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Abstract

Background Cachexia is a complicated metabolic disorder that is characterize by progressive atrophy of skeletal mus-
cle. Cathepsin K (CTSK) is a widely expressed cysteine protease that has garnered attention because of its enzymatic
and non-enzymatic functions in signalling in various pathological conditions. Here, we examined whether CTSK partic-
ipates in cancer-induced skeletal muscle loss and dysfunction, focusing on protein metabolic imbalance.

Methods Male 9-week-old wild-type (CTSK™*, n = 10) and CTSK-knockout (CTSK /", n = 10) mice were injected
subcutaneously with Lewis lung carcinoma cells (LLC; 5 X 10°) or saline, respectively. The mice were then subjected to
muscle mass and muscle function measurements. HE staining, immunostaining, quantitative polymerase chain reac-
tion, enzyme-linked immunosorbent assay, and western blotting were used to explore the CTSK expression and
IRS1/Akt pathway in the gastrocnemius muscle at various time points. In vitro measurements included CTSK expres-
sion, IRS1/Akt pathway-related target molecule expressions, and the diameter of C2C12 myotubes with or without
LLC-conditioned medium (LCM). An IRS1 wubiquitin assay, and truncation, co-immunoprecipitation, and
co-localization experiments were also performed.

Results CTSK'™™" cachectic animals exhibited loss of skeletal muscle mass (muscle weight loss of 15%, n = 10,
P < 0.01), muscle dysfunction (grip strength loss > 15%, n = 10, P < 0.01), and fibre area (average area
reduction > 30%, n = 5, P < 0.01). Compared with that of non-cachectic CTSK™* mice, the skeletal muscle of cachec-
tic CTSK*/* mice exhibited greater degradation of insulin receptor substrate 1 (IRS1, P < 0.01). In this setting, cachec-
tic muscles exhibited decreases in the phosphorylation levels of protein kinase B (Akt*°%, P < 0.01; Akt**, P < 0.05)
and anabolic-related proteins (the mammalian target of rapamycin, P < 0.01) and increased levels of
catabolism-related proteins (muscle RING-finger protein-1, P < 0.01; MAFbx1, P < 0.01) in CTSK™* mice (n = 3).
Although there was no difference in LLC tumour growth (n = 10, P = 0.44), CTSK deletion mitigated the IRS1
degradation, loss of the skeletal muscle mass (n = 10, P < 0.01), and dysfunction (n = 10, P < 0.01). In vitro, CTSK
silencing prevented the IRS1 ubiquitination and loss of the myotube myosin heavy chain content (P < 0.01) induced
by LCM, and these changes were accelerated by CTSK overexpression even without LCM. Immunoprecipitation
showed that CTSK selectively acted on IRS1 in the region of amino acids 268 to 574. The results of co-transfection
of IRS1-N-FLAG or IRS1-C-FLAG with CTSK suggested that CTSK selectively cleaves IRS1 and causes
ubiquitination-related degradation of IRS1.

Conclusions These results demonstrate that CTSK plays a novel role in IRS1 ubiquitination in LLC-induced muscle
wasting, and suggest that CTSK could be an effective therapeutic target for cancer-related cachexia.
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Introduction

Cancer cachexia has been defined as an ongoing loss of skel-
etal muscle mass and function (with or without an accompa-
nying loss of fat mass) that cannot be fully reversed by
nutritional therapies.™? Cachexia affects approximately 80%
of patients with lung or upper gastrointestinal cancer.®>* Can-
cer cachexia contributes to poor prognosis and severely inter-
feres with patient tolerance to chemotherapy, reducing both
quality of life and survival.>® Although cachexia is the primary
cause of death in 30% of patients with cancer, it has been es-
timated that total cancer deaths are underreported by
20-40% and poorly understood to cue cachexia.>® Prevention
remains an important goal of cachexia research, and recent
studies have called for a focus on therapies to prevent
cachexia.””® Cancer cachexia is accompanied by an elevation
in inflammatory cytokines, such as tumour necrosis
factor-alpha (TNF-0) and interleukin-6 (IL-6), which induce al-
terations in the metabolism of proteins, carbohydrates, and
lipids.>*® Among these changes, muscle fibre protein metab-
olism is especially significant due to its role in maintaining
muscle function and mass.'* Cancer cachexia suppresses the
mammalian target of rapamycin (mTOR) phosphorylation
and activates muscle atrophy F-box gene (MAFbx1), both of
which are major protein metabolism targets located down-
stream of the insulin-like growth factor 1 (IGF1)/insulin re-
ceptor substrate 1 (IRS1) signalling pathway.'*** Recent
studies have shown that cancer cachexia induces IGF1/IRS1
pathway suppression.’**®> Reactivation of the IGF1/IRS1
pathway might also have potential as a therapeutic strategy
to prevent cancer-cachexia-induced muscle atrophy by im-
proving the protein metabolism imbalance.

Cathepsin family expression is up-regulated during various
forms of skeletal muscle atrophy.*®*” Numerous studies over
the previous decade have identified CTSK expression in many
common human cancers.*®*? In addition to its function as an
endopeptidase, CTSK directly degrades proteins via the ac-
tions of a covalently cross-linked substrate.’® Recent evi-
dence suggests that CTSK plays a significant role in the
reducing myofibril proteins such as desmin in a skeletal and
myocardial muscle injury model.*®?* CTSK deficiency im-
proved the weight loss and cardiac contractile dysfunction
in diabetic mice.?>*® CTSK deficiency partially restores
alterations in insulin resistance.??%* In several mouse models,
CTSK deletion improved the pathologically dampened
phosphorylation of protein kinase B (Akt) located down-
stream of the IGF1/IRS1 signalling pathway, which promotes
protein anabolism and prevents cardiac mass loss and
dysfunction.???

In this study, we explored the role(s) of CTSK in the patho-
genesis of cachexia-related muscle atrophy in mice under
tumour-bearing conditions. Cachexia-related muscle mass loss
and dysfunction were studied in CTSK-knockout (CTSK™/7)
and wild-type (CTSK**) mice that were injected with murine
Lewis lung carcinoma cells (LLC). In a separate in vitro experi-
ment, we used C2C12 mouse myoblasts to investigate the role
of CTSK on IRS1 and the signalling pathway downstream of
IRS1. We found that the silencing of CTSK increased IRS1
levels and the signalling pathway downstream of IRS1 in
C2C12 cells treated with LLC-conditioned medium (LCM).
The IRS1 levels and the signalling pathway downstream of
IRS1 were decreased by the overexpression of CTSK in
C2C12 cells without LCM conditions. Under our experimental
conditions, these results might provide the first evidence and
mechanistic explanation of the CTSK-mediated regulation of
IGF1/IRS1 signalling in muscle atrophy. We propose that CTSK
is an essential molecular determinant of muscle atrophy in
cancer patients and a potential therapeutic target.

Materials and methods

Materials and methods used in this study are described in the
supporting information.

Statistical analysis

Data are expressed as means * standard error of the
mean. Following the test of the data distribution status by
Shapiro—-Wilk’s test, the data were subjected to statistical
analysis using Student’s t-test for comparisons between two
groups or one-way analysis of variance for comparisons of
three or more groups; both tests were followed by Tukey’s
post hoc test. A two-way repeated-measurement analysis of
variance and Bonferroni post hoc test were subjected to the
data of body weight, grip strength, and so on. Statistical
significance was set at P < 0.05.

Results

Cancer induces skeletal muscle mass loss, dysfunction, and
inflammation

A mouse LLC model has often been used to investigate
cachexia-related muscle disorders. To test our hypothesis
that cachexia affects CTSK expression, we used a mouse
model of cachexia induction by LLC injection to examine CTSK
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mRNA and protein expression in the skeletal muscles of
CTSK** mice. The CTSK** tumour-bearing (WL) mice exhib-
ited the cachexia phenotype. As shown in Figure 1A, there
was a significant reduction in the rate of body weight change
from 21 to 28 days after LLC injection. Cachexia resulted in a
decrease in the gastrocnemius (GAS) and soleus weights of
WL mice from Days 14 or 28 after LLCs injection (Figures 1B
and S6B). As anticipated, WL mice showed a marked reduc-
tion in the grip strength (Figure 1C). ELISA data revealed that
serum TNF-a protein levels were markedly increased in the
WL mice from Days 21 to 28 compared with the Day 0 (Figure
1D). Macrophages were found in the implanted tumours
stripped from mice (Figure 1E). On Day 28, quantitative
H&E staining showed a significant reduction in the myofibre
cross-section area in the GAS muscles of WL mice compared
with those of CTSK*/* control (WC) mice (Figure 1F and 1G).
Figure S1A shows the time-dependent changes in the tumour
weights of WL mice. To identify potential mechanisms of ca-
chexia development in the LLC mouse model, we analysed
three isoforms of cathepsins (S, K, and L) in the control and
cachectic GAS of CTSK*/* mice. gPCR revealed that only the
expression of CTSK increased linearly with tumour growth,
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while the expressions of the other cathepsin isoforms were
markedly up-regulated at the last day of cachexia induction
(Figures 1J, S1B and S1C). Figures 1K, S1D, S1E, and S6F show
that the CTSK protein was highly expressed and activated in
the cachectic GAS muscle in a time-dependent manner. The
immunohistochemical analysis confirmed these changes in
CTSK. LLC tumours can increase the number and percentage
of muscle fibres with high CTSK expression (Figure 1F, 1H,
and 11). CTSK is highly expressed in type | fibres in the WC
group. Under cachexia conditions, tumours may increase
the content of CTSK in type | and Il muscle fibres to cause
muscle atrophy (Figure S7B). Western blotting results showed
that the protein catabolism-related muscle-specific ring finger
protein 1 (MuRF1), an essential marker for muscle atrophy,
was activated in cachectic GAS muscles (Figure S1D and
S1F). The WL group, not the CTSK/~ tumour-bearing (KL)
group, showed increased CTSK levels in serum on the 28th
day (Figures 1L and S6G). Combined with Figure 1K and 1L
that CTSK content increased in GAS muscle (Day 21) earlier
than in serum, CTSK is derived from muscle rather than the
tumour. These observations indicate that CTSK-mediated pro-
tein catabolism might have contributed to the muscle mass
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Figure 1 Cancer-induced skeletal muscle mass loss, dysfunction, and inflammation. (A) The bodyweights of tumour-bearing (WL) and non-tumour-
bearing control (WC) mice. (B) GAS muscle weight measurements of WL mice at the indicated time points (n = 5 for each time point). (C) Grip strength
analysis of WL and WC mice. (D) ELISA analysis of TNF-a. in serum from WL mice at the indicated time points (n = 5 for each time point). (E) Immu-
nohistochemistry with CD68 antibody for the infiltrated macrophages in the implanted tumour cross-sections of WL mice. (F-/) Representative images
of CTSK and H&E staining (F) and combined quantitative data for the fibre cross-section area (G), the percentage of CTSK-positive fibre (H), and the
area of CTSK-positive fibres at day 28 after LLC or vehicle injection (/). (J) gPCR analysis of CTSK in GAS muscles (n = 5). (K and L) ELISA analysis of
CTSK in GAS muscles and serum from tumour-bearing mice at the indicated time points (n = 5 for each time point). Data are the means + SEM,
and P values were determined by two-way repeated measures ANOVA and Bonferroni’s post hoc tests (A,C), one-way ANOVA followed by Tukey’s post
hoc tests (B,D,1,J,k, and L), or unpaired Student’s t-test (G,H). WC, CTSK™* control; WL, CTSK™* tumour-bearing.
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loss of mice under our experimental conditions. There were
no differences in the apoptosis of the GAS muscles between
the WL and WC mice as determined by ssDNA-staining assay
(Figure S2A).

CTSK deletion prevents muscle wasting and dysfunction with-
out affecting tumour growth and TNF-a. levels in LLC tumour-
bearing mice

To determine whether CTSK is required for the development
of cancer-induced cachexia, we implanted the LLC cells into
the subcutaneous of KL and WL mice. As shown in Figure
2A, CTSK deficiency resulted in significantly higher body-
weight compared with that in WL mice. The weights of GAS
and soleus muscles of the WL mice were lower than the cor-
responding weights in the WC mice. In contrast, KL mice ex-
hibited almost no loss of muscle mass compared with
CTSK™/~ control (KC) mice (Figures 2B and S6C). The grip
strength monitoring revealed that the grip strength of the
WL mice declined in parallel with the muscle weights; these
changes were markedly rectified by CTSK deletion at the lat-
ter two time points (Figure 2C), suggesting that CTSK defi-
ciency can preserve cachectic muscle mass and function. As
anticipated, quantitative data of H&E staining analysis re-
vealed that the GAS muscle fibre cross-section area was
higher in the KL mice than the WL mice (Figure 2D and 2E).
As shown in Figures 2F—2H and S6A, we observed no signifi-
cant differences in tumour growth, food intake or serum
IL-6 and TNF-a protein levels between WL and KL mice. To-

gether, these observations suggest that CTSK~/~-mediated
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muscle protection is not attributable to the influence of CTSK
deficiency on tumour growth and systemic inflammation. We
also observed no differences in the body and muscle weights,
serum TNF-a and IL-6 levels, or muscle fibre cross-section
areas between WC and KC mice at baseline (Figure 2A-2C,
2E, 2G, and 2H).

To determine whether CTSK affects muscle protein metab-
olism in cachexia, we investigated pathways associated with
the anabolic and catabolic effects of muscle proteins in WL
and KL mice. Figures 3A, 3B, S6D, and S6E showed that the in-
tracellular IRS1 levels were decreased in the muscle isolated
from WL mice. In CTSK™/~ mice, as in KC mice, even though
the tumour-bearing CTSK~/~ muscles still contained an abun-
dant amount of IRS1 protein (Figure 3A and 3B), the levels of
insulin-like growth factor 1 receptor (IGF1R), the upstream
protein of IRS1, did not change significantly in any of the four
groups (Figure 3A). Notably, the PCR results also showed no
differences in the IRS1 gene expression among the four ex-
perimental groups (Figure 3C), indicating that CTSK regulates
the IRS1 level mainly at the posttranscriptional level. IRS1,
which is known as the insulin/IGF-1 signalling pathway com-
ponents, is significantly reduced in the cachexia microenvi-
ronment, which may cause muscle atrophy, hypoglycaemia,
glucose insensitivity, and other diabetes-like symptoms. Our
experiments show that increased CTSK might modulate skel-
etal muscle protein catabolism and anabolic metabolism by
degrading IRS1 in cachectic mice. This notion was supported
by the results of western blotting and quantitative PCR,
which showed that the WL muscles exhibited harmful change
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Figure 2 CTSK deletion prevented muscle wasting and dysfunction without affecting tumour growth or TNF-a in tumour-bearing mice. (A) The body-
weight and (B) GAS muscle weight analysis of the four groups of mice (WC, KC, WL, and KL; n = 10) on the 28th day after tumour implantation. (C) The
measurements of forelimb grip strength in the four groups of mice at the indicated time points (n = 10 for each group). Representative HE images (D)
and quantitative data (E) for the cross-sections of GAS muscles harvested from the four groups of mice on Day 28. (F) Tumour weight measurements
derived from the WL and WC mice (n = 10). (G, H) ELISA analyses of serum IL-6 and TNF-a. protein levels in the four experimental groups at Day 28 after
tumour implantation (n = 5 for each group). Data are means + SEM, and P values were determined by two-way repeated measures ANOVA and

Bonferroni’s post hoc tests (C), one-way ANOVA followed by Tukey’s post hoc tests (A,B,E,G, and H), or unpaired Student’s t-test (F). WC, CTSK

a con-

trol; KC, CTSK™/~ control; WL, CTSK** tumour-bearing; KL, CTSK ™/~ tumour-bearing.
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ages and quantitative data for IGF1R, IRS1, P-PI3K, P-Akt™ ", P-Akt

, MAFbx1, MuRF1, and P-mTOR in GAS muscles at Day 28 after tumour implan-

tation (n = 3). (C—E) gPCR analysis of IRS1, MuRF1, and MAFbx1 in GAS muscles (n = 5). GAPDH serves as an internal loading control. Data are
means = SEM, and P values were determined by one-way ANOVA followed by Tukey’s post hoc tests (B—E). WC, CTSK™* control; KC, CTSK ™/~ control;

+/+

WL, CTSK™™ tumour-bearing; KL, cTsK/~ tumour-bearing.

in the levels of MuRF1, MAFbx1, phosphoinositide 3-kinase
(P-PI3K), P-Akt3*8 p-Akt*”®, and P-mTOR proteins and/or
genes (Figures 3A, 3B, 3D, 3E, S6D, and S6E).

CTSK up-regulation and in LCM/TNF-
o-treated cells

To test the effect of tumour-released factors on CTSK expres-
sion, we analysed the C2C12 myotubes treated with 0%, 25%,
and 50% LCM (Con, LCM1/4, and LCM1/2, respectively). As
shown in Figure 4A, CTSK mRNA expression was sensitive to
the stimulators LCM1/2. Consistently, LCM resulted in in-
creased CTSK protein expression and activities in a
dose-dependent manner (Figures 4B, S2B, and S7C), indicat-
ing that the up-regulation of CTSK expression is associated ex-
plicitly with tumour-released factors in C2C12 cells. We found
that macrophages infiltrated the tumour tissues under our
present experimental conditions. TNF-o elevation has been
reported in the serum of mouse cachexia models and pa-
tients with advanced cancers.”®> We observed that TNF-a
stimulates CTSK expression and activities in a
time-dependent manner (Figures 4A, 4C, S2C, and S7C). To
clarify the effect of TNF-a on the promoter of CTSK, we con-
ducted a reporter assay. The results showed that the expres-
sion of NlucP was significantly increased after stimulation

IRS1 degradation

with TNF-a (100 ng/mL) for 24 h (Figure 4D). This result indi-
cates that TNF-a. can promote CTSK expression by activating
the CTSK promoter. Together with the finding that the serum
TNF-a levels were increased in a time-dependent manner in
WL mice (Figure 1D), these results indicated that TNF-a se-
creted from tumour-associated inflammatory cells may con-
tribute to the process of muscle atrophy via the regulation
of CTSK expression. The representative western blotting im-
ages showed that LCM decreased the levels of the P-IRS1,
IRS1, P-Akt®?®, and P-Akt*”® proteins and increased the levels
of Forkhead box O3 (FOXO3) protein in a dose-dependent
manner but had no effect on IGF1R (Figures 4B and S2B).
Figures 4E and S2F show that LCM-induced myotube atrophy.
Recombinant human TNF-a decreased the IRS1 protein con-
tent in a time-dependent manner but had no effect on IGF1R
(Figures 4C and S2D). The expressions of the FOXO1, FOXO03,
and MAFbx1 genes were all sensitive to LCM1/2 stimulation,
and the MAFbx1 and MuRF1 genes were sensitive to TNF-a
stimulation (Figures 4F, 4G, S2E, 7D, and 7E), suggesting that
LCM and TNF-o, could induce the protein metabolism imbal-
ance in the myotubes. Notably, TNF-a and LCM reduced the
content of IRS1 but did not affect the mRNA level
(Figure 4H), suggesting that the decrease in IRS1 content
was due to the degradation of IRS1 rather than a change in
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blotting using the indicated antibodies. (D) Schematic representation depicting the reporter assay vector (upper panel). The C2C12 cells were
co-transfected with CTSK-promoter-Nluc vector and pTK-promoter-Luc2 vector for 24 h. Then, the cells were treated with 100 ng/mL of TNF-o. for
the indicated time points and subjected to luminescence measurement using a Nano-Glo Dual-Luciferase Reporter Assay System (lower panel). (E) Fol-
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munofluorescence staining of MHC. (F—H) The mRNA expression levels of MAFbx1, MuRF1, and IRS1 in differentiated C2C12 cells treated with LCM and
TNF-a.. (/) An ELISA assay was performed to determine the levels of CTSK, TNF-, and IL-6 in the LLC and C2C12 supernatant. (J) Following differenti-
ation for 5 days, the differentiated myoblasts were replaced with LCM1/2-conditioned medium in the presence of G5 with/without MG132 for 72 h.
Immunoprecipitation was then performed with non-immune rabbit IgG or an antibody for endogenous IRS-1. Data are means + SEM, and P values

were determined by unpaired Student’s t-test (/), or one-way ANOVA followed by Tukey’s post hoc tests (A,D,F,G, and H).

the transcription level of mRNA. In the cell supernatant anal-
ysis, the ELISA data showed that there were no differences in
the levels of the CTSK, TNF, or IL-6 proteins between the su-
pernatant of C2C12 cells and LLC (Figure 4l). This result fur-
ther confirmed that the LCM-induced CTSK high expression
was derived from intracellular C2C12 and not from the
exosome of LLC.

To identify the mechanism of LCM promotes IRS1 degrada-
tion, we performed immunoprecipitation using C2C12 myo-
tubes treated with LCM1/2 in the presence or absence of
the proteasome inhibitor MG132. LCM decreased the content
of IRS1 protein in the lysates, and this effect was rectified by
MG132 (Figure 4J)), indicating that LCM can down-regulate
IRS1 content by promoting its ubiquitination and subsequent
proteasome-mediated degradation.

CTSK directly cleaves IRS1
To elucidate the specific role of CTSK in the degradation of
IRS1, we used an HEK cellular transfection system combined

with a proteasome inhibitor. HEK cells were co-transfected
with HA or CTSK-HA with four different lengths of IRS1-FLAG
(C-terminal; 1-1243, 1-865, 1-574, and 1-268) for 72 h, and
then the cells were treated with MG132 for 5 h. The results of
immunoprecipitation showed that CTSK selectively acted on
IRS1 within the region of amino acids 268 to 574, leading to
an increase in its ubiquitination level (Figure 5A). To further
confirm that CTSK acted directly on IRS1, the C2C12 cells
were co-transfected with IRS1-mCherry and CTSK-EGFP for
24 h. Immunofluorescence staining showed abundant intra-
cellular co-localization of CTSK and IRS1 in C2C12 cells (Figure
5B). We investigated the role of CTSK and CTSK™"* (Y67L and
L205A mutants)?® in IRS1 truncations. The results showed
that CTSK, but not CTSK™", promoted the loss of IRS1 con-
tent compared with the vehicle (Figure 5D), indicating that
CTSK might interact directly with the PTH domain of IRS1
(Figure 5D). Several studies have reported that cathepsin
family members such as CTSS and CTSD cleaved the domain
of target proteins and thereby decreased their stability and
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Figure 5 CTSK directly cleaved IRS1. (A) C2C12 cells were co-transfected with different lengths of IRS-1-3xFLAG (1-1243, 1-865, 1-574, 1-268) for
72 h, and then, the cells were treated with MG132 for 5 h. The cell lysates (1 mg) were immunoprecipitated with FLAG M2 magnetic beads. The eluate
was analysed by western blotting. (B) C2C12 cells were co-transfected with pcDNA3.1-IRS1-mCherry and pcDNA3.1-CTSK-EGFP for 24 h. The cells were
subjected to immunofluorescence staining and observed under a confocal microscope. (C) Schematic representation depicting the CTSK protein do-
main and sequence results for mutation of the CTSK construct. (D) Schematic representation of IRS-1 deletion mutants fused with C-terminal 3xFLAG.
The C2C12 cells were co-transfected with vectors expressing the wild-type CTSK-HA or mutant CTSK (Y67L/L205A)-HA and different lengths of IRS-1-
3XFLAG. After 72 h, the cell lysates were subjected to western blotting. (E) HEK293 cells were co-transfected with C-terminal 3xFLAG- or N-terminal
3xFLAG-tagged IRS1 plasmids and wild-type CTSK-HA or mutant CTSK(Y67L/L205A)-HA, respectively. After 72 h, cells were treated with MG132 for
5 h, followed by immunoprecipitation with FLAG M2 magnetic beads. The eluate was analysed by western blotting.

led to their degradation by the proteasome.?’*® We gener-
ated IRS1-C-terminal-FLAG (IRS1-C) and IRS1-N-terminal-FLAG
(IRS1-N). Following co-transfection of IRS1-N or IRS1-C with
CTSK, respectively, the lysates were reacted with FLAG anti-
body. Figure 5E shows that a new bond (red arrow) appeared.
Taken together, these findings suggest that CTSK selectively
cleaves IRS1 and causes ubiquitination-related degradation
of IRS1.

CTSK decreases the content of IRS1 in C2C12 cells

To determine whether CTSK regulated IRS1 degradation, we
also checked the IRS1 stability in C2C12 cells after CTSK over-
expression. A protein synthesis inhibitor named cyclohexi-
mide, which discriminates between the degradation of IRS1
and its synthesis, was used to determine the degradation rate
of IRS1. C2C12 myoblasts were co-transfected with IRS1-FLAG
and HA or CTSK, respectively, for 48 h. Then the cells were
treated with cycloheximide for the indicated amounts of time.
In C2C12 myoblasts, IRS1 was degraded upon CTSK expression
in a time-dependent manner (Figure 6A). To test whether CTSK
mediated the IRS1 loss in myotubes, we monitored IRS1 con-
tent in lentivirus-mediated CTSK-overexpressed C2C12 myo-
tubes. As shown in Figure 6B and 6C, IRS1 content was
dramatically decreased by CTSK overexpression. This

effect still existed in the presence of LCM, and the increased
expression of CTSK enhanced the degradation of IRS1 (Figure
S5C and S5D). In lentivirus-mediated CTSK-silenced C2C12
myotubes, under an LCM1/2 condition, IRS1 protein was
markedly accumulated compared with the control (Figure 6D
and 6E). This effect also exists when LCM does not exist (Figure
S5A and S5B). The results in Figure 6F—6H show that CTSK
overexpression induces myotube atrophy and CTSK silence im-
proves the LCM-induced myotube atrophy. These data indi-
cate that CTSK negatively regulates IRS1 content.
Lentivirus-CTSK as well as pcDNA3.1-CTSK increased CTSK pro-
tein expression and shRNA-CTSK inhibited CTSK protein ex-
pression (Figure 6B—6E).

CTSK promotes IRS1 degradation by ubiquitination

Because it has been reported that IRS1 stability is regulated
by ubiquitin proteolysis,?® we examined the effect of CTSK
on the ubiquitination of IRS1. The immunoprecipitation re-
sults showed that the IRS1 ubiquitination level was increased
in the presence of CTSK overexpression (Figure 7A). CTSK
overexpression accelerated IRS1 loss in C2C12 cells. The de-
crease in IRS1 content was not observed in the Y67L and
L205A mutants®® (Figure 7B and 7C), suggesting that the
function sites of CTSK are essential for the IRS1 content loss
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Figure 6 CTSK promoted IRS1 degradation. (A) C2C12 cells were co-transfected with pcDNA3.1-CTSK-HA and pcDNA3.1-IRS-1-3xFLAG plasmids for 48 h
to express equivalent levels of IRS-1, and then treated with cycloheximide (CHX) for various amounts of time. The lysates were subjected to western
blot analysis. (B,C) C2C12 myoblasts inducible expressing CTSK-HA were grown in differentiation medium for 5 days to differentiate the myoblasts, and
then, the cells were treated with DOX for 72 h. Cells were harvested and separated on SDS-PAGE gel followed by immunoblot analysis to detect en-
dogenous IRS-1 levels. (D,E) Following differentiation for 5 days, the stable-cell line (CTSK-shRNA or control-shRNA) was cultured with 500 ng/mL doxy-
cycline (DOX) and LCM1/2 for 72 h. Cells were harvested and subjected to immunoblot analysis to detect endogenous IRS-1 levels. (F) Upper panel: the
myotubes with lentivirus-CTSK or -control were induced with 500 ng/mL doxycycline (DOX) for 72 h. Lower panel: in the presence of LCM1/2, the myo-
tubes with CTSK-shRNA or control-shRNA were induced with 500 ng/mL doxycycline (DOX) for 72 h. Then, the myotubes were subjected to immuno-
fluorescence staining of MHC. Quantification of the mean myotube diameter of (G) Lenti-Con/Lenti-CTSK- and (H) shCon/shCTSK-myotubes. Data are
means + SEM, and P values were determined by unpaired Student’s t-test (C,E,G, and H).

(Figure 7B and 7C). These observations indicated that CTSK
decreases IRS1 content by increasing the IRS1 ubiquitination.
To further demonstrate the role of CTSK in IRS1 degradation
in muscle cells, we transfected small siRNA-Con or siRNA-
CTSK into C2C12 myoblasts under an LCM1/2 condition. The
immunoprecipitation results showed that CTSK silencing also
decreased the IRS1 ubiquitin level (Figure 7D). The CTSK si-
lencing induced an accumulation of IRS1 in LCM1/2-treated
C2C12 cells (Figure 7E and 7F), suggesting that CTSK silencing
prevented the IRS1 from ubiquitination and degradation in
C2C12 cells treated with LCM. We examined the effect of
CTSK on the ubiquitination of IRS1 in cells treated with LCM
1/2. The immunoprecipitation results showed that the IRS1
ubiquitination level increased in the presence of CTSK overex-
pression under LCM conditions (Figure 7G). CTSK overexpres-
sion accelerated IRS1 loss in C2C12 cells treated with LCM
(Figure 7H and 71). These observations indicated that CTSK
decreases IRS1 content by increasing the IRS1 ubiquitination.
The pcDNA3.1-CTSK/pcDNA3.1-CTSK™ " increased CTSK pro-

tein expression and siRNA-CTSK reduced it (Figure 7B, 7E,
and 7H).

Genetic modifications of CTSK modulate protein catabolism
and myosin heavy chain content via regulation of the IRS/
Akt 1-signalling pathway

To determine whether the CTSK-mediated control of IRS1
degradation contributes to the IRS1/Akt-signalling pathway
in skeletal muscle, we examined the phosphorylation of
Akt3%8 Akt*”®, mTOR, and the contents of MHC, MAFbx1 in
CTSK-overexpressing C2C12 myotubes and myoblasts. As
shown in Figures 8A, 8B S3A, and S3B, the phosphorylation
of Akt>®® Akt*’3, and mTOR was dramatically decreased by
CTSK overexpression in myotubes (for lentivirus-CTSK) and
myoblasts (for pDNA3.1-CTSK). Under the LCM1/2 conditions
(Figure S5C-S5F), phosphorylation of Akt*°®, Akt*’3, and
mMTOR was also dramatically decreased by CTSK overexpres-
sion. The IRS1/Akt-signalling pathway was analysed in the
lentivirus-mediated CTSK-silenced C2C12 myotubes and
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Figure 7 Ubiquitin was involved in CTSK-mediated IRS1 degradation. Cells were harvested and subjected to immunoblot analysis to detect endoge-
nous IRS-1 ubiquitin levels and IRS1 content. (A) The ubiquitination analysis: C2C12 cells were co-transfected with pcDNA3.1-IRS-1-3xFLAG,
PcDNA3.1-CTSK-HA/pcDNA3.1-HA, and pCMV-Myc-Ub plasmids for 72 h, and then cultured in the presence of G5 with/without MG132 for 5 h. To re-
veal polyubiquitination, whole-cell lysates (~1 mg of protein) from C2C12 cells were immunoprecipitated with FLAG M2 magnetic beads. The precip-
itates were separated by SDS-PAGE, followed by immunoblotting with myc-tag antibodies. (B) Immunoblot analysis of CTSK, IRS1, and GAPDH in
whole-cell lysates of C2C12 cells, which were transfected with pcDNA3.1/pcDNA3.1-CTSK-HA/inactivated pcDNA3.1-CTSK (Y67L, L205A)-HA plasmids
and pcDNA3.1-IRS-1-3xFLAG plasmids. (C) The quantitative data for IRS1 and CSTK. (D) The C2C12 cells were transfected with Con- or CTSK-siRNA,
and then, the cells were treated with LCM1/2. After 48 h, cells were treated with G5 with or without MG132 for 5 h. The whole-cell lysates were
analysed by immunoblot with anti-ubiquitin and anti-IRS-1 antibody. (E,F) Representative immunoblot images and quantitative analysis of CTSK,
IRS1, and GAPDH in whole-cell lysates of LCM-stimulated CTSK-silenced or control C2C12 cells. (G) C2C12 cells were co-transfected with pcDNA3.1-
IRS-1-3XFLAG, pcDNA3.1-CTSK-HA/pcDNA3.1-HA, and pCMV-Myc-Ub plasmids and then treated with the LCM1/2 for 48 h. (H) Immunoblot analysis
of CTSK, IRS1, and GAPDH in whole-cell lysates of LCM-stimulated C2C12 cells, which were transfected with pcDNA3.1-HA or pcDNA3.1-CTSK-HA

and pcDNA3.1-IRS-1-3xFLAG plasmids. (/) The quantitative data for IRS1 and CSTK. Data are means + SEM, and P values were determined by one-

way repeated measures ANOVA and Tukey’s post hoc tests (C) or unpaired Student’s t-test (F and /).

siRNA-CTSK-silenced myoblasts under the LCM1/2 conditions.
In both groups, CTSK silencing resulted in an increase in P-Akt
and P-mTOR protein levels in response to LCM1/2 (Figures
8C, 8D, S3C, and S3D). Without the LCM stimulation (Figure
S5A and S5B), it is worth noting that, although CTSK silence
increased the IRS1 content in myotubes, it had little effect
downstream of IRS1. These results indicate that the genetic
modifications of CTSK negatively or positively modulated
IRS1-signalling pathway activation in C2C12 cells. We also ob-
served that CTSK overexpression induced a decrease in MHC
and an increase in MAFbx1, and these changes were dimin-
ished by CTSK silencing under LCM conditions (Figures
8A—-8D and S3A-S3D).

To further confirm the effect of IRS1 on the downstream
IRS1-signalling pathway, the C2C12 myoblasts treated with
siRNA-IRS1 or IRS1-plasmid, respectively, were analysed by
western blotting assay. As anticipated, siRNA-IRS1 decreased

the IRS1 protein expression (Figures 8E and S4A). IRS1 silenc-
ing effectively inhibited the phosphorylation of Akt and
MTOR in C2C12 cells (Figures 8E and S4A). The phosphoryla-
tion levels of Akt and mTOR were not affected by IRS1 over-
expression (Figures 8F and S4B), suggesting that IRS1
overexpression did not affect downstream signal activation
under our experimental conditions. Because IGF1-Akt/mTOR
signalling inactivation seemed to be tightly associated with
muscle protein loss,>®3! we used an inhibitor of IRS1
(NT157) and an inhibitor of Akt (X) to extend our examination
to the interaction of IRS1 with Akt. The results showed that
IRS1 and Akt inhibitions induced a harmful change in the
levels of IGF1-induced P-Akt and/or P-mTOR and MAFbx1
proteins in C2C12 myotubes (Figures 8G, 8H, S4C, and S4D).
The Akt inhibitor reduced the content of MHC, which was
an important structural protein for skeletal muscle (Figures
8H and S4D).
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Figure 8 Genetic modifications of CTSK modulate protein catabolism and myosin heavy chain content via regulation of the IRS/Akt 1-signalling path-
way. (A) C2C12 myoblasts inducible expressing CTSK-HA were grown in differentiation medium for 5 days to differentiate the myoblasts, and then, the
cells were treated with DOX for 72 h. Cell lysates were analysed by western blotting using the indicated antibodies. (B) C2C12 myoblasts were tran-
siently transfected with pcDNA3.1-HA or pcDNA3.1-CTSK-HA plasmids for 72 h. Cell lysates were analysed by western blotting using the indicated an-
tibodies. (C) C2C12 myoblasts stably expressing CTSK-shRNA or Con-shRNA were grown in differentiation medium for 5 days, and then, the cells were
cultured with DOX and LCM for 72 h. Cell lysates were analysed by western blotting using the indicated antibodies. (D) C2C12 myoblasts were
transfected with CTSK-siRNA or Con-siRNA for 24 h, and then, the cells were treated with LCM1/2 for 48 h. Cell lysates were analysed by western blot-
ting using the indicated antibodies. (E) C2C12 myoblasts were transfected with IRS-1-siRNA or Con-siRNA for 72 h. Cell lysates were analysed by west-
ern blotting using the indicated antibodies. (F) C2C12 myoblasts were transiently transfected with pcDNA3.1-3xFLAG or pcDNA3.1-IRS-1-3xFLAG
plasmids for 72 h, and then, the cells were lysed in RIPA buffer and analysed by western blotting using the indicated antibodies. (G) Following differ-
entiation for 5 days, the cells were treated with hIGF-1 (40 ng/mL) with or without 300 nM of IRS-1 inhibitor (NT157) for 72 h, and then analysed by
western blotting using the indicated antibodies. (H) Following differentiation for 5 days, the cells were treated with hIGF-1 (40 ng/mL) with/without
Akt inhibitor X (2 uM) for 72 h, and finally, the cells were lysed in RIPA buffer and analysed by western blotting using the indicated antibodies.

Discussion

This study focused on molecular close-interactions between
CTSK and IRS1 for protein anabolism and catabolism in skele-
tal muscle cells during the development of cachexia. The sig-
nificant finding of our present work is that mice lacking the
CTSK gene were resistant to cachexia-induced skeletal
muscle-mass loss and functional decline following injection
with LLC. At the molecular level, CTSK deletion was shown
to retard cachectic factor-induced IRS1 degradation and the
downstream protein anabolism-related Akt/mTOR signalling
inactivation and catabolism-related MAFbx1/MuRF1 activa-
tion. In C2C12 cells, silencing or overexpression of CTSK re-
spectively increases or decreases the levels of IRS1 and its
downstream anabolic and catabolic signalling, providing the
first evidence and mechanistic explanation of CTSK participa-
tion in IRS1 signalling in cachectic skeletal muscle wasting
and dysfunction (Figure S8).

It has been reported that cathepsin is highly expressed in
damaged muscles.’® In this study, we examined changes in
CTSK during cancer-induced muscle atrophy and loss of func-

tion. From the 14th day after tumour inoculation, CTSK was
up-regulated in muscle. The levels of other cathepsins were
not significantly changed at this time point. In the present ex-
periment, we demonstrated that TNF-o. and LCM regulated
the expression of CTSK in skeletal muscle cells. In particular,
TNF-0, activated the CTSK promoter that induced CTSK ex-
pression. And the IGF1/IRS1/Akt pathway has been shown
to induce hypertrophy by activating protein synthesis.**3?
The same pathway can also negatively regulate muscle atro-
phy markers (MuRF1 and MAFbx1) that induce the degrada-
tion of crucial muscle proteins.>*** In our model, the IRS1
content was decreased, and imbalanced protein metabolism
was displayed on the 28th day after tumour implantation. A
previous study concluded that the IGF1/IRS1 pathway is in-
volved in cancer cachexia, but the same also found that
IGF1 supplements could not reverse the cancer-induced mus-
cle atrophy in an animal model of cancer cachexia.>® IRS1 de-
ficiency has been reported to induce muscle atrophy by
regulating protein metabolism imbalance in vivo and
in vitro.***7 In our present experiments, IRS1 was found to
regulate the expression of MAFbx1. We further observed that
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silencing of IRS1 increased the levels of MAFbx1 protein in
C2C12 cells, whereas overexpression of IRS1 had no effect
on the MAFbx1 protein levels. Taken together, these data in-
dicate that IRS1 is required for IGF1/IRS1 signalling-mediated
skeletal muscle homeostasis. Consistent with this conclusion,
we found that cachexia-induced reduction of IRS1 disturbed
the balance of protein metabolism.

It has been reported that calcium/DTT-stimulated IRS1
degradation is inhibited by E-64 (a broad-spectrum inhibitor
of cysteine protease).>® Although the authors’ report did not
provide direct evidence that cysteine proteases modulate
IRS1 degradation, their data suggested this might be the
case. In the present study, CTSK enhanced the degradation
and ubiquitination level of IRS1. CTSK silencing by the lenti-
virus rescued LCM-induced IRS1 degradation in the C2C12
myotubes, which further verified our hypothesis. In the
IRS1 truncations assay, we found that CTSK did not interact
with the IRS1%%® truncations but bind with the IRS1Fullensth
IRS1%%%, and IRS1°”* truncations. CTSK also selectively
promotes the ubiquitination process and degradation
of IRS1Ueneth |R51865  and IRS1%7# truncations, but not
IRS1%%® truncation, indicating that CTSK could mediate the
degradation and ubiquitination of IRS1 through its selective
impact on the sequence of amino acids 268-574. We found
a new IRS1 N-terminal band during co-transfection with CTSK
and IRS1 (N-terminal or C-terminal FLAG). These results
showed that CTSK-mediated IRS1 degradation represents a
common mechanism in modulating skeletal muscle mass
and function in mice under cachectic conditions. In addition,
a mutation assay showed that CTSK-Y67L and -L205A are
necessary for the enzymatic activity of CTSK in IRS1
degradation.

To further confirm that IRS1 degradation induces muscle
protein loss, we investigated the effect of IRS1 and Akt
phosphorylation on protein metabolism with an IRS1 inhibi-
tor (NT157) or Akt inhibitor (X) in myotubes. Akt has been
shown to affect muscle mass by regulating protein catabo-
lism and anabolism.3%3! In the present study, the IRS1
inhibition decreased the Akt phosphorylation level in
C2C12 cells. Pharmacological inhibition of Akt phosphoryla-
tion has been shown to promote the expression of MAFbx1,
which is associated with protein catabolism.??3° Inhibition
of Akt phosphorylation also suppresses the phosphorylation
of mTOR, which is related to protein synthesis.*>%° In this
study, CTSK silencing by shRNA-CTSK and siRNA-CTSK
prevented the degradation of IRS1 and/or the loss of MHC
caused by LCM. CTSK silencing also ameliorated the alter-
ations in the levels of P-Akt>°®, P-Akt*’3, P-mTOR, and
MAFbx1 proteins in C2C12 myotubes and myoblasts in
response to LCM1/2, and these beneficial effects were
diminished by CTSK overexpression by lentivirus-CTSK or
CTSK plasmid. Finally, we verified that the reduction of
IRS1 and P-Akt levels contributed to the loss of muscle

proteins caused by LCM. IRS1 inhibition decreased the
MHC content and also decreased Akt phosphorylation in
the myotubes in response to IGF1. Akt inhibition reduced
MHC, P-Akt*’3, and P-mTOR and increased the level of
MAFbx1 in the C2C12 myotubes in response to IGF1.
Increased CTSK activity appears to promote the loss of skel-
etal muscle MHC content through its ability to negatively
activate anabolic Akt/mTOR signalling and positively activate
the catabolic MAFbx1/MuRF1, which was mediated by IRS1
degradation in mice under cachectic conditions.

In the present cachexia model, the histological examina-
tion of mice showed that CTSK deficiency effectively reduced
cancer-related skeletal muscle mass wasting and dysfunction
without affecting tumour growth. Notably, tumour implanta-
tion did not change the apoptosis level in skeletal muscle, in-
dicating that muscle atrophy resulted from regulation of the
size of individual muscle fibres. This was further confirmed
by comparing the sizes of individual muscle sections from
WL and KL mice.

Under a cachectic condition, the level of IRS1 in skeletal
muscle was higher in KL mice than in WL mice. KL mice
showed significantly increased Akt phosphorylation levels,
which was consistent with previous studies showing that
CTSK deficiency elevated the phosphorylation level of
Akt.>Y?2 In our experiments, low levels of PI3K, Akt3%
Akt*”®, and mTOR phosphorylation and high levels of the
MAFbx1 and MuRF1 proteins were found in WL mice, and
the opposite results were observed in KL mice. These data in-
dicate that CTSK ablation reduces the weight loss caused by
cancer, and CTSK deficiency causes an activation of the
IRS1/Akt pathway and thereby prevents muscle atrophy.

Several limitations should be considered. Mice food intake
is not assessed daily. The extensor digitorum longus muscle is
not analysed in the present experiments. Figures 1C and 2C
show the difference of former grip strength changing time
might be due to the initial mice body weights, bearing tu-
mour weights, and injected LLCs passages. The mechanism
and regulatory factors of CTSK expression under physiological
conditions have not been explored.

Conclusions

In summary, our findings have uncovered a new function of
cysteinyl CTSK in the regulation of the protein anabolic Akt/
mTOR and catabolic MAFbx1/MuRF1 pathways by IRS1 deg-
radation, demonstrating that CTSK deletion partially protects
against skeletal muscle atrophy and dysfunction. The results
could lead to a novel therapeutic strategy for the control of
cancer-induced muscle disease via the regulation of CTSK
activity.
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