrast to muscular dystrophy, such muscle damage was
not accompanied by regenerative processes. Importantly,
dominant-negative TRPV2 was totally ineffective against ca-
chexia, suggesting that the muscle damage in cachexia and
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