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Abstract

Background Cancer-related muscle wasting occurs in most cancer patients. An important regulator of adult muscle
mass and function is the Akt–mTORC1 pathway. While Akt–mTORC1 signalling is important for adult muscle homeo-
stasis, it is also a major target of numerous cancer treatments. Which role Akt–mTORC1 signalling plays during cancer
cachexia in muscle is currently not known. Here, we aimed to determine how activation or inactivation of the pathway
affects skeletal muscle during cancer cachexia.
Methods We used inducible, muscle-specific Raptor ko (mTORC1) mice to determine the effect of reduced mTOR
signalling during cancer cachexia. On the contrary, in order to understand if skeletal muscles maintain their anabolic
capacity and if activation of Akt–mTORC1 signalling can reverse cancer cachexia, we generated mice in which we
can inducibly activate Akt specifically in skeletal muscles.
Results We found that mTORC1 signalling is impaired during cancer cachexia, using the Lewis lung carcinoma and
C26 colon cancer model, and is accompanied by a reduction in protein synthesis rates of 57% (P < 0.01). Further re-
duction of mTOR signalling, as seen in Raptor ko animals, leads to a 1.5-fold increase in autophagic flux
(P > 0.001), but does not further increase muscle wasting. On the other hand, activation of Akt–mTORC1 signalling
in already cachectic animals completely reverses the 15–20% loss in muscle mass and force (P < 0.001). Interestingly,
Akt activation only in skeletal muscle completely normalizes the transcriptional deregulation observed in cachectic
muscle, despite having no effect on tumour size or spleen mass. In addition to stimulating muscle growth, it is also
sufficient to prevent the increase in protein degradation normally observed in muscles from tumour-bearing animals.
Conclusions Here, we show that activation of Akt–mTORC1 signalling is sufficient to completely revert
cancer-dependent muscle wasting. Intriguingly, these results show that skeletal muscle maintains its anabolic capacities
also during cancer cachexia, possibly giving a rationale behind some of the beneficial effects observed in exercise in
cancer patients.
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Introduction

Cancer cachexia is a multi-organ syndrome, which is charac-
terized by a strong loss in body weight. It occurs in 50–80%

of cancer patients and is due to a drastic loss in muscle and
adipose tissue.1 As cancer cachexia leads to a decrease in
physical performance and is associated with poor survival
(accounting for more than 20% of cancer deaths), it is of
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major clinical relevance. Furthermore, cachectic patients
show lower response rates to chemotherapy and a reduced
tolerance to anticancer treatment.2 However, despite its
clinical importance and the foreseen impact on patients,
the pathophysiology of cachexia-associated muscle wasting
is still poorly understood.

One of the major intracellular pathways regulating adult
skeletal muscle mass and function is the Akt–mTORC1
pathway.3,4 Phosphorylation of the serine/threonine kinase
Akt leads to the activation of the kinase complex mTORC1,
that is, when the kinase mTOR is complexed with the scaf-
fold protein Raptor. Activation of this pathway is accompa-
nied by an increase in protein synthesis and reduction in
protein degradation, leading to the growth of adult skeletal
muscle.5 On the contrary, prolonged reductions in mTORC1
signalling in muscle fibres can negatively affect muscle ho-
meostasis, by dysregulating autophagy and even leading to
impaired muscle innervation.6,7 Interestingly, in addition
to the well-established loss in muscle mass, it was recently
shown that cancer cachexia is also accompanied by the ap-
pearance of fibre denervation,8 making it tempting to link
cancer cachexia to altered mTORC1 signalling. When exam-
ining the activation levels of Akt–mTORC1 signalling in tu-
mour-bearing animals, different observations have been
made. Mice inoculated with Lewis lung carcinoma (LLC)
or colon-26 carcinoma (C26) have shown reductions in
mTORC1 signalling.9,10 The same was observed in transgenic
mice, which spontaneously develop intestinal polyps, leading
to a cachectic phenotype between 3 and 6 months of age.11

Interestingly, treatments that show an improvement of the
cachectic muscle phenotype, like treadmill running or the
natural plant product salidroside, are accompanied by a
restoration of mTORC1 signalling.10,12 These results are
somewhat in contrast to another study, which showed that
treatment of C26 mice with the mTORC1 inhibitor rapamy-
cin can reduce muscle atrophy, possibly by restoring autoph-
agy to normal levels.13

In patients, the link between mTORC1 signalling and
cachexia is not that clear; however, there are reports that
suggest that the systemic use of mTOR inhibitors can aggra-
vate cancer cachexia. Indeed, long-term treatment with
mTOR inhibitors was accompanied by a loss in muscle mass,
while not affecting fat mass or body weight.14 Furthermore,
patients with metastatic renal cell cancer, which were treated
with inhibitors that block mTOR signalling, showed a signifi-
cant exacerbation in muscle wasting.15

Here, we use various transgenic mouse strains to deter-
mine the role of Akt–mTORC1 signalling in skeletal muscle
during cancer cachexia. We find that loss of Raptor only in
muscle fibres does not aggravate cancer-related muscle
wasting. On the contrary, activation of Akt–mTORC1 signal-
ling is sufficient to completely revert muscle wasting,
normalize the muscle transcriptome, and prevent protein
degradation.

Materials and methods

Animal experiments and treatments

Inducible muscle-specific Raptor knockout mice were gener-
ated as described previously.7 Briefly, mice expressing the
floxed Raptor gene (Raptorfl/fl) were crossed with mice carry-
ing the Cre recombinase fused to a mutated oestrogen
receptor (ER) domain under the control of human skeletal ac-
tin promoter (HSA).16 In Raptor ko mice, tamoxifen-induced
Cre LoxP recombination was achieved by intraperitoneal
injection of tamoxifen (3 mg) once daily for 1 week in
2-month-old mice. C26 cells were injected 3 weeks after the
end of tamoxifen treatment. Mice were backcrossed at least
for two generations in a BALB/c background. Both male and
female mice were used.

Inducible Akt transgenic mice were generated as described
previously.5,17 Briefly, a transgenic line that expresses the Cre
recombinase under a muscle-specific (myosin light chain 1
fast) promoter was crossed with a second line that expresses
Akt1 only after the deletion of a floxed upstream sequence by
the Cre recombinase. The Akt coding sequence is fused to a
modified ER-binding domain; Akt phosphorylation and activa-
tion are induced only by exogenous treatment of tamoxifen,
which binds the ER.

C26 and LLC cells, a gift from Paola Costelli’s lab, were cul-
tured in high glucose DMEM (# 41966 Gibco). All culture
media were supplemented with 10% foetal bovine serum
(Gibco) and Pen/Strep solution (penicillin 100 U/mL and
streptomycin 0.1 mg/mL, Gibco). All cell cultures were main-
tained at 37°C with a humidified atmosphere of 5% CO2.
Low-passage cell lines were used. C26 and LLC cell suspen-
sions were injected subcutaneously dorsally in 3-month-old
mice, BALB-c or C57BL/6 strain, respectively. Tumour-bearing
mice received 5 × 105 C26 or LLC cells in physiological
solution. Control mice were inoculated with physiological so-
lution. In all experimental models of cancer cachexia, mice
were treated until they reached the experimental endpoint,
determined by ethical criteria (loss of 20% initial body mass).
C26 mice were sacrificed when they reached �20% of body
weight, generally 14 days after inoculation; LLC mice were
sacrificed after 30 days, at �20% of body weight or at
reaching of a humane endpoint. In Akt mice, C26 cells were
injected in 3-month-old mice, and when they lost 10–12%
of initial body weight, 1 mg of tamoxifen was injected intra-
peritoneally for 5 days to activate Akt. Akt mice were
sacrificed when they regained body weight after tamoxifen
treatment. Control mice received tamoxifen as well, and they
were sacrificed when they lost 20% of body weight. A
detailed scheme for the mouse models used is provide in
Supporting Information, Figure S1.

Analysis of body composition in mice was performed by
quantitative magnetic resonance using an EchoMRI™-100
(EchoMRI LLC, TX, USA) without the use of anaesthesia.
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Colchicine was used to monitor autophagic flux as de-
scribed previously.7 Wt and Raptor ko, tumour-bearing mice
and sham-treated controls were treated with 0.4 mg/kg of
colchicine or vehicle by intraperitoneal injection. The treat-
ment was repeated twice, 24 and 12 h prior to muscle
collection. Puromycin was injected intraperitoneally with
0.04 μmol/g puromycin exactly 30 min before removal of
muscles as described previously.18

Experimental protocols were reviewed and approved by
the local Animal Care Committee, University of Padua.

In vivo muscle force measurement

Gastrocnemius muscle force was measured in living mice as
previously described.19 Briefly, animals were anaesthetized,
and muscle contractile performance was measured in vivo
using a 305B muscle lever system (Aurora Scientific Inc.).
Contraction was elicited by electrical stimulation of the sci-
atic nerve. Common peroneal nerve was cut, and the torque
developed during isometric contractions was measured by
stepwise increasing stimulation frequency, with pauses of
at least 30 s between stimuli to avoid fatigue. Duration of
the stimulation trains was 600 ms. Force was normalized
to the muscle mass as an estimate of specific force. Animals
were then sacrificed by cervical dislocation, and muscles
were dissected, weighted, and frozen.

Antibodies and western blotting

We used the following antibodies for western blotting: pAKT
(S473; Ref. 4060), pS6 (S240/244; Ref. 5364), S6 (Ref. 2217),
AKT (Ref. 9272), p4E-BP1 (Thr37/46; Ref. 2855), 4E-BP1
(Ref. 9644), RAPTOR (Ref. 2280), and mTOR (Ref. 2983) from
Cell Signaling; puromycin (clone 12D10; Ref. MABE343) and
Lys48 (Ref. 04-263) from Millipore; GAPDH (Ref. 8245) from
Abcam; actin (Ref. 56459) from Santa Cruz; and LC3 (Ref.
L7543) and p62 (Ref. P0067) from Sigma. For immunofluores-
cence, NCAM was from Millipore, and 488-conjugate wheat
germ agglutinin (Ref. W11261) was from Invitrogen. For ly-
sate preparation, cryosections of 20 μm of gastrocnemius
(GC) muscles were lysed in 100 μL of a buffer containing
50 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.5 mM
DTT, 1 mM EDTA, 10% glycerol, 2% SDS, 1% Triton X-100,
Roche Complete Protease Inhibitor Cocktail, and Roche
Phospho-Stop Phosphatase Inhibitor Cocktail. To detect
Lys63 and Lys48 polyubiquitin chain content, samples were
also added to two proteasome inhibitors: MG132 (Tocris Bio-
science) and NEM (Sigma-Aldrich). Lysates were incubated at
70°C for 10 min and centrifuged at 16 000 g for 15 min at 4°C.
Concentration of supernatant protein was, then, measured
using BCA Protein Assay Kit (Pierce) following manufacturer’s
instructions.

Gene expression analysis

Total RNA was extracted from muscles using TRIzol
(Invitrogen). Complementary DNA was generated from
0.4 μg of RNA reverse transcribed with SuperScript III Reverse
Transcriptase (Invitrogen). cDNA samples were then ampli-
fied on the 7900HT Fast Real-Time PCR System (Applied
Biosystems) using the Power SYBR Green RT-PCR Kit (Applied
Biosystems). All data were normalized to HPRT and to GAPDH
expression.

Mito-Keima experiment

Analysis was performed as described previously.7 Briefly,
electroporation was performed on FDB muscles from
wild-type and knockout animals, C26, and shams. FDB mus-
cles were collected in 1% P/S Dulbecco’s modified Eagle’s
medium, dissociated, and plated on glass coverslips coated
with 10% Matrigel in Tyrode’s salt solution (pH 7.4).
Mitochondria-targeted mito-Keima plasmid (mito-Keima,
MBL International) was used to monitor mitophagy in
transfected FSB single fibres. Fluorescence of mito-Keima
was imaged in two channels via two sequential excitations
(458 nm, green; 561 nm, red) and using a 570–796 nm
emission range. The level of mitophagy was defined as
the total number of red pixels divided by the total number
of all pixels.

Periodic acid–Schiff quantification

For PAS quantification, images of four TA sections per group
were acquired using the same exposure settings on a Leica
DM6B. Images were acquired using LAS X software and
analysed with Fiji. In brief, pictures have been converted to
8 bits; surrounding background and imperfections have been
excluded from the analysis by converting their value to full
black. An increasing threshold has been run through the
picture, and the selected pixel has been measured for mean
intensity and area, obtaining a distribution profile for each
picture. Measure values are expressed in terms of percentage
of area for each section above a common threshold, which
has been determined as the mean intensity of the control
group pictures (wt sham).20,21

RNA-Seq

Total RNA was isolated from GC muscle using TRIzol reagent
(Life Technologies) according to the manufacturer’s instruc-
tions (n = 3 per group). Total RNA was submitted to CRIBI—
Biology Department, University of Padua. RNA was checked
for purity and integrity in a Bioanalyzer device (Agilent
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Technologies, Inc., Santa Clara, CA, USA), and Quant Seq 30
mRNA-seq Library Prep kit (Lexogen) is used for library con-
struction. Sequencing is performed on NextSeq 500 Illumina
instrument to produce 5 million reads (75 bp SE) for sample.

Statistical analysis

Statistical tests [Student’s t-test and two-way analysis of var-
iance (ANOVA)] were used as described in the figure legends.
For all graphs, data are presented as means ± SEM. The P
values are reported in the figure legends, and P value
<0.05 was considered statistically significant. Statistical
analyses were performed using GraphPad PRISM 9.0a
(GraphPad, La Jolla, CA, USA). For RNA-Seq data analysis,
we applied a two-sided t-test as well as a two-way ANOVA
in the Perseus software,22 and for pairwise comparisons, a
permutation-based approach to correct for multiple testing.
For visualization, the software Instant Clue was utilized23;
hierarchical clustering was performed using the Euclidean
distance and complete method. The principal component
analysis was performed after scaling the data to unit variance
and mean zero.

Results

Cancer cachexia is associated with reduced Akt–
mTORC1 signalling

Numerous types of cancers are associated with a loss in body
weight due to a reduction in muscle and adipose tissue. To
understand the underlying causes for this muscle wasting,
we examined signalling and functional changes in murine
models for cancer cachexia. The most used models are those
that perform a subcutaneous implantation of cells for either
C26 or LLC. As can be seen in Figures 1A and S2A, both exper-
imental models lead to the expected loss in muscle weight
and adipose tissue. Particularly, the C26 model shows a very
clear and reproducible reduction in food intake (Figure S2B)
and body weight, starting around Day 10 after inoculation.
To obtain more insight into the molecular mechanisms un-
derlying this muscle wasting, we analysed muscles in the
C26 model after mice lost around 20% of initial body weight.
Basic histological analysis revealed muscle atrophy but not
changes in mitochondrial distribution in cachectic mice
(Figure 1B). We did however observe a reduction in glycogen
content in the TA muscle of tumour-bearing mice (Figure 1C).
Next, we examined muscle force production in vivo, by mea-
suring torque production after electrical stimulation of the
sciatic nerve. As can be observed in Figure 1D and 1E, not
only we did observe a reduced absolute force production
due to atrophy, but also when force is normalized for muscle

mass, a small, yet significant reduction in maximal tension
persists. One of the major regulators of muscle mass and
force is the Akt–mTORC1 pathway.3 To determine if the ob-
served loss of muscle mass and force is accompanied by alter-
ations in this signalling pathway, we performed a western
blotting analysis. As can be seen in Figures 1F, S2C, and
S2D, we observed a general decrease in the activation of this
pathway, with a trend towards a reduction in the phosphory-
lation of Akt and ribosomal protein S6 (S6). The total levels of
S6 and eukaryotic translation initiation factor 4E binding pro-
tein 1 (4E-BP1) are significantly altered in the C26 cachexia
model. Next, we examined if this general down-regulation
of mTORC1 signalling is also accompanied by changes in
protein synthesis rates. As can be seen in Figure 1G, the
reduction in mTORC1 signalling is also accompanied by a
decrease of 57% in puromycin incorporation in tumour-
bearing animals.

Loss of mTORC1 during cachexia increases
autophagic flux

As numerous cancer treatments aim at reducing Akt–mTOR
activity in the tumour, we wondered if this systemic reduc-
tion in Akt–mTORC1 signalling could have adverse effects
on skeletal muscle during cancer cachexia, possibly by reduc-
ing mTORC1 signalling even further. Indeed, the use of mTOR
inhibitors in the clinic has been linked to increased muscle
wasting in patients.15 To address this, we used a transgenic
mouse line, in which we can inducibly delete Raptor
(mTORC1), specifically in skeletal muscle. We inoculated
tumour cells 3 weeks after the end of tamoxifen treatment,
a time point at which animals do not show a significant
phenotype yet24 (Figures 2A, 2B, and S3A). As can be seen
in Figures 2C, S3B, S3C, and S4A, mice lacking Raptor from
skeletal muscle show the same loss in overall lean and fat
mass, muscle mass, and fibre size after inoculation of C26
tumour cells. Also, with regard to muscle histology and mus-
cle force, we observed the same fibre atrophy in wild-type
and transgenic animals during cancer cachexia (Figure 2D
and 2E). When we performed an analysis of the signalling
changes, we observed the expected decrease in S6 phosphor-
ylation together with a strong increase in total 4E-BP1 and
phosphorylated Akt levels in Raptor ko animals (Figures 2F
and S4B). Next, we evaluated the regulation of autophagy
and the role played by mTORC1, as autophagy is known to
be activated during cancer cachexia and very sensitive to
changes in mTORC1 activity levels. When examining the
lipidation of microtubule-associated protein 1A/1B-light
chain 3 (LC3) and the scaffold protein p62 in wild-type mice,
we confirmed the previously reported increase in LC3
lipidation in cachexia, while p62 showed a trend to increase
(Figure 3A). Interestingly, loss of Raptor leads to a slight
increase in LC3 lipidation under normal conditions, as we
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Figure 1 C26 cancer cachexia model is accompanied by a decrease in mTORC1 signalling and protein synthesis in skeletal muscle. (A) Progressive de-
cline in body weight and lean and fat mass in C26 tumour-bearing mice and sham controls (n = 10 mice per group). (B) Representative haematoxylin &
eosin (H&E) and succinate dehydrogenase (SDH) staining in cryosections of tibialis anterior (TA) muscle from cachectic and control mice;
cross-sectional area of TA in tumour-bearing mice (n = 4 per group). (C) Representative periodic acid–Schiff (PAS) staining of TA and GC muscles in
C26 and control mice; graph quantification of PAS staining in TA muscles (n = 4 per group). (D) In vivo measurement of absolute muscle force of gas-
trocnemius muscle and graph quantification of tetanic force (100 Hz) in C26 tumour-bearing and sham control mice (n = 45 muscles per group, taken
from 23 animals). (E) Normalized muscle force and tetanic quantification reveal a significant reduction in muscle function in cachectic mice (n = 45 per
group, n = 23 mice). (F) Western blot analysis of mTOR signalling and related quantification of 4E-BP1 and S6 reveal a decrease in mTORC1 activity
(n = 9 per group). (G) Western blot and quantification of puromycin in C26 and sham mice. Data presented as mean ± SEM. Unpaired two-tailed Stu-
dent’s t-test. *P < 0.05, **P < 0.01, and

****
P < 0.0001.
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Figure 2 Characterization of tumour-bearing Raptor ko mice. (A) Schematic representation of the experimental procedure: after inducible
muscle-specific deletion of Raptor gene through tamoxifen treatment, C26 cells were injected subcutaneously on the back of mice. Mice were
sacrificed when they lose about 20% of body weight, generally 14 days after C26 cell inoculation. (B) Gene expression of Raptor in GC muscles for
Raptor ko mice during cancer cachexia; data shown as expression relative to wt sham (Raptor gene: n = 4 per group). (C) Final lean mass, measured
as total body mass minus fat mass, and gastrocnemius weight in Raptor ko tumour-bearing mice do not change with respect to wt C26 mice (lean mass
Raptor ko: n = 10 per group; GC weight Raptor ko: n = 18 per group). (D) Representative H&E staining of TA muscle in C26 Raptor ko mice and controls.
(E) Absolute and normalized muscle force of GC muscle in Raptor ko C26 and sham mice and histogram of tetanic force at 100 Hz (n = 20 muscles,
n = 10 mice for wt and Raptor ko sham; n = 24 muscles, n = 12 mice for wt and Raptor ko C26). (F) Representative western blot analysis of mTOR
signalling in Raptor ko C26 mice and 4E-BP1 quantification in Raptor ko C26 and sham mice (4E-BP1: n = 9 per group). Data presented as
mean ± SEM. Two-way ANOVA with Tukey’s multiple comparison post hoc test was performed. *P < 0.05, **P < 0.01,

***
P < 0.001, and

****P < 0.0001.
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observed previously,7 which is markedly increased during
cancer cachexia. To understand if this increased LC3
lipidation is due to an increased autophagic flux or a block
in autophagy, we measured mitophagic flux in isolated fibres
using the mito-Keima probe. As shown in Figure 3B, we
observed an increase in mitophagic flux in Raptor ko mice dur-
ing cachexia. Lastly, to determine bulk autophagic flux, we
treated wild-type and Raptor knockout mice with colchicine
to inhibit the fusion of autophagic vesicles with the lysosome.
Western blotting analyses in the different conditions revealed
an increase in LC3 lipidation in cachectic muscles after
colchicine treatment, showing that bulk autophagic flux is in-
creased. Interestingly, tumour-bearing Raptor ko mice show
1.5-fold increase in LC3 lipidation after colchicine treatment,
suggesting more pronounced induction of bulk autophagy

after loss of mTORC1 than that observed in wild-type muscles
(Figures 3C and S4C).

Activation of Akt is sufficient to revert loss in
muscle mass and force

As cancer cachexia is associated with reduced Akt–mTORC1
signalling, we wondered if reactivation of this signalling path-
way would be sufficient to counteract cancer-related muscle
wasting. To determine this, we used a mouse model in which
we can inducibly activate Akt only in skeletal muscle. Briefly,
a constitutively active, myristoylated form of Akt is expressed
in skeletal muscle and fused to an ER domain, making it
unstable leading to its rapid degradation. Administration of

Figure 3 Raptor deletion leads to an increase in autophagic flux during cancer cachexia. (A) Protein expression of autophagy markers, LC3 and p62, in
wt and Raptor ko, sham and C26 animals (n = 7 wt sham, n = 5 wt C26, n = 6 Raptor ko sham, and n = 5 Raptor ko C26). (B) Mito-Keima measurement
shows an increase in skeletal muscle mitophagy in Raptor ko C26 mice (n = 4 muscles per group). (C) Analysis of autophagic flux with colchicine treat-
ment in Raptor ko mice during cancer cachexia. Representative p62 and LC3 western blots: quantification of wt sham and C26 animals, treated with
colchicine or vehicle, and of wt and Raptor ko mice, colchicine or vehicle, during cancer cachexia (n = 5 per group). Data presented as mean ± SEM.
Two-way ANOVA with Tukey’s multiple comparison post hoc test was performed. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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tamoxifen stabilizes and activates Akt, leading to a rapid mus-
cle growth in healthy, normal muscle.5 To determine the
effect of Akt activation on body weight and muscle wasting
during cachexia, we implanted C26 cells and started adminis-
trating tamoxifen when mice had lost 10–15% of body
weight. As can be seen in Figure 4A and 4B, muscles showed
a very strong activation in Akt–mTORC1 signalling, and mice
started gaining body weight almost immediately after starting
tamoxifen treatment. Using EchoMRI to measure whole-body
lean mass, we find that activation of Akt for 5 days is
sufficient to completely restore the loss in lean mass and
muscle weight (Figures 4C and S5A). Analysis of muscle histol-
ogy showed no pathological signs in C26 mice after Akt acti-
vation (Figure 4D), and glycogen depletion was prevented
(Figure S5B). Next, we wondered if this increase in muscle
mass after Akt activation is also accompanied by an increase
in muscle force. As can be observed in Figure 4E, absolute
muscle force in cachectic mice is completely restored after
Akt activation. Furthermore, the reduction in normalized te-
tanic force observed in wild-type cachectic mice is no longer
observed after Akt activation, suggesting a complete rescue
of muscle mass and function. As muscle force is determined
after electrical stimulation through the sciatic nerve, we
analysed the appearance of denervated fibres during ca-
chexia. In line with an important role for mTORC1 signalling
in maintaining muscle innervation, we did not observe the
appearance of NCAM1-positive fibres in cachectic mice after
Akt activation (Figure 4F). Interestingly, we did not observe
the appearance of more denervated fibres in Raptor ko mice
during cachexia, as compared with sham ko animals (Figure
S5C), possibly suggesting that part of the muscle denervation
during cancer cachexia is due to reduced mTORC1 signalling.
Importantly, this overall rescue of muscle wasting after
Akt activation is not because it affects tumour weight or
other systemic parameters, like increased spleen mass
(Figure 4G and 4H).

Activation of Akt normalizes the muscle
transcriptome and reduces protein degradation

To determine the molecular mechanism behind this
Akt-dependent rescue of muscle wasting in an unbiased
way, we performed RNA sequencing analysis of wild-type,
Raptor ko, and Akt overexpressing mice, both with and with-
out inoculation of C26 cells. To obtain a systematic overview,
we performed principal component analysis (Figure 5A). Un-
der control conditions, the different transgenic mice did not
segregate along the first two components. However, we ob-
served that C26 cell inoculation induced distinct expression
profiles in Raptor ko and wild-type mice. Interestingly, activa-
tion of Akt in tumour-bearing mice is sufficient to completely
normalize the gene expression profile as seen by the principal
component analysis. To identify statistically significant genes

that are regulated during cachexia and behave differently be-
tween wt and Akt mice, we performed a two-way ANOVA
analysis (genotype and treatment). Next, we visualized the
z-score normalized expression values using a hierarchical
clustering (Figure 5B) of genes (n = 160) that showed a signif-
icant interaction (P value <0.001). We detected several dis-
tinct clusters (n = 6, Table S1). Interestingly, by manual
inspection of genes that are part of Cluster 2, we identified
various genes, which are known to play an important role
in protein degradation via the ubiquitin–proteasome [Trim63
(Murf1) and Fbxo30 (Musa)] or the autophagy–lysosome sys-
tem [Sqstm1 (p62) and Ulk1] (Figure 5C). By RT-qPCR, we
confirmed the inhibitory effect of Akt on the induction of
these genes in tumour-bearing animals (Figure S6A). To
investigate if transcriptional regulation results in altered
activity of the degradative processes, we first evaluated levels
of LC3 lipidation and total p62 abundance. We observed a
strong reduction in LC3 lipidation and a trend for reduction
in p62 after Akt activation, suggesting a reduction in autoph-
agy in these muscles (Figures 5D and S6B). Next, we per-
formed a western blotting analysis for lys48 ubiquitination
to obtain an indication on the activity of ubiquitin–
proteasome pathway. In line with the data of the RNA
sequencing, we observed a complete blunting of protein
ubiquitination in tumour-bearing mice after Akt activation
(Figures 5E and S6C).

Activation of Akt, however, does not only block increases
in protein degradation but also the reduction in glycogen
content in cachectic muscles is completely prevented by the
activation of Akt. Lastly, the increase in the translational
repressor 4EBP1 in muscles from tumour-bearing animals,
as shown in Figure 1, is completely prevented on both the
mRNA and protein levels in Akt overexpressing animals
(Figure S6D and S6E).

Discussion

While cancer-dependent muscle wasting is a well-known
problem in many, if not most, types of cancer, the underlying
mechanisms are still not well described. This lack of mecha-
nistic insight makes it very hard to anticipate when cachexia
will start, how strong it will affect muscle physiology, and
how it will influence the results of cancer treatment.

Here, we focused on one of the main regulators of adult
skeletal muscle mass, the Akt–mTORC1 pathway, and how
its activation levels affect skeletal muscle during cachexia.
We find that loss of the core mTORC1 scaffold protein Raptor
from skeletal muscle does not increase muscle wasting. It
does, however, lead to an increase in autophagy during
cachexia. Importantly, while loss of mTORC1 signalling does
not lead to an increased muscle wasting, activation of
Akt–mTORC1 in skeletal muscle is sufficient to completely
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Figure 4 Activation of Akt–mTORC1 signalling restores body weight loss and muscle force during cancer cachexia. (A) Expression levels of phosphor-
ylated AKT-ER (Ser473); total AKT of endogenous AKT (55 kDa) and of myrAKT-ER (75 kDa) in sham and tumour-bearing Akt and wt mice; western blot
analysis of mTOR signalling in Akt C26 mice and shams. (B) Representation of body weight progression in wt and Akt mice with or without inoculation
of C26: when mice lose about 10–12% of body weight, tamoxifen is administered daily for 5 days to activate Akt. (C) Measurement of lean mass during
cancer cachexia and its restoration after Akt activation; GC mass completely recovers in Akt C26 mice (n = 17 wt sham, n = 15 wt C26, n = 7 Akt sham,
and n = 9 Akt C26). (D) Images of H&E staining in Akt C26 mice and controls. (E) Absolute and normalized muscle force in vivo in Akt C26 mice; quan-
tification of tetanic force reveals a restoration in muscle force (n = 25 muscles, n = 13 mice wt sham; n = 22 muscles, n = 12 mice wt C26; n = 14 mus-
cles, n = 12 mice Akt sham; and n = 12 muscles, n = 6 mice Akt C26). (F) Representative images of NCAM staining in GC muscle and related
quantification of total number of positive fibres per muscle section in Akt C26 mice and controls. (G) Tumour weight in Akt and wt tumour-bearing
mice (n = 6 per group); unpaired two-tailed Student’s t-test. (H) % spleen mass in Akt and wt tumour-bearing mice; data shown as expression relative
to wt sham (n = 8 wt sham, n = 6 wt C26, n = 2 Akt sham, and n = 6 Akt C26). Data presented as mean ± SEM. Two-way ANOVA with Tukey’s multiple
comparison post hoc test was performed. *P < 0.05, **P < 0.01,

***
P < 0.001, and

****
P < 0.0001.
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Figure 5 Activation of Akt recovers muscle transcriptome and protein degradation. (A) Principal component analysis of RNA-Seq data of transgenic
mice (Raptor ko, Akt, and wt) in control (sham) or post-C26 inoculation (n = 3 animals per group). (B) Subset of genes after two-way ANOVA comparing
wt and Akt animals. Genes with interaction P value <0.001 are shown using Euclidean distance and the complete method. See also Table S1 for a heat
map representation in Excel format. (C) Line plot visualizing Cluster 2 identified in (B) and genes of the proteasomal and autophagy system. IQR iden-
tifies the cluster inter-quartile range. (D) Protein expression of autophagy markers, LC3 and p62, is restored after Akt activation during cancer cachexia
(n = 3 wt sham, n = 4 wt C26, Akt sham, and Akt C26). (E) Western blot analysis of Lys48 ubiquitinated proteins and related quantification (n = 3 wt
sham, n = 4 wt C26, Akt sham, and Akt C26). Data presented as mean ± SEM. Two-way ANOVA with Tukey’s multiple comparison post hoc test was
performed. *P < 0.05 and **P < 0.01.
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revert the loss in mass and force in cachectic animals. This
rescue is characterized by a general normalization of the
transcriptome, completely blunting the induction of many
atrophy-related genes and reversing the increase in protein
ubiquitination and autophagy seen in cachectic muscles.

Taken together, our data suggest that inhibition of mTOR
during cachexia can negatively affect autophagy; however,
its activation can completely restore muscle mass and func-
tion offering an interesting new therapeutic target for cancer
cachexia.

mTORC1 signalling affects autophagy and NMJ
during cachexia

In this study, we evaluated if Akt–mTORC1 signalling is af-
fected by cancer cachexia and if reducing it further has dele-
terious effects on muscle wasting. While not all studies
observed a decrease in mTORC1 signalling during cachexia,13

our results are in line with the majority of reports showing a
general decrease in mTORC1 signalling.9,11 Some of the dis-
crepancies observed in literature can be explained by the in-
trinsically high diurnal variability of this signalling pathway,
making it very sensitive to aspects like food intake and intrin-
sic circadian timing,25 something not always easy to control
for in cachectic animals. While we do not observe an increase
in muscle wasting after loss of mTORC1 signalling, we do find
an even further increase in autophagic flux. It is likely that the
time frame of the muscle wasting (4–6 days) is too short to
lead to major muscle defects, but it is tempting to assume
that prolonging autophagy induction over time can eventu-
ally lead to a block in autophagy and the appearance of a
muscle pathology, as reported previously.7 A similar observa-
tion was made in muscle-specific Raptor ko mice after dener-
vation. Indeed, also in this condition, autophagic flux was
increased more than in wild-type mice, leading to a more
pronounced loss in muscle mass, which was most evident af-
ter 28 days.6 The increase in autophagic flux in Raptor ko
mice during cachexia can be interpreted in two ways: (i) the
induction of autophagy during cachexia is independent of
mTORC1, and (ii) the reduction in mTORC1 is responsible
for the induction of autophagy during cachexia, but the more
pronounced reduction in mTORC1 signalling after genetic loss
of function leads to an even further increase in autophagic
flux through the same signalling pathway. While we cannot
give a definite answer, it has been shown that knockdown
of Raptor reduces signalling to downstream mediators; how-
ever, it does not eliminate their sensitivity to nutrient
levels,26 leaving open the possibility that this increased au-
tophagic flux during cancer cachexia is mTORC1 independent.

A newly described feature of cancer-dependent muscle
wasting is the fact that cachexia is accompanied by the ap-
pearance of fibre denervation.8 In this study, the authors
show that reduced BMP signalling during cancer cachexia is

a major factor leading to fibre denervation, as treatment with
the BMP activator tilorone is sufficient to reduce muscle
wasting and NMJ dysfunction. Interestingly, we and others
have recently shown that one of the main roles of mTORC1
signalling in muscle fibres is the maintenance of the
NMJ.7,27 Considering that a significant part of the trophic ef-
fect of BMP signalling in skeletal muscle goes through its reg-
ulation of mTORC1 signalling,28 it is tempting to assume that
also during cancer cachexia, the loss in fibre innervation is
partially through a reduction in mTORC1 signalling in muscle
fibres. Indeed, we do not find any further increase in dener-
vated fibres in tumour-bearing Raptor ko mice, and, impor-
tantly, we do not see the increase in fibre denervation in
tumour-bearing mice after Akt activation.

Activation of Akt–mTORC1 signalling completely
reverts cancer cachexia

The major finding of this study is the fact that activation of
Akt for a few days is sufficient to completely restore muscle
mass and force in already cachectic animals. This finding is
of great importance, as it has been shown that the rescue
of muscle mass is sufficient to improve survival, without af-
fecting tumour growth.29 Modulating the levels of certain cy-
tokines has been shown to be beneficial for muscle growth
during cachexia. Antibodies that reduce activin/myostatin,29

FN14,30 or GDF1531 in the circulation have either prevented
or reversed the muscle wasting seen during cachexia.
While these results have shown the importance of
preventing/reversing cachexia on overall survival, the intra-
cellular signalling pathways involved are not well defined. In-
terestingly, activin, FN14, and GDF15 are all known to reduce
the activation of the Akt–mTORC1 pathway,29,30,32 suggesting
that preventing this inhibition is an important aspect of im-
proving muscle wasting. Indeed, our results clearly show that
muscle wasting can be completely reversed by short-term ac-
tivation of Akt signalling. Somewhat unexpected, this reversal
of cachexia is also accompanied by a very robust alteration of
the muscle transcriptome. As observed also by others, we
find more up-regulated genes than down regulated genes in
cachectic muscles,33,34 without major differences between
tumour-bearing wild-type and Raptor ko mice. An important
part of these up-regulated genes code for proteins involved
in protein degradation. Interestingly, activation of Akt
completely abrogates the up-regulation of most of these
genes. This block in transcription of genes linked to protein
degradation can be partially due to the strong inhibitory
effect of Akt on FoxO transcription factors.35 FoxO transcrip-
tion factors regulate an extensive network of genes linked to
both the ubiquitin–proteasome and autophagy–lysosome
system.36 Another support for a reduced activity of FoxO
after Akt activation is the fact that the increase in the trans-
lational repressor 4E-BP1 during cachexia is completely
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blocked by Akt activation, giving mechanistic insight to the
muscle growth observed in these animals. This important role
for FoxO-dependent transcription during cancer cachexia
was also suggested by studies overexpressing a dominant-
negative plasmid for FoxO.34 Indeed, this overexpression
leads to a complete block in muscle atrophy and loss in mus-
cle force in tumour-bearing mice. The fact that we do not find
a major change in transcriptome after Akt activation is in line
with previous results4 and again suggests that Akt is able to
prevent the pathological increase in transcription, which ac-
companies the progression of cancer cachexia. Also, evalua-
tion of the expression of other FoxO target genes confirms
the inhibition of FoxO activity after Akt activation in cachectic
muscles (Figure S6F). It is tempting to speculate that also in
more severe situations, like during chemotherapy or refrac-
tory cachexia, Akt maintains the capacity to stimulate muscle
growth. It has been suggested that cachectic patients main-
tain anabolic capacity,37,38 and we have previously shown
that also in other pathological conditions, like muscular dys-
trophy or ageing,19,39 activation of Akt is able to stimulate
muscle growth. While it is not straightforward to imagine a
systemic drug delivery that activates Akt only in skeletal mus-
cles, the activation of muscle Akt can be considered an impor-
tant marker in predicting the efficiency of nutritional and
exercise interventions.

Taken together, we show in this manuscript that Akt–
mTORC1 signalling plays an important role during
cancer-dependent muscle wasting. Loss of mTORC1 signalling
is sufficient to further increase autophagic flux, which can po-
tentially over time lead to debilitating effects on muscle mass
and function. On the contrary, activation of this pathway in
skeletal muscle is sufficient to completely rescue muscle
wasting, creating interesting new therapeutic avenues for
this debilitating aspect of many different cancers.
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Figure S1. Treatment schemes transgenic animals.
Timeline representation of mice treatments for Raptor ko
C26 mice and Akt C26 mice.
Figure S2.Muscle weight, body weight, and signaling changes
in cancer cachexia models.
A. Quantification of body weight and gastrocnemius weight in
LLC and sham mice (n = 5 wt sham, n = 8 wt LLC). B. Food in-
take progression in C26 and sham mice. (n = 8 wt sham,
n = 10 wt C26). C. Quantification of western blot analysis in
C26 mice (n = 9 per group). D. Western blot of mTOR signal-
ing markers in LLC mice and controls and related quantifica-
tion (n = 4 wt sham, n = 5 wt LLC). Data presented as mean
± s.e.m. Unpaired two-tailed student’s t test.
****p < 0.0001.
Figure S3. Skeletal muscle analysis of tumor-bearing Raptor
ko mice.
A. Representative Raptor western blot for Raptor ko
tumor-bearing mice and controls. B. Body weight progression
during cancer cachexia in Raptor ko animals. C. Tibialis Ante-
rior weight in Raptor ko tumor-bearing mice (TA weight Rap-
tor ko: n = 18 per group). Final fat mass measured by
EchoMRI in Raptor ko C26 mice and related controls (fat mass
Raptor ko: n = 10 per group). Two-way ANOVA with Tuckey’s
multiple comparison post-hoc test was performed. *p< 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
Figure S4. Changes in mTOR signaling and CSA in Raptor ko
mice.
A. Cross sectional area of TA in Raptor ko C26 mice and con-
trols (n = 4 wt sham, wt C26 and Raptor ko C26; n = 3 Raptor
ko sham). Two-way ANOVA with Newman–Keuls multiple
comparisons test. B. Quantification of western blot of Fig 2F
in Raptor ko C26 mice and controls (n = 9 wt sham, n = 7
wt C26, n = 9 Raptor ko sham, n = 8 Raptor ko C26). C. Uncut
version of western blots in Fig 3C. Two-way ANOVA with
Tuckey’s multiple comparison post-hoc test was performed.
Data presented as mean ± s.e.m. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
Figure S5. Muscle weight and histology in Akt mice, and
NCAM-positive fibers in Raptor ko mice.
A. Tibialis anterior weight recovers to wt sham level in Akt
C26 mice (n = 8 wt sham, n = 6 wt C26 and Akt C26, n = 2
Akt sham). B Representative images and graph quantification
of PAS staining in TA Akt C26 mice and controls. C. Quantifi-
cation of NCAM positive fibers in Raptor ko C26 mice
(expressed as percentage of NCAM-positive vs total fiber
number per section). Data presented as mean ± s.e.m.
Two-way ANOVA with Tuckey’s multiple comparison test
was performed. *p < 0.05, **p < 0.01, ***p < 0.001,
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****p < 0.0001.
Figure S6. Akt activation reverts muscle transcriptome during
cancer cachexia.
A. RT-qPCR analysis of genes for ubiquitin-proteasome
(Trim63 (Murf1), Fbxo30 (Musa)) and autophagy-lysosome
system (Sqstm1 (p62), Ulk1) in Akt C26 mice (n = 3 wt sham,
wt C26, Akt sham, n = 4 Akt C26 for Trim63, Ulk1 and Sqstm1;
n = 5 wt sham, n = 6 wt C26, n = 4 Akt sham, n = 7 Akt C26 for
Fboxo30). B. Uncut version of western blot in Figure 5D. C.
Uncut version of western blot in Figure 5E. D. 4E-BP1 expres-
sion in RNAseq analysis (n = 3 per group) and (E) protein level
in Akt C26 mice (n = 4 wt sham, wt C26, Akt sham; n = 5 Akt
C26). F. RT-qPCR of FoxO-dependent genes: Bnip3, Fbxo32
(Atrogin-1) and Map 1lc3b (LC3) in Akt C26 mice (n = 3 wt
sham, wt C26, Akt sham, n = 4 Akt C26). Data presented as
mean ± s.e.m. Two-way ANOVA with Tuckey’s multiple com-
parison test was performed. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

Table S1. RNAseq results contain expression values as well as
statistical tests (pairwise comparison and two-way ANOVA re-
sults). A description of the column headers is available as well
as a representation of the hierarchical clustering shown in
Figure 5b.

Conflict of interest
Alessia Geremia, Roberta Sartori, Martina Baraldo,
Leonardo Nogara, Valeria Balmaceda, Georgia Ana
Dumitras, Stefano Ciciliot, Marco Scalabrin, Hendrik Nolte,
and Bert Blaauw declare that they have no conflict of
interest.

References

1. Argiles JM, Busquets S, Stemmler B, Lopez-
Soriano FJ. Cancer cachexia: understanding
the molecular basis. Nat Rev Cancer
2014;14:754–762.

2. Fearon K, Strasser F, Anker SD, Bosaeus I,
Bruera E, Fainsinger RL, et al. Definition
and classification of cancer cachexia: an in-
ternational consensus. Lancet Oncol
2011;12:489–495.

3. Schiaffino S, Reggiani C, Akimoto T, Blaauw
B. Molecular mechanisms of skeletal mus-
cle hypertrophy. J Neuromuscul Dis
2021;8:169–183.

4. Pereira MG, Dyar KA, Nogara L, Solagna F,
Marabita M, Baraldo M, et al. Comparative
analysis of muscle hypertrophy models
reveals divergent gene transcription pro-
files and points to translational regulation
of muscle growth through increased mTOR
signaling. Front Physiol 2017;8:968.

5. Blaauw B, Canato M, Agatea L, Toniolo L,
Mammucari C, Masiero E, et al. Inducible
activation of Akt increases skeletal
muscle mass and force without satellite
cell activation. FASEB J 2009;23:
3896–3905.

6. Castets P, Rion N, Theodore M, Falcetta D,
Lin S, Reischl M, et al. mTORC1 and PKB/
Akt control the muscle response to dener-
vation by regulating autophagy and
HDAC4. Nat Commun 2019;10:3187.

7. Baraldo M, Geremia A, Pirazzini M, Nogara
L, Solagna F, Turk C, et al. Skeletal muscle
mTORC1 regulates neuromuscular junction
stability. J Cachexia Sarcopenia Muscle
2020;11:208–225.

8. Sartori R, Hagg A, Zampieri S, Armani A,
Winbanks CE, Viana LR, et al. Perturbed
BMP signaling and denervation promote
muscle wasting in cancer cachexia. Sci
Transl Med 2021;13.

9. Puppa MJ, Gao S, Narsale AA, Carson JA.
Skeletal muscle glycoprotein 130’s role in

Lewis lung carcinoma-induced cachexia.
FASEB J 2014;28:998–1009.

10. Chen X,Wu Y, Yang T,Wei M,Wang Y, Deng
X, et al. Salidroside alleviates cachexia
symptoms in mouse models of cancer ca-
chexia via activating mTOR signalling. J Ca-
chexia Sarcopenia Muscle 2016;7:225–232.

11. White JP, Baynes JW, Welle SL, Kostek MC,
Matesic LE, Sato S, et al. The regulation
of skeletal muscle protein turnover
during the progression of cancer cachexia
in the Apc

Min/+
mouse. PLoS ONE 2011;6:

e24650.
12. Puppa MJ, White JP, Velazquez KT,

Baltgalvis KA, Sato S, Baynes JW, et al.
The effect of exercise on IL-6-induced ca-
chexia in the ApcMin/+ mouse. J Cachexia
Sarcopenia Muscle 2012;3:117–137.

13. Pigna E, Berardi E, Aulino P, Rizzuto E,
Zampieri S, Carraro U, et al. Aerobic exer-
cise and pharmacological treatments coun-
teract cachexia by modulating autophagy
in colon cancer. Sci Rep 2016;6:26991.

14. Gyawali B, Shimokata T, Honda K, Kondoh
C, Hayashi N, Yoshino Y, et al. Muscle
wasting associated with the long-term use
of mTOR inhibitors. Mol Clin Oncol
2016;5:641–646.

15. Antoun S, Birdsell L, Sawyer MB, Venner P,
Escudier B, Baracos VE. Association of skel-
etal muscle wasting with treatment with
sorafenib in patients with advanced renal
cell carcinoma: results from a
placebo-controlled study. J Clin Oncol
2010;28:1054–1060.

16. Schuler M, Ali F, Metzger E, Chambon P,
Metzger D. Temporally controlled targeted
somatic mutagenesis in skeletal muscles of
the mouse. Genesis 2005;41:165–170.

17. Marabita M, Baraldo M, Solagna F, Ceelen
JJ, Sartori R, Nolte H, et al. S6K1 is required
for increasing skeletal muscle force during
hypertrophy. Cell Rep 2016;17:501–513.

18. Solagna F, Nogara L, Dyar KA, Greulich F,
Mir AA, Turk C, et al. Exercise-dependent
increases in protein synthesis are accompa-
nied by chromatin modifications and in-
creased MRTF-SRF signalling. Acta Physiol
(Oxf) 2020;230:e13496.

19. Blaauw B, Mammucari C, Toniolo L, Agatea
L, Abraham R, Sandri M, et al. Akt activa-
tion prevents the force drop induced by ec-
centric contractions in dystrophin-deficient
skeletal muscle. Hum Mol Genet
2008;17:3686–3696.

20. Civiletto G, Dogan SA, Cerutti R, Fagiolari
G, Moggio M, Lamperti C, et al. Rapamycin
rescues mitochondrial myopathy via
coordinated activation of autophagy
and lysosomal biogenesis. EMBO Mol
Med 2018;10.

21. Lossie J, Kohncke C, Mahmoodzadeh S,
Steffen W, Canepari M, Maffei M,
et al. Molecular mechanism regulating
myosin and cardiac functions by
ELC. Biochem Biophys Res Commun
2014;450:464–469.

22. Tyanova S, Temu T, Sinitcyn P, Carlson A,
Hein MY, Geiger T, et al. The Perseus com-
putational platform for comprehensive
analysis of (prote)omics data. Nat Methods
2016;13:731–740.

23. Nolte H, MacVicar TD, Tellkamp F, Kruger
M. Instant Clue: a software suite for inter-
active data visualization and analysis.
Sci Rep 2018;8:12648.

24. Baraldo M, Geremia A, Pirazzini M, Nogara
L, Solagna F, Turk C, et al. Skeletal muscle
mTORC1 regulates neuromuscular junction
stability. J Cachexia Sarcopenia Muscle
2020;11:208–225.

25. Crosby P, Hamnett R, Putker M, Hoyle NP,
Reed M, Karam CJ, et al. Insulin/IGF-1
drives PERIOD synthesis to entrain circa-
dian rhythms with feeding time. Cell
2019;177:896–909.e20.

660 A. Geremia et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 648–661
DOI: 10.1002/jcsm.12854



26. Kim DH, Sarbassov DD, Ali SM, King JE,
Latek RR, Erdjument-Bromage H, et al.
mTOR interacts with raptor to form a
nutrient-sensitive complex that signals to
the cell growth machinery. Cell 2002;110:
163–175.

27. Castets P, Ham DJ, Ruegg MA. The TOR
pathway at the neuromuscular junction:
more than a metabolic player? Front Mol
Neurosci 2020;13:162.

28. Winbanks CE, Chen JL, Qian HW, Liu YY,
Bernardo BC, Beyer C, et al. The bone mor-
phogenetic protein axis is a positive regula-
tor of skeletal muscle mass. J Cell Biol
2013;203:345–357.

29. Zhou X,Wang JL, Lu J, Song Y, Kwak KS, Jiao
Q, et al. Reversal of cancer cachexia and
muscle wasting by ActRIIB antagonism
leads to prolonged survival. Cell 2010;142:
531–543.

30. Johnston AJ, Murphy KT, Jenkinson L, Laine
D, Emmrich K, Faou P, et al. Targeting of
Fn14 prevents cancer-induced cachexia
and prolongs survival. Cell 2015;162:
1365–1378.

31. Suriben R, Chen M, Higbee J, Oeffinger J,
Ventura R, Li B, et al. Antibody-mediated

inhibition of GDF15–GFRAL activity re-
verses cancer cachexia in mice. Nat Med
2020;26:1264–1270.

32. Dogra C, Changotra H, Wedhas N, Qin X,
Wergedal JE, Kumar A. TNF-related weak
inducer of apoptosis (TWEAK) is a potent
skeletal muscle-wasting cytokine. FASEB J
2007;21:1857–1869.

33. Talbert EE, Cuitino MC, Ladner
KJ, Rajasekerea PV, Siebert M,
Shakya R, et al. Modeling human
cancer-induced cachexia. Cell Rep
2019;28:1612–1622.e4.

34. Judge SM, Wu CL, Beharry AW, Roberts
BM, Ferreira LF, Kandarian SC, et al.
Genome-wide identification of FoxO-
dependent gene networks in skeletal
muscle during C26 cancer cachexia. BMC
Cancer 2014;14:997.

35. Sandri M, Sandri C, Gilbert A, Skurk C,
Calabria E, Picard A, et al. Foxo transcrip-
tion factors induce the atrophy-related
ubiquitin ligase atrogin-1 and cause
skeletal muscle atrophy. Cell 2004;117:
399–412.

36. Milan G, Romanello V, Pescatore F, Armani
A, Paik JH, Frasson L, et al. Regulation of

autophagy and the ubiquitin–proteasome
system by the FoxO transcriptional net-
work during muscle atrophy. Nat Commun
2015;6:6670.

37. Prado CM, Sawyer MB, Ghosh S, Lieffers JR,
Esfandiari N, Antoun S, et al. Central tenet
of cancer cachexia therapy: do patients
with advanced cancer have exploitable an-
abolic potential? Am J Clin Nutr
2013;98:1012–1019.

38. Engelen M, Safar AM, Bartter T, Koeman F,
Deutz NEP. High anabolic potential of es-
sential amino acid mixtures in advanced
nonsmall cell lung cancer. Ann Oncol
2015;26:1960–1966.

39. Sandri M, Barberi L, Bijlsma AY, Blaauw B,
Dyar KA, Milan G, et al. Signalling pathways
regulating muscle mass in ageing skeletal
muscle: the role of the IGF1-Akt-mTOR-
FoxO pathway. Biogerontology 2013;14:
303–323.

40. von Haehling S, Morley JE, Coats AJS,
Anker SD. Ethical guidelines for
publishing in the Journal of Cachexia,
Sarcopenia and Muscle: update 2019.
J Cachexia Sarcopenia Muscle
2019;10:1143–1145.

Akt activation rescues cancer cachexia 661

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 648–661
DOI: 10.1002/jcsm.12854


