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« Goutte à goutte, l’eau est capable d’ouvrir un rocher. Et ce n’est pas en raison de sa force, mais 

par sa constance. C’est pour cela que les triomphes appartiennent à ceux qui ne renoncent 

jamais. » Licha 
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LIST OF ABBREVIATIONS 

ACTH: adrenocorticotropic hormone 

ActRIIb: activin type IIb receptor 

Alk4: activin-like kinase 4 

Alk5: activin-like kinase 5 

AMPK: 5‘AMP-activated protein kinase 

APC: adenomatous polyposis coli 

BMI: body mass index 

CRH: corticotropin-releasing hormone 

CRP: C-reactive protein 

CRTC2: CREB-regulated transcription 

coactivator 2 

CSA: cross-sectional section 

CT: computerized tomography 

GC: glucocorticoid 

GFR: glomerular filtration rate 

GPAQ: global physical activity questionnaire 

GSH: glutathione 

GSK3: glycogen synthase kinase 3 

GSSG: glutathione disulfide 

HPA: hypothalamic-pituitary-adrenal 

HU: Hounsfield unit 

IGF1: insulin-like growth factor 1 

JAK: janus kinase 

L3: 3rd lumbar vertebrae 

LLC: lewis lung carcinoma 

KO: knockout 
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mTOR: mammalian target of rapamycin 
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NF-κB: nuclear factor κ B 

OS: oxidative stress 
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STAT3: signal transducer and activator of 

transcription factor 3 

TBS-T: tris buffered saline-0.1% Tween 20 

TGF-ß: transforming growth factor-ß 
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GENERAL CONTEXT 

Cachexia, from the Greek “kakos” and “hexis” meaning “bad condition”, was reported in cancer 

patients since the beginning of medicine 1. Cancer cachexia is a complex systemic metabolic 

syndrome characterized by an involuntary body-mass loss that cannot be fully reversed by 

increasing conventional nutritional support. Two main definitions were proposed to clinically 

classify cancer patients as cachectic considering only a body mass loss greater than 5% in the past 

6 months 2 or in combination with additional criteria including blood biochemistry, fatigue, 

anorexia, muscle force and mass 3. Overall, cachexia is a critical determinant in cancer patient 

survival 4. One of the most important phenotypic features of cancer cachexia is a pronounced loss 

of skeletal muscle mass. Imaging analysis of skeletal muscle from cancer patients indicates that 

skeletal muscle depletion varies from 5% to 89% depending on cancer type, the severity of the 

disease and the method of measurement 5. Skeletal muscle mass loss is the principal cause of 

functional impairment, respiratory complications and fatigue that markedly reduce patients’ 

quality of life. Ultimately, skeletal muscle mass loss is associated with a decrease in cancer patient 

survival 6–15. 

 The research in the field has largely progressed in the past decade providing important 

information about the pathophysiological mechanisms involved in the regulation of skeletal 

muscle mass during cancer cachexia and it is also now clear that other tissues and organs, as well 

as tumor tissues, secrete soluble factors that act on skeletal muscle to promote wasting 16–18. My 

PhD project aimed to consider the systemic effects of cancer cachexia notably on the liver. I 

particularly explored the biological function of the glucocorticoid pathway during cancer cachexia 

and its potential roles in skeletal muscle wasting and hepatic metabolism rewiring. 

This manuscript is divided into three main parts. The first part deals with a review of the 

literature that addresses 3 main subjects. The first one concerns the phenotypic features of 

cancer cachexia-related loss of skeletal muscle mass and function. This work is currently 

submitted for review in the Journal of Cachexia, Sarcopenia and Muscle. The second one explores 

the molecular mechanisms of cancer cachexia-related loss of skeletal muscle mass. This chapter 

will be also submitted for publication. Finally, the third one focuses on the regulation of the 

glucocorticoid pathway during cancer cachexia. I then present my experimental work in a second 

part. Two studies are presented. A first study presents the data obtained in cancer patients 

(MYOCAC study) and a second study presents the data obtained on the ApcMin/+ mouse model of 

cancer cachexia (Apc study). This mice model was used to explore the biological function of the 

glucocorticoid pathway during cancer cachexia. A manuscript of this second study is currently 

under preparation. Finally, these results are briefly discussed and the perspectives to my work 

are presented in the third part. 
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Chapter I: Phenotypic features of cancer cachexia-related loss of muscle mass and 
function: lessons from clinical and animal studies 

Introduction 

Cancer cachexia is a complex catabolic syndrome characterized by an involuntary body-mass loss 

essentially due to a severe depletion of skeletal muscle, with or without adipose tissue loss, while 

the non-muscle protein compartment is relatively preserved 2. In contrast to malnutrition, cancer 

cachexia cannot be reversed by increasing conventional nutritional intake, thus highlighting the 

fact that the hypercatabolic state of cachectic patients is a critical determinant of the syndrome. 

The prevalence of cachexia in cancer patients is quite variable, affecting from less than 15% of 

prostate cancer patients to almost 70% of pancreatic cancer patients 17, with an increasing 

prevalence with the advanced stages of the disease. Cancer cachexia is one of the most 

debilitating and life-threatening aspects of cancer, profoundly affecting the patient’s quality of 

life 4,19–24. Cachexia increases surgical risks 25 and the susceptibility to the adverse effects of 

chemotherapy 23,26,27. It also induces a progressive reduction in the body's functional capacities 28 

leading to an increased sedentarization 22,29 and a loss of autonomy ultimately requiring 

institutional care of the people affected. Since the pioneering works of Dewys et al. 30, it has been 

consistently reported that the extent of cachexia is inversely correlated with the survival of cancer 

patients 4,8,13,21,22,31–35 and it is generally assumed that cachexia will be responsible for the death 

of approximately 20% of cancer patients, making it the leading cause of death in cancer 36. 

During cancer cachexia, skeletal muscle represents the main site of protein loss 37,38. The loss of 

muscle mass affects 5 to 89% of cancer patients depending on the cancer site and the method of 

measurement used 5. Muscle mass loss is greater in weight-losing cancer patients when compared 

to weight-losing anorexia nervosa patients 39 indicating that cancer-specific factors, 

independently of denutrition, contribute to decrease skeletal muscle mass. As described for body 

mass, skeletal muscle mass loss in cancer patients is an independent factor that increases the risk 

of surgical complications 6,7, decreases surgical efficiency 8 and increases chemotherapy toxicity 
10,11,40,41. Skeletal muscle mass loss is therefore widely associated with a decreased survival rate 

of cancer patients 6–15. 

Cancer cachexia is a constantly developing area of great research interest 42. Numerous clinical 

and experimental studies have thus been devoted to deciphering the molecular pathways 

involved in cancer cachexia as well as developing strategies aimed at stopping or even reversing 

the loss of body mass and skeletal muscle mass loss (reviewed in 16–18,43–48). However, what is less 

known are the effects of cancer cachexia on skeletal muscle structure and function. In order to 

fully understand the etiology of cancer cachexia, it is essential to clearly identify its effects on 

skeletal muscle phenotype. In this review, we will consider the effects of cancer cachexia on 



 

7 
 

 

skeletal muscle contractile and metabolic phenotypes both in cancer patients and in experimental 

animal models. Since muscle structure cannot be dissociated from muscle function, we will also 

consider how and to what extent cancer cachexia affects skeletal muscle function. 

Skeletal muscle atrophy during cancer cachexia 

When studying cancer cachexia in human patients, it is important to determine the extent of 

skeletal muscle atrophy since body mass loss in cancer patients does not strictly reflect skeletal 

muscle mass loss 49. This is particularly true in obese cachectic patients where high body mass 

index may mask the extent of skeletal muscle depletion 13. Different techniques have been used 

to quantify the atrophy of skeletal muscle mass during the time course of cancer cachexia (for 

review 50,51). Indirect assessments of skeletal muscle mass by the analysis of whole-body 

composition using either neutron activation 37, dual-energy X-ray absorptiometry 52–55 or 

bioelectric impedance 4,56–59 indicate that lean body mass is reduced in cachectic cancer patients 

compared to healthy controls or non-cachectic cancer patients 35. When specifically looking at 

skeletal muscle by imaging techniques, studies also clearly evidence skeletal muscle atrophy. The 

quadriceps muscle area measured by magnetic resonance is decreased by 10 to 33% in cachectic 

cancer patients when compared to healthy control subjects 56,60,61. When compared to non-

cachectic cancer patients, the quadriceps muscle area of cachectic cancer patients is either stable 

(female) or decreased (male) but to a lesser extent (14%) 60, indicating that even if cachexia is not 

clinically diagnosed (based on body mass analysis), skeletal muscle catabolism has already 

started. Lately, the use of computerized tomography (CT) scans has spread widely as these images 

may be available in the medical records of patients. CT scan analysis at the 3rd lumbar vertebrae 

level allows the quantification of the areas of rectus abdominus, transversus abdominus, erector 

spinae, quadratus lumborum, psoas minor and major, internal and external abdominal oblique 

muscles 62, which gives a good estimate of the whole body muscle compartment 63. By using this 

technique, the atrophy of skeletal muscle is also clearly evident and increases with body mass loss 

in cachectic cancer patients 49. When skeletal muscle area is normalized to the height of patients 

(skeletal muscle index, SMI), similar results are obtained with a 4 to 13% decrease in skeletal 

muscle index in cachectic cancer patients compared to non-cachectic cancer patients 4,24,58,64. 

Once again, skeletal muscle mass loss increases with the severity of the disease. 

Studies using different animal models of cancer cachexia also consistently report that compared 

to control animals a decrease is observed in lean body mass 65–68 as well as in the mass of skeletal 

muscle with different metabolic and contractile properties such as of gastrocnemius 69–94, soleus 
68,72,76,77,79–81,85,87,89,92,95–97, extensor digitorum longus 68,78,79,84,87,88,92,96–100, tibialis anterior 
68,69,72,75,78–80,83,84,87–94,96–98,100,101, plantaris 79,81,84,85,98, quadriceps 65,67,69,75,78,79,84,90,91,93,98, triceps 
65, epitrochlearis 88 and diaphragm 85,95 muscles. When compared to non-cachectic cancer 
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animals, the muscle mass of cachectic cancer animals is also lower 70,76,78,101–105. Similarly to 

human cancer patients, the extent of skeletal muscle mass loss increases with the severity of the 

experimental model 70,103,104,106. When normalized to body mass, skeletal muscle mass still 

remains lower in cachectic cancer animals 71,78,79,84,102,107–117 indicating that other tissues, such as 

adipose tissue, are also depleted in these animal models. Interestingly, many studies reported no 

difference in soleus muscle mass between cachectic cancer animals and healthy animals 
78,84,88,98,103,105,111,112. The postural/anti-gravitational function of the soleus muscle (enriched in 

type I muscle fibers 118), which involves a tonic motor nerve activity, may explain its resistance to 

cancer cachexia, also suggesting that skeletal muscle phenotype, function and pattern of neuronal 

innervation is critical in determining skeletal muscle sensitivity to cancer cachexia. 

Effect of cancer cachexia on skeletal muscle fiber size and typology 

Skeletal muscle mass depends on the number of muscle fibers, the cross-sectional area and the 

length of muscle fibers. 

Skeletal muscle fiber number 

Muscle atrophy during cancer cachexia does not seem to involve a decrease in the number of 

muscle fibers. The number of muscle fibers is similar in the vastus lateralis muscle of cachectic 

cancer patients and healthy control subjects 56, as well as the number of type I and type IIa muscle 

fibers in the rectus abdominis muscle of cachectic and non-cachectic cancer patients 119. However, 

the count of muscle fibers was expressed per square millimeter 56,119, which obviously did not 

allow the determination of the absolute number of fibers in the muscle. In a mouse model of 

cancer cachexia, it has also been reported that the whole number of tibialis anterior muscle fibers 

was unchanged between control and cachectic cancer mice 98. Therefore, the decrease in muscle 

mass during cancer cachexia would be mainly due to a decrease in muscle fiber volume rather 

than a decrease in muscle fiber number. However, if the number of muscle fibers seems to be 

unchanged during cancer cachexia, some myonuclear death by apoptosis may occur locally along 

the muscle fiber. Although not systematically observed 120, the presence of both interstitial and 

myonuclear apoptotic nuclei have been reported in the skeletal muscle of cachectic cancer 

patients 121,122 as well as in cachectic cancer mice and rats 98,103,114,115,117,123–125. Yet, apoptosis does 

not seem to be high enough to decrease the whole number of muscle fibers, so that these 

apoptotic events may weaken the muscle fiber rather locally, rendering it more sensitive to micro-

injuries (see below). 

Skeletal muscle fiber size 

Skeletal muscle fiber cross-sectional area is decreased in cachectic cancer patients, either when 

compared to healthy subjects 54,56, non-cachectic cancer patients 54,126, or arteriosclerosis patients 
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127 (Table 1). A reduction in fiber cross-sectional area has also been consistently reported in 

cachectic cancer mice compared to control mice in the quadriceps 75,128, gastrocnemius (-28 to -

62%) 68,75,91,91,129–135, tibialis anterior (-22 to -40%) 78,89,93,94,97,100,113,116,136–148, soleus (-24 to -40%) 
77,145,148,149 and extensor digitorum longus (-28%) 150 muscles (Figure 1). Similar results have also 

been reported in cachectic cancer rats 86,111. 

Skeletal muscle fibers are heterogeneous with respect to their expression of myosin heavy chain 

isoforms conferring them distinct contractile properties 151. Based on myosin heavy chain isoform 

expression, it is possible to distinguish type 1, 2A, 2X and 2B (not in human) fibers. These fibers 

also differ in oxidative and glycolytic metabolic capacities. The distinct contractile and metabolic 

characteristics of skeletal muscle fiber types may affect their sensibility to cancer cachexia. The 

size of muscle fibers expressing type 1 myosin heavy chain (the slow contractile isoform) is 

decreased by about 26% in skeletal muscle of cachectic compared to non-cachectic cancer 

patients 119, as well as between cancer patients and healthy control subjects 53,152. Similarly, the 

cross-sectional area of type 1 fibers is also decreased by about 30% in the tibialis anterior 96,146,153, 

gastrocnemius 117,123–125,153, diaphragm 95,117,123–125, soleus 148 and extensor digitorum longus 111 

muscles of cachectic cancer mice or rats compared to control animals. However, some studies did 

not report any change in type 1 fiber size in cachectic cancer patients either when compared to 

non-cachectic cancer patients 53 or to healthy subjects 61,154. Similar results have also been 

reported in cachectic cancer animals versus control animals 84,90,98,99,105,110,155,156. These 

discrepancies between studies regarding the extent of the decrease in type 1 fiber cross-sectional 

area could be explained by the tumor localization, the severity of cachexia, the typology and 

function of the analyzed skeletal muscles but also by the criterion used to define cachexia. For 

instance, Johns et al. 119, showed that type 1 fiber cross-sectional area was significantly lower in 

cancer patients with cachexia compared to non-cachectic cancer patients only when considering 

low muscularity plus body mass loss as a criterion for cachexia, while no difference was observed 

when using either body mass loss only or low muscularity as a criterion of cachexia.  

The cross-sectional area of type 2 muscle fibers (expressing either type 2A and/or type 2X myosin 

heavy chain isoforms) is smaller in the quadriceps muscle of cachectic cancer patients 53. Similar 

observations have been also reported in the diaphragm 123–125 and gastrocnemius 123–125,155 

muscles of cachectic cancer mice, as well as in the extensor digitorum longus 111, diaphragm 117 

and gastrocnemius 110,117 muscles of cachectic cancer rats. If some studies show that muscle fiber 

atrophy is not fiber type-dependent in both patients 53,119,152 and animals 95,96,111,117,123–

125,146,148,153, a preferential atrophy of type 2 muscle fibers has been reported in a biceps muscle 

biopsy from a cachectic cancer patient 157 and more recently in the quadriceps muscle of cachectic 

cancer patients that were compared to healthy patients 154. Similarly, animal studies also indicate 

that type 2 muscle fibers are more prone to atrophy than type 1 muscle fibers 84,99,110,155,156. 

Therefore, despite controversies, a preferential atrophy of type 2 muscle fibers could would occur 

during cancer cachexia. When specifically looking at the effect of cancer cachexia on type 2A and 

type 2X muscle fibers, human studies indicate that the decrease in the cross-sectional area of 
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type 2 muscle fibers is similar in type 2A 119,152 and type 2X 61 muscle fibers of cachectic cancer 

patients compared to healthy controls. Animal studies also show a similar reduction in the cross-

sectional area of type 2A muscle fibers in cachectic cancer mice 79,83,95,99,103,105,146,148 and type 2B 
79,83,90,95,96,99,103,153,158. Similar results have also been reported in skeletal muscle of cachectic 

cancer rats 84. However, it should be noted though that some animal studies reported a greater 

decrease in fiber cross-sectional area of type 2B compared to type 2A muscle fibers 
90,103,105,142,147,158,159, suggesting a greater sensitivity of type 2B muscle fibers to cachexia.



 

 
 

1
1 

 

Table 1. Effect of cancer cachexia on muscle fiber cross-sectional area and muscle fiber type distribution in human cancer patients. Muscle fiber types were 
classified as type 1, type 2A and type 2X according to the expression of myosin heavy chain isoforms. 

Reference Muscle Cancer type 
Definition of 
cachexia 

Control 
Muscle fiber CSA 

Fiber type 
distribution 

Type 
1 

Type 
2A 

Type 
2X 

Type 
1 

Type 
2A 

Type 
2X 

113 Rectus abdominis 
Upper 
gastrointestinal or 
pancreatic (n=17) 

Stature adjusted 
skeletal muscle 
index consistent 
with low 
muscularity and 
weight loss >2% 

Upper 
gastrointestinal or 
pancreatic cancer 
age-paired patients 
without cachexia 
(n=24) 

↓ (-
26%) 

↓ (-
26%) 

 = =  

55 Vastus lateralis 

Gastric, pancreatic, 
colon, bronchogenic 
carcinoma, chronic 
lymphatic leukemia 
(n=11) 

Weight loss >10% 
within 6 months 

Age-, gender- and 
body weight-paired 
healthy controls 
(n=15) 

= = 
↓ (-
44%) 

= = = 

50 Vastus lateralis 
Gastrointestinal 
(n=19) 

Weight loss >10% 
within 6 months 

Age-, gender- and 
body height-paired 
healthy controls 
(n=19) 

↓ (-32%)  

155 Rectus abdominis 
Pancreatic 
carcinoma (n=8) 

Weight loss >10% 
within the last 6 
months 
before operation 

Pancreatic 
carcinoma or chronic 
pancreatitis age-
paired patients 
without cachexia 
(n=8) 

   = = 

121 

Sternocleidomastoid, 
diaphragm, 
deltoid, psoas, abdominal 
wall, quadriceps, 
adductor of thigh and 
gastrocnemius 

Esophagus, 
bronchial, ovarian, 
rectum, biliary, 
stomach, pancreas 
(n=10) 

n.r. 

Arteriosclerosis age-
paired patients 
without cachexia 
(n=4) 

↓ (n.r.)  

120 Rectus abdominis Gastric (n=13) 
Weight loss >5% 
within the last 6 
months 

Gastric patients with 
weight loss <5% 

↓ (-72%)  



 

 
 

1
2 

before 
operation+SMI < 
cutoff values 

within the last 6 
months 
before 
operation+SMI > 
cutoff values (n=10) 

47 Quadriceps 
Non-small cell lung 
(n=16) 

International 
consensus 2 

Non-small cell lung 
cancer patients 
without cachexia 
age- and gender-
paired (n=10) 

= = = = 

Healthy age- and 
gender paired 
controls (n=22) 

↓ 
(n.r.) 

↓ (n.r.) = = 

146 Tibialis anterior 
Small cell lung 
carcinoma (n=1) 

n.r. 
Gender-paired 
healthy controls 
(n=2) 

↓ 
(n.r.) 

↓ 
(n.r.) 

  

190 Rectus abdominis Colorectal (n=10) n.r. 
Without neoplastic 
conditions patients 
(n=7) 

=  

148 Vastus lateralis Lung cancer (n=10) 
International 
consensus 2 

Healthy sedentary 
controls (n=10) 

= ↓ (-24%) = = 

48 Quadriceps 
Non–small cell lung 
cancer (n=16) 

International 
consensus 2 

Non-small cell lung 
cancer patients 
without cachexia 
age- and gender-
paired (n=10) 

↓ (n.r.) 

 

Healthy age- and 
gender paired 
controls (n=22) 

↓ (-27%) 

CSA, cross-sectional area; n.r., not reported; SMI, skeletal muscle index; ↓ significantly decreased vs control. 
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Figure 1. Muscle fiber cross-sectional area in mouse and rat models of cancer cachexia. 
Unless indicated, comparisons were done with healthy control animals. Apc, adenomatous polyposis coli; EDL, 
extensor digitorum longus; KL, KrasG12D/+;Lkb1f/f; KPC, Kras; p53; Cre; PDAC, pancreatic ductal adenocarcinoma 
cancer; TA, tibialis anterior. 
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Skeletal muscle fiber type distribution 

The relative proportion of each fiber type inside a muscle differs according to species, muscle 

function and innervation but also reflects dynamic adaptations to whole-body energy 

metabolism, neuromuscular activity and muscle repair 151. If one study reported a shift toward an 

increase in the proportion of fast myosin heavy chain isoform in cachectic cancer patients 160, all 

other studies indicated that the distribution between type 1 and type 2 skeletal muscle fibers was 

unchanged in cachectic cancer patients when compared to either non-cachectic cancer patients 
53,119,161 or healthy control subjects 61,154 (Table 1). Similarly, in animal models of cancer cachexia, 

a large majority of studies did not find any difference in fiber type distribution in the 

gastrocnemius 76,81,110,117,123–125, plantaris 81, tibialis anterior 79,98,110,147, diaphragm 95,98,117,123–125, 

extensor digitorum longus 110, quadriceps 162 and soleus 110 muscles (Figure 2). However, some 

animal studies reported an increase in the proportion of type 2A and 2B muscle fibers together 

with a concomitant decrease in the proportion of type 1 fibers in the soleus muscle, a slow-twitch 

oxidative muscle, in cachectic cancer mice compared to control mice 77,81,99. A transition from 

type 2A towards type 2B has also been reported in the soleus 99,148 and tibialis anterior 142 muscles 

of cachectic cancer mice. Differences between studies could be explained by the physiological 

function of the muscle (postural/anti-gravitational such as soleus vs locomotor such as 

gastrocnemius) and the extent of cachexia. If the existence of a slow-to-fast fiber type shift needs 

to be further strengthened it is likely that such a shift would reflect an altered neuromuscular 

control, the innervation pattern and neuromuscular junction integrity being essential for 

conferring contractile and metabolic characteristics to the muscle fiber. Whether cancer cachexia 

is associated with alteration in innervation pattern and neuromuscular junction fragmentation of 

the postsynaptic membrane remains to be further explored. From a teleological point of view, a 

shift from slow-to-fast fiber type may lead to higher and faster force production (at the expense 

of greater fatigability), which may tentatively compensate for the whole decrease in muscle force 

due to muscle mass loss (see below).  
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Metabolic phenotype of skeletal muscle 

The diversity between muscle fibers is not restricted to the expression of myofibrillar proteins but 

also extends to the metabolic characteristics of the fiber. Only a limited number of studies have 

explored the metabolic phenotype of skeletal muscle in cancer patients. The balance between 

oxidative and glycolytic metabolisms seems to be maintained in skeletal muscle of cachectic 

cancer patients as indicated by similar ratio of oxidative-to-glycolytic enzyme activities in the 

quadriceps muscle of cachectic cancer patients compared with that of patients without cachexia 

and healthy subjects 53. This is further supported by the observation that mitochondrial density is 

similar in skeletal muscle of cachectic cancer patients and healthy controls 154. Similarly, the 

mitochondrial DNA copy number is unchanged in skeletal muscle of cachectic and non-cachectic 

cancer patients 122. Only one study reported a decrease in the number of skeletal muscle 

mitochondria in a cachectic cancer patient 157. By contrast, if the size of mitochondria does not 

seem to be affected by cancer cachexia 154, mitochondria morphology is markedly altered in 

skeletal muscle of cachectic cancer patients with the presence of larger intermyofibrillar 

mitochondrial areas 122, swollen appearance and the absence of cristae 126, suggesting an 

impairment in mitochondrial function. However, an in-depth analysis of mitochondrial 

metabolism in skeletal muscle of cachectic patients is still necessary. 

Figure 2. Muscle fiber type distribution in mouse and rat models of cancer cachexia. 
Unless indicated, comparisons were done with healthy control animals. Apc, adenomatous polyposis coli; EDL, 
extensor digitorum longus; TA, tibialis anterior. 



 

16 
 

 

Lessons from animal studies provide important supplementary information and allows us 

to draw a more precise picture of the regulation of energetic metabolism in skeletal muscle during 

cancer cachexia (Figure 3). The mitochondrial DNA-to-nuclear DNA ratio is lower in cachectic 

cancer mice compared to non-cachectic cancer mice 76,124,163, suggesting a decrease in 

mitochondrial content. This reduction was associated with body mass loss 76,163. A lower 

mitochondrial content has also been reported in skeletal muscle of cachectic cancer rats 

compared to control rats 111. As observed in human patients, mitochondria also present an altered 

morphology 163 with a swollen appearance 111,141,156,164,165, a smaller size 163 and the presence of 

electron-lucent areas 111,156,165, which all together clearly indicate an alteration in the 

mitochondrial network and function. Biochemical analyses corroborate ultrastructural 

information. A reduction in the metabolic flux throughout the Krebs cycle 164, which has also been 

confirmed by metabolomic approaches 93,166,167, as well as a decrease in the activities of complex 

I 168,169, II 79,98,141,168–170, III 170, IV 71,84,168,170,171 and V 71,86 have thus been consistently described. 

Accordingly, mitochondrial respiration rate is also reduced in isolated mitochondria from skeletal 

muscle of cachectic cancer mice compared to control mice 168,172,173. Therefore, animal studies 

clearly indicate that the entire mitochondrial oxidative pathway is profoundly impaired by cancer 

cachexia. It is worth noting that a recent in vivo metabolomic study revealed that mitochondrial 

dysfunction in cachectic skeletal muscle tissue seemed to also have an influence on amino acid 

metabolism 162. The oxidative activity of a muscle fiber is also tightly associated with capillary 

density 174, which allows oxygen supply and substrate delivery to the muscle fiber. However, 

cancer cachexia did not seem to impact capillary density in patients 56. In animals, a study 

reported an increased number of blood vessels in skeletal muscle of cachectic cancer mice 155 but 

this increase could be a relative increase in capillary density because of the reduction in muscle 

fiber cross-sectional area in this study and thus would not reflect true angiogenesis. The decrease 

in oxidative activity is also associated with a decrease in ATP content 141,175, a decrease in creatine 

phosphate production 93, glucose concentration 91,176, glycogen store 91 and altered glycolysis 
91,166,176, which together contribute to reducing the whole capacity of skeletal muscle of cachectic 

cancer animals to synthesize ATP 93,112,164. Importantly, the decrease of skeletal muscle capacity 

to generate ATP may not only alter its contractile capacity but also its capacity to perform other 

cellular works involved in skeletal muscle homeostasis thus contributing in turn to skeletal muscle 

atrophy and dysfunction. Finally, the intense catabolism of skeletal muscle proteins during cancer 

cachexia 70,88,89,104,106,108,109,123,124,177–186 also raises the question of the metabolic fate of amino 

acids. Cancer cachexia is associated with an alteration in skeletal muscle amino-acid pattern 162, 

as well as with an increase in the concentration of circulating amino acids 82. Amino acids can be 

released into the blood compartment to be interconverted into gluconeogenic amino acids and 

then recycled into glucose through hepatic gluconeogenesis thus rewiring amino acid metabolism 

to promote energy supply for tumor growth 18,187. In skeletal muscle, an increased provision of 
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amino acids may increase the anaplerotic flux to the Krebs cycle 176. Considering the whole 

decrease in mitochondrial activity that occurs during cancer cachexia, major adjustments of 

metabolic fluxes may occur so that the muscle fiber may adapt to this new challenging metabolic 

condition. The relative contribution of amino acid metabolism to the global skeletal muscle 

energy demand during cancer cachexia needs to be determined. 

Monucleated cell niche of skeletal muscle fiber  

The microenvironment of skeletal muscle fibers contains different mononucleated cell types that 

are important for skeletal muscle repair and that contribute to skeletal muscle diversity. Upon 

muscle injury, quiescent resident satellite cells get activated, proliferate, and then fuse with 

preexisting damaged muscle fibers to rebuild new functional fibers 188. The activity of these 

muscle progenitor cells is greatly influenced by the presence of inflammatory cells 189, fibro-

adipogenic progenitors 190, fibroblasts and endothelial cells 191. Pioneering works from Jewesbury 

and Topley at the beginning of the 20th century 192 and later by Marin and Denny-Brown 127 already 

indicated that skeletal muscle fibers from cachectic cancer patients had more nuclei in the vicinity 

of the sarcolemma even though the intrafiber or extrafiber localization of nuclei was not 

Figure 3. Main effects of cancer cachexia on skeletal muscle energetic metabolism.  
This schematic representation is only based on animal studies. Reduced glycogen and glucose contents in skeletal 
muscle contribute to alter glycolysis flux. A decrease in mitochondrial oxidative pathway together with a decreased 
in ATP synthesis from phosphocreatine system lead to a reduced ATP content in skeletal muscle. Skeletal muscle 
proteins are degraded and subsequently processed to amino acids. Individual amino acids can be either exported or 
transported into the mitochondria (anaplerotic flux). Fatty acid metabolism is not represented because no study is 
currently available. Cr, creatine; G-6-P, glucose-6-phosphate; OXPHOS, oxidative phosphorylation; PCr, 
phosphocreatine. 
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determined in these studies. Much more recently, it was found that cancer cachexia was 

associated with the activation of both satellite cells and muscle progenitor cells in skeletal muscle 

of pancreatic cancer patients 193. It can be noted that the extent of the activation correlated with 

body mass loss 193. The presence of inflammatory cells 154, macrophages and fibro-adipogenic 

progenitors 194 was also reported in skeletal muscle of cachectic cancer patients. In animal models 

of cancer cachexia, skeletal muscle also contain a higher number of activated satellite cells 193, 

activated stem cells 193, undifferentiated cells 72,130 and inflammatory cells 77,117,123–125,195. By 

contrast, it has also been reported that cachectic muscle of tumor-bearing mice was enriched in 

hematopoietic stem cells but not in inflammatory cells 138. 

Alteration in the mononuclear cell profile of the cachectic muscle strongly suggests that 

an alteration in the properties of skeletal muscle fiber microenvironment may contribute to 

cancer cachexia. Indeed, a greater fragility of skeletal muscle to micro-injuries and injuries may 

lead to discrete episodes of degeneration/regeneration in the cachectic muscle thus allowing the 

chronic activation of resident myogenic precursor cells. The existence of ongoing discrete 

episodes of skeletal muscle regeneration in cachectic skeletal muscle is thus supported by the 

observation that skeletal muscle of cachectic cancer patients 194,196,197 and cachectic cancer mice 

or rats 77,117,123–125 display a higher number of muscle fibers with centralized nuclei, indicating the 

presence of regenerating muscle fibers. Interestingly, internally located nuclei were 

predominantly found in type 2 muscle fibers 196, which is consistent with the notion that these 

fibers are more prone to cachexia. Importantly, progenitor cells of cachectic cancer mice muscle 

were able to commit to the myogenic program but not to completely differentiate as indicated 

by the persistent expression of the self-renewing factor Pax7 193. Together with the observation 

of a deficiency of cancer cachectic skeletal muscle to regenerate after freeze clamping- 69,193 or 

cardiotoxin- 102 induced muscle injury, these data collectively indicate that an accumulation of 

unresolved/incomplete episodes of skeletal muscle repair could contribute to skeletal muscle 

mass loss during cancer cachexia. Although not mutually exclusive, these responses could also 

indicate the existence of a vain compensatory mechanism elicited to limit the extent of skeletal 

muscle mass loss during cancer cachexia. 
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Other histological features of cancer cachexia 

Endomysial space 

Skeletal muscle from cachectic cancer patients displays an increased area occupied by collagen 

that positively correlates with weight loss and poor survival 194. This increase in fibrosis is in 

agreement with the increase in endomysial space observed in skeletal muscle of cachectic cancer 

patients 152,194. A similar increase in collagen deposition was also reported in skeletal muscle of 

cachectic cancer mice 130,198, together with an increased area of non-contractile tissue that may 

reflect disrupted extracellular matrix remodeling 83. The progressive development of fibrosis may 

be the long-term consequence of an increase in the expansion and differentiation of fibro-

adipogenic progenitor in the cachectic muscle 194. Although the cellular and molecular 

mechanisms involved in fibrosis need to be further investigated, an increase in fibrosis likely alters 

the mechanical properties of skeletal muscle, rendering them more susceptible to micro-injuries, 

thus leading to a vicious circle of chronic skeletal muscle deconditioning. 

Fat depot 

Computerized tomography analysis of the 3rd lumbar vertebra level has indicated an increase in 

fat infiltration in skeletal muscle of cachectic cancer patients 24,64,199 that was not correlated with 

muscle mass loss in cancer patients 200. An increase in the size and the number of lipid droplets, 

which correlated with body mass loss 201 and an increase in the lipid content 194 have also been 

reported in skeletal muscle of cachectic cancer patients. This increase in lipid content in skeletal 

muscle of cachectic cancer patients is due to both an intramyocellular and an extramyocellular 

accumulation of triglycerides 202. The expansion and differentiation of fibro-adipogenic 

progenitors that occur in skeletal muscle of cachectic cancer patients 194 may explain the 

accumulation of extramyocellular lipids. It has also been proposed that impaired lipid oxidation 

due to altered mitochondrial function may contribute to the accumulation of intramyocellular 

lipid droplets in skeletal muscle fibers of cachectic cancer patients 200. It may be noted that one 

study reported a decreased lipid content in the slow-twitch muscle fibers of cachectic patients 

with late-stage non-small-cell lung cancer 203. In animals, a lipid accumulation in the skeletal 

muscle fibers of cachectic cancer mice has been also reported 164. Consequently, an increase in 

fat depot appears to be a common histological feature of cachectic skeletal muscle both in 

patients and animal models but its consequences on skeletal muscle function have to be explored. 

Altered myofibrillar structure 

Sarcolemmal alterations 126,154,194, which heighten with body mass loss 193, an increase in the 

number of damaged 194 and shrunken 152 fibers, a loss of normal cross-striation pattern 
127,152,157,194, disrupted triads 122, as well as a dilated sarcoplasmic reticulum 157 has been also 
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observed in skeletal muscle of cachectic cancer patients. Similarly, a disorganization of the 

sarcolemma 75,155 and basement membrane 96,155,204, an alteration of sarcomere structure 
96,156,164,165, disrupted triads 141 as well as a dilated sarcoplasmic reticulum 111 has been also 

reported in skeletal muscle of animal models of cancer cachexia. These structural alterations may 

impact membrane excitability, calcium transient between sarcoplasmic reticulum and myofibrils 

and cross-bridge kinetics that are major determinants of myofiber contractile performance (see 

below). 

Figure 4 sums up the most important cellular and subcellular changes of skeletal muscle during 

cancer cachexia.  
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Figure 4. Schematic overview of the main cellular and subcellular phenotypic alterations in cachectic cancer skeletal 
muscle. 
This schematic representation is based on human and animal studies. FAP, fibro-adipogenic precursor. 
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Skeletal muscle force 

The main function of skeletal muscle is to generate force to produce movement, maintain posture 

and position. Any alteration in skeletal muscle mass, metabolism, structure, and organization may 

profoundly alter its capacity to generate force. The data reported above in human patients and 

in animal models of cancer cachexia that highlight marked alterations in skeletal muscle mass and 

metabolism indicate that skeletal muscle function must be profoundly modified in the cachectic 

muscle. 

Cachectic cancer patients have a lower handgrip force (-7 to -31%) than cancer patients 

without cachexia 4,7,20,24,35,52. Absolute isometric muscle force of knee extensors 54,56,60,154 and 

knee flexors 54 has also been consistently reported to be lowered in cachectic cancer patients 

compared to healthy subjects, as well as compared to non-cachectic cancer patients 54. The 

isokinetic force of knee extensors and knee flexors is also reduced in cachectic cancer patients 

when compared to healthy subjects 53,56 or non-cachectic cancer patients 53. Accordingly, the 

speed of contraction is also lower in men but interestingly not in women cachectic cancer patients 

when compared to gender-paired healthy control subjects 60. In murine models of cancer 

cachexia, a decrease in grip force (-9 to -40%) has also been observed in cachectic cancer mice or 

rats when compared to control animals 68,72,73,78,79,91,91,93,94,100,107,131,133,137,141,147,148,150,168,173,184,205–

212. We can note that this decrease was not observed when cachectic cancer mice were compared 

to mild-cachectic mice 78 indicating that mild-cachectic states are already associated with 

functional alterations of skeletal muscle. Maximal contraction force of the extensor digitorum 

longus 66,80,90,96,99,213, soleus 66,96,99,169, tibialis anterior 78,98,101,142 and diaphragm 95 muscles are also 

decreased in cachectic cancer mice compared to control mice, as well as in cachectic cancer mice 

compared to non-cachectic cancer mice 101. Interestingly, skeletal muscle of cachectic cancer mice 

with a majority of fast-fibers such as extensor digitorum longus are more prone to a force 

decrease 66, further strengthening the notion that type 2 fibers are more impacted by cachexia. 

Although some authors did not find any difference 78,213, the speed of muscle contraction and 

relaxation in response to a single twitch stimulation is also reduced in the tibialis anterior 101 and 

extensor digitorum longus 80,99 muscles of cachectic cancer mice when compared to control mice. 

Similar results have been obtained when the comparison was done with non-cachectic cancer 

mice 101. Interestingly, the extent of the decrease in speed contraction correlated with body mass 

loss 101. Taken together, all these data emphasize that skeletal muscle force could be an important 

criterion to diagnose cachexia. In this context, the knowledge of the kinetic of skeletal muscle 

force decrease during cancer cachexia appears to be essential. Only one study reported that 

isometric quadriceps and hamstring muscle force, as well as handgrip force were stable during 

eight weeks in cachectic cancer patients but skeletal muscle mass was not determined throughout 
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this study 214. If the loss in muscle force occurs before the loss in muscle mass during cancer 

cachexia as it is observed during geriatric muscle mass loss 215, the measurement of muscle force 

would be an important and easily measurable predicting factor of cancer cachexia. However, 

longitudinal studies characterizing the kinetic of the loss in skeletal muscle mass and force loss in 

cancer patients are missing 216. Finally, decreased muscle force should be associated with an 

increase in muscle fatigue. However, data on muscle fatigue are missing in cachectic cancer 

patients. If some studies reported an increase in muscle fatigue that was considered to be due to 

an increased central fatigue 217–219 in cancer patients, no specification about the cachectic status 

of the patients was reported. In animal models of cancer cachexia, muscle fatigue has been 

consistently reported to increase 78,79,96,99,101,147,197,213. Importantly, muscle fatigue also correlated 

with body mass loss 79. 

Beyond the description, remains the question of the mechanisms involved in the loss of 

skeletal muscle force production in the cachectic muscle. A decrease in muscle mass can obviously 

contribute to explain the decrease in muscle force in human cancer patients 56. However, when 

muscle force is normalized to muscle cross-sectional area or body mass, differences in muscle 

force between cachectic cancer patients and control subjects still persist 60. Similarly, in mice 

models of cancer cachexia, if a decrease in muscle force can be attributed to a loss of body mass 
73 or muscle mass 213 or a decrease in skeletal muscle cross-sectional area 78,90,96,98,169, the loss in 

muscle force still persists even after normalization by body mass 78, muscle mass 80 or muscle fiber 

cross-sectional area 95,99,101 or both 66. Collectively, these data indicate that muscle mass loss does 

not account entirely for the decrease in skeletal muscle force and that other factors than muscle 

atrophy contribute to the decrease in muscle force during cancer cachexia. Factors required for 

coordinated muscle contractile function involve neuromuscular junction integrity, membrane 

excitation, excitation-contraction coupling, calcium handling, sarcomere structure and energetic 

metabolism 151. Previous studies indicate that the decrease in muscle force would not seem to 

involve an alteration in neuromuscular junction as cancer cachexia does not seem to affect 

muscular or intramuscular nerve bundles in patients 127,157, or even the number of neuromuscular 

junctions in muscle of cachectic cancer mice 138. However, an in-depth analysis of skeletal muscle 

junction and neuromuscular coupling is clearly missing both in cancer patients and in animal 

models of cancer cachexia. Loss in muscle force can also result from impairment in calcium 

handling. Unexpectedly, isolated muscle fibers from cachectic cancer patients have an increased 

calcium sensitivity 160, which could be explained by a shift from slow to fast myosin isoform 

expression, as type 2 muscle fibers are more calcium-sensitive 220. By contrast, muscle fiber 

calcium sensitivity is reduced in cachectic cancer mice compared to control mice 95. Moreover, 

the calcium-activated force and cross-bridge kinetics are reduced in cachectic cancer mice 

compared to control mice 95 strongly suggesting that the loss of skeletal muscle force can be due 
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to an alteration of calcium handling. A recent study by Judge et al. also described an increase in 

calcium deposition in skeletal muscle of cachectic pancreatic cancer patients 194. Calcium overload 

within skeletal muscle fiber may exert deleterious effects leading to muscle damage via the 

activation of calcium-activated proteases (calpains) and the disruption of sarcolemma integrity 
221. Furthermore, calcium overload can be also sensed by mitochondria, which may further 

contribute to alter mitochondrial metabolism and worsen cellular damages 221. This may 

profoundly alter the capacity of the fiber to generate force. More investigations are required to 

determine potential alterations in muscular calcium handling during cancer cachexia. Further 

insights into the mechanisms involved in the loss of skeletal muscle force have been also provided 

by ex vivo analysis of the contractile properties of skeletal muscle fibers 152 or muscle fiber bundles 
160 from cachectic cancer patients. The absolute 160 and specific 152 maximal force of isolated fibers 

is thus decreased in cachectic cancer patients. Specific maximal force correlates with myosin-to-

actin ratio 152 indicating that the loss of contractile machinery is a factor contributing to decreased 

muscle force. Finally, the loss in muscle force and the increase in muscle fatigue in cachectic 

cancer skeletal muscle could also be explained by a shift from slow to fast fibers as well as by a 

decrease in the capacity to sustain ATP generation by mitochondrial oxidative phosphorylation.  

Summary and future perspectives 

The purpose of this review was to specifically focus on the structure and function of cachectic 

skeletal muscle. The extent of skeletal muscle mass loss has largely been described and the 

consequences of cachexia on skeletal muscle function are now getting more and more 

documented. However, the mechanisms underlying cachexia-induced loss of muscle function are 

complex and are far from being fully understood. The loss of muscle mass is clearly an important 

factor to consider when studying cancer cachexia, but qualitative factors such as changes in 

skeletal muscle metabolism, muscle fiber microenvironment, fibrosis, neuromuscular junction 

and sarcomere integrity as well as calcium handling are certainly involved in the impaired muscle 

function associated with cancer cachexia and need to be explored in details (Figure 5). A 

comparative analysis of the time-course changes of these qualitative factors and skeletal muscle 

mass is also necessary. Our review also underlines important methodological aspects that may 

explain contrasted results between studies. For instance, control subjects were quite 

heterogeneous between clinical studies (due to obvious constraints related to the recruitment of 

the subjects). Healthy control subjects, non-cachectic-cancer patients, as well as cachectic non-

cancer patients have thus been used. A careful analysis of the reference group is therefore 

necessary to draw conclusions. Another important point is that if animal models of cancer 

cachexia are easily managed, they remain very different from human cancer cachexia 210. 

Interspecies differences related to skeletal muscle physiology 151,222,223 must also be kept in mind.  



 

25 
 

 

Finally, our analysis emphasizes that measuring skeletal muscle force could be clinically 

fundamental to have a simple and robust mean to precociously diagnose cachexia in cancer 

patients. This needs to be assessed on a large epidemiologic scale that could lead to propose 

specific physical activity programs that may slow down the progression of cachexia and improve 

patient quality of life. 
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Figure 5. Factors contributing to the alteration of skeletal musclefunction during cancer cachexia. 
When symbol is missing, no study is currently available. 
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Chapter II: Molecular mechanisms of cancer cachexia-related loss of skeletal muscle 
mass: lessons from clinical and animal studies 

Introduction 

Knowledge of the molecular pathways involved in skeletal muscle mass loss during cancer 

cachexia is a key issue for a comprehensive analysis purpose but also to identify molecular targets 

for the development of therapeutic strategies. The research in the field has largely progressed in 

the past decade providing important information about the pathophysiological mechanisms 

involved in the regulation of skeletal muscle mass during cancer cachexia. However, the 

identification of the molecular pathways and therapeutic targets has been impeded by the 

complexity of the syndrome. Indeed, it is now clear that other tissues and organs, as well as tumor 

tissues, secrete soluble factors (cytokines, hormones, tumor-produced factors) that act on 

skeletal muscle to promote wasting. In addition, skeletal muscle also releases various factors that 

can interact with other organs and tissues, as well as tumor tissues, during cancer cachexia. 

Research in the field is also largely based on experimental studies in animals and even though the 

number of human studies exploring the biological mechanisms of skeletal muscle wasting is 

increasing, human studies remain scarce and sometimes controversial due to the complexity of 

the clinical context compared to well-standardized animal models of cancer cachexia. This also 

raises the question of the translatability of animal findings to the clinical field. This is a critical 

point as therapeutic targets may differ between humans and animals. 

In this context, the purpose of the review is to provide a comprehensive and comparative 

analysis of the molecular pathways involved in skeletal muscle mass loss during cancer cachexia 

in human and experimental models of cancer cachexia, but also to investigate to what extent 

findings from animal studies are relevant into clinical research in human cancer patients. 

Skeletal muscle fiber proteostasis during cancer cachexia 

Skeletal muscle depletion largely derives from an unbalance between protein synthesis and 

degradation rates. A detailed analysis of skeletal muscle protein synthesis and degradation rates 

in cachectic cancer patients and animal models of cancer cachexia is presented in Figure 6. 

If a limited number of studies have explored the rate of skeletal muscle protein synthesis 

in cachectic cancer patients, they reported a reduction of around 75% in protein synthesis rate 
224,225. Similar observations were also reported in animal models of cancer cachexia 70,85,88,104,177–

179,184,226–228 where protein synthesis rate was also reduced from 31% to 75%, the extent of the 

decreased being associated with the severity of the cachexia 70,85,104. Importantly, protein 

synthesis has been sometimes reported to be higher in skeletal muscle of cachectic cancer 
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patients than in non-cachectic cancer patients 229,230 suggesting that a compensatory mechanism 

may sometimes be elicited to limit the extent of skeletal muscle mass loss during cancer cachexia. 

A fairly similar observation has been also reported in skeletal muscle in animal models of cancer 

cachexia with no modification of the protein synthesis rate 108,109,180–183,186. 

Whereas only one study reports an unchanged protein degradation rate in cachectic 

cancer patients 225, an increase in protein degradation has been consistently reported in animal 

models 70,85,88,89,104,106,108,109,123,124,177–186. As described for protein synthesis rate, the extent of the 

increase in proteolysis rate was associated with the severity of cachexia 70,104. Altogether, and 

subject to a limited number of studies in human patients, studies indicate that a reduction in 

protein synthesis would be an important factor involved skeletal muscle depletion during cancer 

cachexia, whereas a combination of both a decrease in protein synthesis rate and an increase in 

protein degradation rate triggers skeletal muscle loss in animal models of cancer cachexia. Of 

note, decreasing protein synthesis rate is bioenergetically more interesting than increasing 

proteolysis as the energy cost of protein synthesis is far greater than that for proteolysis. Such a 

metabolic adaptation may be beneficial as it allows to spare metabolic substrates necessary for 

ATP production for other cellular purposes. 

 

Figure 6. Proteosynthesis and proteolysis rate in human and animal models of cancer cachexia. 
Data were taken from indicated references and displayed as % of corresponding controls. Unless indicated by *, 
comparisons were done with healthy controls. 
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Molecular mechanisms involved in the regulation of skeletal muscle protein 
synthesis during cancer cachexia 

The IGF1-AKT pathway is a master regulator of protein synthesis in skeletal muscle (Figure 7) by 

modulating the phosphorylation of several critical translation initiation factors. A crucial 

regulatory knot in the pathway is the serine/threonine-protein kinase AKT. Phosphorylated AKT 

indirectly activates the mammalian target of rapamycin (mTOR), which then phosphorylates the 

ribosomal protein S6 kinase (S6K) and 4EBP1 promoting translation initiation by activating 

ribosomal protein S6 (rpS6) and by releasing eukaryotic initiation factor (EIF)-4E, respectively. AKT 

also phosphorylates and inhibits glycogen synthase kinase 3 (GSK3), thus relieving GSK3-

dependent inhibition of EIF-2B. Regulation of the phosphorylation of critical intermediates of the 

pathway is therefore a good estimate of the activation status of the pathway. 

 

Insulin-like growth factor 1 (IGF1) is the canonical upstream regulator of the pathway. 

IGF1 is principally synthesized in the liver, acting as a systemic growth factor, but it is also 

produced by skeletal muscle. A decrease in skeletal muscle IGF1 transcript level has been 

reported in cachectic cancer patients 231 and animals 70,92,112,113,133,228,232. The circulating level of 

IGF1 was also decreased in cachectic cancer animals 92,133,233. Therefore, a decrease in the 

triggering signal of the pathway occurs in skeletal muscle during cancer cachexia. 

Figure 7. IGF1-AKT pathway mediates protein synthesis in skeletal muscle. 
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Level of the phosphorylated active forms of AKT, GSK3, mTOR, and S6K are decreased in 

skeletal muscle of cachectic cancer patients compared to non-cachectic cancer patients 161. 

Similarly, a decrease in the phosphorylated inactive form of the translational repressor 4EBP1 has 

been also reported to decrease 203. Thus, a reduction in AKT-dependent signaling in human 

skeletal muscle is probably involved in the reduction in protein synthesis rate described above 

and thus contributes to skeletal muscle mass loss in cancer patients. This is also reinforced by 

omics studies showing that expression of genes involved in protein anabolism is down-regulated 
200,234 or altered 235 in skeletal muscle of cachectic cancer patients. This also indicates that both 

transcriptional and post-translational events are involved in the down-regulation of the pathway. 

However, some discrepancies exist between human studies. A number of studies reported either 

no change 122,154,203,236 or even an increase in the phosphorylated form of AKT 54. Furthermore, 

the phosphorylation of downstream effectors of AKT such as mTOR 54,203, S6K 54,203, and 4EBP1 54 

has been also reported to be unchanged in skeletal muscle of cachectic cancer patients. 

Discrepancies between studies can be explained by differences in the clinical context (cancer 

types, the severity of the disease, and the extent of cancer cachexia), but may also reflect the 

existence of regulatory influence of other factors that converge to the pathway to modulate its 

activity. We cannot also exclude some methodological concerns, particularly regarding the 

stability of the phosphorylated proteins during the treatment of biological samples. 

In animal models of cancer cachexia, a large majority of studies reported an inhibition of the 

pathway in cachectic skeletal muscle as shown by the decrease in the phosphorylation of AKT 
71,117,133,237, mTOR 70,71,124,228,238,239, S6K 70,71,82,124,148,227,228,239, rpS6 82,148,227,232, and 4EBP1 
70,82,228,232,238,239. The decrease in the activation of AKT downstream targets was also associated 

with weight loss 70,228,239 indicating that the greater is the inhibition of the pathway, the greater 

is the extent of cachexia. The pathway is also regulated at the transcriptional level as shown by 

microarray analysis in skeletal muscle of cachectic cancer mice 198. However, and as observed for 

human patients, some studies found that AKT phosphorylation remained unchanged 
79,113,124,148,150,155 or even increased 70,73,232 in skeletal muscle of cancer cachectic animals. Similarly, 

some studies did not report any difference in the phosphorylation state of S6K 77, rpS6 73, and 

GSK3 94, while others even reported an increase in the phosphorylation of S6K 113,155, 4EBP1 71, 

and GSK3 113. This could be interpreted as a vain compensatory mechanism to limit the extent of 

muscle mass loss, but also as a compromised ability of AKT to phosphorylate its downstream 

targets or the existence of regulatory influences that modulate the activity of the pathway 

downstream of AKT. The metabolic sensor 5′ AMP-activated protein kinase (AMPK) could be one 

of those factors that influence the activity of the pathway. Indeed, AMPK phosphorylation 
70,73,228,232 and activity 148 have been consistently reported to increase in skeletal muscle of 

cachectic cancer mice. Importantly, this was associated with body mass loss 70,228, suggesting that 



 

31 
 

 

AMPK contributes to decreasing proteosynthesis through mTOR inactivation probably via raptor 

phosphorylation 70. Increased AMPK signaling has been confirmed by RNA sequencing in skeletal 

muscle of tumor-bearing cachectic mice 240. Of note, AMPK activity has been shown to be 

unchanged in skeletal muscle of cachectic cancer patients 154. 

Collectively and although some differences exist between studies, data from human 

cancer patients and animal models of cancer cachexia consistently indicate that a down-

regulation of the IGF1-AKT would be a common molecular mechanism involved in skeletal muscle 

mass loss during cancer cachexia. Therefore, molecular studies in human patients and animal 

models of cancer cachexia agree with the decrease in skeletal muscle protein synthesis rate 

previously reported. 

Molecular regulation of skeletal muscle protein degradation during cancer cachexia 

An increase in proteolysis requires a transcription-dependent program to regulate the expression 

of a group of genes collectively called atrophy-related genes or atrogenes. These genes encode 

proteins that regulate important steps of the two main proteolytic systems, the ubiquitin-

proteasome and the autophagy-lysosome systems that variably contribute to skeletal muscle 

mass loss 241. 

Ubiquitin-proteasome system during cancer cachexia 

Proteins are targeted for degradation by the 26S proteasome through an ATP-dependent 

ubiquitination process. The covalent attachment of a chain of ubiquitin molecules to the targeted 

protein involves a 3-step reaction successively performed by E1 (ubiquitin-activating enzymes), 

E2 (ubiquitin-conjugating enzymes), and E3 (ubiquitin-ligases enzymes). The ubiquitinated 

protein is then docked to the proteasome for degradation 242. Expression of MuRF1 (TRIM63) and 

MAFbx (FBXO32) E3-ubiquitin ligases has been consistently found to be up-regulated during 

multiple atrophy conditions 243. The role of the ubiquitin-proteasome system during cancer 

cachexia has been thus largely inferred from the expression level (transcript and protein levels) 

of these E3-ubiquitin ligases. MuRF1 targets sarcomeric proteins (actin, myosin heavy chain, 

troponin) for degradation 244–246 while MAFbx targets MyoD and EIF3F for degradation 247,248. As 

it degrades EIF3F, MAFbx is also considered as a translational repressor. 

A large majority of studies in human cancer patients do not report any variation in the 

expression level of MuRF1 and MAFbx in skeletal muscle of cachectic cancer patients compared 

to non-cachectic cancer patients 54,231,236,249,250 or healthy subjects 54,90,126,203,234,236,250. Of note, 

only four studies reported an increase in the mRNA 126,152,251 or protein 126,154 levels of MuRF1 and 

MAFbx in lung and gastric cachectic cancer patients compared to healthy subjects. Results on the 
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expression level of ubiquitin are more conflicting with some studies reporting an increase in 

ubiquitin mRNA level 57,252–254 and protein level 194,254 as well as an increase of ubiquitinated 

proteins 126,154, whereas others do not report any difference in ubiquitin mRNA level 255 and 

protein level 160. A few studies also investigated the expression level of proteasome subunits, with 

one study reporting an increase in mRNA and protein level of proteasome subunits 256 and others 

no difference at the protein level 154,203. Finally, the activity of the ubiquitin-proteasome in the 

skeletal muscle of cachectic cancer patients has been reported either to increase and to be 

inversely correlated with body mass loss 252 or to be unchanged 203. Transcriptomics studies also 

reported divergent results with either increased 235, unchanged 249, or decreased 234 expression 

of genes related to the ubiquitin-proteasome system in skeletal muscle of cachectic cancer 

patients.  

This clearly contrasts with the data obtained in animal models of cancer cachexia which 

consistently show an increase in the mRNA level of the E3-ubiquitin ligases MAFbx 
68,70,72,75,78,79,82,84,90–92,94,95,111–113,117,129,131–

133,136,137,141,142,147,148,150,153,155,158,159,164,184,190,197,204,207,208,212,227,232,237,257–270, MuRF1 
67,68,70,75,78,79,82,84,90–

92,94,95,111,117,129,131,133,136,137,141,142,145,147,148,150,155,159,173,184,190,197,204,207,212,227,237,257–259,261–264,267–271 

and Musa1 131,137,148,227 in skeletal muscle of cachectic cancer animals compared to control 

animals or non-cachectic cancer animals. This was also confirmed at the protein level 70–

72,96,100,124,128,134,143,158,205,267,269,270,272. The ubiquitin mRNA level 
68,92,108,109,111,115,137,180,181,184,207,257,259,269,273–278 and protein level 96 are also increased in skeletal 

muscle of cachectic cancer animals. Accordingly, the content of ubiquitinated proteins is 

increased 68,70,96,117,123,124,148,150,185,227,233,257,279. The transcript level 
70,88,106,108,109,115,137,180,184,207,274,276,278 and protein level 238,280 of several proteasome subunits are 

also increased in skeletal muscle of cachectic cancer animals. Transcriptomics studies also 

revealed an up-regulation of genes involved in the ubiquitin-proteasome system in skeletal 

muscle of cachectic cancer animals 105,112,137,144,198,204,205,240,259,271,281–283. Consistent with these 

observations, the ubiquitin-proteasome system activity is increased in skeletal muscle of 

cachectic cancer animals 106,238,262,284,285. 

This comparative analysis of the regulation of the ubiquitin-proteasome system 

components between human cancer patients and animal models of cancer cachexia (Figure 8) 

raises an important question: how can we explain such a contrasted picture between human and 

animal models of cancer cachexia? First, one may obviously consider that other proteolytic 

systems, such as the autophagy-lysosome system, may be involved in skeletal muscle mass loss 

(see below). Second, these data may simply indicate that a reduction in protein synthesis would 
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be the main mechanism contributing to skeletal muscle mass loss during the time course of cancer 

cachexia in cancer patients, which would agree with the observation that there is currently no 

study showing an increase in skeletal muscle proteolysis rate in cachectic cancer patients 225. But, 

one may also question the timing of the proteolytic response. Some authors 231,234,253 have thus 

proposed that components of the ubiquitin-proteasome system are overexpressed only at an 

early stage of the disease before weight loss can be detected. Indeed, in animal models of cancer 

cachexia, the onset of tumor growth can be easily controlled either by the subcutaneous injection 

of cancer cells (Lewis lung carcinoma cells or C26 cells for instance) or by genetic means (ApcMin/+ 

mice or KPC mice, for instance) allowing for a simple and accurate analysis of the kinetic of cancer 

cachexia. The facility to manage animal models of cancer cachexia and to detect cachexia together 

with the high rate of tumor growth allow to easily detect a precocious activation of the ubiquitin-

proteasome system. By contrast, due to the complexity of the clinical context in cancer patients 

and the difficulty (impossibility) to determine the onset of tumor growth, it is readily possible that 

a precocious and temporally regulated increase in the ubiquitin-proteasome system has been 

experimentally missed in human studies. Therefore, the heterogeneity of the clinical context in 

human patients (even for a given cancer type) compared to well-standardized and designed 

experimental models of cancer cachexia may clearly be a confounding factor and may explain why 

no increased expression of ubiquitin-proteasome system components could be consistently 

reported in human cancer patients. Additionally, skeletal muscle mass loss in animal models of 

cancer cachexia is triggered in a couple of days/weeks, which is generally not the case for the vast 

majority of human cancers. Such a rapid and violent tumor growth induces a fast and important 

decrease in skeletal muscle compartment that strongly stimulates skeletal muscle proteolysis. 

This could be more difficult to observe in human cancer patients because of the chronicity of the 

disease and the lower rate of skeletal muscle depletion.  
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Figure 8. Transcript and protein levels of components of the ubiquitin-proteasome system in cachectic skeletal 
muscle of cancer patients and animals. 
Data were taken from indicated references. Colors indicate when up-regulation (red), down-regulation (blue), or not 
significant difference was found (white). Not reported data are in grey. Unless indicated by *, comparisons were done 
with healthy controls. Ub, ubiquitin; GEM, genetically engineered model; TCI, tumor cell injection. 
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Autophagy-lysosome system during cancer cachexia  

The autophagy-lysosome system is responsible for eliminating long-lived proteins, such as 

sarcomeric proteins and large supramolecular structures including dysfunctional mitochondria 
286. Proteins and organites to be degraded are progressively engulfed during the formation of a 

double-membrane structure called the autophagosome. Autophagosomes then fuse with 

lysosomes to form autolysosome allowing acidic proteolytic degradation of their contents by 

lysosomal proteases (cathepsins). Autophagy is necessary for skeletal muscle homeostasis as such 

a defect in autophagy will result in muscle functional impairment 287, but excessive autophagy will 

also contribute to skeletal muscle mass loss 288,289. Therefore, tight regulation of the autophagy-

lysosome system is necessary for proper regulation of skeletal muscle homeostasis. 

 The protein level of autophagosome biogenesis-related genes such as ATG5, ATG7, 

Beclin1, and LC3B is increased in skeletal muscle of cachectic cancer patients 54,58,119,122,126,197. 

Accordingly, the number of autophagosomes increases with skeletal muscle loss in cancer 

patients 126, suggesting an increase in autophagosome formation. However, an accumulation of 

autophagosomes can be also interpreted as default in autophagosome clearance. p62 is a cargo 

adaptor protein involved in selectively targeting protein aggregates to autophagosomes. Since 

p62 is constantly removed by autophagy, an increase in p62 protein content is considered as a 

good marker of impairment in autophagic vesicle turnover. Human studies indicate that p62 

protein content 58,126,197, as well as p62 aggregates 194, are increased in skeletal muscle of 

cachectic cancer patients, an observation that is consistent with an impaired autophagosome 

clearance. However, a defect in lysosomal biogenesis and lysosomal proteolytic capacity would 

not be involved in an impairment in autophagic vesicle turnover as shown by the unchanged 

mRNA level of TFEB, a master regulator of lysosome biogenesis 58 and the increase in cathepsin B 

mRNA level in skeletal muscle of cachectic cancer patients 255. Of note, some studies did not 

report any difference in the expression of autophagy markers at the mRNA level 90,234,236 and 

protein level 154,251 nor in autophagosome number 154 suggesting that autophagy could be also 

properly balanced in skeletal muscle of cachectic cancer patients. Finally, the clearance of 

defective mitochondria by autophagy (mitophagy) also needs to be questioned in skeletal muscle 

of cachectic cancer patients 290. 

 In animal models of cancer cachexia, increased expression of genes involved in 

autophagosome biogenesis has been widely reported to increase in skeletal muscle of cachectic 

cancer animals 75,82,90,100,117,123,125,134,137,141,145,148,173,197,264,265,291,292. This was also confirmed by 

transcriptomic analysis 105,137,144,204,259. Accordingly, the number of autophagosomes was also 

increased 197. Cathepsin expression 88,95,115,136,173,184,207,265,274,293, cathepsin activity 182,183,185,274 and 

lysosomal proteolysis 70,185,265,274, particularly during advanced cachexia 70, were also increased. 
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Therefore, there is a consensus to state that autophagy is activated in skeletal muscle of cancer 

cachectic mice. However, one should note that some studies reported that cathepsin activity was 

either unchanged 180  or even decreased 265,273. Similarly, some studies reported no difference in 

lysosomal proteolysis 180,285 in skeletal muscle of cachectic cancer animals. As discussed for human 

patients, the increased expression of autophagosome biogenesis markers reported above can 

also illustrate an altered autophagosome clearance. This is supported by studies showing an 

accumulation of p62 in skeletal muscle of cachectic cancer animals 117,134,197,265,291,292. Accordingly, 

treatment of tumor-bearing mice with either AICAR or rapamycin, two drugs that activate the 

autophagic flux, i.e. the clearance of autophagosomes, prevented the induction of 

autophagosome formation gene expression and improved skeletal muscle mass in cancer 

cachexia 197 supporting the idea that an accumulation of unprocessed autophagosomes may 

contribute to cachexia. Therefore, an imbalance between autophagosome biogenesis and 

clearance would be crucial in altering skeletal muscle homeostasis during cancer cachexia 173. 

Collectively, all these data from human cancer patients and experimental models of cancer 

cachexia indicate that autophagy would be activated in skeletal muscle during cancer cachexia, 

but this would be associated with a defect in the clearance of autophagosomes, thus leading to 

an accumulation of unprocessed autophagosomes. This accumulation of autophagosomes may 

result in endoplasmic reticulum (ER) stress as indicates the increased ER stress markers in skeletal 

muscle of cachectic cancer patients 251 and mice 148. 

Regulation of the ubiquitin-proteasome and autophagy-lysosome systems by FOXO transcription 

factors during cancer cachexia 

Expression of MuRF1 and MAFbx, as well as that of genes of the autophagy-lysosome system, is 

strongly controlled by the FOXO family of transcription factors (mainly FOXO1, FOXO3, and FOXO4 

in skeletal muscle) 288,289,294,295. FOXO transcriptional activity is regulated by AKT-dependent 

phosphorylation. Inhibition of the IGF1-AKT signaling pathway decreases FOXO phosphorylation 

leading to the translocation of dephosphorylated active FOXO into the nucleus and activation of 

target gene expression (Figure 7) 295,296. 

The ratio of the phosphorylated (inactive)-to-total forms of FOXO1 154 and FOXO3 154,161 is 

decreased in skeletal muscle of cachectic cancer patients suggesting increased FOXO activity. 

Omic studies also indicate that genes related to the FOXO pathway are up-regulated in skeletal 

muscle of cachectic cancer patients 194 and that the transcript level of FOXO1 and FOXO3 

negatively correlates with body mass loss and skeletal muscle mass 297, suggesting that 

transcriptional and post-translational regulations occur at the level of FOXO during cancer 

cachexia. However, in another cohort of patients, a promotor analysis revealed that the 

differentially regulated genes in skeletal muscle of cachectic cancer patients do not have FOXO 
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binding sites 249. Only two studies concomitantly determined FOXO phosphorylation and 

expression of MuRF1 and MAFbx. Puig-Vilanova et al. 154 reported that the reduction in FOXO1 

and FOXO3 phosphorylation was accompanied by an increase in MuRF1 and MAFbx expression, 

which is consistent the canonical view of the regulation of E3-ubiquitin ligases expression. Op den 

Kamp et al. 54 did not report any change in the phosphorylated-to-total forms of FOXO1 and 

FOXO3 in skeletal muscle of cachectic cancer patients together with no change in the transcript 

level of MuRF1 and MAFbx. One should keep in mind when analyzing the potential role of FOXO 

transcription factors during cancer cachexia in human patients that expression of MuRF1 and 

MAFbx, two canonical FOXO-responsive genes, is essentially unchanged in skeletal muscle of 

cachectic cancer patients (see above). Therefore, the increase in FOXO activity reported would be 

mainly associated with the regulation of genes involved in the autophagy-lysosome system. 

In animal models of cancer cachexia, a decreased phosphorylation of FOXO3 68,70,117,232, 

together with an increase in the nuclear localization of FOXO3 233 and FOXO transcriptional 

activity 136 have been reported. Furthermore, motif analysis of promoter sequences allows the 

identification of FOXO1 as a potential key transcription factor involved in skeletal muscle atrophy 

during cancer cachexia 204. This was also confirmed by genome-wide microarray analysis of the 

transcripts regulated by FOXO in skeletal muscle of cachectic cancer mice 282. One should note 

however that some studies did not report any difference in the phosphorylation of FOXO1 117 and 

FOXO3 82, whereas others even reported a decrease in the phosphorylated form 113,123 and DNA 

binding activity 113 of FOXO1. Despite the existence of some divergent data, these studies 

essentially indicate that FOXO transcriptional activity is increased in cachectic skeletal muscle of 

cancer mice, which agree with the reported increase in the expression of genes related to the 

ubiquitin-proteasome and autophagy-lysosome systems. 

Calpain during cancer cachexia 

Calpains are a family of Ca2+-dependent proteases. Calpain-1 and calpain-2 are ubiquitously 

expressed whereas calpain-3 is a muscle-specific isoform. Due to their strong cleavage activities 

on critical cytoskeletal proteins, calpains might be responsible for the release of myofilaments 

from myofibrils 298, a prerequisite step that would be necessary for the degradation of sarcomeric 

proteins. 

To our knowledge, calpain activity has never been investigated in cachectic cancer patients. 

An increase in calpain activity has been reported in skeletal muscle of non-weight losing cancer 

patients 299, while another study did not find any difference in calpain activity in cancer patients 

but the cachectic status of the patients was not reported 55. Therefore, whether or not calpain 

activity is increased in human cachectic cancer patients is currently an unsolved question. In 
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animal models of cancer cachexia, the implication of calpain has been historically determined by 

measuring the proteolytic flux with and without calcium-dependent protease inhibitors. These 

studies indicate that skeletal muscle proteolysis in cachectic cancer animals would not involve 

calcium-dependent proteases 88,180. However, the results of these studies have been questioned 

as calcium protease inhibition likely results in the overactivation of ubiquitin-proteasome and 

autophagy-lysosome systems, which may obscure the potential involvement of calpain in 

proteolysis in skeletal muscle of cachectic cancer animals 89. Regarding calpain activity per se, 

results are contrasted with some studies showing that calpain activity is unchanged in skeletal 

muscle of cachectic cancer mice 181,262, whereas others indicate that calpain activity is increased 

in skeletal muscle of cachectic cancer animals 238,261,284. When increased, this could be explained 

by an increased expression of the different calpain isoforms 89,111,115,123,147,180,184,207,259 as well as 

by a decreased expression 89,261 and activity 300 of the specific inhibitor calpain inhibitor, 

calpastatin. Therefore, considering the major impact of cancer cachexia on skeletal muscle 

structure as well as the cytoskeletal remodeling function attributed to calpains, a better 

knowledge of calpain function during cancer cachexia would be helpful. 

Upstream regulators of skeletal muscle proteostasis during cancer cachexia 

A number of intracellular and extracellular regulators of skeletal muscle homeostasis have been 

identified in different experimental settings leading to skeletal muscle depletion 301. Oxidative 

stress (OS), inflammation and TGF-ß family members appear to be the most relevant factors 

during cancer cachexia. 

Oxidative stress in skeletal muscle during cancer cachexia 

OS is characterized by a high concentration of reactive oxygen species (ROS) resulting from an 

imbalance between oxidant production and antioxidant defense. The main sources of ROS in 

skeletal muscle are mitochondria (complex I and III), NADH oxidases, but also endoplasmic 

reticulum, and peroxisomes where enzymatic complexes generate ROS 302. Excessive ROS 

production results in an accumulation of oxidized and damaged proteins, organelles, membranes, 

and DNA. OS has been also shown to trigger fiber atrophy in different experimental settings by 

activating the ubiquitin-proteasome 303 and autophagy-lysosome 304,305 systems as well as 

calpains and caspases 306. It may also inhibit the IGF1-AKT pathway 307,308 and increase FOXO 

activity 309. 

In human, one study reported an increase in OS, as shown by an increase in 

malondialdehyde (MDA) 154,251,310 and carbonyl-protein adducts 154 in skeletal muscle of cachectic 

cancer patients. In parallel, the protein level and activity of the antioxidant enzyme superoxide 

dismutase were also increased 154. This increase in antioxidant defense suggests a vain 
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mechanism to alleviate the increase in ROS production. However, another study reported a 

decrease in the mRNA level of some antioxidant genes 311 that may participate to further increase 

the OS. 

OS is consistently increased in skeletal muscle of several animal models of cancer cachexia 

as indicated by the increased level of ROS 262,291 such as superoxide anion 312 and hydrogen 

peroxide 313 and the ratio of oxidized-to-reduced glutathione (GSSG/GSH) 147,149,170,260,262,291,292. 

This increase in OS in skeletal muscle during cancer cachexia triggers oxidative damage that 

affects lipids 110,149,195,195,260,262,314 as well as proteins 71,110,123,124,150,169,195,260,267,314. OS would be 

also more present in type 2 myofibers 110, which is in agreement with the view that type 2 muscle 

fibers would be more prone to atrophy during cancer cachexia 84,99,110,155,156. Regarding the 

antioxidant system, studies indicate that expression of antioxidant enzymes is either decreased 
112,123–125,312, or unchanged 76,110,123,125,150,291,312–314 in cachectic skeletal muscle. Accordingly, the 

activity of the antioxidant enzymes superoxide dismutase 262,312 and glutathione peroxidase 312, 

antioxidant histidine peptides 166 and total antioxidant capacity 260 have been shown to decrease 

in cachectic skeletal muscle. A decrease in antioxidant enzymes would thus further reinforce the 

effects of OS. One should note however that some studies reported an increased expression of 

antioxidant enzymes 110,112,125,147,150,195,291 suggesting in this case, that the main factor responsible 

for the increased OS would be an increase in ROS production rather than impaired induction of 

antioxidant enzyme expression. Transcriptomic studies in mice also identified an increased 

transcriptional response of genes related to OS response during cancer cachexia 112,198,271. 

Therefore, current evidence indicate that cachectic skeletal muscle is subjected to OS both in 

cancer patients and in animal models of cancer cachexia. OS results from an increase in ROS 

production that can be accompanied by a decrease in antioxidant defense. The sources of ROS 

have not been identified yet even if an alteration in mitochondrial metabolism may significantly 

contribute to ROS production 168,172,173. Importantly, OS has been shown to precede skeletal 

muscle mass loss 313, suggesting that an increase in OS could be a precocious event of cancer 

cachexia. Finally, if the capacity of OS to contribute to skeletal muscle mass loss has been 

demonstrated in different experimental settings 303–309, a direct molecular functional relationship 

between an increased ROS production and skeletal muscle mass loss during cancer cachexia still 

awaits experimental evidence. Finally, therapeutic strategies based on the administration of 

different antioxidants have displayed conflicting results showing either attenuation 260,262 or 

worsening 150 of cachexia in tumor-bearing animals. This suggests that OS level must be tightly 

balanced, too high or too low level triggering deleterious effects on skeletal muscle mass. 
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Inflammatory cytokines in skeletal muscle during cancer cachexia 

Systemic inflammation is a common feature of cancer cachexia in human cancer patients as well 

as in animal models of cancer cachexia as exemplified by numerous studies. An increase in the 

circulating level of C-reactive protein (CRP) is thus associated with weight loss in cancer patients 
4,24,54,57,315–317. A recent systematic review reported that a systemic inflammatory response was 

associated with skeletal muscle mass loss in cancer patients 318. Furthermore, the circulating 

levels of the pro-inflammatory cytokines such as IL-1ß 319, IL-4 52, IL-6 52–54,57,146,203,320–323, IL-8 
52,54,320–323, IL-10 323, IFN-γ 52, and TNF-α 52,319,321,324 are all increased in cachectic cancer patients. 

Accordingly, in mice models of cancer cachexia, the circulating level of CRP 71, IL-1ß 68,71,267, IL-6 
65,68,70,72,75–77,101,112,129,134,142,156,228,267,270,283,323,325,326, IL-10 112, IL-11 283, IFN-γ 107,112,134 and TNF-α 
68,71,109,112,134,186,267,270,283,326,327 and Tweak 71 are also increased in cancer cachectic animals. At the 

level of skeletal muscle, there is a large majority of studies indicating that cytokine protein 

content is also increased in cachectic skeletal muscle. IL-1ß 154, IL-6 203,328, IFN-γ 154, TNF-α 328 and 

Tweak 71 protein levels are increased in skeletal muscle of cachectic cancer patients whereas one 

study reported that IL-6 and TNF-α protein levels were unchanged in the skeletal muscle of 

cachectic cancer patients 154. Similarly, IL-1ß 205, IL-6 133,270, IFN-γ 123, and TNF-α 125,133,270 protein 

levels are also increased in cachectic skeletal muscle of mice, whereas one study reported that IL-

1ß, IL-6, and TNF-α protein level 123 was unchanged. 

If the systemic inflammatory response can be largely attributed to the response of the 

host immune system to tumor growth, and can thus contribute to explain the increase in cytokine 

content of skeletal muscle described above, it is important to note that skeletal muscle is also 

able to synthesize and produce cytokines and thus contribute to the inflammatory response. In 

this context, available data are more contrasted. For instance, IL-6 311 and TNF-α mRNA level 
203,311, as well as IL-4 mRNA level 329 are unchanged whereas in another study, IL-6 mRNA level is 

increased 203 in skeletal muscle of cachectic cancer patients. In animal models of cancer cachexia, 

IL-1ß 101,205, IL-6 65,78,79,101,147,205,227,232 and TNF-α 205 mRNA levels are increased in skeletal muscle 

of cachectic cancer mice, whereas other studies reported no change in the mRNA level of IL-6 
76,150,158, TNF-α 79,147,150 and Tweak 82 in skeletal muscle of cachectic cancer mice. Therefore, if an 

increase in skeletal muscle cytokine protein content generally occurs during cancer cachexia, it is 

less clear, whether or not this is supported by an increase in cytokine production by skeletal 

muscle itself. Furthermore, one should also question whether or not skeletal muscle contributes 

to the systemic inflammatory response during cancer cachexia. 

Omic studies both in human patients 200,235 and animal models of cancer cachexia 
112,144,198,205,281–283,330 indicate that cachectic skeletal muscle is subjected to a persistent 

proinflammatory cytokine signaling. Transcription factor nuclear factor kappa B (NF-κB) and signal 
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transducer and activator of transcription 3 (STAT3) have emerged as important transcription 

factors for relaying cytokine signaling in skeletal muscle. NF-κB plays a critical role in skeletal 

muscle mass loss induced by TNF-α. NF-κB resides in the cytosol of cells in an inactive state, tightly 

bound to IκB. Activation occurs when the IκB kinase (IKK) phosphorylates IκB and initiates IκB 

degradation via the ubiquitin-proteasome system. This leaves NF-κB free and allows it to 

translocate into the nucleus and binds NF-κB DNA response elements in the promoter of target 

genes. The phosphorylation level of NF-κBp65 is similar in skeletal muscle of cachectic cancer 

patients compared to non-cachectic patients 119. However, when compared to healthy controls, 

NF-κB subunit 1 (p105) mRNA level is increased 203 as well as NF-κBp65 protein content 154,328, 

suggesting that NF-κB pathway could be precociously activated before the development of cancer 

cachexia in human patients. In animal models of cancer cachexia, the phosphorylated active form 

of NF-κB 73,101,117,123,124,142,150,155,232, the nuclear localization of NF-κB 205, as well as the DNA binding 
67,135,145,205,280 and the transcriptional activity 123 of NF-κB complex are increased in cachectic 

skeletal muscle. Motif analysis of promoter sequences also identified the NF-κB complex as a 

potential key transcription factor involved in skeletal muscle atrophy during cancer cachexia 204. 

A recent omic analysis also suggested that NF-κB signaling was activated in skeletal muscle of 

cachectic tumor-bearing mice 205. Furthermore, the phosphorylated active form of NF-κBp65 

negatively correlates with body mass loss and muscle force in cachectic cancer mice 101. If a 

consensus emerges regarding the regulation of NF-κB during cancer cachexia, it is important to 

note that some studies failed to observe any increase in NF-κBp65 phosphorylation 82,144,262 nor 

in NF-κB complex DNA binding activity 115,144,277,331 in skeletal muscle of cachectic cancer animals. 

Similarly, ChIP-seq analysis of skeletal muscle of C26 tumor-bearing cachectic mice showed that 

NF-κB transcription was no required to drive skeletal muscle mass loss 144, suggesting that NF-κB-

independent signaling also occurs during cancer cachexia. Therapeutic strategies invalidating 

TNF-α receptor 108,109,332, as well as injection of anti-TNF-α antibody 186, have also failed to provide 

convincing results. 

STAT3 plays a critical role in muscle mass loss induced by the IL-6/Janus kinase (JAK)/STAT3 

signaling pathway. Cancer mice displaying hyperactivation of STAT3 show exacerbated weight 

loss, reduced muscle and adipose tissue mass as well as early mortality when compared to cancer 

mice in which STAT3 is not hyperactivated 333. If the phosphorylation level of STAT3 is similar in 

skeletal muscle of cachectic cancer patients compared to non-cachectic patients 119, an increase 

in STAT3 activation has been consistently reported in skeletal muscle of cachectic cancer mice 
65,73,76,101,142,158,228,232,267,334. Motif analysis of promoter sequences also identified STAT3 as a 

potential key transcription factor involved in skeletal muscle atrophy during cancer cachexia 204. 

Accordingly, the expression of STAT3 target genes is also increased in skeletal muscle of cachectic 

cancer mice 283. Finally, the phosphorylated active form of STAT3 negatively correlates with body 
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mass loss and muscle force in cachectic cancer mice 101. The role that IL-6/JAK/STAT3 signaling 

pathway could play during cancer cachexia is also illustrated by studies showing that circulating 

IL-6 level in tumor-bearing mice correlates with the development of cachexia 76,325 and that cancer 

mice lacking IL-6 158,333,334 do not develop cachexia. Moreover, injection of an anti-IL-6 antibody 
325 or an anti-IL-6 receptor antibody 70 in tumor-bearing animals prevents cachexia progression. 

Therefore, current evidence clearly indicates that cachectic skeletal muscle is subjected to 

inflammation both in cancer patients and in animal models of cancer cachexia (Figure 9). Skeletal 

muscle itself may be a source of cytokines during cancer cachexia, but the cell types responsible 

for the production of cytokines (skeletal muscle fiber, resident, and/or recruited mononucleated 

cells) have not been identified yet. Anyhow, non-muscle tissues (host immune system, tumor 

cells) would seem to be the main sources of cytokines during cancer cachexia. The temporal 

regulation of the inflammatory response in skeletal muscle is currently unknown. Finally, a direct 

functional relationship between increased inflammation and the regulation of proteostasis in 

skeletal muscle fiber during cancer cachexia still requires more experimental evidence. 

Figure 9. Integrated view of the effects of inflammation on skeletal muscle during cancer cachexia. 
Tumor growth induces systemic inflammation. Inflammation is also present in skeletal muscle (increase in cytokine 
content, activation of NF-κB, and STAT3 signaling pathways). The contribution of skeletal muscle fibers and resident 
or recruited mononucleated cells to skeletal muscle inflammation is currently unknown. It is also unclear if skeletal 
muscle inflammation contributes to systemic inflammation. It is believed that skeletal muscle inflammation 
contributes to skeletal muscle mass loss during cancer cachexia. 
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Myostatin and activin A during cancer cachexia 

Myostatin (Mstn) is a growth and differentiation factor essentially produced by skeletal muscle 

that belongs to the transforming growth factor-beta (TGF-ß) superfamily. MSTN acts as an 

autocrine/paracrine negative regulator of skeletal muscle growth during embryonic and postnatal 

development 335 but also in adulthood as a statin that contributes to the maintenance of skeletal 

muscle mass 336. MSTN binds activin type IIB receptor (ActRIIB) leading to the recruitment and 

activation of TGF-ß type I receptors (either activin-like kinase 4 (Alk4) or activin-like kinase-5 

(Alk5) receptors). MSTN signals through canonical SMAD2 and SMAD3 proteins, which once 

activated by phosphorylation will recruit SMAD4 to form an active transcriptional complex that 

translocates into the nucleus to regulate the transcription of target genes 337. MSTN also inhibits 

the IGF1-AKT pathway 338. 

 Generally considered as the most powerful regulator of skeletal muscle mass, it is 

expected that an increase in Mstn expression would be a molecular signature of cancer cachexia. 

Surprisingly, MSTN circulating level has been shown to decrease in cachectic cancer 

 patients compared to healthy controls 339 and to decrease 24 or to be unchanged 340 compared 

with non-cachectic cancer patients. Mstn mRNA level is also unchanged in skeletal muscle of 

cachectic cancer patients compared to healthy control subjects 54,203 or non-cachectic cancer 

patients 54,250. Bonetto et al. even found a decrease in Mstn transcript level 231. In agreement with 

these data, MSTN protein level 154 as well as the phosphorylation status of SMAD2 and SMAD3 

has been shown to be the same in skeletal muscle of cachectic cancer patients compared to 

healthy control subjects 54 or non-cachectic cancer patients 54,119. Of note, circulating level 24 and 

skeletal muscle transcript level 250 of follistatin, an inhibitor of MSTN and activin signaling, are 

unchanged in cachectic cancer patients. Finally, one should note that an omic study provides a 

slightly different picture as genes related to TGF-ß signaling 194 were reported to be up-regulated 

in skeletal muscle of cachectic cancer patients. Furthermore, the transcript level of ActRIIb 

negatively correlated with muscle mass in cancer patients 297. Together, these studies do not 

provide clear evidence that MSTN signaling is activated in skeletal muscle of human cancer 

patients during cancer cachexia. Therefore, how is it possible to reconcile the fact that MSTN is a 

master regulator of muscle mass in humans 341 and the observation that MSTN expression and 

MSTN signaling are unchanged in skeletal muscle of cachectic cancer patients? One may first 

consider that as MSTN is produced by skeletal muscle, MSTN circulating level can be lowered 

simply as a consequence of the reduction in skeletal muscle mass during cancer cachexia. 

Furthermore, the data described above do not exclude the possibility that MSTN contributes to 

skeletal muscle mass loss earlier during the development of cancer cachexia when the skeletal 
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mass has not started to decrease yet. Kinetic analysis of MSTN expression during the time course 

of cachexia would allow answering this question. 

In animal models of cancer cachexia, the circulating level of MSTN has been reported 

either to increase 71 or to be unchanged 68,87 in cachectic cancer animals compared to controls. 

Although some studies do not report any increase in Mstn expression in skeletal muscle of 

cachectic cancer mice or rats compared to healthy animals 82,134,227,275,342, numerous studies 

reported an increase in both Mstn mRNA level 68,87,159,190,207,343 and protein level 71,87,94,117,123,343. 

Of note, the follistatin mRNA level in skeletal muscle was found to be either not modified 94 or 

decreased 275,342, which is also consistent with an increase in MSTN activity. Costelli et al. 87 

proposed that a decrease in follistatin level would occur at the beginning of cancer cachexia, thus 

leading to the activation of the MSTN signaling pathway that would be then followed by an 

increase in follistatin expression thus allowing a subsequent down-regulation of the MSTN 

pathway. Downstream of the pathway, the mRNA level of ActRIIb 275, as well as the 

phosphorylation of SMAD2 68,134 and SMAD3 71,142 have been reported to increase in skeletal 

muscle of cachectic mice. Of note, a study by Gallot et al. 82 reported a decrease in the ActRIIb 

mRNA level without any modification of the transcript level of Alk4 and Alk5, as well as of the 

phosphorylation status of SMAD2 and SMAD3. Therefore, and even if it cannot be generalized to 

all animal models of cancer cachexia, MSTN signaling seems to be commonly activated during 

cancer cachexia. Finally, the functional role of MSTN in mice models of cancer cachexia is 

supported by several studies showing that cancer cachexia is blocked when MSTN signaling is 

inhibited, either by Mstn gene invalidation 82, the administration of Mstn antisense RNA 343, the 

administration of MSTN antibody 98, the administration of a soluble ActRIIb 68,184,207,227,323,344,345, 

the administration of Alk4/5 receptor antagonist 208, or by the administration of IMB0901, an 

inhibitor of MSTN signaling 128. The beneficial actions of MSTN inhibition in these conditions have 

been attributed to the restoration of proteostasis in skeletal muscle, by a reduction in the 

ubiquitin-proteasome 68,82,128,208,345 and autophagy-lysosome 82,207 systems as well as by an 

increase in IGF1-AKT pathway 68. 

In addition to MSTN, activin A, another TGF-ß family member, can also bind ActRIIB and 

activate SMAD2/3 signaling with comparable potencies and efficacy as MSTN does to trigger 

skeletal muscle mass loss 346. Activin A circulating level was consistently increased in cachectic 

cancer patients compared to healthy control subjects 52 and non-cachectic cancer patients 
24,323,340,347,348, as well as in animal models of cancer cachexia 65,68,134,142,209,323,345,349. If activin A 

mRNA level in skeletal muscle during cancer cachexia has not been investigated in cancer 

patients, studies in animal models of cancer cachexia indicate that activin A mRNA level is either 

decreased 65,227,345 or unchanged 82 whereas activin A protein level has been reported to increase 
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345. Therefore, the increase in activin A circulating level may thus result from another source than 

skeletal muscle during cancer cachexia including tumor cells 68,227,263,345,350,351. 

Together, these studies highlight discrepancies between cachectic cancer patients and 

animal models of cancer cachexia (Figure 10). This can be explained by methodological constraints 

inherent to clinical studies that for instance do not allow standardized biological analyses of 

cancer cachexia, but also by inter-species differences. Indeed, while MSTN circulating level is 

Figure 10. Regulation of myostatin signaling in cachectic skeletal muscle of cancer patients and animals. 
Data were taken from indicated references. Colors indicate when up-regulation (red), down-regulation (blue), or not 
significant difference was found (white). Not reported data are in grey. Unless indicated by *, comparisons were done 
with healthy controls. ActRIIb, activin type IIb receptor; Alk4, activin-like kinase 4; Alk5, activin-like kinase 5; GEM, 
genetically engineered model; Mstn, myostatin; TCI, tumor cell injection. 
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higher and is the main negative regulator of skeletal muscle mass in mice, activin A circulating 

level is higher in humans than in mice 346. Therefore, it is likely that activin A could play a more 

prominent role in cachectic cancer patients than MSTN does. Further investigations of ActRIIb 

downstream signaling are also required. 

Apoptotic nuclear death during cancer cachexia 

Skeletal muscle fiber is unique in that the mature fiber can contain hundreds of nuclei. The 

multinucleated nature of the muscle fiber is necessary to accommodate volume a lot greater than 

a typical mononucleated cell. Nuclei are required for the transcription of large amounts of mRNA 

that supports the protein synthesis required to generate and maintain the contractile apparatus. 

This thus raises the question of the role of apoptotic myonuclear death in skeletal muscle 

depletion during cancer cachexia. 

Evidence that apoptosis occurs in skeletal muscle of human cancer patients has been 

provided by a number of studies. Cleavage of poly(adenosine diphosphate ribose) polymerase 

(PARP) and DNA fragmentation, hallmarks of apoptosis, have been observed in skeletal muscle of 

cachectic cancer patients 121 together with an increase in the mRNA level of the BAX pro-apoptotic 

factor 311, caspase 7 and 9 251, phosphorylation of p53 122 and activation of caspase-8 and -9 122. 

Although not systematically observed 120, the presence of apoptotic nuclei has been also reported 

in skeletal muscle of cachectic cancer patients 122. Animal studies also consistently provided 

results in favor of an increase in apoptotic nuclear death in cachectic skeletal muscle. An increase 

in BAX pro-apoptotic-to-BCL2 anti-apoptotic protein ratio 86,261,268 and mRNA ratio 114, as well as 

increased expression 261,268 and cleavage 86 of caspase-3 together with increased caspase-1, -3, -

6, -8 and -9 activity 115,352 have thus been reported in skeletal muscle of animal models of cancer 

cachexia, especially at the later stage of cachexia 103,163. Accordingly, transcriptomic studies 

reported an increase in the expression of genes involved in apoptosis in skeletal muscle of 

cachectic cancer mice 198,282. This was confirmed by an increase in PARP cleavage 352 and DNA 

fragmentation 114,115,332,353 in skeletal muscle of cachectic cancer animals. The presence of 

apoptotic nuclei has been also reported in muscles of cachectic cancer mice and rats 98,103,117,123–

125. 

However, it is important to keep in mind that skeletal muscle is a very heterogeneous tissue, 

where approximately half of its nuclei reside outside muscle fibers 354 including satellite cells, 

endothelial cells, fibroblasts, pericytes, and macrophages 355. Therefore, it is essential to 

distinguish true myonuclei from those of neighboring mononuclear cells. A number of studies 

presented above did not specify the exact localization of apoptotic nuclei 117,122–125, so that it is 

difficult to determine whether apoptotic nuclear death refers to myonuclear death in these 
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studies. However, others studies have localized apoptotic nuclei inside (myonucleus) 103 and 

outside the muscle fiber (nucleus from mononucleated cells) 98,103. Therefore, apoptotic nuclear 

death in cachectic cancer skeletal muscle also refers to the death of mononucleated cells present 

in the vicinity of the muscle fiber (muscle fiber microenvironment). The relevance of this 

observation in relation to the role of muscle fiber microenvironment during cancer cachexia 

needs to be further explored (see below). Furthermore, the multinucleated nature of skeletal 

muscle fibers implies that the apoptotic death of a single myonucleus does not obviously imply 

the destruction of the entire fiber as it occurs with apoptosis in mononucleated cells. Accordingly, 

the whole number of muscle fibers is maintained in cachectic skeletal muscle in human patients 
61,119 and in animal models of cancer cachexia 98. In this context, myonuclear death by apoptosis 

during cancer cachexia may locally trigger individual nuclei decay segmentally along the muscle 

fiber over an extended period of time, which may locally weaken and atrophy the muscle fiber 

that may render it more sensitive to micro-injuries (see below). 

Muscle fiber microenvironment during cancer cachexia 

The microenvironment of skeletal muscle fibers contains different mononucleated cell types that 

are important for skeletal muscle repair. Upon muscle injury, quiescent resident satellite cells get 

activated, proliferate, and then fuse with preexisting damaged muscle fibers to rebuild new 

functional fibers 188. The activity of these muscle progenitor cells is greatly influenced by the 

presence of inflammatory cells 189, fibro-adipogenic progenitors 190, fibroblasts and endothelial 

cells 191. Such a mechanism is essential for proper muscle regeneration following injury or 

microinjury.  

 The excessive presence of mononucleated cells in muscle fiber microenvironment of 

cachectic skeletal muscle in human patients has originally been reported at the beginning of the 

20th century 192 and later by Marin and Denny-Brown 127. They observed that skeletal muscle of 

cancer patients contained more nuclei in the vicinity of the sarcolemma even though the 

intrafiber or extrafiber localization of nuclei was not determined in these studies. More recently, 

inflammatory cells 154, macrophages and fibro-adipogenic progenitors cells 194 have been 

identified in skeletal muscle of cachectic cancer patients. Similarly, a higher number of activated 

satellite cells 193, activated stem cells 193, undifferentiated cells 72,130 and inflammatory cells 
77,117,123–125,195 has been also reported in animal models of cancer cachexia. The myogenic 

properties of these cells are also altered. Progenitor cells of cachectic cancer mice muscle have 

thus been show to commit to the myogenic program but not to completely differentiate 193. In 

addition to these observations, it has also been reported the existence of ongoing discrete 

episodes of skeletal muscle regeneration in cachectic skeletal muscle in cancer patients 194,196,197 

and in animal models of cancer cachexia 77,117,123–125. Together with the observation of a deficiency 
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of cancer cachectic skeletal muscle to regenerate after freeze clamping- 69,193 or cardiotoxin- 102 

induced muscle injury, these data collectively indicate that an alteration in the properties of 

skeletal muscle fiber microenvironment could lead to an accumulation of unresolved/incomplete 

episodes of skeletal muscle repair and ultimately contribute to skeletal muscle mass loss during 

cancer cachexia. An important function of inflammation in skeletal muscle is to regulate the fate 

and function of mononucleated cells that reside in the microenvironment of the muscle fiber and 

that are essential for long term skeletal muscle homeostasis 191. The data described above clearly 

indicate that cachectic cancer skeletal muscle is proinflammatory. As a sequential presence of 

proinflammatory, and then anti-inflammatory, cells is necessary for a proper and efficient 

regeneration process 189, a chronic inflammation state of cancer skeletal muscle would not allow 

a good temporal resolution of the inflammatory signals that could contribute to altering the 

properties of mononucleated cells. This could lead to an accumulation of unresolved/incomplete 

episodes of skeletal muscle repair during the chronicity of the disease, which ultimately may 

contribute to skeletal muscle mass loss during cancer cachexia. 

Conclusion and perspectives 

Our current knowledge of the mechanisms involved in skeletal muscle mass loss in human 

cachectic cancer patients and animal models of cancer cachexia is summarized in Figure 11. This 

comprehensive analysis of the literature highlights several points. First, and although this is trivial, 

an accurate determination of protein synthesis and degradation rates is still missing in skeletal 

muscle of cachectic cancer patients. If it seems quite clear that a decrease in protein synthesis 

rate occurs in skeletal muscle of human patients during cachexia, there are some uncertainties 

regarding protein degradation rate. Whether or not, protein degradation rate is increased during 

cancer cachexia in human patients therefore still remains a key issue. Second, our analysis also 

highlights that a temporal analysis of the mechanisms involved in skeletal muscle proteostasis 

during cancer cachexia should be performed whenever it is possible. Due to the complexity of the 

clinical context in cancer patients and the difficulty (impossibility) to determine the onset of 

tumor growth, a time-course analysis of cancer cachexia is obviously very difficult to perform, but 

an extensive characterization of the cachectic state of the patients would limit inherent 

drawbacks relative to human study. A longitudinal analysis of skeletal muscle mass and function 

following tumor resection would also help to understand the capacity of cachectic skeletal muscle 

to recover. Data from Gallagher et al. 234 suggest that skeletal muscle is able to transcriptionnally 

recover as changes in transcriptome are reversible following successful tumor resection. This 

fundamental knowledge is very important in order to develop strategies aimed at improving the 

recovery of skeletal muscle. Third, our analysis highlights that important differences between 

models exist and should be taken into account before drawing conclusions as the molecular 

mechanisms involved in cancer cachexia may be noticeably different depending on animal cancer 
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type or the severity of cachexia 90. Inter-species differences must be also considered as important 

differences in skeletal muscle gene transcriptomic response exist between animal models of 

cancer cachexia and human patients 90,198. Therefore, animal models of cancer cachexia should 

reproduce as well as possible the complexity of the clinical context (cancer type, rate of cachexia 

progression, existence or not of metastasis) to extend the relevance of animal findings to the 

human clinical context. Fourth, if most of the regulations occur at the transcriptional and post-

translational level, single nucleotide polymorphism in several genes (FOXO1, FOXO3, ActRIIb, 

genes involved in glucocorticoid (GC) signaling) have been associated with weight loss and/or 

skeletal muscle mass loss in cancer patients 297. Differentially alternative spliced genes involved 

in inflammation, protein ubiquitination, and GC signaling have been  also identified in skeletal 

muscle of cachectic compared to non-cachectic cancer patients 64. Therefore, gene variants may 

also play a role and may contribute to explaining inter-individual sensibility/variability to cancer 

cachexia. The functions of altered epigenetic marked in the control of gene expression also need 

to be explored. Finally, emerging evidence indicate that muscle fiber microenvironment is an 

important determinant of cancer cachexia. Whether or not this is quantitatively important in 

determining skeletal muscle mass loss remains to determine.

Figure 11. Venn diagram showing factors involved in skeletal muscle mass loss during cancer cachexia identified in 
animal models of cancer cachexia, human patients or both.  
Unexplored factors in skeletal muscle of cachectic cancer patients as well as in skeletal muscle of both animal models 
of cancer cachexia and cachectic cancer patients are also indicated. 
AMP, 5‘AMP-activated protein kinase; NF-κB, nuclear factor κB; OS, oxidative stress; STAT3, signal transducer and 
activator of transcription factor 3. 
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Chapter III: Glucocorticoids and cancer cachexia 

Glucocorticoids secretion during cancer cachexia 

GC are steroid hormones mainly including cortisol in humans and corticosterone in rodents. GC 

are secreted by the adrenal cortex under the control of the hypothalamic-pituitary-adrenal (HPA) 

axis. In response to internal or external stimuli and circadian rhythm, the hypothalamus secretes 

corticotropin-releasing hormone (CRH), which stimulates the secretion of adrenocorticotropic 

hormone (ACTH) by the anterior pituitary gland. ACTH then binds its receptor MC2R on the 

adrenal cortex to activate the biosynthesis and release of GC into the blood circulation (Figure 

12).  

 

  

Figure 12. The HPA axis. 
CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone. 
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GC are synthesized in the zona fasciculata, the intermediary layer of the adrenal cortex from 

cholesterol through serial enzymatic reactions (Figure 13). The activity of the HPA axis is regulated 

by negative feedback from GC to the pituitary gland and hypothalamus. 

   

Once GC secreted, GC action on target tissues is regulated by HSD11B1, a bidirectional 

enzyme, which has a reductase and dehydrogenase activity expressed in multiple tissues.  

HSD11B1 uses NADPH or NADP+ to catalyze the interconversion of the cortisone and 11-

dehydrocorticosterone (inactive form in human and mice, respectively) into cortisol and 

corticosterone (active form in human and mice, respectively) 356. The flux direction depends on 

the ratio of oxidized and reduced NADPH 357. GC act on multiple tissues mainly through their 

binding on their nuclear receptor NR3C1, which dimerizes and translocates into the nucleus to 

activate or inhibit the transcription of target genes 358. 

The function of GC during cancer cachexia is poorly understood and essentially based on 

the measurement of circulating levels of GC in cancer patients and in animal models of cancer 

cachexia. Circulating GC level is increased in cachectic cancer patients 359–361 as well as in cachectic 

cancer animal models 74,105,181,182,186,278,327,361–364 suggesting that HPA axis is activated during 

cancer cachexia. Increased hypothalamic CRH transcript level 264 and an increased pituitary weight 

and ACTH secretion 365 have been reported in animal models of cancer cachexia. This was 

associated with increased adrenal activity as evidenced by their increased mass 183,365,366 and the 

hypertrophy of the cells in the zona fasciculata of the glands 365. An increased adrenal gland mass 

was also found in cachectic cancer patients 367. Together, these data suggest that the HPA axis is 

activated during cancer cachexia. However, additional information concerning the other 

components of the HPA axis is still lacking. 

Figure 13. Biosynthesis of GC by the adrenal cortex. 
CYP, cytochromes P450; HSD, hydroxysteroid dehydrogenase (from 353). 
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Action of glucocorticoids on skeletal muscle during cancer cachexia 

GC administration leads to skeletal muscle atrophy by decreasing the rate of protein synthesis 

and increasing the rate of proteolysis 368,369. GC binding on its receptor regulates a wide number 

of genes in skeletal muscle 370 affecting skeletal muscle proteostasis through several mechanisms 
371,372. In particular, GC administration increases skeletal muscle protein degradation via the 

activation of the transcription of genes involved in proteolytic systems such as ubiquitin-

proteasome 373,374 or autophagy-lysosome systems 375 and repressing proteosynthesis via the 

inhibition of the IGF1-AKT pathway and its downstream effectors 373,376,377. 

 If it was suggested that the HPA axis activity is increased during cancer cachexia, how GC 

signaling is translated in skeletal muscle fibers of cachectic cancer patients is currently unknown. 

A role for GC during cancer cachexia is also strongly suggested by the analysis of the available 

transcriptomic data in skeletal muscle of cancer cachectic mice that reveals an increase in the 

expression of multiple GC-responsive genes 90,91,105,137,144,198,204,205,281–283 (Figure 14). However, a 

study exploring how GC signaling could be translated in skeletal muscle fibers of cachectic cancer 

patients reported that mRNA levels of NR3C1 and Hsd11ß1, an enzyme that converts inactive 

cortisone to active cortisol, were unchanged in skeletal muscle of cachectic cancer patients 234. If 

we take into account the powerful catabolic effect of GC that has been experimentally 

demonstrated in skeletal muscle 372 with regard to the poverty of the available data, there is 

clearly a need for an in-depth analysis of the functional role of GC in cancer cachectic patients. 

 The studies described above suggest that GC would effectively contribute to skeletal muscle 

mass loss during cancer cachexia. However, strategies aimed at inhibiting the GC pathway have 

provided contrasting results. Adrenalectomy did not cause attenuation of cachexia 182,378 in 

tumor-bearing animals. The steroid hormone inhibitor RU486 has been shown either to prevent 
363 or not 74,362 cachexia in cancer animals, whereas a strategy based on the utilization of muscle-

specific GC receptor knockout mice, demonstrated that skeletal muscle wasting during cancer 

cachexia was dependent on GC signaling 159. Therefore, if currently available data suggest that a 

dysregulation of the hypothalamic-pituitary-adrenal axis occurs during cancer cachexia, the 

involvement of the GC pathway in skeletal muscle mass loss during cancer cachexia and its 

potential relevance as a therapeutic target need to be further explored. 
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Actions of glucocorticoids on liver during cancer cachexia 

GC are since a long time known to play a role in liver metabolism promoting gluconeogenesis 
379,380. It was later determined that the GC receptor has multiple target genes in liver involved in 

amino acid, glucose, and lipid metabolisms 381,382. GC-bound GC receptor induces the 

transcription of key enzymes involved in gluconeogenesis such as phosphoenolpyruvate 

carboxykinase, glucose-6-phosphatase, pyruvate carboxylase and 6-phosphofructo-2-kinase 383 

and of coactivators involved in the activation of gluconeogenic genes 384–386 as well as that of 

genes involved in glycogen metabolism 383. If the role of GC on hepatic lipid metabolism is less 

defined 387, GC administration affects the transcription of genes involved in fatty acid oxidation 

and in triglyceride synthesis and hydrolysis 388–390. GC administration also contributes to 

enhancing the urea cycle in liver notably through the induction of Arginase I transcription 391. GC 

administration was also shown to decrease the synthesis of ketone bodies by the liver 392,393. 

However, further investigations are required to fully understand target genes and the involved 

mechanisms. 

Figure 14. Skeletal muscle mRNA level of glucocorticoid-responsive genes in of animal models of cancer cachexia. 
Selected genes have been previously shown to be regulated in skeletal muscle by glucocorticoids in skeletal muscle 
370,371,377–379. 
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Given that liver glucose metabolism is impaired in cachectic cancer patients, notably with 

increased gluconeogenesis from lactate 394,395, amino acids 396–398 and glycerol 399, and that the 

increased hepatic gluconeogenesis in cancer patients was shown to correlate with their 

circulating level of the cortisol 400, it can be speculated that GC are involved in this process during 

cancer cachexia. However, the GC signaling pathway in the liver was never investigated in the 

cancer cachexia context.
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Cancer cachexia is a complex catabolic syndrome characterized by an involuntary body-mass loss 

essentially due to a severe depletion of skeletal muscle, with or without adipose tissue loss 2. The 

prevalence of cancer cachexia increases with the severity of the disease and depends of cancer 

type, the highest prevalence being observed in gastric and pancreatic cancer reaching up to 80% 

of patients 17. Cancer cachexia is one of the most debilitating and life-threatening aspects of 

cancer, profoundly affecting the patient’s quality of life 4,19–24. Cachexia decreased cancer 

treatment efficacy notably by increasing surgical risks 25 and the susceptibility to the adverse 

effects of chemotherapy 23,26,27 and it has been consistently reported that the extent of cachexia 

is inversely correlated with the survival of cancer patients 4,8,13,21,22,31–35. Understanding the 

molecular mechanisms of cancer cachexia and developing strategies that limit and even prevent 

cachexia is therefore of societal relevance 401,402 to offer to cancer patients more effective clinical 

care, and ultimately to improve their quality of life and increase their lifespan. 

Cancer cachexia is a systemic catabolic syndrome that involves a dialog between the 

tumor and multiple tissues and organs with important metabolic functions 16,18,44. Pathways and 

mechanisms involved in the dialog between tissues and organs to trigger a coordinated response 

during cancer cachexia remain to be explored. GC are well known to trigger skeletal muscle in 

different experimental settings 271,373,403–410 however their role during cancer cachexia, which has 

been supported by several studies 159,258,271,363 need to be further explored. GC pathway is also 

known to regulate liver metabolism, but its role during cancer cachexia on liver metabolism is 

currently unsolved. We thus hypothesized that GC may play a relevant role during cancer 

cachexia by promoting skeletal muscle mass loss and affecting hepatic metabolism. 

In a first study (MYOCAC study), we aimed to characterize the loss of skeletal muscle mass 

and function in patients with digestive cancer (including stomach, small intestine, appendix, colon 

or rectum) during a 6-month follow-up after chirurgical resection. We also aimed to explore the 

mechanisms involved in the skeletal muscle wasting with a particular focus on MSTN and GC 

pathways. 

In a second study (Apc study), we used the ApcMin/+ mouse model of intestinal cancer 

cachexia to explore the biological functions of the GC pathway during cancer cachexia. We first 

characterized hepatic metabolism during cancer cachexia in this model. We then investigated the 

role of the HPA axis and GC on skeletal muscle and liver during cancer cachexia. Finally, we 

determined the effects of the Mstn gene invalidation on the regulation of hepatic metabolism 

and GC pathway during cancer cachexia.
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MYOCAC study 

Cancer cachexia is responsible for the death of approximately 20% of patients 36. MSTN is a master 

negative regulator of skeletal muscle mass 335,341. If the role of MSTN in cancer cachexia is now 

well established in murine models (see Figure 9), no study has focused on muscle expression of 

MSTNn relation to the degree of cachexia. The hypothesis is that muscle MSTN a biological marker 

of cachexia in patients with digestive cancer. The primary purpose of the MYOCAC study was to 

determine whether skeletal muscle MSTN mRNA level was associated with the extent of cachexia 

in digestive cancer patients. The secondary purpose was to determine whether a GC dependent 

signature in skeletal muscle is also associated with the extent of the cachexia. 

Material and methods 

Study design 

The MYOCAC study was a 6 month-longitudinal interventional study conducted at the Centre 

Hospitalier Universitaire of Saint Etienne, France. Included patients answered to questionnaires, 

performed physical tests and had blood sampling and an abdominal CT scan 1 month before 

resection surgery (T0) as well as at 1 month (M1), 3 months (M3) and 6 months (M6) 

postoperatively. A vastus lateralis muscle biopsy was performed during resection surgery under 

general anesthesia. A flow chart of the study is displayed below (Figure 1). 

 

The experimental protocol was approved by the French Ethics Committee (Comité de 

Protection des Personnes Ile de France III) and performed in accordance with the principles of the 

Declaration of Helsinki. The study was reported to the National Commission for Data Protection 

and Liberties (CNIL; reference number: 1167710) and registered at ClinicalTrials.gov (trial 

number: NCT03172403).   

Patients 

Patients aged between 18 and 85 and diagnose for digestive cancer (including stomach, small 

intestine, appendix, colon or rectum) requiring resection surgery were eligible to participate in 

the study. Exclusion criteria were administration of corticosteroids, thyroid disease treated, 

severe chronic pathology during treatment (neuro-muscular pathologies, renal insufficiency 

Figure 1. Patient flow chart for the MYOCAC study. 
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requiring dialysis, COPD under continuous oxygen therapy), psychological, familial, social or 

geographical conditions that could affect the participation of the subject throughout the protocol 

and body mass index (BMI) > 30 due to the difficulty of interpretation of BMI variations in obese 

patients. All patients provided written consent prior to entry into the study and were affiliate or 

beneficiary of social security. 

Calculation of body mass loss 

Body mass of patients was measured and expressed at the percentage of habitual pre-disease 

self-reported body mass. 

CT-based analyses of muscle 

CT scans used for the analysis were performed for routine patient care. The mean time between 

each CT scan and the corresponding visit was 4.5 days. A cross-sectional CT image at the midpoint 

of the third lumbar vertebrae (L3) was extracted from the abdominal CT scan of each patient using 

the Carestream software (NY, USA) and analyzed using the National Institutes of Health (NIH) 

ImageJ software 411. All CT images were analyzed by a single trained observer. The cross-sectional 

area (mm2) of the seven muscles of the L3 region (psoas, rector spinae, quadratus lumborum, 

transversus abdominus, external and internal obliques and rectus abdominus) was assessed by 

measuring the area composed by all pixels having an attenuation comprises between -29 and 

+150 Hounsfield units (HU) excluding those located within the internal cavity 62 and is a good 

indicator of the whole-body fat-free mass. SMI (cm2.m-2) was obtained by normalizing cross-

sectional muscle area by patient stature and is known to be a good indicator of whole-body fat-

free mass 63. Skeletal muscle density (SMD) (HU) was calculated by averaging the HU of the L3 

muscle cross-sectional area.  

Blood parameters 

All blood parameters were measured by the Laboratoire de Biologie Pathologie at the Centre 

Hospitalier Universitaire of Saint Etienne, France. C-reactive protein (CRP) assayed by 

immunoturbidimetry, creatinine with a peroxidase-antiperoxidase enzymatic method and 

albumin and prealbumin by immunonephelometry. Glomerular filtration rate (GFR) was 

estimated using the CKD-EPI formula. 

Physical activity level 

Physical activity was evaluated by the French version of the Global Physical Activity Questionnaire 

version 2 (GPAQ). The GPAQ is a validated physical activity questionnaire comprising 16 items 

grouped into three activity domains: activity at work, travel to and from places and recreational 

activities. The total level of physical activity was determined by the GPAQ total physical activity 
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score using the GPAP analysis guide 412 and expressed in metabolic equivalent of task (MET)-

minutes per week. 

Nutrition assessment 

Nutritional status was evaluated by the French version of the full MNA® questionnaire, a validated 

screening tool to identify malnourished or at risk of malnutrition patients. The final score was 

calculated and interpreted following the full MNA® User Guide. 

Quality of life 

Quality of life was evaluated by the French version of the SF-36 questionnaire 413, a 36-item 

questionnaire that assessed scores of eight health domains 414. Within a domain, lower score 

represents more disability. 

Skeletal muscle function assessment 

All force data were acquired with a PowerLab 16/30 (ADInstruments) and analyzed with LabChart 

Reader software 8.1.9 (ADInstruments). 

Quadriceps intermittent fatigue test (QIF test) 

All measurements were conducted on the dominant lower limb under isometric conditions. 

Patients were sat on a quadriceps chair with the knee flexed at 90° and the hip at 130°. Voluntary 

strength was measured with an inextensible ankle strap connected to a strain gauge (F2712-TC, 

Celians Meiri). Compensatory movement of the upper body was limited by two belts across thorax 

and abdomen. Patients were asked to keep their hands on their abdomen. Visual feedback of the 

force produced and the target force level was provided to the subjects. 

Before starting the QIF test, patients performed ten 5-secund submaximal contractions 

followed by one maximal voluntary contraction (MVC) to warm up and to familiarize them with 

muscle force recorder set-up. After 8 min of rest, patients performed two MVC separated by 1 

min of rest. Patients performed then the QIF test as previously described 415 without the femoral 

nerve magnetic stimulation and electromyographic recordings. Two MVC were performed at 5 

min post exhaustion to assess force recovery. The MVC force was the maximum of the recorded 

force smoothed by a moving average of 0.5 seconds during a MVC. The maximum value of the 

two MVC trials was considered as the maximal. The endurance index was the total number of 

reached contraction. 

Handgrip force test 

Patients were asked to grip a grip force transducer (MLT004/ST, ADInstruments) as strong as 

possible during 3 seconds with their dominant hand. They performed 3 trials separated by 1 
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minute of rest. The recorded force was smoothed by a moving average of 0.5 second and the 

maximum value was considered as the maximal handgrip strength. 

Statistics 

Data were tested for normal distribution using a Shapiro–Wilk test. Pearson correlation was used 

for data with normal distribution and Spearman nonparametric correlation for data with non-

normal distribution. All statistical analyses were performed using GraphPad Prism 7.0 (GraphPad 

Software, San Diego, CA). The significance level was set at p<0.05. 

Results 

Recruitment and follow-up 

Patients were recruited between November 6, 2017 and January 1, 2020. Unfortunately, a total 

number of only 3 patients were included between August 2, 2018 and January 3, 2019. The 3 

patients completed all assessments at the exception of the patient 2 who did not perform the 

skeletal muscle force assessment at M1 because of fatigue. 

Patients’ characteristics at baseline 

The characteristics of the 3 included patients are displayed in Table 1. At inclusion, no patient 

elicited body mass loss as compared with their habitual body mass and thus no patient can be 

considered as cachectic. No patient presented abnormal blood parameters. Patient 1 was 

considered to achieve a moderate physical activity level while the 2 others to achieve a low 

physical activity level. Patient 1 had body pain and general health scores below the scores 

obtained from the general French population adjusted for gender and age 414 as patient 3 for role 

limitation due to physical and emotional health problems. All patients had a L3 skeletal muscle 

cross-sectional area, SMI and SMD above the cut-off between low and normal L3 skeletal muscle 

cross-sectional area, SMI and SMD in a healthy Caucasian population adjusted for gender, age 

and BMI 416. 

Cancer cachexia classification 

A first definition for cancer cachexia was based on body mass loss 2. According to this criterion, 

patient 1 was never cachectic throughout the study. Patients 2 and 3 were both cachectic at M1 

and, while patient 2 regained body mass to return to her initial body mass at M6, patient 3 

remained to lose body mass to reach -16% at M6 (Figure 2A). Taking into account other factors 

such as blood parameters, fatigue, anorexia and skeletal muscle mass and force to define cachexia 
3 is less evident given the lack of reference value for muscle force since muscle force is device-

dependent. Given the low number of patient, it is of course difficult to determine, which 

definition of cachexia is the most pertinent in our context. 
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Table 1. Baseline characteristics of the patients. 

 Patient 1 Patient 2 Patient 3 

Anthropometrics    
Age (years) 69 71 47 
Gender M F M 
Mass (kg) 75 63 76.5 
BMI (kg.m-2) 24 23 28 
Body mass loss (%) 0 +4 +3 
Cancer characteristics    
Primary location Transverse colon Ascending colon Stomach 
TNM stage pT3N0M0 pT3N0M0 pT3N0M0 
Pre-operative chemotherapy no no yes 
Pre-operative radiotherapy no no no 
Blood parameters    
Creatinine (µmol.L-1) 84 92 53 
GFR ( mL.min-1.1,73m-2) 82 54 120 
Albumin (g.L-1) 41.1 40.1 39.6 
Prealbumin (g.L-1) 0.208 0.27 0.36 
CRP (mg.L-1) 0.9 2.5 4.6 
Physical activity    
Total MVPA (MET-min.wk-1) 2520 640 0 
Nutrition    
Nutritional status 

At risk of malnutrition 
Normal nutritional 
status 

Normal nutritional 
status 

Quality of life    
Physical functioning 85 80 90 
Role physical 100 100 0 
Body pain 40 100 62 
General health 47 82 67 
Vitality 55 100 55 
Social functioning 100 100 75 
Role emotional 100 100 33 
Mental health 92 100 76 
Skeletal muscle characteristics    
L3 skeletal muscle cross-sectional area 
(cm2) 

142.82 109.81 175.75 

SMI (cm2.m-2) 46.64 38 62.27 
SDM (HU) 33 36 40 
Skeletal muscle function    
Handgrip force (N) 480 261 419 
Quadriceps MVC force (N.m) 139 82 208 
Endurance index 46 61 54 

BMI, body mass index; GFR, glomerular filtration rate; CRP, C-reactive protein; MVPA, moderate to vigorous 
physical activity; MVC, maximal voluntary contraction; SMI, skeletal muscle index; SMD, skeletal muscle density. 
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Skeletal muscle mass and function 

We then compared the loss of body mass with the loss of skeletal muscle mass reflected by SMI 

during the follow-up of the patients (Figure 2B). Patient 1, with a constant body mass, had an 

increased SMI during the study suggesting that his resistance to cachexia could be due to 

resistance to skeletal muscle mass loss. On the contrary, patient 3, who lost body mass starkly 

until M3, also has a decreased SMI until M3 suggesting that the body mass loss mainly resulted 

from skeletal muscle mass loss. Patient 2 had a continuous decreased SMI throughout the follow-

up despite her body mass increased from M1 to M6 suggesting that, once initiated, skeletal 

muscle mass loss persists and that her increased body mass may rather result from an increase in 

adipose tissue. Moreover, the SMI was not correlated with the SMD (p=0.55). 

 

For all patients, quadriceps MVC evolved similarly to SMI and was thus strongly correlated 

with SMI (p<0.0001, r2=0.93) (Figure 3). Furthermore, handgrip force was also correlated with SMI 

(p=0.13, r2=0.51). This highlights that the loss of skeletal muscle force reflects that of skeletal 

muscle mass in cancer patients. The endurance index was neither associated with SMI nor 

quadriceps MVC, suggesting that factors other than mass and force contribute to the variation of 

endurance index. Of note, this parameter was very difficult to assess because of the subjectivity 

of the perceived exhaustion and variable patient attrition to the QIF test. 

Figure 2. Evolution of the body mass (A) and SMI (B) of the three included patients. 
SMI, skeletal muscle index. 
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 Other factors related to skeletal muscle mass and function loss 

All correlations between the factors measured in the study and skeletal muscle mass and function 

are displayed in Figure 4. One factor known to influence skeletal muscle mass and force is physical 

activity. However, neither the total physical activity level nor total sitting-time correlated with 

SMI, quadriceps MVC or handgrip force in patients. The SMI and quadriceps MVC negatively 

correlated with role limitation due to physical health problems and social functioning. The 

quadriceps MVC and handgrip force also negatively correlated with vitality. This emphasizes the 

importance of skeletal muscle mass and force on the patients’ quality of life. The SMI positively 

correlated with blood creatinine that is in range with the fact that circulating creatinine level is 

an accurate measure of whole-body skeletal muscle mass 417,418. 

Figure 3. Pearson correlation of the quadriceps MVC with SMI in the three included patients. 
MVC, maximal voluntary contraction; SMI, skeletal muscle index. 

Figure 4. Visualization of correlation analysis results between skeletal muscle mass and function and other 
investigated parameters. Square color represents the magnitude of the correlation coefficient r. Red indicates 
positive correlation and blue indicates negative correlation. Significance of the correlations are indicated as: *p<0.05, 
**p<0.01, ***p<0.001. GFR, glomerular filtration rate; CRP, C-reactive protein; MVPA, moderate to vigorous physical 
activity; MVC, maximal voluntary contraction; SMI, skeletal muscle index. 
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Discussion 

It is obviously impossible to draw conclusions given the low number of included patients however, 

this study allowed us to state some comments. Cachexia classification remains controversial 

because considering other factors than body mass loss required reference values that are 

currently still not clearly defined. This is a main issue as depending on the definition of cachexia, 

final outcomes may be different 4,20,419. Moreover, even if only three patients were included, a 

great patient heterogeneity was observed. Indeed, whereas one patient never lost body mass, 

one lost body mass and returned to her initial body mass and one continuously lost body mass. 

This greater heterogeneity compared to animal studies requires a greater number of subjects and 

would have probably require a stratification of patient study. Finally, these preliminary data also 

confirmed that skeletal muscle mass largely contribute to muscle force in cancer patients 

affecting their quality of life. Unfortunately, recruitment of patients was far below originally 

expected so that we did not analyze neither patient biopsies nor plasma samples and we were 

unable to pursue our investigation on the mechanism leading to the skeletal muscle loss of mass 

and function during cancer cachexia. 
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Summary 

Cachexia affects about half of cancer patients and is characterized by a progressive body mass 

loss mainly resulting from skeletal muscle compartment depletion. This loss of skeletal muscle 

mass together with a decrease in muscle force strongly contributes to reducing cancer patient 

quality of life, treatment efficiency and ultimately patient survival. Glucocorticoids are steroid 

hormones secreted under the control of the hypothalamic-pituitary-adrenal axis that have been 

well described to promote skeletal muscle atrophy but also to exert systemic actions through 

activation or repression of gene expression in many tissues. We hypothesized that the 

glucocorticoid pathway could be activated during cancer cachexia in ApcMin/+ mice, a mice model 

of intestinal cancer. Here, we report that activation of skeletal muscle catabolism was associated 

with a complete reprogramming of liver metabolism. Moreover, we showed an activation of the 

hypothalamic-pituitary-adrenal axis associated with an increase in the level of corticosterone (the 

main glucocorticoid in rodent) in serum, quadriceps muscle and liver of advanced cancer cachectic 

mice. The transcriptional signature in quadriceps muscle and liver of advanced cancer cachectic 

mice significantly mirrored that observed in mice treated with dexamethasone, a glucocorticoid 

analog. Importantly, the inhibition of cancer cachexia by myostatin gene invalidation in ApcMin/+ 

mice restored corticosterone levels and abolished skeletal muscle and liver gene reprogramming. 

Together, these data indicate that glucocorticoids drive a transcriptional program to coordinately 

regulate skeletal muscle mass loss and hepatic metabolism rewiring. The inhibition of this 

response by myostatin gene invalidation highlights the existence of a molecular dialog between 

skeletal muscle and liver. 

 

 

Keywords 

Cancer cachexia, glucocorticoids, hypothalamic-pituitary-adrenal axis, liver, metabolism, 
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Introduction 

Cancer cachexia is a devastating wasting syndrome characterized by uncontrolled catabolism of 

skeletal muscle with or without adipose tissue loss that cannot be reversed by conventional 

nutritional supports 1–3. Cachexia is particularly prevalent in patients with lung, pancreatic or 

digestive cancer 4,3,5,6 and worsens with the advanced stages of the disease affecting up to 80% 

of patients with advanced cancers. Cachexia would account for up to 20% of cancer deaths 7. 

If the reduction in skeletal muscle mass is an important determinant of cancer cachexia 8–

13, cancer cachexia is also a systemic catabolic syndrome that involves a dialog between the tumor 

and multiple tissues and organs with important metabolic functions 14–16. The liver is a critical 

regulator of glucose and lipid metabolism that orchestrates, along with skeletal muscle and 

adipose tissue, whole-body energy metabolism. The possibility that hepatic metabolism may be 

altered in cancer patients was suggested a long time ago 17. Clinical studies in cancer patients 

provided support to this concept by showing a decrease in hepatic glycogen store 18, as well as an 

increase in hepatic gluconeogenesis from lactate 18, glycerol 19 or alanine 20, suggesting that liver 

metabolism is markedly impaired by cancer cachexia. 

One class of hormones that play important roles in the regulation of skeletal muscle and 

liver metabolisms is glucocorticoids (GC). GC are steroid hormones synthesized and secreted by 

the adrenal cortex under the control of the hypothalamic-pituitary-adrenal (HPA) axis. GC bind to 

ubiquitously expressed GC receptor, which translocates to the nucleus and binds to GC response 

elements in the promoters of target genes to activate or inhibit their transcription. In skeletal 

muscle, the administration of GC induces atrophy by triggering a transcriptional program that 

decreases the expression of genes promoting protein synthesis and increases those promoting 

protein degradation 21–23. In the liver, the administration of GC regulates the expression of 

numerous genes involved in amino acid metabolism, glucose metabolism as well as lipid 

metabolism 24,25. The similarity between the effects triggered by GC administration on skeletal 

muscle and liver and those reported during cancer cachexia strongly suggests that GC could 

coordinately regulate skeletal muscle and hepatic metabolisms during cancer cachexia. 

Surprisingly, how GC could generate a functional metabolic coupling between skeletal muscle and 

liver during cancer cachexia remains unsolved. And yet, cancer cachexia is associated with an 

increase in circulating GC level in cancer cachectic patients 26–28 as well as in mice in experimental 

models of cancer cachexia 29–36. Deciphering the GC-mediated regulation of skeletal muscle and 

liver metabolisms during cancer cachexia would be therefore important for the understanding of 

the systemic mechanisms involved in cancer cachexia but also for the management of cancer 

cachexia itself. Using a combination of in vivo physiological, molecular, and biochemical 
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approaches, we aimed to investigate the role of the HPA axis and GC on skeletal muscle and liver 

during cancer cachexia. 

We identified GC as important determinant of cancer cachexia in the ApcMin/+ (Apc) mouse 

model of intestinal cancer 37,38. We showed that cancer cachexia elicited a hepatic metabolism 

reprogramming in favor of an increase in gluconeogenesis, an alteration of the urea cycle, a 

decrease in ketogenesis, and a decrease in lipid metabolism. We identified a GC-dependent 

transcriptional response both in skeletal muscle and liver of advanced cachectic mice that was 

completely inhibited when cachexia was blocked by myostatin (Mstn) gene invalidation. Our 

findings uncover a new role for GC in promoting skeletal muscle atrophy and hepatic metabolic 

reprogramming during cancer cachexia and suggest a strong metabolic relationship between 

skeletal muscle and liver during cancer cachexia under the control of the HPA axis. 

Methods 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Damien Freyssenet (damien.freyssenet@univ-st-etienne.fr). This 

study did not generate new unique reagents. 

EXPERIMENTAL MODELS 

All animal studies were conducted in accordance with the European Community guidelines for 

the care and use of laboratory animals for scientific purposes, and after the authorization of the 

Ministère français de l’Enseignement Supérieur, de la Recherche et de l’Innovation and the 

Comité d’Ethique en Expérimentation Animale de la Loire (CEEAL-UJM-98, Université Jean 

Monnet, N°CU13N6). Male mice under the C57BL/6J genetic background were co-housed with 

at least one to three other mice in filter-top cages with bedding (spruce wood granulate+shavings) 

and nest building enrichment in a temperature-controlled (20-24°C) conventional animal facility 

with 12-hour light/dark cycles. Animals had free access to environmental enrichment, food, and 

water. Mice were checked daily by facility technicians for signs of distress and bedding changes 

occurred every week. Mice showing signs of distress including sores, weight loss greater than 20% 

of starting body weight, and frank rectal bleeding were removed from the study. No formal 

randomization was performed for mouse studies. Mice were used as they became available and 

paired with littermate controls. 

Apc male mice 37,38 were purchased from the Jackson Laboratory, then breed and 

reproduced in the animal facility. Constitutive Mstn knock-out (KO) mice have been described 39 

and were a gift from Anne Bonnieu (Montpellier University, France). Briefly, the third exon of the 

mailto:damien.freyssenet@univ-st-etienne.fr
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Mstn gene flanked with a pair of loxP sites has been deleted by transiently expressed Cre 

recombinase at the zygote stage 39. ApcMin/+/Mstn-/- (ApcKO) mice were generated as previously 

described 40. Briefly, Apc male mice were first mated to KO females. Apc male mice heterozygous 

for the Mstn gene from the progeny were then mated to KO females to obtain the ApcKO mice. 

All mice were identified after genotyping analysis. 

The study consisted of two main experiments. We first used 13- (n=10) and 23-week-old 

(n=8) Apc mice. Age-matched WT littermates were used as controls (n=11 at 13 weeks and n=12 

at 23 weeks). The response of Apc mice was also compared to that of dexamethasone-treated 

mice. Thirteen-week-old WT male mice received daily intraperitoneal injection of dexamethasone 

(3 mg/kg/day) (n= 10, WT-DEX mice) or placebo (n=10, WT-CTL mice) between 9 and 11 a.m for 5 

days before tissue removal. In a second experiment, 23 week-old WT (n=10), Apc (n=8), KO (n=13), 

and ApcKo (n=10) mice used. 

METHOD DETAILS 

Tissue collection 

Thirteen- and 23-week-old mice were anesthetized with an intraperitoneal injection of 90 mg/kg 

ketamine and 10 mg/kg xylazine. Tibialis anterior, extensor digitorum longus, quadriceps, 

gastrocnemius and soleus muscles, liver, adrenal glands, testis and hypothalamus were removed, 

weighed, rapidly frozen into liquid nitrogen and kept at -80°C until analysis. Small intestine and 

colon were carefully dissected, flushed with phosphate-buffered saline (PBS), opened 

longitudinally, and fixed in 10% paraformaldehyde before subsequent processing. For 

immunofluorescence microscopy, the gastrocnemius muscle was vertically embedded in Optimal 

Cutting Temperature compound (VWR), positioned on a piece of cork and frozen into isopentane 

chilled in liquid nitrogen, before to be stored at -80°C until analysis. Blood samples were removed 

from the tail under isoflurane (3%) anesthesia between 9 and 12 am in 13- and 23-week-old mice. 

Blood samples were left 30 minutes at room temperature and then centrifuged (10 min at 2,000 

rpm, 4°C). The serum was removed and immediately frozen at -80°C until analysis. 

Count of polyp number 

Small and large intestines fixed in 10% paraformaldehyde were rinsed with PBS (3 × 12 hours) 

and stained with 0.1% methylene blue for 3 hours. The total number of polyps was then counted 

under a dissecting microscope. 

Blood analyses 

Hematocrit was measured with a Compur M1100 (Compur Werke, Munich, Germany) 

minicentrifuge on a 20 µL blood sample removed during tissue collection. Glycemia was 
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measured with a FreeStyle Optium Neo H glucometer (Abbott Diabetes Care, Witney, 

Oxfordshire, UK) and lactatemia with a Accutrend® Plus lactate analyzer (Roche Diagnostics 

GmbH, Mannheim, Germany), respectively, during tissue collection. Corticosterone 

concentration was measured with solid-phase enzyme-linked immunosorbent assay 

(MyBiosource, San Diego, USA) following the manufacturer’s instructions. ß-hydroxybutyrate 

concentration was measured with colorimetric assay (APExBIO, Houston, USA) following the 

manufacturer’s instructions. 

Immunofluorescence analysis of myofiber cross-sectional area, image processing, and analysis 

Gastrocnemius muscle transverse sections (thickness of 12 µm) were cut in a refrigerated (-20°C) 

microtome (Leica CM1950, Leica Biosystems, Nussloch, Germany). Muscles sections were blocked 

with a PBS solution containing 0.5% Tween 20, 0.1% Triton, 2% BSA, and 20% goat serum for 2 

hours and then incubated overnight at 4°C with anti-mouse laminin antibody (Sigma-Aldrich, 

1:200). Muscle sections were then rinsed for 10 minutes with PBS and incubated 1 hour at room 

temperature with a goat anti-rabbit secondary antibody Alexa Fluor 488 (Thermo Fisher Scientific, 

1:500). Immunolabelled muscle sections were rinsed for 5 minutes with PBS, 5 minutes with a 

PBS-0.05% Tween 20 solution, and mounted with Vectashield Hard Set (Vector Laboratories). 

Muscle sections were examined and imaged using a Zeiss Axio Imager 2 Microscope at 5x-20x 

magnification. Images were stitched using the automated tile-scan tool to construct an image of 

the entire cross-section of the gastrocnemius muscle. Muscle cross-sectional area was 

automatically measured by ImageJ software using laminin immunostaining. 

In situ force measurement 

A subset of 23-week-old WT (n=14) and Apc (n=8) mice was used for the measurement of twitch 

response, maximal isometric tetanic force and fatigue of tibialis anterior muscle by using 1300A 

Aurora system (Aurora Scientific, Ontario, Canada) following standardized operating procedures 

published by the treat-NMD network 41. Briefly, the distal tendon of tibialis anterior muscle of 

anesthetized mice (90 mg/kg ketamine and 10 mg/kg xylazine) was attached to the force-position 

transducer apparatus while mice’s knee was anchored and the sciatic nerve was stimulated. Force 

was recorded and analyzed with DMA software (Aurora Scientific, Ontario, Canada). After 

determination of the optimum muscle length (L0), the response (maximum rate of force 

development to peak twitch (+dP/dTmax) and maximum rate of relaxation (-dP/dTmax)) to a twitch 

was analyzed. Maximum absolute isometric tetanic force (P0) was determined as the maximal 

force recorded during stimulation of 0.5 s at 100 Hz. The maximum specific isometric tetanic (sP0) 

was calculated as the maximum absolute isometric tetanic force divided by tibialis anterior 

muscle weight. Muscle fatigue was determined by recording force production during a 120-

second stimulation protocol (50 Hz). 
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RNA isolation and RT-qPCR 

Total RNA was extracted from quadriceps muscle, liver, adrenal glands, and hypothalamus using 

an RNA extraction kit (Macherey Nagel) following the manufacturer’s instructions. RNA 

concentration and quality was determined (BioSpec-nano, Shimadzu) and 200 ng of RNA were 

reverse transcribed using Reverse Transcriptase Core kit (Eurogentec) following the 

manufacturer’s instructions. qPCR was carried out on 2 µL of cDNA (1:80) using Takyon™ No Rox 

SYBR® MasterMix dTTP Blue (Eurogentec) and appropriate primers (Eurogentec) in a total 

reaction volume of 10 µL. Primer sequences and details are provided in Table S5. Fluorescence 

intensity was recorded using a CFX96 Real-Time PCR detection system (Bio-Rad). Data were 

analyzed using the ∆∆CT method of analysis. Reference genes (Ppia and Hprt for quadriceps 

muscle, Actb and Hprt for liver and adrenal glands, Actb and Tuba1 for hypothalamus) were used 

to normalize the expression levels of genes of interest. 

Protein extraction and Western Blot analysis 

Powdered quadriceps muscle and liver were homogenized (1:20 w:vol) in a RIPA buffer (Cell 

Signaling Technology) supplemented with protease and phosphatase inhibitors (Roche). Samples 

were centrifuged for 10 min at 12,000 g at 4°C. The protein concentration of the supernatant was 

determined using the DC protein assay (Bio-Rad), following the manufacturer’s instructions. 

Thirty µg of protein (1:4 vol:vol) in reducing Laemmli buffer (Bio-Rad) were loaded into 8-16% 

TGX™ Stain Free SDS-PAGE precast gel (Bio-Rad) and electrophoresed at 200 V until migration 

front has reached the bottom of the gel. Proteins were then transferred onto a nitrocellulose 

membrane (Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). Total protein was 

visualized using stain-free technology and used for protein normalization. Membranes were 

blocked with a Tris Buffered Saline-0.1% Tween 20 (TBS-T) solution containing 5% non-fat dried 

milk for 2 hours at room temperature. Primary antibody (rpS6Ser235/236, 1:1000; DDIT4, 1:1000; 

4EBP1, 1:1000; PGC1A, 1:1000; CRTC2Ser171, 1:1000; PCK1, 1:500; CREBSer133, 1:1000; CREB, 

1:1000) was then applied overnight at room temperature in a 5% Bovine Serum Albumin BSA TBS-

T solution. Primary antibody references are specified in the Key Resources Table. Membranes 

were then washed 3×5 min with a 0.1% TBS-T solution and incubated for 1 hour at room 

temperature with appropriate HRP-conjugated secondary antibody (Agilent, 1:2000) in a 5% non-

fat dried milk TBS-T solution. After washes (3×5 min with a TBS-T solution), membranes were 

incubated with ECL (Bio-Rad) and imaged using ChemiDoc MP Imaging System (Bio-Rad). The 

protein band intensity was determined using Image Lab™ version 6.0. Stain-free technology was 

used for protein normalization. 
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Skeletal muscle and liver corticosterone content 

Corticosterone content was measured from protein extracts with solid-phase enzyme-linked 

immunosorbent assay (MyBiosource, San Diego, USA) following the manufacturer’s instructions. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

All statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, San Diego, 

CA). Grubb’s test with alpha = 0.05% was systematically performed to identify potential outliers. 

Data were tested for normal distribution using Shapiro–Wilk test. Two-way analysis of variance 

(ANOVA) was used to determine differences among time (13 vs 23 weeks) and genotype (WT vs 

Apc) for polyp number, hematocrit, tissue masses, mean CSA, mRNA level in quadriceps muscle 

and liver, blood glucose, lactate, and ketone body concentration and for corticosterone 

concentration in serum, quadriceps muscle and liver. If a main effect and/or a time x genotype 

effect was significant, Sidak’s multiple comparison test was used to identify the difference 

between means. A one-way ANOVA followed by Tukey’s multiple comparison test in case of a 

significant genotype effect was used to determine differences between genotypes at 23 weeks 

(WT, Apc, KO vs ApcKO). Other data were analyzed with two-way ANOVA followed by Dunnett’s 

and/or Sidak’s multiple comparison tests (body mass evolution and muscle fatigue), a log-rank 

(Mantel-Cox) test (survival), Mann-Whitney or two-tailed unpaired t’s test Welch’s correction if 

necessary (P0, protein level in muscle and liver, mRNA level in hypothalamus and adrenal glands, 

adrenal gland mass) and Pearson correlation. Gene expression overlapping significance, odds 

ratio, and Jaccard index were calculated with Fisher’s exact test using GeneOverlap package (Li 

Shen and Mount Sinai (2019). GeneOverlap: Test and visualize gene overlaps. R package version 

1.22.0. http://shenlab-sinai.github.io/shenlab-sinai/) in R (version 3.6.3). Statistical parameters 

are reported in the Figure legends. The significance level was set at p<0.05.  

DATA AND CODE AVAILABILITY 

Used software is available on the web sites linked in the Key Resources Table. 

Results 

Apc mice recapitulate the main features of cancer cachexia 

To investigate the mechanisms driving cancer cachexia, we used the Apc mouse, a mouse model 

of intestinal cancer that harbors a heterozygous mutation in the adenomatous polyposis coli 

(APC) gene 37,38. Mutations in the APC gene in humans are responsible for familial adenomatous 

polyposis, an inherited colon cancer predisposition syndrome characterized by the formation of 

multiple colorectal adenomas, which can become malignant 42. Apc mice experienced a 

progressive loss in body mass that began 15 weeks after birth reaching -9% of their peak body 

http://shenlab-sinai.github.io/shenlab-sinai/
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mass at the age of 23 weeks (Figure 1A). Based on this analysis of body weight, we defined two 

different stages of cancer cachexia, a moderate stage of cachexia at 13 weeks and an advanced 

stage of cachexia at 23 weeks. Apc mice fed normally (Figure S1A) and had similar tibia length 

(Figure S1B) than wild-type (WT) age-matched littermates, suggesting that the lower body mass 

of Apc mice was not due to growth failure. Apc mice progressively developed polyposis (Figure 

1B), as well as anemia (Figure 1C) due to intestinal bleeding. The median survival of Apc mice was 

26 weeks (Figure 1D). 

Marked reductions in adipose tissue store (Figure S1C) as well as in skeletal muscle 

compartment were also observed. Cachexia indifferently affected skeletal muscles with mixed 

contractile and metabolic phenotypes such as quadriceps (-24% at 13 weeks and -52% at 23 

weeks) and gastrocnemius (-20% at 13 weeks and -53% at 23 weeks) muscles (Figure 1E) and 

those with a predominance of fast-twitch glycolytic fibers such as extensor digitorum longus (-

24% at 13 weeks and -52% at 23 weeks) and tibialis anterior (-19% at 13 weeks and -49% at 23 

weeks) muscles (Figure S1D). Soleus muscle, a slow-twitch oxidative postural muscle, which has 

not developed atrophy yet at 13 weeks (-8%), also became cachectic at 23 weeks (-30%) (Figure 

S1D). The reduction in gastrocnemius muscle mass was associated with a decrease in muscle fiber 

cross-sectional area both in 13- and 23-week-old Apc mice when compared to age-matched WT 

littermates (Figure 1F-H). Finally, skeletal muscle depletion significantly correlated with body 

mass loss (Figure S1E). 

Functionally, the absolute maximal isometric tetanic force of tibialis anterior muscle (P0) was 

significantly reduced in Apc mice with advanced cachexia compared to WT mice (Figure 1I). 

However, when normalized to muscle mass (sP0), P0 was not different, indicating that the loss in 

skeletal muscle mass strongly contributed to the loss of force (Figure 1J). The maximum rates of 

force development and relaxation were also reduced in the tibialis anterior muscle of 23-week-

old Apc mice during a single twitch response (Figure S1F) suggesting that the decreased muscle 

force was also associated with an alteration of contractile properties. Finally, muscle fatigue was 

also increased in 23-week-old Apc mice compared to WT mice, as shown by the faster and greater 

decrease in muscle force during a fatigue protocol (Figure 1K). 

Molecularly, the mRNA levels of Trim63 (MuRF1) and Fbxo32 (MAFbx) encoding E3-

ubiquitin ligases involved in ubiquitin-proteasome dependent proteolysis were increased in the 

quadriceps muscle of 23-week-old Apc mice compared to WT mice (Figure 1L). This was associated 

with an increase in the protein content of the translational repressors, DDIT4 43,44 and 4EBP1 45,46 

(Figure 1M). The fast migrating hypophosphorylated active form of 4EBP1 was also increased 

(Figure 1M). Finally, the active phosphorylated form of the translational activator, ribosomal 

protein S6, was decreased further indicating repression in translation initiation (Figure 1M). 
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Together with previous studies 47,48, these results indicate that skeletal muscle mass loss in Apc 

mice during cancer cachexia was due to an unbalance between protein synthesis and 

degradation. 

Collectively, these results indicate that Apc mice recapitulate important features of cancer 

cachexia. Furthermore, this model attenuates the limits of large primary tumor burden models, 

including their extremely fast cachexia progression, their failure to form spontaneous tumors and 

to recapitulate the etiology of human cancers 49,50, and thus more closely mimics the progressive 

development of cancer cachexia in human patients. 

  

Figure 1. Apc mice recapitulate the main features of cancer cachexia 
(A) Relative changes in body mass in WT (n=9) and Apc (n=24) mice over a 23-week period after birth. 
(B) Polyp number in small intestine and colon in WT and Apc mice at 13 (WT n=9; Apc n=7) and 23 (WT n=10; Apc n=6) 
weeks. 
(C) Hematocrit in WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 (WT n=7; Apc n=8) weeks. 
(D) Kaplan-Meier survival curve of WT (n=31) and Apc (n=31) mice indicates that the half-life survival of Apc mice was 
26 weeks. 
(E) Quadriceps (left) and gastrocnemius (right) muscle mass of WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 
(WT n=12; Apc n=8) weeks. 
(F) Representative laminin immunostaining of gastrocnemius muscle transversal sections of WT and Apc mice at 13 
and 23 weeks. Scale bar, 100µm. 
(G) Frequency distribution of fiber cross-sectional area in gastrocnemius muscle of WT and Apc mice at 13 (WT n=7; 
Apc n=6) and 23 (WT n=5; Apc n=4) weeks. 540 ± 247 fibers per muscle were counted. The lines represent the Gaussian 
regression curve fit. 
(H) Gastrocnemius muscle mean myofiber cross-sectional area (CSA) of WT and Apc mice at 13 (WT n=7; Apc n=6) and 
23 (WT n=5; Apc n=4) weeks. 540 ± 247 fibers per muscle were counted. 
(I) Absolute maximal isometric tetanic force (P0) of tibialis anterior muscle recorded at 100 Hz in 23-week-old WT 
(n=14) and Apc (n=8) mice. 
(J) Specific maximal isometric tetanic force (sP0) of tibialis anterior muscle recorded at 100 Hz in 23-week-old WT 
(n=14) and Apc (n=8) mice. Pearson correlation between tibialis anterior P0 recorded at 100Hz and tibialis anterior 
muscle mass in 23-week-old WT (n=14) and Apc (n=8) mice. 
(K) Tibialis anterior muscle force expressed as a percent of maximal initial force during a 120-sec fatigue protocol (50 
Hz) in 23-week-old WT (n=12) and Apc (n=8) mice. 
(L) RT-qPCR analysis of MuRF1 and MAFbx mRNA level in quadriceps muscle of WT and Apc mice at 13 (WT n=11; Apc 
n=9) and 23 (WT n=12; Apc n=7) weeks. 
(M) Representative immunoblot (left) of phosphorylated ribosomal protein S6 (rpS6Ser235/236), DDIT4 protein, and 
4EBP1 protein content in quadriceps muscle of WT and Apc mice at 13 and 23 weeks. The hypophosphorylated active 
form of 4EBP1 migrates faster than the hyperphosphorylated inactive form. Quantitative analysis (right) of 
rpS6Ser235/236, and 4EBP1 protein content in quadriceps muscle of WT and Apc mice at 13 (WT n=8; Apc n=8) and 23 
(WT n=8; Apc n=8) weeks. DDIT4 was not quantified as expression level in WT mice was undetectable. 

Data are represented as mean ± SEM. (A, B, C, E, H, K, and L) data were analyzed by a two-way ANOVA; #: significant 
difference with 13 weeks (Dunnett’s multiple comparison test); *: significant difference between WT and Apc (Sidak’s 
multiple comparison test). (D) data were analyzed by a log-rank (Mantel-Cox) test. (I, J, M) data were analyzed by a 
two-tailed unpaired t-test with Welch’s correction when necessary. (J) Data were analyzed with a Pearson correlation 
test. *, #p <0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.  
See also Figure S1. 
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Advanced cancer cachexia induces rewiring of hepatic metabolism 

To assess changes in liver metabolism, we first looked at gluconeogenesis. A hallmark of increased 

gluconeogenesis under sustained catabolic conditions, such as prolonged fasting, is a decrease in 

blood glucose concentration 51–53, which indicates a sustained hepatic glucose production that 

does not fulfill the energetic need of whole-body metabolism. During cancer cachexia, blood 

glucose concentration was significantly decreased in 23-week-old Apc mice (Figure 2A). Similar 

results were also reported in Lewis lung carcinoma tumor-bearing (LLC) mice, a fast tumor burden 

model of cancer cachexia (Figure S2A). Expression of gluconeogenic genes is classically activated 

by phosphorylation at Ser133 of the CREB transcription factor in response to glucagon stimulation 
54,55. Here, the active phosphorylated form of CREB was decreased in the liver of Apc mice and 

phosphorylation of the CREB-regulated transcription coactivator 2 (CRTC2) remained unchanged 

(Figure 2B), suggesting that this route was not activated in advanced cachectic mice. However, 

the expression of gluconeogenic genes is also activated by the coordinate interplay of the 

transcriptional co-activator PPARGC1A (PGC1A) and the transcription factor FOXO1 56–58. The 

hepatic mRNA levels of Pgc1a and Foxo1, but also Foxo3, were increased in 23-week-old Apc mice 

(Figure 2C-D), suggesting an activation of a PGC1A/FOXO1 axis in advanced cachectic mice. 

Accordingly, transcript levels of their target genes encoding key gluconeogenesis enzymes, Pcx 

and Pck1, were also increased in advanced cachectic mice (Figure 2C-D). The increased expression 

of Pgc1a and Pck1 was also confirmed at the protein level (Figure 2B). Conversely, the mRNA level 

of Mlxipl (ChREBP), a transcription factor that drives the expression of glycolytic genes 59,60, as 

well as that of its target genes 61 such as the glucose transporter Slc2a2 and glycolytic enzymes 

Pklr and Gk were decreased in 23-week-old Apc mice (Figure 2C-D). A similar result was observed 

for Gpd2, a component of the glycerol phosphate shuttle that boots glucose oxidation (Figure 2C-

D). Hepatic gluconeogenesis can be fueled by lactate derived from tumoral glycolytic metabolism 
18,62. Accordingly, the blood lactate concentration was increased in 23-week-old Apc mice (Figure 

2E), suggesting an increased provision of lactate by tumor cells. This observation was also 

reproduced in LLC tumor-bearing mice (Figure S2B). 

This rewiring of hepatic metabolism was not limited to glucose metabolism. Amine groups 

originating from amino acid deamination must be recycled in the form of urea via the urea cycle 

to avoid the metabolic toxic effect of ammonia accumulation 63. The expression of the enzymes 

of the urea cycle was also profoundly affected (Figure 2F-G). The liver also produces other 

energetic substrates such as ketone bodies from acetyl-CoA during excessive oxidation of non-

esterified fatty acids. Serum ß-hydroxybutyrate concentration, the most prevalent circulating 

ketone body, was decreased in 23-week-old Apc mice (Figure 2H). The transcript level of Ppara, a 

master transcriptional regulator of ketogenic genes 51,64, as well as that of ketogenesis rate-
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limiting enzymes Hmgcs2 and Bdh1, were also decreased in 23-week-old Apc mice (Figure 2I). 

Accordingly, transcript level encoding proteins involved in lipolysis and fatty oxidation were 

decreased in Apc mice (Figure 2J). Finally, markers of lipogenesis were also consistently decreased 

in the liver of advanced cachectic mice (Figure 2K). 

Collectively, these data indicate that the liver experiences a major metabolic rewiring 

during cancer cachexia that affects glucose, nitrogen, ketone body, and lipid metabolisms. 

 
Figure 2. Cancer cachexia elicits a transcriptional rewiring of hepatic metabolism in Apc mice 

(A) Blood glucose concentration in WT and Apc mice at 13 (WT n=9; Apc n=12) and 23 (WT n=12; Apc n=12) weeks. 

(B) Representative immunoblot (left) and quantitative analysis (right) of PGC1A, phosphorylated CRTC2 (CRTC2Ser171), 

PCK1, phosphorylated CREB (CREBSer133), and total CREB protein content in quadriceps muscle of WT and Apc mice at 

13 (WT n=8; Apc n=8) and 23 (WT n=8; Apc n=8) weeks. 

(C) Transcript level of gluconeogenic (left) and glycolytic (right) genes in liver of WT and Apc mice at 13 (WT n=11; Apc 

n=10) and 23 (WT n=12; Apc n=7) weeks. 

(D) Schematic representation of glycolysis and gluconeogenesis. Indicated in red, grey, and green are the transcripts 

encoding enzymes that were up-, not- or down-regulated, respectively. 

(E) Blood lactate concentration in WT and Apc mice at 13 (WT n=9; Apc n=12) and 23 (WT n=12; Apc n=12) weeks. 

(F) Transcript level of genes encoding urea cycle enzymes in liver of WT and Apc mice at 13 (WT n=11; Apc n=10) and 

23 (WT n=12; Apc n=7) weeks. 

(G) Schematic representation of the urea cycle. Indicated in red, grey, and green are the transcripts encoding enzymes 

that were up-, not- or down-regulated, respectively. 

(H) Serum ß-hydroxybutyrate concentration in WT and Apc mice at 13 (WT n=10; Apc n=13) and 23 (WT n=9; Apc 

n=12) weeks. 

(I) Transcript level of ketogenic genes in the liver of WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 (WT n=12; 

Apc n=7) weeks. Schematic representation of ketogenesis in the liver. Indicated in green are the transcripts encoding 

enzymes that were up-regulated. 

(J) Transcript level of genes encoding lipolytic and fatty oxidation enzymes in liver of WT and Apc mice at 13 (WT 

n=11; Apc n=10) and 23 (WT n=12; Apc n=7) weeks. Schematic representation of triglyceride hydrolysis and fatty acid 

oxidation. Indicated in red, grey, and green are the transcripts encoding enzymes that were up-, not- or down-

regulated, respectively. 

(K) Transcript level of genes encoding lipogenic enzymes in the liver of WT and Apc mice at 13 (WT n=11; Apc n=10) 

and 23 (WT n=12; Apc n=7) weeks. Schematic representation of lipogenesis. Indicated in green are the transcripts 

encoding enzymes that were up-regulated. 

Data are represented as mean ± SEM. (A, C, E, F, H, I, J, and K) data were analyzed by two-way ANOVA. (B) data were 

analyzed by a two-tailed unpaired t-test with Welch’s correction when necessary. * represents a significant difference 

after Sidak’s multiple comparison test and § represents a main genotype effect. * or §p <0.05, ** or §§p < 0.01, ***p 

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

See also Figure S2. 

DG, diglyceride; DHAP, dihydroxyacetone phosphate; F1,6 BP, fructose 1,6 bisphosphate; F6P, fructose 6 phosphate; 

FFA, free fatty acid; G6P, glucose 6 phosphate; GA3P, glyceraldehyde 3 phopshate; MG, monoglyceride; MUFA, 

monounsaturated fatty acid; OAA, oxaloacetic acid; PEP, phosphoenolpyruvate; TG, triglyceride 
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 Advanced cancer cachexia activates the hypothalamic-pituitary-adrenal axis 

We then asked whether a common molecular mechanism could coordinate these molecular 

adaptations in skeletal muscle and liver during advanced cancer cachexia. GC are steroids 

secreted by the adrenal cortex under the control of the HPA axis. Hypothalamic mRNA level of 

corticotropin-releasing hormone (Crh) that activates the pituitary secretion of 

adrenocorticotropic hormone (ACTH), was increased in 23-week-old Apc mice (Figure 3A). 

Hypothalamic expression of Fkbp5, indicative of the hyperactive function of the hypothalamus 65, 

was also increased (Figure 3A). ACTH then stimulates the release of GC by adrenal glands. The 

adrenal glands were hyperactivated as indicated by their increased mass 66 in 23-week-old Apc 

mice (Figure 3B), confirming previous studies in rat models of cancer cachexia 67–69 and cachectic 

cancer patients 70. The mRNA levels of Mc2r (ACTH receptor), as well as those of Cyp21a1 and 

Cyp11b1, which encode enzymes involved in adrenal corticosterone biosynthesis 71, were also 

increased in 23-week-old Apc mice (Figure 3C). Furthermore, hepatic transcript levels of GC 

detoxifying enzymes such as Papss2, Srd5a1, Ugt2b35, and Ugt2b36 72 were all decreased in 23-

week-old Apc mice compared to WT mice (Figure 3D). In agreement with all these data, the 

circulating level of corticosterone, the predominant GC in mice, was higher in both 13- and 23-

week-old Apc mice than in age-matched WT littermates (Figure 3E). Of note, circulating 

corticosterone level positively correlated with Crh mRNA level (p=0.045, r2=0.51) (Figure 3F) 

further illustrating activation of the HPA axis. Finally, and in agreement with a hypercortisolemia 

state 73, testis mass was significantly decreased in 23-week-old Apc mice (Figure 3G). Together, 

these data indicate that activation of the HPA axis and a lower capacity of hepatic GC 

detoxification contribute to increasing the circulating corticosterone level during cancer cachexia. 
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Figure 3. The hypothalamic-pituitary-adrenal axis is activated during cancer cachexia 
(A) RT-qPCR analysis of Crh and Fkbp5 mRNA levels in hypothalamus in 23-week-old WT (n=10) and Apc (n=9) mice. 
(B) Mass of adrenal glands in 23-week-old WT (n=7) and Apc (n=9) mice. 
(C) RT-qPCR analysis of Mc2r, Cyp11b1, and Cyp21a1 mRNA levels in adrenal glands of 23-week-old WT (n=7) and Apc 
(n=7) mice. 
(D) RT-qPCR analysis of transcripts encoding steroid detoxification enzymes in the liver of WT and Apc mice at 13 (WT 
n=11; Apc n=10) and 23 (WT n=12; Apc n=7) weeks. 
(E) Serum corticosterone concentration in WT and Apc mice at 13 (WT n=12; Apc n=12) and 23 (WT n=12; Apc n=10) 
weeks.  
(F) Pearson correlation between serum corticosterone concentration and Crh transcript level in 13- and 23-week-old 
WT (n=3) and Apc (n=8) mice. 
(G) Testis mass in 23-week-old WT (n=13) and Apc (n=11) mice. 

Data are represented as means ± SEM. (A, B, C, G) data were analyzed by Mann-Whitney test or two-tailed unpaired 
t-test with Welch’s correction when necessary. (D, E) data were analyzed by two-way ANOVA. * represents a 
significant difference after Sidak’s multiple comparison test. (F) data were analyzed with a Pearson correlation test. 
*p <0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. 
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A glucocorticoid-dependent transcriptional response occurs in the quadriceps muscle and liver 

of Apc mice during cancer cachexia 

To identify the existence of a GC-dependent transcriptional response in skeletal muscle of Apc 

mice, we reasoned that the transcriptional signature of genes that classically respond to the 

administration of a synthetic GC such as dexamethasone should be also significantly reproduced 

in skeletal muscle of Apc mice. Administration of dexamethasone triggers a typical transcriptional 

response in skeletal muscle characterized by an increase in the expression of Bnip3 53, Ddit4 22,53, 

Fkbp5 22,53, Klf15 22,53, Foxo122,23,53, Foxo3 22,53, MuRF122,23,53, MAFbx, 22,23,53, Mstn 22,74, 4ebp1 23, 

Cebpd 75, Mt1 76, Mt2 23,76, and Lc3b 53, whereas others transcripts such as Nr3c1 (GC receptor) 
22,53, Foxo4 22,53, and Bcat2 22 remained unchanged. This transcriptional response thus signs the 

GC/GC receptor transcriptional function in skeletal muscle. In the present study, intraperitoneal 

administration of dexamethasone for 5 days in WT mice reproduced this transcriptomic signature 

(Figure 4A, Table S1). We also identified Slc39a14 as a GC-responsive gene. Skeletal muscle from 

23-week-old Apc mice also displayed an increase in the expression of these GC-responsive genes 

as evidenced by the marked increase in the transcript level of Cebpd (x9), Ddit4 (x23), 4ebp1 (x7), 

Fkbp5 (x6), Foxo1 (x7), Foxo3 (x3), Klf15 (x4), MAFbx (x4), Mt1 (x56), Mt2 (x83), MuRF1 (x7), and 

Slc39a14 (x8) (Figure 4A, Table S1). DDIT4 and 4EBP1 were also increased at the protein level 

(Figure 1M). Overall, the transcriptional signature in skeletal muscle of dexamethasone-treated 

mice was significantly reproduced in 23-week-old Apc mice (Figure 4B). Out of 15 genes 

differentially expressed in dexamethasone-treated mice, 13 behaved similarly in 23-week-old Apc 

mice. Importantly, this transcriptional response was partly reproduced (insignificant) in 13-week-

old Apc mice (p=0.96, Figure 4A), indicating that the response was specifically associated with 

advanced cancer cachexia. To determine whether this signature was specific to Apc mice or 

common to other models of cancer cachexia, we also performed our analysis on LLC-tumor 

bearing mice. The transcriptional response of Apc mice was also reproduced in skeletal muscle of 

LLC mice (Figure S2C). Collectively, these data suggest that a GC-dependent transcriptional 

response is a common signature of advanced cancer cachexia in mice. In multiple tissues, 

including skeletal muscle, conversion of the inactive 11-dehydrocorticosterone to the active form 

corticosterone is performed by HSD11B1 77 and requires NADPH provided by the enzyme H6PD. 

Although the H6pd transcript level and Nr3c1 remained unchanged, the Hsd11b1 mRNA level was 

increased in quadriceps muscle of advanced cachexic Apc mice (Figure 4C) suggesting an 

increased conversion of inactive 11-dehydrocorticosterone into active corticosterone in skeletal 

muscle. This was further corroborated by an increased corticosterone content in the quadriceps 

muscle of 23-week-old Apc mice (Figure 4D). Of note, skeletal muscle corticosterone content 

negatively correlated with body mass (Figure 4E). 
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To determine if the transcriptional response observed in the liver of Apc mice (Figure 2) 

signed a GC action, we determine the expression levels of these genes in the liver of 

dexamethasone-treated mice. Additionally, GC-responsive (Mt1, Mt2, Slc39a14, Ddit4, Fkbp5, 

and Cebpd) and non-responsive (Klf15, Foxo4) genes identified in skeletal muscle were also 

selected and analyzed by RT-qPCR analysis. When carried out, this analysis indicated that 19 out 

of 27 genes differentially expressed in dexamethasone-treated mice were also similarly regulated 

in 23-week-old Apc mice (Figure 4F, see also Table S2). The overlap of gene transcription profiles 

between dexamethasone-treated WT mice and 23 week-old Apc mice was significant both for up- 

(p=2×10-4) and down-regulated (p=3.7×10-3) transcripts (Figure 4G). Of note, only 7 genes in 13-

week-old Apc mice were similarly expressed in dexamethasone-treated mice (p=0.61 for down-

regulated genes and p=0.064 for up-regulated genes) (Figure 4F), further emphasizing that the 

GC-dependent transcriptional response progressively takes place during the development of 

cancer cachexia. As observed for skeletal muscle, liver corticosterone content was also increased 

in 23-week-old Apc mice when compared to age-matched WT mice (Figure 4H). Collectively, these 

data demonstrate that a GC-dependent transcriptional response occurs in skeletal muscle and 

liver during advanced cancer cachexia in Apc mice. 

 

Figure 4. A glucocorticoid-dependent transcriptional response occurs in quadriceps muscle and liver of Apc mice 
during cancer cachexia 
(A) Heatmap displaying the glucocorticoid-dependent transcriptional signature in quadriceps muscle of Apc mice at 
13 weeks (WT n=11, Apc=10) and 23 weeks (WT n=12, Apc=7) and dexamethasone-treated WT mice (WT-CTL n=10; 
WT-DEX n=10). mRNA level was determined by RT-qPCR analysis and expressed as Log2(fold change vs age-paired WT 
mice). For Log2(fold change)>5, cells are set by default in the most intense red. 
(B) Venn diagram of differentially expressed genes in quadriceps muscle of 23-week-old Apc (WT n=12; Apc n=7) and 
WT-DEX (WT n=10; WT-DEX n=10) mice. 
(C) RT-qPCR analysis of H6pd, Hsd11b1 and Nr3c1 mRNA level in quadriceps muscle of WT and Apc mice at 13 (WT 
n=11; Apc n=10) and 23 (WT n=12; Apc n=7) weeks. 
(D) Corticosterone level in the quadriceps muscle in WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 (WT n=11; 
Apc n=7) weeks (left). 
(E) Pearson correlation between corticosterone level in quadriceps muscle and body mass in WT and Apc mice at 13 
(WT n=11; Apc n=10) and 23 (WT n=11; Apc n=7) weeks. 
(F) Heatmap displaying the glucocorticoid-dependent transcriptional signature in the liver of Apc mice at 13 (WT n=11, 
Apc=10) and 23 weeks (WT n=17, Apc=7) and dexamethasone-treated WT mice (WT n=10; WT-DEX n=10). mRNA level 
was measured by RT-qPCR and expressed in Log2(fold change vs age-paired WT mice). For Log2(fold change)>6, cells 
are set by default in the most intense red. 
(G) Venn diagram of differentially expressed up-regulated (left) and down-regulated (right) genes in liver of 23-week-
old Apc (WT n=12; Apc n=7) and WT-DEX (WT n=10; WT-DEX n=10) mice. 
(H) Corticosterone level in liver of WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 (WT n=12; Apc n=7) weeks. 

Data are represented as mean ± SEM. (B and G), differentially expressed genes were identified after Mann-Whitney 
test or two-tailed unpaired t-test with Welch’s correction if necessary. Overlapping significance, odds ratio, and 
Jaccard index were calculated with Fisher’s exact test. (C, D, H) data were analyzed by two-way ANOVA. * represents 
a significant difference after Sidak’s multiple comparison test and + represents a main genotype effect. (E) data were 
analyzed with a Pearson correlation test. * or +p <0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. 
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Prevention of cancer cachexia by myostatin gene invalidation prevents hepatic metabolism 

transcriptional reprogramming in Apc mice and reduces corticosterone level 

MSTN is a TGF-ß family member that functions as a master negative regulator of skeletal muscle 

mass during skeletal muscle development 78 and in adulthood 79,80. In the present study, the Mstn 

mRNA level was negatively correlated with quadriceps muscle mass (p=0.011, r2=0.16, Figure S3A) 

and positively correlated with circulating corticosterone level (p=0.048, r2=0.14, Figure S3B), 

illustrating the regulatory function of myostatin in this situation. We, therefore, reasoned that 

inhibiting skeletal muscle wasting by Mstn gene invalidation would restore hepatic metabolic 

function together with a restoration of corticosterone levels. In this second experiment, we thus 

generated Mstn knockout (KO), Apc mice knockout for the Mstn gene (ApcKO mice), as well as a 

new set of 23-week-old WT and Apc mice. Mstn gene invalidation completely prevented body 

mass loss (Figure 5A), polyposis (Figure 5B), anemia (Figure 5C), and adipose tissue loss (Figure 

S3C) of ApcKO mice. The hypermuscular phenotype of KO mice was clearly evident as shown by 

the marked increase in skeletal muscle mass when compared to WT mice (Figure 5D and S3D). 

Furthermore, Mstn gene invalidation completely prevented skeletal muscle mass loss under the 

Apc genetic background. The mass of quadriceps, gastrocnemius, soleus, tibialis anterior, and 

extensor digitorum longus skeletal muscles (Figure 5D and S3D) remained unchanged in ApcKO 

mice compared to KO mice. Accordingly, gastrocnemius muscle fiber cross-sectional area that was 

markedly reduced in Apc mice remained unchanged in ApcKO mice compared to KO mice (Figure 

5E-F). Molecularly, the increase in the mRNA level of the E3-ubiquitin ligases MuRF1 and MAFbx 

observed in Apc mice was completely prevented in the quadriceps muscle of ApcKO mice (Figure 

5G). Similarly, this was also associated with a restoration of DDIT4 and total and 

hypophosphorylated active forms of 4EBP1 to control levels (Figure 5H). Therefore, Mstn gene 

invalidation in ApcKO mice completely prevented cancer cachexia by reestablishing the balance 

between protein synthesis and degradation. 
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Figure 5. Myostatin gene invalidation prevents cancer cachexia in 23-week-old ApcKO mice 
(A) Body mass of WT (n=10), Apc (n=8), KO (n=13), and ApcKO (n=10) mice at 23 weeks. 
(B) Polyp number in small intestine and colon of WT (n=10), Apc (n=6), KO (n=5), and ApcKO (n=6) mice at 23 weeks. 
(C) Hematocrit in WT (n=10), Apc (n=8), KO (n=11), and ApcKO (n=10) mice at 23 weeks. 
(D) Quadriceps (left) and gastrocnemius (right) muscle mass in WT (n=10), Apc (n=8), KO (n=13), and ApcKO (n=10) 
mice at 23 weeks. 
(E) Representative laminin immunostaining of gastrocnemius muscle fiber cross-sectional (CSA) area in WT, Apc, KO, 
and ApcKO mice at 23 weeks. Scale bar, 100 µm. 
(F) Myofiber CSA of gastrocnemius muscle in WT (n=4), Apc (n=4), KO (n=6), and ApcKO (n=6) mice at 23 weeks. 475 
± 306 fibers per muscle were counted. 
(G) RT-qPCR analysis MuRF1 and MAFbx mRNA level in the quadriceps muscle of WT (n=10), Apc (n=8), KO (n=13), 
and ApcKO (n=10) mice at 23 weeks. 
(H) Representative immunoblot of DDIT4 and 4EBP1 protein level in the quadriceps muscle of WT, Apc, KO, and ApcKO 
mice at 23 weeks. The hypophosphorylated active form of 4EBP1 migrates faster than the hyperphosphorylated 
inactive form. 

Data are represented as mean ± SEM. (A, B, C, D, F, and G) data were analyzed by one-way ANOVA. * represents a 
significant difference after Tukey’s multiple comparison test. *p <0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. 
See also Figure S3. 



 

88 
 

 

We next determined whether inhibiting skeletal muscle wasting prevents or limits the GC-

dependent response in skeletal muscle and liver of ApcKO mice. We first should note that the GC-

dependent transcriptional signature in quadriceps muscle and liver first described in 23-week-old 

Apc mice (Figure 4A and 4F, Tables S1 and S2) was almost identically reproduced in this second 

set of Apc mice (Figure 6A-B, Tables S3 and S4). Nine out of 12 genes that were found to be 

upregulated in the quadriceps muscle of 23-week-old Apc mice were restored to KO level in 

ApcKO mice (Figure 6A, Table S3). The 3 transcripts that were not restored to control levels 

(Cebpd, 4ebp1, Mt1) were however markedly down-regulated. Similarly, the GC-dependent 

transcriptional signature in the liver was not observed anymore in ApcKO mice (Figure 6B, Table 

S4). Twenty-three out of 25 transcript levels that were regulated 23-week-old Apc mice were 

restored to KO level in ApcKO mice. Accordingly, the protein level of PGC1A, PCK1, and DDIT4 

were also restored to the KO level (Figure 6C). In agreement with these data, the corticosterone 

level in serum (Figure 6D), skeletal muscle (Figure 6E), and liver (Figure 6F) of ApcKO mice 

remained unchanged when compared to WT or KO mice indicating a restoration of HPA axis 

activity in ApcKO mice. Therefore, preventing skeletal muscle mass loss by Mstn gene invalidation 

prevented a systemic increase in corticosterone level and the associated GC-dependent 

transcriptional response in skeletal muscle and liver. 

 

Figure 6. Prevention of cancer cachexia by myostatin gene invalidation prevents hepatic metabolism transcriptional 
reprogramming in Apc mice and reduces corticosterone level 
(A) Heatmap displaying the restoration of the glucocorticoid-dependent transcriptional signature measured by RT-
qPCR in the quadriceps muscle of Apc (WT=10, Apc=8) and ApcKO (KO=13, ApcKO=10) mice at 23 weeks. mRNA level 
was expressed in mean of Log2(fold change vs 23-week-old WT mice for Apc mice and vs 23-week-old KO mice for 
ApcKO mice). For Log2(fold change)>5, cells are set by default in the most intense red. 
(B) Heatmap displaying the restoration of glucocorticoid-dependent transcriptional signature measured by RT-qPCR 
in the liver of Apc (WT=10, Apc=6) and ApcKO (KO=10, ApcKO=10) mice at 23 weeks. mRNA level was expressed in 
mean of Log2(fold change vs 23-week-old WT mice and vs 23-week-old KO mice for ApcKO mice). For Log2(fold 
change)>6, cells are set by default in the most intense red. 
(C) Representative immunoblot of PGC1A, PCK1, and DDIT4 protein level in liver of WT, Apc, KO, and ApcKO mice at 
23 weeks. 
(D) Serum corticosterone concentration in WT (n=11), Apc (n=6), KO (n=11), and ApcKO (n=11) mice at 23 weeks. 
(E) Corticosterone level in the quadriceps muscle of WT (n=9), Apc (n=8), KO (n=12), and ApcKO (n=11) mice at 23 
weeks. 
(F) Corticosterone level in the liver of WT (n=11), Apc (n=5), KO (n=10), and ApcKO (n=11) mice at 23 weeks. 

Data are represented as mean ± SEM. (D, E, and F) data were analyzed by one-way ANOVA. * represents a significant 
difference after Tukey’s multiple comparison test. *p <0.05, **p < 0.01, and ***p < 0.001. 
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Discussion 

Cancer cachexia results in major adaptations in skeletal muscle that profoundly impact patient’s 

quality of life and ultimately patients’ survival 4,81,3,82. Research in the field has traditionally 

focused on the molecular mechanisms involved in skeletal muscle wasting during cancer cachexia. 

However, a systemic approach is now necessary to shed a different light on the mechanisms 

involved in cancer cachexia and to understand as a whole the diversity and complexity of cancer 

cachexia 14–16. Our findings showing that cancer cachexia elicits skeletal muscle wasting and liver 

metabolism rewiring in a GC-dependent manner strongly indicate that systemic energy 

redistribution during cancer cachexia is, at least partly, regulated by the HPA axis. Our study also, 

indicates that the capacity of skeletal muscle to resist the wasting syndrome is a key element in 

the regulation of this GC-dependent response. 

 In this study, we used the Apc mice as a model of cancer cachexia. The APC tumor 

suppressor gene encodes a protein that down-regulates the transcriptional activation mediated 

by ß-catenin and T cell transcription factor 4 (Tcf4) 83. Disruption of APC-mediated regulation of 

ß-catenin-Tcf4-regulated transcription is critical for colorectal tumorigenesis. In carriers of APC 
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inactivating mutation, the risk of colorectal cancer by the age of 40 is almost 100% 42 and the APC 

gene is mutated in more than half of colorectal cancer patients 84. Importantly, about 50% of 

patients with intestinal cancer will develop cachexia 4,3,5,6. Similarly to human patients, Apc mice 

accumulated intestinal polyps 85 leading to intestinal bleeding and progressively developed 

cachexia. We could also clearly identify a moderate cachectic stage at 13 weeks of age and an 

advanced cachectic stage at 23 weeks of age. In agreement with previous studies, we also found 

that skeletal muscle wasting during cancer cachexia in Apc mice was also characterized by a 

decrease in myofiber size 86,87 and muscle force 88. This was associated with an imbalance in 

skeletal muscle proteostasis towards an increase in proteolysis and a decrease in proteosynthesis 
47,48,86. Together, these data indicate that Apc mice recapitulate some very important features of 

cancer cachexia and more closely model the kinetic of cancer cachexia encountered in human 

patients compared to other fast tumor burden models of cancer cachexia. 

We provide for the first-time evidence that hepatic metabolism was entirely rewired during 

advanced cancer cachexia. We thus determined that 23-week-old Apc mice have increased 

gluconeogenesis and reduced glycolysis. Our data also suggest that a GC-dependent 

FOXO1/PGC1A pathway 56,89 is predominantly involved in this regulation. The rewiring of hepatic 

metabolism towards glucose production in advanced cachectic Apc mice together with the 

changes in glycemia and lactatemia is consistent with a metabolic schema in which end-products 

of skeletal muscle and adipose tissue catabolism (amino acids and glycerol, respectively), together 

with the lactate produced by tumoral metabolism 62, are recycled as substrates for hepatic 

gluconeogenesis to produce glucose for tumor growth 18,90. Liver nitrogen metabolism was also 

profoundly affected. The urea cycle converts highly toxic ammonia resulting from amino acid 

deamination into urea for urinary excretion. Out of the 5 enzymes involved in the urea cycle, 3 

transcripts were down-regulated, one remained unchanged and one was up-regulated, 

suggesting that the transcriptional regulatory mechanisms governing the expression of these 

enzymes were probably different 91–93. Previous studies indicated an increase in urea cycle 

enzyme activity in tumor-bearing mice 94 as well as an increase in urea concentration in tumor-

bearing rats 95. Even if the circulating concentrations of urea and ammonia were not determined 

in the present study, our data strongly suggest that the capacity of the liver to manage the flux of 

amine groups resulting from the deamination of amino acids originating from skeletal muscle 

catabolism would be modified during cancer cachexia. The consequences of altered circulating 

levels of ammonia and urea during cancer cachexia have to deserve further investigations. 

Advanced cachectic Apc mice also displayed a hypoketonemic phenotype that was associated 

with a reduction in the expression of hepatic fatty acid oxidation genes. The liver produces ketone 

bodies from acetyl CoA when a strong stimulation of fatty acid oxidation leads to a high rate of 

acetyl-CoA production that exceeds the capacity of citrate to be incorporated into the 
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tricarboxylic acid cycle. In the present study, the almost complete exhaustion of adipose tissue 

store in 23-week-old Apc mice cannot obviously sustain ketogenesis, and may also explain why 

the expression of lipid metabolism markers were all decreased in 23-week-old Apc mice. 

Conversely, the high rate of lipolysis that led to the depletion of adipose tissue store earlier during 

the development of cachexia may have transitory increase ketone body production. 

Hypoketonemia thus signs here the existence of an advanced cachectic state. Ketone bodies are 

mitochondrially oxidized to produce ATP by most tissues but not by tumor cells 96,97. Therefore, 

maintaining ketone production is probably favorable to limit the progression of cancer cachexia 
31,98. 

Our biomolecular analyses at the level of the hypothalamus and adrenal glands, together 

with the increased corticosterone concentration in serum, skeletal muscle and liver, clearly 

demonstrate that the HPA axis is activated during cancer cachexia in 23-week-old Apc mice. Of 

note, the transcript level of liver GC detoxifying enzymes was also down-regulated in 23-week-

old Apc mice suggesting that the whole GC metabolism was regulated to sustain an enhanced 

biodisponibility of GC during cancer cachexia. Our data thus raise an important question 

concerning the upstream regulatory mechanisms involved in the regulation of the HPA axis during 

cancer cachexia. An increase in the circulating level of GC is classically expected to exert negative 

feedback on their own secretion by inhibiting the stimulatory influence of the hypothalamus and 

pituitary on adrenal glands. In the present study, the high level of circulating corticosterone 

associated with a high level of Crh transcript in the hypothalamus rather indicates a resistance to 

the negative feedback action of GC. The HPA axis can be stimulated by pro-inflammatory 

cytokines. For instance, the intracerebroventricular injection of IL-1ß induces the activation of the 

HPA axis together with the expression of GC-responsive genes in skeletal muscle and skeletal 

muscle atrophy 99. Hypothalamic inflammation has been consistently reported in animal models 

of cancer cachexia 99–102. If the existence of a central inflammation is currently unknown in cancer 

cachectic patients, a chronic systemic inflammation state has been associated with skeletal 

muscle mass loss in human cancer patients 103. Similar observations have been reported in 

experimental models of cancer cachexia 29,104,105. Moreover, intravenous injection of cytokines in 

cancer patients increases circulating cortisol level through HPA axis activation 106–110. Therefore, 

the systemic inflammatory host response to tumor growth could be centrally sensed and relayed 

within the hypothalamus to trigger cancer cachexia via the regulation of the HPA axis. 

Our comparative analysis of cachectic muscles and dexamethasone-treated mice statistically 

demonstrated the existence of a GC-dependent transcriptional signature in skeletal muscle and 

liver of 23-week-old Apc mice. Our molecular analysis indicates that this signature is involved in 

the negative regulation of proteostasis in skeletal muscle, in the activation of gluconeogenesis, 
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regulation of ureogenesis, inhibition of ketogenesis and lipid metabolism in the liver. Thus, our 

data identify GC as a critical regulating factor that systematically coordinately regulate skeletal 

muscle and liver metabolisms during cancer cachexia. It should be noted however that some 

genes were not commonly regulated between Apc mice and dexamethasone-treated mice, 

indicating that GC-independent mechanisms are also involved in the regulation of skeletal muscle 

and liver metabolism during cancer cachexia. The transcriptomic signature was also largely 

reproduced in skeletal muscle of LLC-tumor bearing mice. The use of different mice models of 

cancer cachexia with different tumor types and distinct oncogenic drivers (tumor-bearing mice 

and genetically engineered mouse models) further extends the scope and the biological relevance 

of our findings. Furthermore, the analysis of the available lists of differentially expressed genes 

obtained by transcriptomic analysis in skeletal muscle of several animal models of cancer cachexia 

shows that this GC-dependent transcriptional signature is, at least partially, shared by several 

studies 105,111,112,31,113,50,114–118, further illustrating the importance of this response. Finally, it is also 

necessary to confirm the relevance of our findings in skeletal muscle samples from digestive 

cancer patients with or without cachexia. In the liver, omics data are lacking and require further 

investigations to confirm the existence of a GC-dependent transcriptional response. 

These data obviously question the relevance of GC-inhibiting strategies to combat cancer 

cachexia. Some pioneering studies had proposed to inhibit GC signaling to combat cancer 

cachexia. Adrenalectomy of tumor-bearing animals did not attenuate cancer cachexia 36,119. The 

steroid hormone inhibitor RU486 has been historically used to inhibit GC transcriptional activity 
120. However, due to its wide spectrum of action (RU486 is also an antiprogestogen and 

antiandrogen) and its short half-life in rodents 121, the use of RU486 have provided contrasting 

results, some studies providing convincing effects 34 on cancer cachexia, others not 32,33. Together 

with the difficulty to biologically assess the efficiency of this drug 122, the use of RU486 remains a 

controversial issue. The relevance of GC-based therapy has been most convincingly provided by 

GC receptor muscle-specific knock-out mice. Muscle-specific invalidation of GC receptor 

abrogates skeletal muscle mass loss in LLC-tumor bearing cachectic mice 123. Finally, one may also 

question the efficiency of single target-based therapy. Considering the systemic nature of the 

cachectic syndrome that involves multiple circulating factors that are coordinately regulated with 

a specific time frame during the progression of the disease, we believe that the GC-dependent 

response is part of a more generalized response involving other blood-borne factors. 

In agreement with previous studies 40,124–133, we confirm that targeting Mstn is an efficient 

strategy to prevent cancer cachexia, an action that has been mainly attributed to the restoration 

of proteostasis in skeletal muscle 40,125–129,131–133. What is new in the present study is the finding 

that the prevention of cancer cachexia by Mstn gene invalidation also suppressed hepatic 
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metabolism reprogramming while restoring GC levels, thus providing evidence a functional 

relationship between Mstn, skeletal muscle, liver and the regulation of the HPA axis during cancer 

cachexia. Therefore, the capacity of skeletal muscle to resist to cachexia is a key element in the 

regulation of the GC-dependent response. Non-mutually exclusive mechanisms can be 

considered to explain our findings. First, the resistance conferred by Mstn gene invalidation to 

skeletal muscle catabolism may have a strong impact on liver metabolism. The rupture in the 

amino acid provision due to this Mstn-dependent muscle wasting sparing effect should 

considerably reduce the provision of gluconeogenic substrates to the liver. In this scheme, 

skeletal muscle would govern hepatic metabolic reprogramming and could be viewed as a 

metabolic rheostat that provides clues to regulate hepatic metabolic function. Second, one may 

also consider that MSTN could directly regulate hepatic metabolism 134,135. Constitutive Mstn gene 

invalidation may thus confer other advantages that may protect the liver from the adverse effects 

of cancer cachexia. Importantly, this protective effect of Mstn invalidation would only be 

expressed under catabolic conditions as the vast majority of hepatic metabolic genes in the 

present study were not differentially expressed between WT and KO mice. Third, MSTN could also 

directly trigger central effects that contribute to the regulation of the HPA axis. In support of this 

hypothesis, MSTN has been immunochemically detected in several brain regions including the 

hypothalamus 136 and also regulates pituitary development 137. Furthermore, our unpublished 

observations indicate that MSTN receptors (Activin type IIB receptor and activin-like kinase 4 and 

5 receptors) are transcriptionally expressed in the hypothalamus. Therefore, Mstn could exert a 

central action by directly stimulating the HPA axis during cancer cachexia, an effect that would be 

inhibited in ApcKO mice. Fourth, Mstn expression is known to be transitory activated early after 

GC administration 74,138 and Mstn gene invalidation prevents GC-induced skeletal muscle wasting 
139. In the present study, Mstn expression was non-significantly increased in Apc mice and 

correlated with muscle mass and circulating corticosterone content, thus illustrating the 

functional relationship between GC, Mstn expression and muscle mass.  Finally, we cannot also 

exclude that Mstn gene invalidation may exert an anti-tumoral effect. Indeed, one striking 

observation of the present study, which we also previously observed 40, was the reduction in 

polyp number in ApcKO mice. This clearly questions whether Mstn gene invalidation prevents 

HPA activation and cancer cachexia by reducing intestinal polyp development in ApcKO mice. 

Although a reduction in tumor growth has not been systematically observed 124,129,130,133, our 

observations are consistent with a previous study demonstrating that administration of a soluble 

MSTN and activin inhibitor slowed tumor growth 125,132 and lung metastases 131 in mice. Other 

studies have also reported that reducing/inhibiting MSTN and activin signaling slowed tumor 

development in gonads 140–143. An association between the reduction in tumor growth and the 

prevention of cachexia does not prove causality, but obviously mechanistic links involving MSTN 

must exist. Therefore, Mstn gene invalidation in Apc mice may contribute to preventing HPA axis 
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activation and cancer cachexia by collectively inhibiting tumor development and conferring 

resistance to skeletal muscle wasting. 

Since the discovery of GC in the 1940s and the recognition of their anti-inflammatory effects, 

GC have been amongst the most widely used and effective treatments to control inflammatory 

processes. GC are also used as a curative treatment for some cancers or as palliative use against 

adverse effects of other cancer treatments 144. However, administration of GC has also many 

pleiotropic adverse effects, which include skeletal muscle and adipose tissue catabolism, 

osteoporosis, hypertension, and insulin resistance, so that their clinical benefits, depending on 

the dose and frequency of administration, may be compromised during long-term treatment 145. 

Furthermore, endogenous GC production can be stimulated by chemotherapy 146,147 or opioids 
148. In the present study, it is important to remind that the role of GC is only considered through 

the endogenous regulation of the HPA axis. In this context, our data provide information about 

the mechanisms by which GC exert their metabolic actions and will help to further discriminate 

between the beneficial and adverse effects of GC in cancer. 

In summary, our findings point to GC as important regulators of skeletal muscle catabolism 

and hepatic metabolism rewiring during advanced cancer cachexia. Understanding to what extent 

skeletal muscle regulates hepatic metabolism, the impact of hepatic metabolism rewiring on 

tumor growth as well as how is HPA axis regulated during cancer cachexia clearly need to be 

further explored. Our study thus provides important pieces of information on the comprehensive 

analysis of the systemic nature of cancer cachexia. 
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Supplemental information 

SUPPLEMENTAL METHODS 

LLC tumor-bearing mice used here were previously generated 41. Briefly, 15-week-old mice were 
subcutaneously inoculated with LLC cells (n=12) or DPBS (n=8). Tissues were removed 35 days 
thereafter.  

 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit Anti-Mouse Laminine Sigma-Aldrich Cat#L9393; RRID:AB_477163 

Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary polyclonal 
antibody, Alexa Fluor 488 

Thermo Fisher 
Scientific 

Cat# A-11008, RRID:AB_143165 

Rabbit Anti-phospho-S6 Ribosomal 
Protein (Ser235/236) monoclonal 
antibody 

Cell Signaling Cat#4856; RRID:AB_2181037 

Rabbit Anti-4EBP1 polyclonal antibody Cell Signaling Cat#9452; RRID:AB_331692 

Rabbit Anti-DDIT4 polyclonal antibody Proteintech Cat# 10638-1-AP; RRID:AB_2245711 

Rabbit Anti-PGC1A, C-Terminal (777-797) 
polyclonal antibody 

Millipore Cat#516557; RRID:AB_2268432 

Rabbit Anti-Phospho-
TORC2/CRTC2(Ser171) Polyclonal 
Antibody 

Bioss Cat# bs-3415R; RRID:AB_10856186 

Rabbit Anti-PCK1 polyclonal antibody Cayman Chemical Cat#10004943; RRID:AB_10141789 

Rabbit Anti-CREB (48H2) monoclonal 
antibody 

Cell Signaling Cat# 9197; RRID:AB_331277 

Rabbit Phospho-CREB (Ser133) (87G3) 
monoclonal antibody 

Cell Signaling Cat# 9198, RRID:AB_2561044 

Goat Anti-Rabbit Immunoglobulins/HRP 
polyclonal antibody 

Agilent Cat# P0448, RRID:AB_2617138 

Chemicals, Peptides, and Recombinant Proteins 

Dexamethasone Sigma Cat#50-02-2 

Paraformaldehyde Sigma Cat#158-127 

Methyle blue Sigma Cat#M9140 

Q Path® OCT  VWR Cat#00411243 

Vectashield Hard Set Mounting Medium Vector Laboratories Cat# H-1400, RRID:AB_2336787 

RIPA buffer Cell Signaling Cat#9806 

cOmplete™, Mini Protease Inhibitor 
Cocktail 

Roche Cat#11836153001 

Phosphatase inhibitor PhosSTOP™ Roche Cat#4906837001 

8-16% TGX™ Stain Free SDS-PAGE precast 
gel 

Bio-Rad Cat#456-8103 

Electrophoresis buffer Bio-Rad Cat#1610732 

Laemmli Buffer Bio-Rad Cat#161-0747 

Regilait Casino  

BSA Affymetrix Cat#9048-46-8 
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Clarity Max Western ECL Substrate Bio-Rad Cat#1705062 

Critical Commercial Assays 

Corticosterone enzyme immunoassay MyBiosource Cat#MBS494312 

ß-hydroxybutyrate colorimetric assay kit APExBIO Cat#K2136 

RNA extraction kit Macherey Nagel Cat#740406.50 

Reverse Transcriptase Core kit Eurogentec Cat#RT-RTCK-03 

Takyon™ No Rox SYBR® MasterMix dTTP 
Blue 

Eurogentec Cat#UF-NSMT-B0701 

DC protein assay Bio-Rad Cat#5000113 and 5000114 

Trans-Blot® Turbo™ RTA Mini 
Nitrocellulose Transfer Kit 

Bio-Rad Cat#1704270 

Experimental Models: Organisms/Strains 

Mouse: WT C57Bl/6J  RRID:IMSR_JAX:000664 

Mouse: ApcMin/+ (Apc) The Jackson 
Laboratory 

RRID:IMSR_JAX:002020 

Mouse: Myostatin knock-out (KO) Gift (Anne Bonnieu, 
Montpellier 
University, France) 

 

Mouse: ApcKO This publication N/A 

Oligonucleotides 

Primers, see TableS5 Eurogentec N/A 

Software and Algorithms 

ImageJ  https://imagej.nih.gov/ij/; RRID:SCR_003070 

DMC Aurora Scientific N/A 

DMA Aurora Scientific N/A 

Image Lab™ version 6.0 Bio-Rad https://www.bio-rad.com/fr-
fr/product/image-lab-
software?ID=KRE6P5E8Z; RRID:SCR_014210 

GraphPad Prism version 7.0 GraphPad https://www.graphpad.com/; 
RRID:SCR_002798 

R version 3.6.3  https://www.r-project.org/; 
RRID:SCR_001905 

GeneOverlap R package  RRID:SCR_018419 

Other 

FreeStyle Optium Neo H glucometer Abbott Cat#71355-80 

Accutrend® Plus Roche Cat#05050499016 

Leica CM1950 cryostat Leica Biosystems N/A 

Zeiss Axio Imager 2 Microscope Zeiss RRID:SCR_018876 

Aurora 1300A Aurora Scientific N/A 

BioSpec-Nano Shiladzu N/A 

CFX96 Real-Time System Bio-Rad N/A 

Trans-Blot® Turbo™ Transfer System Bio-Rad Cat#1704150 

ChemiDoc MP Imaging System Bio-Rad Cat#17001402 

 

 

  

https://imagej.nih.gov/ij/
https://www.bio-rad.com/fr-fr/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/fr-fr/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/fr-fr/product/image-lab-software?ID=KRE6P5E8Z
https://www.graphpad.com/
https://www.r-project.org/
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SUPPLEMENTAL FIGURES 

 

 

  

Figure S1. Apc mice recapitulate the main features of cancer cachexia 
(A) Food intake in WT (n=14) and Apc (n=14) mice. 
(B) Tibia length of WT and Apc mice at 13 (WT n=10; Apc n=10) and 23 (WT n=12; Apc n=8) weeks. 
(C) Adipose tissue mass of WT and Apc mice at 13 (WT n=11; Apc n=10) and 23 weeks (WT n=11; Apc n=8). 
(D) Extensor digitorum longus (left), tibialis anterior (center) and soleus (right) muscle mass of WT and Apc mice at 13 
(WT n=11; Apc n=10) and 23 (WT n=12; Apc n=8) weeks. 
(E) Pearson correlation between body mass and quadriceps muscle mass in 13WT (n=23) and Apc (n=18) mice aged 
at 13 and 23 weeks.  
(F) The maximum rate of force development (+dP/dTmax) and maximum rate of relaxation (-dP/dTmax) during a 
twitch of tibialis anterior muscle in 23-week-old WT (n=8) and Apc (n=5) mice.  

Data are represented as mean ± SEM. (A, B, C, and D) data were analyzed by a two-way ANOVA followed by a Sidak’s 
multiple comparison test. (E) Data were analyzed with a Pearson correlation test. (F) data were analyzed by a two-
tailed unpaired t-test.*p <0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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Figure S2. Alteration of circulating glucose and lactate and GC-dependent transcriptional response in gastrocnemius 
muscle in LLC mice 
(A) Glucose blood level in 15-week-old mice 35 days after DPBS (WT-C, n=8) or LLC cells (WT-LLC, n=8) inoculation. 
(B) Lactate blood level in 15-week-old mice 35 days after DPBS (n=8) or LLC cells (n=8) inoculation. 
(C) RT-qPCR analysis of glucocorticoid-responsive gene mRNA level in gastrocnemius muscle of WT-C (n=8) and WT-
LLC (n=12) mice. 

Data are represented as mean ± SEM. Data were analyzed by a two-tailed unpaired t-test with Welch’s correction 
when necessary. *p<0.05, **p < 0.01 and ***p < 0.001. 
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Figure S3. Myostatin gene invalidation prevents loss of muscle and adipose tissue mass in Apc mice during cancer 
cachexia 
(A) Pearson correlation between circulating Mstn mRNA level and quadriceps muscle mass in 13- and 23-week-old 
WT (n=23) and Apc (n=16) mice. 
(B) Pearson correlation between circulating Mstn mRNA level and circulating corticosterone in 13- and 23-week-old 
WT (n=20) and Apc (n=9) mice. 
(C) Adipose tissue mass of WT (n=7), Apc (n=7), KO (n=13) and ApcKO (n=10) mice at 23 weeks. 
(D) Soleus (left), tibialis anterior, (middle) and extensor digitorum longus (right) muscle mass of WT (n=10), Apc (n=7 
or 8), KO (n=13) and ApcKO (n=10) mice at 23 weeks. 

Data are represented as mean ± SEM. (A and B) data were analyzed with a Pearson correlation test. (C and D) data 
were analyzed by one-way ANOVA. * represents a significant difference after Tukey’s multiple comparison test. *p 
<0.05 or ****p < 0.0001. 
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SUPPLEMENTAL TABLES 

Table S1. qPCR primer details. 

Genes 
Sequence 

accession number 
Sequence (5’-3’) 

Amplicon length 

(bp) 

Concentration 

(nM) 

Annealing 

temperature 

(°C) 

Sample 

Abhd5 NM_026179.2 
Fwd: GGCTTCGAGGTGTGTCCC 

Rev: GACACCAGGTAGGAAGCCAC 
130 

400 

400 

62 

62 

Liver Apc 

Liver DEX 

Acacb NM_133904.2 
Fwd: GCTCAAGATCGAGGAGTCGG 

Rev: GTTGGTGATGAAGAGGCGGA 
148 

400 

400 

63.2 

60 

Liver Apc 

Liver DEX 

Acly NM_134037.3 
Fwd: CAGCCAAGGCAATTTCAGAGC 

Rev: CTCGACGTTTGATTAACTGGTCT 
195 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Actb NM_007393.3 
Fwd: AGCAAGCAGGAGTACGATGAG 

Rev: AACGCAGCTCAGTAACAGTC 
80 

400 

400 

400 

400 

60 

60 

60 

60 

Liver Apc 

Liver DEX 

Adrenal glands Apc 

Hypothalamus Apc 

Akr1d1 NM_145364.2 
Fwd: AAGACAGCTATTGATGAGGGGT 

Rev: CCTCTTTACCTTCCCTTCTGCTA 
114 

400 60 Liver Apc 

Arg1 NM_007482.3 
Fwd: GTACATTGGCTTGCGAGACG 

Rev: GCCAATCCCCAGCTTGTCTA 
103 

400 

400 

62 

62 

Liver Apc 

Liver DEX 

Asl NM_133768.5 
Fwd: TGGGCTGGGGGATTTGTTG 

Rev: TCCTGTCTCTCTTTGCATTGGC 
93 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Ass1 NM_007494.3 
Fwd: CGTGAAGGGGCCAAGTATGT 

Rev: GGTGCCAGTGAATAGCAGGT 
89 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Atg4b NM_174874.3 
Fwd: ACAGATGATCTTTGCCCAGG 

Rev: TAGACTTGCCTTCGCCAACT 
179 

400 

300 

62 

62 

Quadriceps Apc 

Quadriceps DEX 

Atg5 NM_053069.5 
Fwd: TGAAAGAGTGTGTCCTCCTC 

Rev: GCCTCCACTGAACTTGACTG 
91 

500 

500 

60 

62 

Quadriceps Apc 

Quadriceps DEX 

Bcat2 NM_009737.3 
Fwd: CCTGCTCTGGTCTGCACTAC 

Rev: ACGTAGCATCCTGTCCATGTT 
116 on 2 exons 

400 

400 

55 

62 

Quadriceps Apc 

Quadriceps DEX 

Bdh1 NM_001122683.1 Fwd: GGTGGAACCTGGCAACTTCAT 151 400 60 Liver Apc 
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Rev: GGTCATCCCACATCTTCTTGG 400 60 Liver DEX 

Bnip3 NM_009760.4 
Fwd: AGATTGGATATGGGATTGGTCAAG 

Rev: CCCTTTCTTCATAACGCTTGTG 
121 

400 

500 

60 

62 

Quadriceps Apc 

Quadriceps DEX 

Cebpd NM_007678.3 
Fwd: TACCGAGTAGGGGGAGCAAA 

Rev: TCATTTTTCTCACGGGGCCA 
93 

500 

500 

400 

400 

500 

64 

64 

63 

63 

64 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Cps1 NM_001080809.2 
Fwd: ACAGCTTTCTTTCACACTGGTT 

Rev: CCAAAGCCACTCTTCAGGGTC 
148 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Cpt1a NM_013495.2 
Fwd: CTCCGCCTGAGCCATGAAG 

Rev: CACCAGTGATGATGCCATTCT 
100 

400 

400 

58 

58 

Liver Apc 

Liver DEX 

Cpt2 NM_009949.2 
Fwd: TGTGAGCGGAAGATCCCAAC 

Rev: GCTTTCCAACCCGATCTCCT 
80 

400 

600 

62 

62 

Liver Apc 

Liver DEX 

Crh NM_205769.3 
Fwd: TCTCACCTTCCACCTTCTGC 

Rev: AAGCGCAACATTTCATTTCC 
118 

400 

400 

58 

58 

Hypothalamus Apc 

Hypothalamus DEX 

Cyp11b1 NM_001033229.3 
Fwd: CTGAACCCAAATGTTCTGTCACC 

Rev: CAAAGTCCCTTGCTATCCCATC 
76 

400 

 

60 

 
Adrenal glands Apc 

Cyp21a1 NM_009995.2 
Fwd: GCAAAGGGATGGCAAAGACG 

Rev: GGATCTCAGGGTGGTGAAGC 
143 400 63 Adrenal glands Apc 

Ddit4 NM_029083.2 
Fwd: GTGCTGCGTCTGGACTCTC 

Rev: CCGGTACTTAGCGTCAGGG 
107 on 3 exons 

200 

200 

200 

200 

200 

60 

60 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Fasn NM_007988.3 
Fwd: GGAGGTGGTGATAGCCGGTAT 

Rev: TGGGTAATCCATAGAGCCCAG 
140 on 2 exons 

400 

400 

58 

58 

Liver Apc 

Liver DEX 

Fbp1 NM_019395.3 
Fwd: AGGAAGCACAAAGCCAAGTGAAGG 

Rev: TGAGGATGAAGTGACCTTGGGCAT 
164 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Fkbp5 NM_010220.4 
Fwd: TGAGGGCACCAGTAACAATGG 

Rev: CAACATCCCTTTGTAGTGGACAT 
172 on 2 exons 

400 

400 

60 

60 

Quadriceps Apc 

Quadriceps DEX 
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300 

400 

500 

400 

60 

60 

60 

60 

Liver Apc 

Liver DEX 

Hypothalamus Apc 

Gastrocnemius LLC 

Foxo1 NM_019739.3 

Fwd: TACGAGTGGATGGTGAAGAG 

Rev: TCTTGCCTCCCTCTGGATTG 

 

178 

400 

400 

300 

400 

400 

60 

60 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Foxo3 NM_019740.2 

Fwd: GGAAATGGGCAAAGCAGA 

Rev: AAACGGATCACTGTCCACTTG 

 

94 on 2 exons 

400 

400 

400 

400 

400 

60 

60 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Gastrocnemius LLC 

Liver Apc 

Liver DEX 

Foxo4 NM_018789.2 
Fwd: CGGAGTGAAAGGGACAGTTTAG 

Rev: CCCTGTGGCTGACTTCTTATTC 
195 

400 

400 

300 

400 

400 

58 

58 

60 

58 

60 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Gk NM_008194.3 
Fwd: TGAACCTGAGGATTTGTCAGC 

Rev: CCATGTGGAGTAACGGATTTCG 
88 

400 

250 

60 

60 

Liver Apc 

Liver DEX 

Gpd2 NM_001145820.2 
Fwd: GACTCTCTCCGTTTGCTCATTAC 

Rev: GGATGTCAAATTCGGGTGTGT 
150 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

G6pc NM_008061.4 
Fwd: ACTGTGGGCATCAATCTCCT 

Rev: CGTTGTCCAAACAGAATCCA 
83 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Hadh NM_008212.4 
Fwd: TGGAGTGGTGGGCAAATACC 

Rev: GAAGGACGGACAGTGATGGT 
93 

400 

400 

62 

62 

Liver Apc 

Liver DEX 

Hmgcs2 NM_008256.4 
Fwd: TATGGGCTTCTGTTCAGTCCA 

Rev: AGCACTGTTTTGACAGCCTTG 
159 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Hprt NM_013556.2 
Fwd: CAGGCCAGACTTTGTTGGAT 

Rev: TTGCGCTCATCTTAGGCTTT 
147 on 3 exons 

400 

400 

60 

60 

Quadriceps Apc 

Quadriceps DEX 
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 400 

400 

400 

60 

60 

60 

Liver Apc 

Liver DEX 

Adrenal glands Apc 

Hsd11b1 NM_008288.2 
Fwd: GGAGCCCATGTGGTATTGACT 

Rev: CCGCAAATGTCATGTCTTCCAT 
127 

400 60 Quadriceps Apc 

H6pd NM_173371.4 
Fwd: AGTGGAGGACTATCAGACCCT 

Rev: GGCGGCACACTGAAGTAGAAG 
99 

400 60 Quadriceps Apc 

Klf9 NM_010638.5 
Fwd: TGGAGAGTCCCGATGAGGATA 

Rev: GAGGCGTGTTTCCCCTTCG 
160 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Klf15 NM_023184.3 
Fwd: GAGACCTTCTCGTCACCGAAA 

Rev: GCTGGAGACATCGCTGTCAT 
117 

400 

400 

400 

400 

400 

60 

59 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Lc3b NM_026160.4 
Fwd: CACTGCTCTGTCTTGTGTAGGTTG 

Rev: TCGTTGTGCCTTTATTAGTGCATC 
170 

400 

400 

62 

62 

Quadriceps Apc 

Quadriceps DEX 

Lipe NM_010719.5 
Fwd: CCAGCCTGAGGGCTTACTG 

Rev: CTCCATTGACTGTGACATCTCG 
106 

400 

400 

58 

58 

Liver Apc 

Liver DEX 

MAFbx NM_026346.2 
Fwd: GTTTTCAGCAGGCCAAGAAG 

Rev: TTGCCAGAGAACACGCTATG 
115 

400 

400 

400 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Gastrocnemius LLC 

Mc2r NM_008560.3 
Fwd: TATGTTCCGGCCTTTCCTGC 

Rev: CCTCTCCTTGGCTTTGTCACT 

150 

 

500 60 Adrenal glands Apc 

Mlxipl NM_021455.4 
Fwd: AGATGGAGAACCGACGTATCA 

Rev: ACTGAGCGTGCTGACAAGTC 
104 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Mgll NM_011844.4 
Fwd: GTGCTCGGGGAACGTGAC 

Rev: ACTGTCCGTCTGCATTGACC 
142 

300 

300 

60 

60 

Liver Apc 

Liver DEX 

Mstn NM_010834.3 
Fwd: TTGGGCTTGACTGCGATGAG 

Rev: GGCTTCAAAATCGACCGTGAG 
74 on 3 exon 

400 

400 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Mt1 NM_013602.3 
Fwd: AGATCTCGGAATGGACCCCA 

Rev: AGGAGCAGCAGCTCTTCTTG 
116 

400 

400 

62 

62 

Quadriceps Apc 

Quadriceps DEX 
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400 

600 

400 

62 

60 

62 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

Mt2 NM_008630.2 
Fwd: CTGCAAAGAGGCTTCCGACA 

Rev: GTGGAGAACGAGTCAGGGTT 
125 

400 

400 

400 

400 

400 

62 

62 

62 

62 

62 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

MuRF1 NM_001039048.2 
Fwd: ACCTGCTGGTGGAAAACATC 

Rev: AGGAGCAAGTAGGCACCTCA 
147 

300 

300 

300 

60 

60 

60 

Quadriceps Apc 

Quadriceps DEX 

Gastrocnemius LLC 

Nr3c1 NM_008173.3 
Fwd: CAAAGATTGCAGGTATCCTATGAA 

Rev: TGGCTCTTCAGACCTTCCTT 
89 on 2 exons 

400 

400 

58 

58 

Quadriceps Apc 

Gastrocnemius LLC 

Otc NM_008769.4 
Fwd: TTAGTGTTCCCAGAGGCAGAG 

Rev: GGAGCACAGGTGAGTAGTCTG 
85 

500 

500 

60 

60 

Liver Apc 

Liver DEX 

Papss2 NM_001201470.1 
Fwd: GACCAGCAAAAATCCACCAATG 

Rev: CACACGGTACATCCTCGGAAT 
107 

500 60 Liver Apc 

Pck1 NM_011044.2 
Fwd: GTGCTGGAGTGGATGTTCGG 

Rev: CTGGCTGATTCTCTGTTTCAGG 
258 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Pcx NM_001162946.1 
Fwd: AATGTCCGGCGTCTGGAGTA 

Rev: ACGCACGAAACACTCGGAT 
85 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Pklr NM_013631.2 
Fwd: CCCGAGATACGCACTGGAG 

Rev: CGACCTGGGTGATATTGTGGT 
154 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

PnPla2 NM_001163689.1 
Fwd: TGTGCAAACAGGGCTACAG 

Rev: AAGGGTTGGGTTGGTTCAG 
72 

300 

200 

60 

60 

Liver Apc 

Liver DEX 

Ppara NM_011144.6 
Fwd: TACTGCCGTTTTCACAAGTGC 

Rev: AGGTCGTGTTCACAGGTAAGA 
122 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Pgc1a NM_008904.2 
Fwd: TATGGAGTGACATAGAGTGTGCT 

Rev: CCACTTCAATCCACCCAGAAAG 
134 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Ppia NM_008907.1 
Fwd: AGCATACAGGTCCTGGCA TC 

Rev: TTCACCTTCCCAAAGACCAC 
127 on 2 exon 

500 

500 

60 

60 

Quadriceps Apc 

Quadriceps DEX 
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Scd1 NM_009127.4 
Fwd: TGGAGCCACAGAACTTACAAG 

Rev: CCATTCGTACACGTCATTCTG 
93 on 2 exons 

400 

400 

60 

60 

Liver Apc 

Liver DEX 

Slc2a2 NM_031197.2 
Fwd: TGTGCTGCTGGATAAATTCGCCTG 

Rev: AACCATGAACCAAGGGATTGGACC 
109 on 2 exons 

500 

500 

60 

60 

Liver Apc 

Liver DEX 

Srebf1 NM_001358315.1 
Fwd: TGACCCGGCTATTCCGTGA 

Rev: CTGGGCTGAGCAATACAGTTC 
61 

400 

300 

60 

60 

Liver Apc 

Liver DEX 

Srd5a1 NM_175283.3 
Fwd: CTGTTCACCTTTGTCTTGGCC 

Rev: TACACCGCAAACTGGCTCAAG 
83 

400 60 Liver Apc 

Tuba1 NM_011653.2 
Fwd: TGAGGAGGTTGGTGTGGATTC 

Rev: AAACATCCCTGTGGAAGCAG 
99 

400 60 Hypothalamus Apc 

Ugt2b35 NM_172881.3 
Fwd: CCTGCTAAGCCCTTGCCTAAG 

Rev: AAATTGCGTTGGCCCTTTCTT 
124 on 2 exons 

400 60 Liver Apc 

Ugt2b36 NM_001029867.1 
Fwd: GTATGGCCGGTGGACTACAG 

Rev: AGTCCATCTTTCCACAGCCTT 
213 

500 60 Liver Apc 

Slc39a14 NM_144808.4 

Fwd: CCTCAGGACAATTACGTCTCCA 

Rev: ATGGTGCTCGTTTTTCTGCTT 

 

111 on 2 exon 

400 

400 

500 

500 

400 

60 

60 

60 

60 

55 

Quadriceps Apc 

Quadriceps DEX 

Liver Apc 

Liver DEX 

Gastrocnemius LLC 

4ebp1 NM_007918.4 
Fwd: GGGGACTACAGCACCACTC 

Rev: CTCATCGCTGGTAGGGCTA 
171 

400 

400 

62 

60 

Quadriceps Apc 

Quadriceps DEX 

Fwd, forward; Rev, reverse. 
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Table S2. Differentially expressed genes in quadriceps muscle of 13- and 23-week-old Apc mice and WT-DEX 

mice. 

 Apc 13 wk vs WT 13wk Apc 23 wk vs WT 23wk WT-DEX vs WT-CTL 

Gene p 
Difference  

between means 
p 

Difference  

between means 
p 

Difference  

between means 

Atg4b 0.0002 -0.5117 ± 0.1198 0.9573 0.01606 ± 0.2955 0.1418 -0.2058 ± 0.1339 

Atg5 0.0471 -0.2159 ± 0.1017 0.5993 -0.08255 ± 0.1542 0.0425 0.8525 ± 0.02693 

Bcat2 0.4262 -0.2914 ± 0.2514 0.5132 -0.1846 ± 0.2764 0.4239 0.0781 ± 0.1134 

Bnip3 0.1734 1.671 ± 0.8811 0.0235 2.279 ± 0.7642 0.0001 0.4901 ± 0.0734 

Cebpd 0.6275 -0.1046 ± 0.2113 0.0146 8.039 ± 2.383 0.0001 6.768 ± 0.5376 

Ddit4 0.4678 -0.2047 ± 0.2752 0.0123 21.54 ± 6.103 0.0001 17.8 ± 0.9272 

4ebp1 0.0355 3.822 ± 1.549 0.0175 6.488 ± 2.009 0.0003 1.551 ± 0.2967 

Fkbp5 0.1135 0.8433 ± 0.4688 0.0053 5.11 ± 1.205 0.0001 7.3 ± 0.3204 

Foxo1 0.1119 2.616 ± 1.69 0.0041 6.237 ± 1.389 0.0001 4.272 ± 0.2011 

Foxo3 0.5447 0.152 ± 0.2426 0.0051 1.842 ± 0.4576 0.0001 0.9325 ± 0.1293 

Foxo4 0.2476 0.3345 ± 0.2725 0.6715 0.08066 ± 0.1869 0.1271 0.1218 ± 0.07591 

Klf15 0.4561 1.065 ± 0.6526 0.0084 3.22 ± 0.8484 0.0001 2.163 ± 0.185 

Lc3b 0.2828 0.3173 ± 0.287 0.0194 0.6627 ± 0.3102 0.0004 0.2209 ± 0.05058 

MAFbx 0.6027 1.789 ± 1.122 0.0176 3.265 ± 1.016 0.97 -0.0053 ± 0.139 

Mstn 0.6117 0.1204 ± 0.2331 0.111 0.3903 ± 0.217 0.0001 0.572 ± 0.1035 

Mt1 0.0028 37.17 ± 13.48 0.0101 54.86 ± 14.82 0.0001 6.717 ± 1.022 

Mt2 0.0068 33.31 ± 11.38 0.0001 76.36 ± 23.23 0.0001 11.49 ± 1.626 

MuRF1 0.4561 2.285 ± 1.49 0.0131 6.053 ± 1.745 0.0001 2.257 ± 0.1443 

Slc39a14 0.2014 2.493 ± 1.677 0.0259 7.293 ± 2.484 0.0001 12.27 ± 0.7318 

 

Table S3. Differentially expressed genes in liver of 13- and 23-week-old Apc mice and WT-DEX mice. 

 Apc 13 wk vs WT 13wk Apc 23 wk vs WT23wk WT-DEX vs WT-CTL 

Gene p 
Difference  

between means 
p 

Difference  

between means 
p 

Difference  

between means 

Abhd5 0.3342 -0.1782 ± 0.1799 0.8411 -0.06006 ± 0.295 0.9094 0.0144 ± 0.1241 

Acacb 0.0008 -0.5062 ± 0.1265 0.0001 -0.7355 ± 0.1214 0.0178 0.6254 ± 0.2238 

Acly 0.0853 -0.3354 ± 0.1848 0.1469 -0.3128 ± 0.1917 0.0002 -0.694 ± 0.125 

Arg1 0.4561 0.2472 ± 0.2601 0.0034 1.57 ± 0.3481 0.5650 0.0603 ± 0.1029 

Asl 0.4421 -0.2866 ± 0.3653 0.0779 0.7183 ± 0.3515 0.0001 0.9286 ± 0.1298 

Ass1 0.0041 -0.3791 ± 0.1153 0.0226 -0.3367 ± 0.1343 0.6688 0.0373 ± 0.08575 

Bdh1 0.0112 -0.4549 ± 0.162 0.0001 -0.8303 ± 0.07848 0.0001 -0.4858 ± 0.08533 

Cebpd 0.1519 1.08 ± 0.4841 0.0026 3.72 ± 0.7895 0.0001 2.487 ± 0.2671 

Cps1 0.0014 -0.4156 ± 0.1111 0.1276 -0.1727 ± 0.1078 0.0004 0.3628 ± 0.08429 

Cpt1a 0.0397 -0.213 ± 0.09564 0.4143 0.2227 ± 0.2576 0.6044 -0.0769 ± 0.1458 
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Cpt2 0.0132 -0.3543 ± 0.1295 0.0001 -0.5917 ± 0.07532 0.0067 0.3336 ± 0.1088 

Ddit4 0.0882 6.809 ± 3.51 0.0410 22.79 ± 8.785 0.0001 40.78 ± 3.537 

Fasn 0.0924 -0.4432 ± 0.2501 0.0114 -0.4864 ± 0.1714 0.0022 -0.748 ± 0.1781 

Fbp1 0.1820 -0.1307 ± 0.09438 0.0001 -0.2318 ± 0.0462 0.1831 0.06 ± 0.04334 

Fkbp5 0.0233 3.286 ± 1.208 0.0039 8.976 ± 1.976 0.0001 14.28 ± 0.5006 

Foxo1 0.2446 0.4148 ± 0.3371 0.0069 3.721 ± 0.934 0.0001 0.9722 ± 0.1458 

Foxo3 0.0389 -0.3324 ± 0.1492 0.1516 0.6327 ± 0.3883 0.0003 0.5966 ± 0.1316 

Foxo4 0.0009 -0.537 ± 0.1264 0.0711 -0.3221 ± 0.1673 0.4505 -0.0984 ± 0.1276 

G6pc 0.0390 -0.3647 ± 0.1639 0.2256 -0.3052 ± 0.2421 0.7595 0.0663 ± 0.2133 

Gk 0.0162 -0.267 ± 0.1012 0.0567 -0.2999 ± 0.134 0.6292 0.0381 ± 0.07755 

Gpd2 0.0766 -0.2865 ± 0.1525 0.0107 -0.358 ± 0.1248 0.0001 -0.5166 ± 0.06027 

Hadh 0.0789 -0.2503 ± 0.1348 0.0085 -0.3668 ± 0.1234 0.0005 -0.2963 ± 0.06858 

Hmgcs2 0.0003 -0.4754 ± 0.1082 0.0001 -0.5463 ± 0.09794 0.0890 0.169 ± 0.094 

Klf9 0.3522 0.2459 ± 0.2571 0.0287 1.443 ± 0.5141 0.3527 0.0745 ± 0.1403 

Klf15 0.2893 -0.1891 ± 0.1735 0.6698 0.1054 ± 0.2429 0.0640 0.1773 ± 0.08514 

Lipe 0.0093 -0.3795 ± 0.1312 0.0017 -0.4821 ± 0.1286 0.0004 -0.4989 ± 0.1145 

Mgll 0.3304 -0.2102 ± 0.2073 0.0007 -0.5872 ± 0.1415 0.0001 0.6788 ± 0.1401 

Mlxipl 0.0004 -0.499 ± 0.1176 0.0001 -0.7142 ± 0.07503 0.0001 -0.4692 ± 0.0761 

Mt1 0.0001 84.89 ± 35.6 0.0019 392.3 ± 74.57 0.0001 34.91 ± 3.436 

Mt2 0.0250 182.5 ± 66.35 0.0001 558.1 ± 108.8 0.0001 55.34 ± 3.359 

Otc 0.0021 -0.5708 ± 0.1617 0.0001 -0.8398 ± 0.0928 0.0001 -0.4113 ± 0.06573 

Pck1 0.2989 0.4853 ± 0.4462 0.0261 0.7437 ± 0.3051 0.0021 0.9814 ± 0.2495 

Pcx 0.3113 0.2398 ± 0.2228 0.0042 0.8739 ± 0.1956 0.0001 0.6987 ± 0.1139 

Pgc1a 0.0618 1.384 ± 0.654 0.0018 3.036 ± 0.619 0.0001 1.684 ± 0.1621 

Pklr 0.0010 -0.5365 ± 0.1361 0.0002 -0.6082 ± 0.1299 0.3948 -0.1658 ± 0.1902 

PnPla2 0.5286 -0.09886 ± 0.1535 0.0321 1.441 ± 0.5241 0.0001 1.519 ± 0.2615 

Ppara 0.0067 -0.4094 ± 0.1347 0.1034 -0.2672 ± 0.1552 0.1260 -0.1632 ± 0.1017 

Scd1 0.0644 -0.317 ± 0.156 0.0054 -0.5508 ± 0.1726 0.0632 0.4929 ± 0.2389 

Slc2a2 0.1051 -0.2763 ± 0.1623 0.0061 -0.4041 ± 0.1292 0.0006 -0.4018 ± 0.09593 

Srebf1 0.1542 -0.3993 ± 0.2691 0.2268 -0.2609 ± 0.2905 0.0001 -0.8404 ± 0.05443 

Slc39a14 0.0610 1.864 ± 0.8741 0.0035 2.408 ± 0.5271 0.0001 0.7144 ± 0.1367 

 

Table S4. Differentially expressed genes in Quadriceps muscle of 23-week-old Apc and ApcKO mice. 

 Apc 23 wk vs WT 23 wk ApcKO 23 wk vs KO 23 wk 

Gene p 
Difference  

between means 
p 

Difference  

between means 

4ebp1 0.0099 4.59 ± 1.318 0.0099 0.3299 ± 0.1302 

Atg4b 0.5420 -0.1157 ± 0.1857 0.7717 0.05872 ± 0.1998 

Atg5 0.2868 -0.1863 ± 0.1691 0.7767 -0.03512 ± 0.1222 
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Bcat2 0.1959 -0.2553 ± 0.1891 0.4754 0.1526 ± 0.21 

Bnip3 0.0385 0.9688 ± 0.4018 0.3547 0.07422 ± 0.07842 

Cebpd 0.0266 2.09 ± 0.8758 0.021 0.8396 ± 0.3398 

Ddit4 0.0003 2.109 ± 0.4275 0.2543 0.8663 ± 0.4867 

Fkbp5 0.0010 4.761 ± 0.8241 0.3533 0.1702 ± 0.1793 

Foxo1 0.0070 2.89 ± 0.7221 0.4112 0.1055 ± 0.1258 

Foxo3 0.0050 0.8083 ± 0.2462 0.6008 -0.07085 ± 0.1334 

Foxo4 0.4029 0.1823 ± 0.2121 0.8330 -0.04629 ± 0.2169 

Klf15 0.0009 1.353 ± 0.3294 0.9999 0.1441 ± 0.2436 

Lc3b 0.1189 0.5024 ± 0.3049 0.0483 0.2154 ± 0.1028 

MAFbx 0.0445 1.323 ± 0.6034 0.0712 0.2091 ± 0.1097 

Mt1 0.0074 33.48 ± 8.437 0.0067 0.485 ± 0.147 

Mt2 0.0063 53.3 ± 13 0.0715 0.6219 ± 0.3148 

MuRF1 0.0474 1.407 ± 0.6473 0.4442 -0.08556 ± 0.1097 

Slc39a14 0.0920 0.7821 ± 0.499 0.6926 -0.0984 ± 0.1977 

 

Table S5. Differentially expressed genes in liver of 23-week-old Apc and ApcKO mice. 

 Apc 23 wk vs WT 23 wk ApcKO23 wk vs KO 23 wk 

Gene p 
Difference  

between means 
p 

Difference  

between means 

Abhd5 0.0988 0.6291 ± 0.4127 0.0210 -0.4005 ± 0.1584 

Acacb 0.0001 -0.6951 ± 0.1209 0.2556 -0.2277 ± 0.1939 

Acly 0.3964 -0.1745 ± 0.1995 0.6315 -0.0891 ± 0.1826 

Arg1 0.0088 1.279 ± 0.3403 0.3022 0.0978 ± 0.09208 

Asl 0.0188 0.8107 ± 0.3642 0.5415 -0.0892 ± 0.1433 

Ass1 0.1198 -0.2435 ± 0.147 0.3548 0.1186 ± 0.1249 

Bdh1 0.0001 -0.7089 ± 0.1257 0.4372 0.06666 ± 0.08378 

Cebpd 0.0223 4.36 ± 1.349 0.3370 -0.2451 to 0.6789 

Cps1 0.7925 -0.0713 ± 0.1922 0.0565 -0.2658 ± 0.1304 

Cpt1a 0.3106 0.3328 ± 0.3003 0.1477 0.2063 ± 0.1364 

Cpt2 0.0001 -0.6118 ± 0.0588 0.7659 0.0283 ± 0.09363 

Ddit4 0.0093 20.8 ± 9.134 0.6698 -0.065 ± 0.1913 

Fasn 0.1752 -0.3117 ± 0.2183 0.1435 -0.2922 ± 0.1869 

Fbp1 0.0011 -0.3072 ± 0.07327 0.0326 -0.1962 ± 0.08474 

Fkbp5 0.0072 8.5 ± 1.952 0.0031 -0.4493 ± 0.1192 

Foxo1 0.0009 0.6218 ± 0.1458 0.3975 0.1682 ± 0.1941 

Foxo3 0.8985 -0.0284 ± 0.2187 0.9208 -0.0207 ± 0.2054 

Foxo4 0.0606 -0.3097 ± 0.1498 0.3401 -0.1299 ± 0.1325 

G6pc 0.0001 -0.7714 ± 0.08449 0.2938 0.311 ± 0.2876 



 

120 
 

Gk 0.0010 -0.4628 ± 0.09343 0.9682 0.08211 ± 0.1632 

Gpd2 0.8611 -0.06 ± 0.3279 0.9471 -0.008 ± 0.119 

Hadh 0.0157 -0.3018 ± 0.1098 0.8812 -0.0158 ± 0.1043 

Hmgcs2 0.0001 -0.5257 ± 0.08963 0.0952 0.1514 ± 0.08597 

Klf9 0.1598 0.2725 ± 0.1827 0.1448 0.2222 ± 0.1454 

Klf15 0.2601 -0.2497 ± 0.2121 0.6305 0.019 ± 0.1748 

Lipe 0.2891 -0.2708 ± 0.2335 0.2616 0.269 ± 0.2317 

Mgll 0.0348 -0.5093 ± 0.2179 0.6305 -0.0292 ± 0.2678 

Mlxipl 0.0002 -0.6708 ± 0.1249 0.2560 -0.1228 ± 0.1047 

Mt1 0.0004 434 ± 38.68 0.0298 0.8949 ± 0.3541 

Mt2 0.0117 847.7 ± 192.7 0.4598 1.172 ± 0.7187 

Otc 0.0001 -0.8135 ± 0.08476 0.6577 -0.0426 ± 0.09456 

Pck1 0.3736 0.1928 ± 0.2092 0.0158 0.7291 ± 0.2737 

Pcx 0.0029 0.8057 ± 0.2206 0.9389 0.0102 ± 0.1312 

Pgc1a 0.0434 2.08 ± 0.7833 0.8631 0.0318 ± 0.1818 

Pklr 0.0106 -0.5353 ± 0.1815 0.6425 -0.05154 ± 0.1091 

Pnpla2 0.0101 1.241 ± 0.5329 0.0809 0.3326 ± 0.1799 

Ppara 0.0601 -0.3676 ± 0.1797 0.9027 0.01989 ± 0.1603 

Scd1 0.0200 -0.5323 ± 0.2028 0.3783 0.1761 ± 0.195 

Slc2a2 0.8711 0.03297 ± 0.1995 0.3914 0.1097 ± 0.1249 

Srebf1 0.3420 -0.3747 ± 0.3809 0.0271 -0.3941 ± 0.158 

Slc39a14 0.0116 2.15 ± 0.5621 0.2117 -0.1293 ± 0.09985 
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Complementary results 

Confirmation of our results in another mouse model of cancer cachexia 

To verify that the GC-dependent transcriptional response we observed in our study was not 

specific to the Apc mice model but a common feature of cancer cachexia, we collaborated with 

Laetitia Mazelin from the Institut NeuroMyoGène (CNRS UMR 5310 – INSERM U1217, Team 

Nerve-Muscle Interaction) who worked on the KPZ (Kras+/LSL-G12D, Trp53+/R270H, Pdx1+/Cre) mice. KPZ 

mouse is a genetically engineered mouse model of pancreatic cancer 420 described to develop 

cachexia 90,209,342. Tissues were removed from KPZ mice before body mass loss had occurred 

(between 84 and 89 days, KPZ non-cachectic) or when endpoints (high body mass loss or sign of 

sufferance) were reached (KPZ cachectic) as well as from age-matched WT littermates (WT-C). 

The transcript level of the GC-dependent responsive genes previously identified in Apc mice were 

determined by RT-qPCR in the tibialis anterior muscle and liver. The transcriptional response was 

reproduced in skeletal muscle of KPZ mice and was associated with the severity of the cachectic 

syndrome (Figure 1A). When performed on the liver, the transcript level of genes was similarly 

regulated in cachectic KPZ mice and in advanced cachectic Apc mice (Figure 1B-C). Of note, the 

transcript level of most of genes encoding gluconeogenic proteins remained unchanged (Figure 

1C). This may rely on the tumor site as KPZ mice develop ductal pancreatic tumors, which may 

alter the regulation of insulin and glucagon production. 

  Collectively, these data demonstrate that the GC-dependent transcriptional response 

occurring in skeletal muscle and liver during advanced cancer cachexia in Apc also occurs in KPZ 

mice, another genetically engineered model of cancer cachexia. Further data analysis is currently 

ongoing. 

 

 Figure 1. A glucocorticoid-dependent transcriptional response occurs in tibialis anterior muscle and liver of KPZ 
mice during cancer cachexia 
(A) RT-qPCR analysis of glucocorticoid-responsive gene mRNA level in tibialis anterior muscle of WT-C (n=17), non-
cachectic KPZ (n=11), and cachectic KPZ (n=15) mice. 
(B) RT-qPCR analysis of glucocorticoid-responsive gene mRNA level in liver of WT-C (n=19), non-cachectic KPZ (n=9), 
and cachectic KPZ (n=15) mice. 
(C) RT-qPCR analysis of metabolic gene mRNA level in liver of WT-C (n=19), non-cachectic KPZ (n=9), and cachectic 
KPZ (n=15) mice. 

Data are represented as mean ± SEM. Data were analyzed by a Kruskal-Wallis test. * represents a significant difference 
after Dunn's multiple comparisons test. *p<0.05, **p < 0.01 and ***p < 0.001. 
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Targeting GC to prevent cancer cachexia in Apc mice 

As we showed that GC are critical determinants of skeletal muscle catabolism and hepatic 

metabolism rewiring during advanced cancer cachexia, we thus aimed to de determine whether 

blocking GC by RU486 in Apc mice would limit/prevent skeletal muscle mass loss and hepatic 

metabolism rewiring. The steroid hormone inhibitor RU486 has been historically used to inhibit 

GC transcriptional activity in skeletal muscle 421. We decided to implant a slow-releasing pellet 

containing RU486 (Innovative Research of America, Sarasota, FL). The pellets were designed to 

release a continuous flow of 33 mg of RU486 during 60 days corresponding to a rate of 10 

mg/kg/day. One pellet containing RU486 was subcutaneously implanted according to the 

manufacturer’s instructions (see Figure 1) in 13-week-old Apc mice under general anesthesia 

(isoflurane 3%) (Apc-RU, n=7). Placebo pellets were also implanted in 13-week-old WT (WT-P, 

n=10) and Apc (Apc-P, n=6) mice. Tissues were removed at 23 weeks of age for analysis. 

As we previously observed, Apc-P mice progressively lost body mass from 15 weeks. Apc-

RU mice similarly lost body mass and even displayed significantly lower body mass than Apc-P 

mice at 20, 21 and, 23 weeks of age (Figure 2A). Tibia length (Figure 2B) was similar between all 

groups showing that implantation of RU486 pellet did not affect overall growth. Hematocrit was 

lower in both Apc-P and Apc-RU mice compared to WT-P (Figure 2C) suggesting that implantation 

of RU486 pellet did not attenuate polyp development. Muscle weight loss of quadriceps, 

gastrocnemius, extensor digitorum longus, tibialis anterior and soleus muscle was similar in Apc-

RU and Apc-P mice (Figure 2D). These data suggest that implantation of RU486 pellet did not 

prevent the loss of body and muscle mass during cancer cachexia in Apc mice. Apc-P mice 

displayed decreased glycemia and increased lactatemia. However, once again there was no 

Figure 1. Implantation of a RU486 and placebo pellet in mice. 
Pellets were implanted according to the manufacturer’s instructions between the shoulder and the ear of the mice 
under general anesthesia (Isoflurane 3%). The skin was then stitched with 4-5 stitches. 
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difference between Apc-P and Apc-RU mice (Figure 2E) suggesting that implantation of RU486 

pellet did not prevent the hepatic metabolism rewiring during cancer cachexia in Apc mice. 

Biomolecular analyses of hepatic metabolism have not been performed yet. The adrenal gland 

mass was similarly increased in Apc-P and Apc-RU (Figure 2F). Finally, to further determine 

whether implantation of RU486 pellet exerted biological effects, we then decided to check the 

efficiency of implantation of RU486 pellet by analyzing the serum corticosterone concentration 

at implantation, 12 days after and at 23 weeks. Since GC exert negative feedback on their own 

production, we expected that trapping GC with RU486 will increase serum corticosterone level in 

mice implanted with RU486 pellets 422. However, serum corticosterone level was statistically 

unchanged between Apc-P and Apc-RU mice at implantation (T0) 12 weeks and 23 weeks 

(Figure 2G), suggesting similar over-activation of the HPA in response to implantation of RU486 

pellet. Therefore, our analyses so far did not provide any evidence of a beneficial effect of 

implantation of RU486 pellet. Of note, it was also shown that RU486 administration was not 

always associated with increased serum corticosterone and that Ddit4 expression is a better 

marker for the efficacy of RU486 treatment 423. We thus have to measure the Ddit4 mRNA level 

in skeletal muscle of our mice. Therefore, we do not have definitive biological evidence that 

implantation of RU486 pellet was efficient in releasing RU486. The short half-life of RU486 in 

rodents 424 may have limited its biological action. However, the use of slow-releasing pellets 

should have normally overcome this drawback. Analysis of blood samples for the presence of 

RU486 would provide an answer to this question. Furthermore, RU486 is also an antiprogestogen 

and antiandrogen. Due to its wide spectrum of action, one may hypothesize that implantation of 

RU486 pellet could have also exerted effects that may interfere with those expected on skeletal 

muscle and liver. This may also explain why the use of RU486 have provided contrasting results, 

some studies providing convincing effects 363 on cancer cachexia, other not 74,362. 
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Figure 2. Effect of the implantation of RU486 pellet in Apc mice. 
(A) Relative changes in body mass in WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice over a 23-week period after 
birth. 
(B) Tibia length of WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice at 23 weeks. 
(C) Hematocrit in WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice at 23 weeks. 
(D) Quadriceps, gastrocnemius, extensor digitorum longus, tibialis anterior, and soleus muscle mass of WT-P (n=10), 
Apc-P (n=6) and Apc-RU (n=7) mice at 23 weeks. 
(E) Blood glucose (left) and lactate (right) concentration in WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice at 23 
weeks. 
(F) Mass of adrenal glands in WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice at 23 weeks. 
(G) Serum corticosterone concentration in WT-P (n=10), Apc-P (n=6), and Apc-RU (n=7) mice at pellet implantation 
(T0), 12 days after pellet implantation (12d.), and 23 weeks (23wk). 

Data are represented as mean ± SEM. (A and G) data were analyzed by a two-way ANOVA; #: significant difference 
with Apc-P; *: significant difference with Apc-RU (Sidak’s multiple comparison test). (B, C, D, E, F, G) data were 
analyzed by a one-way ANOVA. * represents a significant difference after Tukey’s multiple comparison test. *, #p 
<0.05, **,##p < 0.01, ***, ###p < 0.001 and ****,####p < 0.0001. 
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Main results of the work 

In this work, we gave evidence that cancer cachexia elicits a complete reprogramming of hepatic 

metabolism in favor of an increase in gluconeogenesis, alteration of the urea cycle, a decrease in 

ketogenesis, and a decrease in lipid metabolism. Moreover, we demonstrated that the HPA axis 

was activated during cancer cachexia in Apc mice leading to an increased systemic level of 

corticosterone. This was associated with a GC-dependent transcriptional response in skeletal 

muscle and liver of advanced cachectic Apc mice. Prevention of skeletal muscle mass loss by Mstn 

gene invalidation abolished this response (Figure 15). 

 

Clinical translation 

It is now essential to clinically confirm the biological relevance of our observations in cachectic 

cancer patients. As illustrated by Talbert et al. 90 who showed differences in skeletal muscle gene 

transcriptomic response between animal models of cancer cachexia and human patients, 

interspecies differences may sensibly modify the clinical impact of findings obtained from animal 

studies. We have the opportunity to work with clinicians on this topic. Biological samples (vastus 

Figure 15. Schematic view of the main findings of our study. 
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lateralis muscle biopsies and blood) from patients of the MYOCAC study could be used to 

determine the circulating level of cortisol, the existence of a GC-dependent transcriptional 

signature in skeletal muscle and whether this could be associated with the extent of the loss of 

skeletal muscle mass and function. Additionally, it would be of great interest to perform a ChIP-

seq analysis of GC receptor binding in skeletal muscle biopsies to further confirm the action of GC 

during cancer cachexia and identified other target genes. Moreover, we demonstrated a potential 

role for MSTN in the regulation of hepatic metabolism rewiring and HPA axis regulation. A 

completed investigation of the MSTN pathway in skeletal muscle of cachectic cancer patients is 

still lacking and it would be one of our planned purposes. Unfortunately, we have not included as 

many patients as we initially hoped but the project is still open for inclusion. 

 

Research prospects 

Figure 16 summarizes important questions that could be experimentally addressed in the future. 

Each of these questions is developed below. 

  

Figure 16. Schematic view of remaining questions that could be experimentally tested. 
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Inter-tissue temporal regulation during cancer cachexia 

Our work raised an important question regarding the temporality of the dialog between skeletal 

muscle and liver during cancer cachexia (question mark n°1 Figure 16). It has been already 

reported that blocking adipose tissue loss inhibited the loss of skeletal muscle mass during cancer 

cachexia 425 indicating the existence of a dialog between adipose tissue and skeletal muscle that 

would control the depletion of skeletal muscle compartment. Our data in Apc mice also indicate 

that adipose tissue store is largely depleted before the major decrease in skeletal muscle mass 

had occurred. We also showed that blocking skeletal muscle mass loss by Mstn gene invalidation 

completely prevented hepatic metabolism rewiring. Together these data would suggest that 

cancer cachexia would first affect adipose tissue, then skeletal muscle and liver (Figure 17). This 

hypothesis obviously needs to be strengthened but it suggests that the temporality of these 

events responds to distinct metabolic needs during the progression through the disease. This also 

provides a conceptual framework to define windows for interventional therapeutics. 

Exploring liver metabolism during the time course of skeletal muscle atrophy would be 

also particularly interesting. An inducible mice model of skeletal muscle atrophy (inducible 

expression of a constitutively active TGF-βI receptor, TGFβ-RI-CA (abstract 6-08 in 426) is currently 

hosted and used by our collaborators (Laurent Schaeffer and Laetitia Mazelin, INMG). Studying 

liver metabolism in this condition would provide important information about the dialog between 

Figure 17. Conceptual view of the timing of skeletal muscle and adipose tissue loss and liver metabolism rewiring. 
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skeletal muscle and liver and the interdependence of skeletal muscle and liver metabolisms. This 

could provide important clues about the systemic nature of the cachectic syndrome. 

Anti-GC-based therapeutic strategy 

As reported in the complementary results, we failed to accurately inhibit the GC action in Apc 

mice by implanting pellets releasing RU486. Actually, we currently do not have biological evidence 

that the drug was effectively administered and biologically efficient. To alleviate this major 

drawback, but also to overcome the potential undesirable effects of RU486 due to its wide 

spectrum of actionwe have developed a collaboration with Corcept Therapeutics (Menlo Park, 

California, USA) to test Relacorilant (CORT125134), a non-steroidal selective GC receptor 

antagonist that does not bind to the androgen receptor or the progesterone receptor in Apc mice. 

Relacorilant is currently assessed in a phase III clinical trial in pancreatic cancer patients in 

combination with Abraxane (Paclitaxel). The use of this specific GC receptor antagonist will be 

useful to better characterize the systemic role of GC on both skeletal muscle and liver during 

cancer cachexia (question mark n°2 Figure 16). We plan to inject Relacorilant in Apc mice once 

weight loss is detected in order to determine whether it can counteract skeletal muscle wasting 

and liver metabolism rewiring and reestablish the balance of the HPA axis (curative treatment). 

Regulation of the HAP axis – metabolic blood-borne factors 

Our data clearly show that the HPA axis is strongly activated during cancer cachexia. However, 

the mechanisms that could regulate the HPA axis are currently unknown. If cytokines have already 

been shown to activate the HPA axis and induce skeletal muscle atrophy 258, other molecules such 

as glucose, lipids, ketone bodies, or hormones are known to reach the hypothalamus via non-

neuronal cells 427. In the present study, we detected variations in the concentration of blood-

borne metabolic factors such as lactate, ketone bodies, or glucose. Whether or not the variations 

in the circulating concentrations of these factors can be sensed at the hypothalamic level to 

regulate the HPA axis during cancer cachexia is currently unknown, but this remains an attractive 

possibility (question mark n°3 Figure 16). Variations in the concentrations of blood-borne factors 

may also modulate the permeability of the blood-brain barrier rendering hypothalamus more 

sensible to activating molecules. For instance, a low blood glucose concentration was shown to 

increase the blood-brain-barrier plasticity through the reorganization of tight junctions of the 

tanycytes and increased the permeability of the median eminence microvessels 428. The decrease 

in glycemia observed in our study could thus increase the accessibility of other circulating factors 

such as cytokines to the hypothalamus, thus potentiating the central action of cytokines which 

could in turn activate the HPA axis. This hypothesis could be tested by intracerebroventricular 

injection of 2-deoxy-D-glucose in mice. 2-deoxy-D-glucose is a glucose analog that increases 

blood-brain-barrier plasticity as it occurred during low glycemia 428. We could then determine 
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whether this increased permeability of the blood-brain-barrier in response to low glycemia would 

reinforce the GC-dependent transcriptomic signature occurring in response to an intravenous 

injection of cytokines 258. A chronic HPA axis activation could thus be explained by a vicious circle 

in which altered concentrations of blood-borne factors triggered either directly or indirectly HPA 

axis activation, which in turn acts on the liver to trigger hepatic metabolism rewiring. 

Regulation of the HPA axis – myostatin 

We also showed that the circulating corticosterone level was restored to control level in ApcKO 

mice, suggesting that variations in MSTN concentrations could either directly or indirectly 

modulate the activity of the HPA axis during cancer cachexia. This is an interesting possibility that 

is supported by recent studies 429,430 and our observations that activin type I and type IIB receptors 

are expressed in the hypothalamus. This hypothesis could be experimentally tested by 

determining whether intracerebroventricular injection of MSTN can regulate a GC-dependent 

transcriptional signature in skeletal muscle and liver thus mimicking the response we observed 

during cancer cachexia (question mark n°4 Figure 16). Of note, Mstn expression is also induced 

by GC administration 431,432 (see also Figure 4A of study Apc). Therefore, we could hypothesize 

that activation of the HPA axis would increase Mstn expression which in turn would reinforce HPA 

axis activation. 

To better characterize the role of MSTN on the HPA axis during cancer cachexia and to 

overcome the effects of constitutive Mstn gene invalidation of our KO model, we develop a 

collaboration with Dr. Olli Ritvos from the University of Helsinki (Finland) who provided us purified 

hActRIIB-hFc(IgG1)-6His (sActRIIb) protein, which is a dimeric activin receptor ectodomain Fc 

fusion trap molecule that blocks or traps activin A, B and AB, MSTN and GDF11 produced as 

previously described 433. The injection of this sActRIIb has been shown to prevent skeletal muscle 

mass loss in C26 tumor-bearing mice 227. However, its effects on hepatic metabolism and the 

regulation of the HPA axis in the context of cancer cachexia remain unknown (question mark n°4 

and 5 Figure 16). We intraperitoneally injected 13-week-old WT (WT-sActRIIb) and Apc (Apc-

sActRIIb) mice with 10 mg/kg of sActRIIb twice a week for 10 weeks. Control 13-week-old WT 

(WT-P) and Apc (Apc-P) littermates were injected with a corresponding volume of DPBS. Tissues 

were removed from 23-week-old mice. To date, we collected the tissues for 10 WT-P, 4 Apc-P, 4 

WT-sActRIIb and 2 Apc-sActRIIb. For this preliminary set of mice, injections began at 14 weeks 

because of lock-down due to Coronavirus. Our preliminary results suggest that the injection of 

sActRIIb would not affect the growth of the animals as shown by unchanged tibia length 

(Figure 18A). Hematocrit was similarly lowered in Apc-P and Apc-sActRIIb mice (Figure 18B) 

indicating that sActRIIb would probably not affect polyp development. Importantly, body mass 

would be maintained in Apc-sActRIIb mice when compared to WT-P (Figure 18C). As expected, 

skeletal muscle mass was dramatically increased in WT-sActRIIb (x1.5 for quadriceps, x1.6 for 
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gastrocnemius, x1.6 for extensor digitorum longus, x1.6 for tibialis anterior and x1.3 for soleus 

muscle, Figure 18D) illustrating the biological efficiency of the drug. The injection of sActRIIb in 

Apc mice seems to reestablish skeletal muscle mass to level very closed to those of WT-P (Figure 

18D). The completion of this animal study is currently undergoing. Our objectives will be then to 

explore whether pharmacological inhibition of MSTN regulates the HPA axis, as well as skeletal 

muscle and liver metabolisms. 

 

Together, my PhD work highlights the role of GC during cancer cachexia but a lot still remains to 

be investigated. 

  

Figure 18. Effect of the injection of sActRIIb in Apc mice. 
(A) Tibia length of WT-P (n=10), WT-sActRIIb (n=4), Apc-P (n=4) and Apc-sActRIIb (n=2) mice at 23 weeks. 

(B) Hematocrit in WT-P (n=10), WT-sActRIIb (n=4), Apc-P (n=4) and Apc-sActRIIb (n=2) mice at 23 weeks. 

(C) Relative changes in body mass in WT-P (n=10), WT-sActRIIb (n=4), Apc-P (n=4) and Apc-sActRIIb (n=2) mice over 

a 23-week period after birth. 

(D) Quadriceps, gastrocnemius, extensor digitorum longus, tibialis anterior and soleus muscle mass of WT-P (n=10), 

WT-sActRIIb (n=4), Apc-P (n=4) and Apc-sActRIIb (n=2) mice at 23 weeks. 

Data are represented as mean ± SEM. Given the low number of mice, we did not perform statistical analysis. 
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108.  Llovera M, Garcıá‐Martıńez C, López-Soriano J, Agell N, López-Soriano FJ, Garcia I et al. Protein turnover in 
skeletal muscle of tumour-bearing transgenic mice overexpressing the soluble TNF receptor-1. Cancer Letters 
1998;130:19–27. 
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ABSTRACT 

Role of the glucocorticoid pathway in skeletal muscle wasting and hepatic metabolism rewiring during cancer cachexia 

in ApcMin/+ mice – Functional implication of myostatin gene invalidation 

Cachexia affects about half of cancer patients and is characterized by a progressive body mass loss mainly resulting from 

skeletal muscle depletion. This loss of skeletal muscle mass together with a decrease in muscle force strongly contribute 

to reduce cancer patient quality of life, treatment efficiency and ultimately patient survival. Many factors are known to 

be involved in the regulation of skeletal muscle homeostasis. Among them, glucocorticoids are steroid hormones secreted 

under the control of the hypothalamic-pituitary axis that have been well described to promote skeletal muscle atrophy 

but also to exert systemic actions through activation or repression of gene expression in many tissues. We hypothesized 

that the glucocorticoid pathway could be activated during cancer cachexia in ApcMin/+ mice, a mouse model of intestinal 

cancer. Here, we reported that activation of skeletal muscle catabolism was associated with a complete reprogramming 

of liver metabolism. Moreover, we showed an activation of the hypothalamus-pituitary axis that was associated with an 

increase in the level of corticosterone (the main glucocorticoid in rodent) in serum, quadriceps muscle and liver of 

advanced cancer cachectic mice. The transcriptional signature in quadriceps muscle and liver of advanced cancer cachectic 

mice significantly mirrored that observed in mice treated with dexamethasone, an analog glucocorticoid. Importantly, the 

inhibition of cancer cachexia by myostatin gene invalidation in ApcMin/+ mice restored corticosterone levels and abolished 

skeletal muscle and liver gene reprogramming. Together, these data indicate that glucocorticoids drive a transcriptional 

program to coordinately regulate skeletal muscle mass loss and hepatic metabolism rewiring. The inhibition of this 

response by myostatin gene invalidation highlights the existence of a molecular dialog between skeletal muscle and liver. 

 

Rôle de la voie des glucocorticoïdes dans la perte de masse musculaire et le remaniement du métabolisme hépatique 

pendant la cachexie associée au cancer dans les souris ApcMin/+ – implications fonctionnelles de l’inactivation du gène 

de la myostatine 

La cachexie affecte environ la moitié des patients atteints d’un cancer et est caractérisée par une perte progressive de la 

masse corporelle résultant principalement d’une perte de masse musculaire squelettique. Cette perte de masse 

musculaire squelettique associée à une perte de force musculaire contribue fortement à réduire la qualité de vie des 

patients, l’efficacité des traitements et à terme, la survie des patients. Plusieurs facteurs sont connus pour être impliqués 

dans la régulation de la masse musculaire. Parmi eux, les glucocorticoïdes sont des hormones stéroïdiennes sécrétées sous 

le contrôle de l’axe hypothalamo-hypophysaire qui sont connues pour induire l’atrophie musculaire mais aussi pour avoir 

une action systémique via l’activation ou l’expression de gènes dans plusieurs tissus. Nous faisons l’hypothèse que la voie 

des glucocorticoïdes pourrait être activée pendant la cachexie associée au cancer dans les souris ApcMin/+, un model murin 

de cancer intestinal. Nous rapportons ici que l’activation du catabolisme musculaire était associée à une reprogrammation 

complète du métabolisme du foie. En outre, nous montrons une activation de l’axe hypothalamo-hypophysaire associée 

à une augmentation du niveau en corticostérone (le glucocorticoïde principal chez les rongeurs) dans le sérum, le muscle 

quadriceps et le foie des souris à un stade avancé de la cachexie associée au cancer. La signature transcriptionnelle  dans 

le muscle quadriceps et le foie des souris à un stade avancé de la cachexie associée au cancer reflète celle observée dans 

des souris traitée avec de la dexaméthasone, un analogue des glucocorticoïdes. Il est important de souligner que 

l’inhibition de la cachexie associée au cancer par l’inactivation du gène de la myostatine dans les souris ApcMin/+ a restauré 

les niveaux en corticostérone et abolit la reprogrammation génique dans le muscle squelettique et le foie. Ensemble, ces 

données indiquent que les glucocorticoïdes induisent un programme transcritptionnel pour réguler de façon coordonnée 

la perte de masse musculaire et le remaniement du métabolisme hépatique. L’inhibition de cette réponse par l’invalidation 

du gène de la myostatine souligne l’existence d’un dialogue moléculaire entre le muscle squelettique et le foie. 


