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ABSTRACT 

Cancer-related muscle wasting occurs in most cancer patients. An important regulator of adult 

muscle mass and function is the Akt-mTORC1 pathway (1). While Akt-mTORC1 signaling is 

important for adult muscle homeostasis, it is also a major target of numerous cancer treatments 

and its inhibition induces a worsening in muscle wasting in cancer patients (2). Which role 

Akt-mTORC1 signaling plays during cancer cachexia in muscle is currently not known. Here 

we aimed to determine how activation or inactivation of this pathway affects skeletal muscle 

during cancer cachexia. We used inducible, muscle-specific Raptor (mTORC1) and mTOR 

(mTORC1 and mTORC2) ko mice to determine the effect of reduced mTOR signaling during 

cancer cachexia. On the contrary, to understand if skeletal muscle maintains its anabolic 

capacity and if activation of Akt-mTORC1 signaling can reverse cancer cachexia, we generated 

mice in which we can inducibly activate Akt specifically in skeletal muscle. We found that 

mTORC1 signaling is impaired during cancer cachexia, using the Lewis-Lung Carcinoma 

(LLC) and C26 colon cancer model, and is accompanied by a reduction in protein synthesis 

rate. Further reduction of mTOR signaling, as seen in Raptor ko animals, leads to a 1.5-fold 

increase in autophagic flux, but does not further increase muscle wasting. On the other hand, 

activation of Akt-mTORC1 signaling in already cachectic animals completely reverses the loss 

in muscle mass and force. Interestingly, Akt activation only in skeletal muscle completely 

normalizes the transcriptional deregulation observed in cachectic muscle, despite having no 

effect on tumor size or spleen mass. In addition to stimulating muscle growth, it is also 

sufficient to prevent the increase in protein degradation normally observed in muscles from 

tumor-bearing animals. Our results demonstrate that activation of muscle-specific Akt is 

sufficient to completely revert cancer-dependent muscle wasting. Intriguingly, these results 

show that skeletal muscle maintains its anabolic capacities also during cancer cachexia, 

possibly giving a rationale behind some of the beneficial effects observed in exercise in cancer 

patients. 
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1. INTRODUCTION 

 

1.1. Cancer cachexia 

Cachexia, etymologically meaning “bad condition”, is characterized by an involuntary loss of 

body weight normally associated with a loss of homeostatic control of body energy and protein 

balance. This condition is associated with many malignant diseases, including AIDS, heart 

failure, kidney disease, chronic obstructive pulmonary disease, neurological disease and 

rheumatoid arthritis.  

Cancer-associated cachexia is defined by an international consensus as a multifactorial 

syndrome characterized by a strong loss of skeletal muscle and fat mass that cannot be fully 

reversed by nutritional support (3). Many types of cancers can develop cachexia, such as 

pancreatic, esophageal, gastric, pulmonary, hepatic, and colorectal cancers and they account 

approximately for half of all cancer deaths worldwide. The incidence of cachexia in these types 

of cancers is very high, approximately more than 80% in gastric or pancreatic cancer, and over 

50% in lung, prostate or colon cancer (4). This syndrome is usually correlated with the severity 

of cancer and occurs at the end of life.   

The substantial loss in muscle and fat mass during cancer cachexia, are generally driven by an 

altered protein, carbohydrate and lipid metabolism and are associated with a systemic 

inflammatory state, leading to a negative energy balance. Contemporarily, the presence of 

anorexia during this condition exacerbates an already catabolic state, accelerating disease 

progression. A peculiarity of this syndrome is the inability to fully treat involuntary weight loss 

with nutritional support therapies, stressing a critical alteration in metabolism and energy 

homeostasis (3). 

Cancer cachexia is classified into three stages: (i) The early stage of the disease is precachexia 

where early clinical and metabolic signs precede weight loss. (ii) Cachexia stage is defined as 

body weight loss greater than 5% within 6 months. (iii) The third stage, refractory cachexia, is 

when life expectancies are dramatically decreased because of advanced cancers or 

unresponsiveness to therapies. Notably, not all cachectic patients manifest all these stages, the 

progression depends on factors such as cancer type, food intake, systemic inflammation and 

personal anamnesis (3). 
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Cancer-associated cachexia is linked with poor survival, decreased quality of life and response 

rate to chemotherapy. Hence, cancer cachexia has a major clinical importance considering its 

incidence in many types of cancers and its involvement with almost 20% of cancer deaths.  

 

1.1.1. Mechanisms and pathophysiology of cancer cachexia 

Cancer cachexia is defined as a multifactorial syndrome. One particular and well-established 

feature that characterized this strong body weight loss is the altered energy balance due to 

different types of molecular mechanisms. The resting energy expenditure (REE) overcomes 

the energy intake leading to caloric deficits and weight loss. Mostly, the increased REE is 

related to an high energy demand of the tumor, inflammation and an increase in the futile cycles 

activity (4,5).  Instead, the decreased energy intake is due to the presence of anorexia. 

Adipose tissue wasting that accompanied skeletal muscle loss is another key feature of cancer 

cachexia. White adipose tissue is characterized by an increase in lipolysis, indeed increased 

plasma free fatty acids and glycerol levels are often observed in cachectic patients (6).  

Even brown adipose tissue, a site of heat production, is involved in this syndrome. Indeed, it 

was found an increase in BAT activity and in markers of beige adipocytes, which are white 

adipocytes undergoing a “browning process”. These characteristics contribute to an increased 

energy expenditure during cancer cachexia (7). 

Systemic inflammation is a hallmark of cancer patients, and it originates from tumor cells and 

activated immune cells which release cytokines, chemokines and other inflammatory mediators 

(8). These mediators have a major role in promoting tumor growth, survival and progression 

but also in cachexia (6). Several cytokines are implicated in promoting cancer cachexia, among 

which tumor necrosis factor (TNFa), interleukin-6 and -1 (IL-6/IL-1) and interferon gamma 

(10). TNFa, also called “cachectin”, is released by many types of cells including macrophages, 

CD4+, neutrophiles and it can be produced by tumor itself. Its expression leads to anorexia, 

muscle and adipose wasting, and increased energy expenditure in both clinical and 

experimental model of cancer cachexia (11). IL-6 can be produced by immune cells and from 

tumor itself and its circulating levels correlates with weight loss in cancer patients and reduced 

survival (12). IL-6 can directly drive acute phase response in liver and muscle wasting by 

STAT3 activation (13). The upregulation of pro-inflammatory cytokines co-occurs with 

decreased expression of anti-inflammatory ones, such as IL-4 -10 and -12. 
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In addition to skeletal muscle also heart is affected by cancer cachexia leading to fibrosis and 

functional changes. Cardiac alterations ultimately result in heart failure and arrhythmia and 

like skeletal muscle, cardiac muscle wasting is mediated by increased protein degradation. 

Also liver is affected and participates to cancer cachexia. Liver mass is strongly increased 

during this condition, and it contributes to the increased REE. Indeed, liver participates to an 

oncological version of Cori Cycle in which gluconeogenesis is performed using the lactate 

derived from tumor aerobic glycolysis (the Warburg effect). Another typical feature is the onset 

of steatosis, both in patients and in murine models of cancer cachexia. Moreover, liver 

participates to systemic inflammation by secreting acute phase proteins and reducing albumin 

secretion (14). 

The previous section has offered a basic overview of cancer cachexia and has very simply 

described some of the mechanisms mediating cachexia (Fig. 1). Among all these multi-organ 

alterations, skeletal muscle wasting is a central player in cancer cachexia. The mechanisms 

leading to skeletal muscle wasting during cancer cachexia will be discussed after a brief 

description of skeletal muscle structure and function. 
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Figure 1. Cancer cachexia as a multi-organ syndrome (4). 

 

1.2. Skeletal muscle structure and function 

Skeletal muscle mass accounts for almost 40% of body mass and it is the site of 30-45% of 

whole-body protein turnover (15). It is responsible for body posture and voluntary movements 

controlled by the somatic nervous system through the alpha motor neuron innervation. 

Skeletal muscle fiber (muscle cell) is an elongated, cylindrical and multinucleated cell 

surrounded by a sarcolemma, in turn wrapped by a basal lamina. Individual muscle fiber cells 

are separated from each other by endomysium. Muscle fibers are organized in bundles or 

fascicles and surrounded by connective tissue, known as perimysium. The last layer is called 

epimysium (Fig. 2). 
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Figure 2. Skeletal muscle structure. 

 

The sarcoplasm, delimited by the sarcolemma, contains thousands of cylindrical structures, 

called myofibrils, responsible for muscle contraction. Myofibrils are composed of contractile 

proteins, which are organized in thin and thick filaments. The thick myofilaments contain 

myosin protein and thin myofilaments contain actin protein. Thin and thick filaments provide 

contractility to the cell and are spatially arranged in repetitive structures called sarcomeres, the 

functional unit of skeletal muscle fiber. The myosin molecule is composed by 2 heavy chains 

and 4 light chains. The heavy chains contain the myosin heads that interact with actin and allow 

muscle to contract. The myosin heavy chain in the head region contains an adenosine 

triphosphate (ATP) binding site and allows the enzyme ATPase for hydrolyzing ATP into 

adenosine diphosphate (ADP) and inorganic phosphate (Pi), which provides the energy for 

contraction. The thin filament is made of actin and two regulatory proteins, troponin and 

tropomyosin. The interaction of myosin and actin allows muscles to contract, a process called 

excitation-contraction coupling (EC Coupling) in which an electrical stimulus is converted into 

mechanical contraction. The motor neuron, leading the electrical stimulus, is in contact with 

muscle fiber through a chemical synapse, which is called neuromuscular junction (NMJ). 

The electrical stimulus coming from the motor neuron leads to the release of Acetylcholine, a 

neurotransmitter, into the synaptic cleft which binds to postsynaptic receptors located on the 

sarcolemma, resulting in muscle fiber depolarization and thus generation of an action potential. 

Upon stimulus Ca2+ is released by the sarcoplasmic reticulum and binds to troponin and, 

through tropomyosin, exposes a myosin binding site on the actin molecule (Fig. 3). In the 
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presence of ATP, the myosin head binds to actin and pulls the thin filament along the thick 

filament, allowing the sarcomere to shorten. This process is called cross-bridge cycling (16). 

 

 

Figure 3. Actin-myosin interaction. 

 

The contractile properties of a muscle depend on fiber type composition based on different 

myosin isoforms. The four myosin isoforms that were identified in mammals were MyHCI, 

MyHCIIA, MyHCIIX and MyHCIIB and they corresponded to the isoforms identified by 

myosin ATPase staining as types I, IIA, IIX, and IIB respectively; notably in humans the fourth 

and fastest myosin heavy chain isoform (MyHCIIB) is not present. This classification is made 

by structural proteins, but they differ also in the mechanical properties, such as velocity of 

contraction and resistance to fatigue, in metabolism (glycolytic or oxidative) and in 

mitochondrial content. This leads to a broader classification: slow oxidative (type I) fibers 

contain high amount of myoglobin and mitochondria, and they are specialized in aerobic 

activity. Fast-twitch oxidative glycolytic (IIA) fibers are rich in mitochondria also and contain 

high amounts of glycogen, indeed they can do also anaerobic glycolysis and make fast-

twitches. Then, the type IIB/X fibers are also called fast glycolytic fibers. They contain fewer 

mitochondria and high amount of glycogen. This classification can be extended also to the 

functional unit of the motor system, the motor unit, composed of a motor neuron and a bunch 

of muscle fibers with similar, if not identical, fiber type. Motor units are classified upon 

contractile speed and resistance to fatigue. The fast-fatigable (FF) units are composed of IIB 

fibers, and fatigue-resistant (FR) units are composed of IIA fibers. Motor unit of type IIX fibers 
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have twitch properties like those of IIA and IIB units and has an intermediate resistance to 

fatigue. Lasty the slow fatigue resistant motor units (S) are composed of slow type I muscle 

fibers (17). Here I remarked only a few of the heterogeneities of muscle fibers that allow the 

same muscle to be used for various tasks, from continuous low-intensity activity (e.g., posture) 

to fast and maximal contraction (e.g., jumping). 

Skeletal muscle is a plastic tissue, this means that its structural and functional properties can 

vary in response to hormonal and neural influences, or generally in response to external stimuli. 

These adaptative changes include changes in muscle fiber types (e.g., fast-to-slow fiber type 

switch) and in fiber size. Changes in fiber size lead to two different conditions, muscle atrophy 

and muscle hypertrophy. Muscle atrophy, a decrease in muscle fiber size, occurs either in 

physiological condition, aging, or in pathological conditions, such as AIDS or cancer. On the 

other hand, muscle hypertrophy is due to growth of pre-existing muscle fibers, thus resulting 

in an increase in skeletal muscle mass. These two states are defined by a balance between 

protein synthesis and degradation; when protein synthesis overcomes the degradation process 

an increase of muscle mass, hypertrophy, occurs, vice versa for muscle atrophy. Considering 

the clinical importance of atrophy/hypertrophy, several signaling pathways have been 

identified. 

 

1.3. Mechanisms of cancer-associated skeletal muscle wasting 

Cancer-associated skeletal muscle wasting is a condition of muscle atrophy, associated with an 

imbalance in protein synthesis and protein breakdown, which ultimately leads to skeletal 

muscle loss (18). Whether a reduction in protein synthesis, an increase in degradation or a 

combination of both is more relevant is still under debate. Various molecular pathways and 

mechanisms underlie the altered skeletal muscle protein turnover associated with cancer 

cachexia (19). Hereby I describe some of the pathways/molecules that are known to be involved 

in cancer-associated skeletal muscle wasting and are more relevant for the purpose of my thesis. 

 

Protein degradation processes 

There is a constant turnover of muscle proteins that require both protein degradation and 

protein synthesis. The process of protein degradation is mainly carried out by two systems: the 

autophagy system and the ubiquitin-proteasome system (UPS). These machineries are 

important to recycle nutrients during starvation, eliminate unnecessary structures and 

organelles during cell differentiation, to fight against pathogens and to renew tissue 
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components delaying aging. In skeletal muscle protein breakdown occurs not only during 

pathologies or ageing but also in physiological conditions to remodel the tissue during 

development or to remove damaged components (20). 

Autophagy is responsible for removing and eliminating unfolded and toxic proteins or 

abnormal and dysfunctional organelles. This system generates a double membrane vesicle, 

called autophagosome, that engulfs portion of cytoplasm, organelles and protein aggregates. 

Autophagosome fuses with the lysosome in which cargo can be degraded by lysosomal 

hydrolases (21). Alteration of the autophagy system can be evidenced by measuring the 

increased lipidated form of LC3, in which LC3 is conjugated with phosphatidylethanolamine 

and bound to the autophagosome. Another marker that indicates an impaired lysosomal 

clearance is p62, an autophagy cargo protein (22). 

Autophagy is a system influenced by the energy status of the cell. A well characterized 

signaling cascade that senses nutrient status is the mTOR pathway. In particular mTOR 

complex 1 (mTORC1), activated by the presence of nutrients, inhibits Ulk1, an initiator of the 

autophagy cascade, hence negatively regulating autophagy (23). Another protein that regulates 

a special form of autophagy, termed mitophagy, is AMP-activated protein kinase (AMPK), 

which phosphorylates and activates Ulk1, thus triggering autophagy (24). Contrary to mTOR 

regulation, AMPK is activated by reduced cellular energy (ATP). 

Autophagy is regulated also by hormones and growth factors through pathways different from 

those of nutrients, but still converge on mTOR. Insulin and insulin-like growth factors regulate 

mTOR through PI3K and subsequent activation of PKB/Akt. A negatively regulator of this 

pathway, the phosphatase PTEN, decreases the downstream Akt/PKB and thus positively 

regulates autophagy (25). When hormones are absent, mTOR is inactivated, releasing the 

inhibitory effect on autophagy. In general, autophagy is induced by lack of nutrients, hormones, 

oxidative stress and negative energy balance (26). Various autophagy-related genes are 

regulated at transcriptional level by Forkhead box transcription factor class (FoxO). In 

particular, FoxO isoform 3 (FoxO3) induces the transcription of multiple autophagy genes, 

including LC3II, Bnip3, Ulk2, Beclin1(27). Among the atrophy-related genes (atrogenes), LC3 

and Gabarapl1 are upregulated during catabolic conditions, such as fasting, indicating an 

activation of autophagy (28). An excessive autophagy causes an exacerbated protein 

degradation inducing atrophy, on the other hand, also defective autophagy leads to an atrophic 

condition. This occurs because there is an accumulation of abnormal mitochondria and 

sarcoplasmic reticulum together with sarcomere disorganization that are toxic for the cell. This 
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was seen in a muscle-specific ATG7 ko mice where autophagy inhibition resulted in muscle 

atrophy and age-dependent weakness (29). 

Studies in humans and preclinical models suggest that autophagy may be upregulated in cancer 

cachexia (18,21,22,24). In tumor-bearing mice, stimulation of muscle autophagy worsens 

muscle atrophy and this is supposed to be related to activation of mitophagy and impairment 

of mitochondrial function (23). Both IL-6 and activin A, important mediators of cancer 

cachexia, can drive autophagy in muscle cells (34). In another study instead, it was suggested 

that a block in the autophagic flux occurs in skeletal muscle of cachectic mice, since its 

reactivation through rapamycin, a well-known mTOR inhibitor, or an AMPK agonist restores 

skeletal muscle wasting (35). 

The ubiquitin proteasome system regulates the degradation of intracellular short-lived 

proteins. Briefly this process starts from attaching a chain of multiple ubiquitin molecules to 

target proteins through a coordinated reaction of three enzymes, the ubiquitin-activating 

enzyme (E1), the ubiquitin-conjugating enzyme (E2) and the ubiquitin ligases (E3). The E1 is 

the activating enzyme and is encoded by only one gene. The ubiquitin ligase enzyme, E3, binds 

the protein substrate and catalyzes the movement of the ubiquitin from the E2 enzyme to the 

substrate. This is the rate-limiting step of the ubiquitination process. After forming a 

polyubiquitin chain, the target protein is bound by the proteasome, allowing protein 

degradation into small peptides and free amino acids (36). Ubiquitin has seven lysine residues, 

which are all used for polymerization, but polyubiquitin chains formed via lysin at 48 (Lys48) 

or 63 (Lys63) are the best characterized. A polyubiquitin via Lys48 usually is a marker for 

proteolysis; on the other hand, Lys63-linked polyubiquitin is related to membrane trafficking 

processes, playing a role also in regulating autophagy-dependent cargo recognition (37). The 

ubiquitin-proteasomal pathway is constitutively active in skeletal muscle to sustain protein 

turnover and guarantee correct homeostasis.  

Among the known ubiquitin ligase enzymes (E3), only few of them are expressed specifically 

in skeletal muscle and upregulated during atrophying condition. The first to be identified were 

Atrogin-1/MAFbx and MuRF1, which are expressed specifically in smooth and striated 

muscles (38,39). These two enzymes are found to be strongly upregulated also in animal model 

of cancer cachexia (40). MuRF1 is implicated in the degradation process of muscle structural 

proteins, such as myosin heavy chains, actin and troponin I. Instead, Atrogin-1 promotes 

degradation of MyoD, a muscle transcription factor, and eIF3-f, an activator of protein 

synthesis. 
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Their expression is under the control of FoxO transcription factors, playing a central role in 

regulating catabolic process. Indeed, deletion of three FoxO factors simultaneously protects 

from muscle atrophy, preventing the induction of many E3 ligases, including Atrogin1 and 

Murf1 that occurs during starvation or upon denervation (41). It was found that even in a 

condition of cancer-associated muscle atrophy, inhibition of FoxO prevents skeletal muscle 

atrophy (42). 

The increase in protein degradation and in the ubiquitin proteasome system during cancer 

cachexia can be attributed to inflammatory cytokines or mediators such as Activin. For 

example, TNFa (11), Twist1(43), NF-kB signaling pathway (44) and p38 MAPK signaling 

pathway (45), which were all discovered to be upregulated during cachexia, converge on the 

E3 ligases MuRF1 and Atrogin1, promoting proteasome hydrolysis in the UPS and leading to 

skeletal muscle protein degradation.  

Highlighting the importance of these pathways during cancer cachexia, it has been found that 

the use of NF-kB inhibitors results in a decrease in tumor-induced muscle loss, partly through 

the blocking of MuRF1 upregulation (46). In another study the use of the proteasome inhibitor 

MG132 ameliorates cachexia through the inhibition of NF-kB pathway and downregulation of 

MuRF1 and Atrogin1 (47). 

Another E3 ligase found having a role in cancer cachexia is Fbox40. It has been suggested that 

its upregulation leads to ubiquitination of IRS and thus to a decrease in protein synthesis (48). 

TRAF6, another E3 ligase that mediated the conjugation of Lys63-linked polyubiquitin chains 

to a target protein, plays a critical role in cancer cachexia and it is induced in muscles of gastric 

cancer patients (49). Moreover, targeted ablation of TRAF6 inhibits skeletal muscle wasting in 

a murine model of cancer cachexia (50). 

In contrast to pre-clinical studies, the role of UPS during cancer cachexia in humans is not 

clear. Indeed some studies indicate an increased expression of UPS components (51,52) while 

others do not detect any changes (53–55).  

 

The IGF1/Akt/mTOR pathway 

Beside the above-mentioned increase in protein degradation, cachexia-induced muscle atrophy 

is also associated with a reduced protein synthesis rate. The IGF1/Akt/mTOR pathway is one 

of the main anabolic pathways and is activated by the insulin-like growth factor 1 (IGF1). The 

role of IGF1 pathway has been dissected by a variety of gain- and loss-of-function genetic 

approaches. It has been demonstrated that inactivation of IGF1 receptor leads to impaired 
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muscle growth (56) whereas muscle-specific IGF1 overexpression results in muscle 

hypertrophy (57). IGF1 elicits its function activating both the mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK) and the PI3K-Akt pathways. 

However, it has been shown that selectively activation of ERK pathway does not lead to muscle 

hypertrophy, whereas activation of PI3K-Akt pathway does (58). Indeed inducible muscle-

specific Akt activation leads to a strong fiber hypertrophy (59). Akt promotes protein synthesis, 

either by activation of mTOR kinase or by inhibition of GSK3b. On the other hand, Akt blocks 

protein degradation preventing the induction of muscle specific E3 ligases through the 

phosphorylation and inhibition of FoxO transcription factors. Both these functions of Akt lead 

to muscle growth upon its activation.  

mTOR, one of the main kinases stimulating protein synthesis, exists as two multiprotein 

complexes: mTORC1, when it is bound to Raptor, and mTORC2, when bound to Rictor. While 

mTORC2 is responsible for cell survival and cytoskeletal reorganization, and it is implicated 

in Akt activation, mTORC1 is mainly involved in cell growth and ribosome biogenesis. 

mTORC1 stimulates protein synthesis modulating two major effectors: the 70-kDa ribosomal 

protein S6 kinase (p70S6K) and eukaryotic initiation factor 4E binding protein1 (4EBP1). 

mTORC1 inhibits autophagy through the phosphorylation and inhibition of Ulk1. P70S6K 

stimulates protein synthesis through the activation of ribosomal protein S6, that is involved in 

the transport of 5’ TOP mRNA to the ribosome. When 4EBP1 is phosphorylated and inhibited 

by mTORC1, it allows the generation of eIF4F complex, involved in the translational process. 

Akt stimulates cell growth though inhibition of GSK3b resulting in eIF2B activation and 

increased protein translation. Moreover, GSK3b inhibits Glycogen Synthase (GS), the enzyme 

catalyzing the last step of glycogen synthesis.  

The IGF1-Akt pathway is regulated by different feedback loops. P70S6K, through a negative 

feedback loop, phosphorylates IRS1, promoting its degradation. On the other hand, mTORC2, 

through a positive feedback loop, phosphorylates Akt on its Ser473 residue. This 

phosphorylation, together with the one on Thr308 residue done by PDK1, results in the 

complete activation of the kinase. Both these modifications are required for its effect on FoxO 

transcription factors, but not for its action on p70S6K. Moreover, Akt takes part in other 

cellular processes, such as cell survival, angiogenesis, metabolism and cell cycle through the 

phosphorylation of a great variety of downstream targets. 
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Figure 4. IGF1/Akt/mTOR signaling 

 

Even if mTOR stimulates protein synthesis and cell growth, its sustained activation in skeletal 

muscle leads to a myopathic phenotype (60). Indeed, it has been shown that an increase in 

mTOR activity occurs during denervation or ageing, where it plays a key role in promoting 

muscle atrophy (61,62). At the same time genetic loss-of-function through deletion of mTOR 

or Raptor (mTORC1) genes leads to muscle atrophy and also to premature death (63,64). This 

means that an equilibrium in mTOR activation is crucial for maintaining muscle homeostasis. 

Akt-mTOR pathway involvement in tumor cachexia was evidenced in cancer patients; indeed, 

a reduced activation of this pathway has been observed in muscle biopsies of patients with 

pancreatic carcinoma (65). In another study an increase in the phosphorylation level of Akt was 

found in muscle biopsies of cachectic patients, even if a significant decrease in Akt protein 

level was present (66). 

In murine models of cancer cachexia, there are contrasting results regarding Akt-mTOR 

regulation. In ApcMin/+ mice, a model of colorectal cancer, a progressive decrease of 

mTORC1 activity was found in gastrocnemius muscle, and this inhibition was mediated by an 

activation of AMPK due to increased level of IL-6 (67,68). Also in Lewis Lung Carcinoma 
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mouse model showed an inhibition in mTOR activity in skeletal muscle (69). Accordingly, to 

a downregulation of the Akt-mTOR signaling in skeletal muscle during cancer cachexia, many 

treatment options lead to activation of this pathway. Aerobic exercise leads to an amelioration 

of muscle wasting in cachectic mice through an increase in mTORC1 activity (70,71). Also the 

use of the plant Salidroside prevents cancer cachexia in LLC and C26 model with a restoration 

in the mTOR protein level (72). In these models prevention of tumor cachexia is associated 

with restored Akt-mTORC1 activity. 

Contrary to these results Penna et al. found an increase in Akt targets, such as GSK3b and 

p70S6K, in muscle of cachectic mice suggesting an upregulation of this pathway (73). 

Moreover, mTOR inhibition in some cases demonstrated to be effective in protecting from 

cancer-associated skeletal muscle wasting. In fact, the use of rapamycin, mTOR inhibitor, in 

C26 mice prevented cancer cachexia (35). Similarly, everolimus, a specific mTOR inhibitor, 

alleviates muscle wasting in CT-26 murine model of cancer cachexia (74). Moreover, it was 

found that a dual inhibition of MEK and Akt/mTOR pathway rescues cancer cachexia in C26 

mouse model (75). 

Considering these results, the regulation and the role of the Akt-mTOR pathway in skeletal 

muscle during cancer cachexia is still controversial. 

 

Myostatin and Activin A 

Myostatin is a growth factor and is a member of the TGF-b protein family. It is synthetized 

and secreted mainly form skeletal muscle cells and bind to activin type II receptor (ActIIR), 

which leads to activation of a Smad2 and Smad3 transcription factor complex (76). 

Overexpression of myostatin in mice leads to muscle atrophy (77), instead its inhibition results 

in a strong increase in muscle mass and fiber size (78,79). Studies suggest that myostatin exerts 

its effects through different pathways. Myostatin through the phosphorylation of SMAD2/3 

inhibits mTORC1, thus blunting protein synthesis, and Akt, leading to activation of FoxO that 

mediates inhibition of genes associated with muscle differentiation (80). Evidences indicate 

that myostatin levels and associated signaling are activated in animal models and patients with 

cancer cachexia (81). 

In addition to myostatin, Activin A is another TGF-b family member induced by inflammatory 

cytokines. Activin A has been found to be upregulated in skeletal muscle after activation of the 

TNFa signaling pathway; moreover tumors can also induce muscle itself to produce Activin A  

(82). Indeed, elevated circulating levels of Activin A have been found in patients with cancers 



 

 

14 

(83). Accordingly, inhibition of the activin receptor type IIB (ActRIIB) has been shown to 

spare skeletal muscle wasting and prolong lifespan in different mouse models of cancer 

cachexia (84,85). 

As can be seen from Figure 4, the signaling pathways that play a role in cancer-associated 

skeletal muscle wasting converge into a final common pathway centered on Akt-mTOR-FoxO 

module. These pathways are tightly interconnected and together orchestrate cancer-associated 

skeletal muscle wasting. 

 

 

Figure 5. Schematic representation of signaling pathways leading to cancer cachexia (86). 
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2. AIM OF THE WORK 

Cancer cachexia is a multi-organ syndrome which is characterized by a strong loss in body 

weight. It occurs in 50-80% of cancer patients and is due to a drastic loss in muscle and adipose 

tissue. One of the major intracellular pathways regulating adult skeletal muscle mass and 

function is the Akt-mTORC1 pathway (87,88). Studies about the regulation of this pathway in 

muscle of experimental models of cancer cachexia are controversial. Mice inoculated with 

Lewis Lung Carcinoma (LLC) or Colon-26 (C26) have shown reductions in mTORC1 

signaling (69,72). The same was observed in transgenic mice which spontaneously develop 

intestinal polyps, leading to a cachectic phenotype between 3 to 6 months of age (67). 

Interestingly, treatments which show an improvement of the cachectic muscle phenotype, like 

treadmill running or the natural plant product salidroside, are accompanied by a restoration of 

mTORC1 signaling (70,72). These results are somewhat in contrast to another study, which 

showed that treatment of C26 mice with the mTORC1 inhibitor rapamycin is actually able to 

reduce muscle atrophy, possibly by restoring autophagy to normal levels (35).  

In patients the link between mTORC1 signaling and cachexia is not that clear, however, there 

are reports which suggest that the systemic use of mTOR inhibitors can aggravate cancer 

cachexia. Indeed, long-term treatment with mTOR inhibitors was accompanied by a loss in 

muscle mass, while not affecting fat mass or body weight (89). Considering that different 

results have been obtained when examining the activation levels of Akt-mTORC1 signaling in 

tumor bearing animals, the aim of this thesis is to better understand the importance of this 

pathway during cancer cachexia. 

Here, we use loss of function and gain of function mouse models to determine the role of Akt-

mTORC1 signaling in skeletal muscle during cancer cachexia. In order to investigate the 

effects of mTOR inhibition in skeletal muscle during cancer cachexia we used inducible 

muscle-specific mouse models: the Raptor ko model, i.e., mTORC1 deletion, and the mTOR 

ko, i.e., deletion of mTORC1 and mTORC2. As gain of function model we used the Akt-

overexpressing mouse, a well-known model of muscle hypertrophy (59). 
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3. MATERIAL AND METHODS 

3.1. Animal Experiments and treatments 

Inducible muscle-specific Raptor or mTOR knock-out mice were generated as described 

previously (90). Briefly, C57BL/6J strain mice expressing the floxed Raptor or mTOR gene 

(Raptorfl/fl and mTORfl/fl) were crossed with mice carrying the Cre recombinase fused to a 

mutated estrogen receptor (ER) domain under the control of human skeletal actin promoter 

(HSA) (91). In Raptor ko mice tamoxifen-induced Cre LoxP recombination was achieved by 

intraperitoneal injection of tamoxifen (3mg) once daily for one week in 2-month-old mice. C26 

cells were injected 3 weeks after the end of tamoxifen treatment. In mTOR ko mice tamoxifen-

induced Cre LoxP recombination was activated by intraperitoneal injection of tamoxifen (3mg) 

three times a week for one month in 2-month-old mice. C26 cells were injected 1 week after 

tamoxifen treatment finished. All mice were back-crossed at least for two generations in a 

BALB/c background. Both male and female mice were used. 

Inducible Akt transgenic mice were generated as described previously (59). Briefly, a 

transgenic line that expresses the Cre recombinase under a muscle-specific (myosin light chain 

1 fast) promoter was crossed with a second line that expresses Akt1 only after the deletion of 

a floxed upstream sequence by the Cre recombinase. The Akt coding sequence is fused to a 

modified estrogen receptor-binding domain; Akt phosphorylation and activation are induced 

only by exogenous treatment of tamoxifen, which binds the estrogen receptor.  

C26 and LLC cells, a gift from Paola Costelli’s lab, were cultured in high glucose DMEM (# 

41966 Gibco). All culture media were supplemented with 10% fetal bovine serum (Gibco) and 

Pen/Strep solution (penicillin 100 U/ml and streptomycin 0.1 mg/ml, Gibco). All cell cultures 

were maintained at 37°C with a humidified atmosphere of 5% CO2. Low-passage cell lines 

were used. C26 and LLC cell suspensions were injected subcutaneously dorsally in 3-month-

old mice, BALB/c or C57BL/6J strain respectively. Tumor-bearing mice received 5x105 C26 

or LLC cells in physiological solution. Control mice were inoculated with physiological 

solution. In all experimental models of cancer cachexia mice were treated until they reached 

the experimental endpoint, determined by ethical criteria (loss of 20% initial body mass). C26 

mice were sacrificed when they reached -20% of body weight, generally 14 days after 

inoculation; LLC mice were sacrificed after 30 days, at -20% of body weight or at reaching of 

a humane endpoint. In Akt mice C26 cells were injected in 3-month-old mice and when they 

lost 10-12% of initial body weight, 1mg of tamoxifen was injected intraperitoneally for 5 days 

in order to activate Akt. Akt mice were sacrificed when they regained body weight after 
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tamoxifen treatment. Control mice received tamoxifen as well and they were sacrificed when 

they lost 20% of body weight. A detailed scheme for the mouse models used is provide in 

Suppl. Fig. 1. 

Analysis of body composition in mice was performed by quantitative magnetic resonance using 

an EchoMRITM-100 (EchoMRI, LLC., TX, USA) without the use of anesthesia. 

Experimental protocols were reviewed and approved by the local Animal Care Committee, 

University of Padova. 

Genotyping of transgenic animals 

Mice were identified by analyzing the presence of Cre-recombinase on genomic DNA by PCR. 

DNA was extracted using a lysis buffer containing Tris-HCL 1M pH 7.5 and Proteinase K 

10mg/mL (Life Technologies). The samples were denatured by incubation for 1 hour at 57°C 

and then proteinase K was inactivated at 99°C for 5 minutes. For the PCR reaction we used the 

following primers: 

 

Cre Forward - NSP-780: CACCAGCCAGCTATCAACTCG  

Cre Reverse - NSP-979: TTACATTGGTCCAGCCACCAG 

 

Akt Forward: ACTATCCCGACCGCCTTACT 

Akt Reverse: TAGCGGCTGATGTTGAACTG 

 

Raptor Forward: CTCAGTAGTGGTATGTGCTCAG  

Raptor Reverse: GGGTACAGTATGTCAGCACAG 

  

mTOR AC11: GCTCTTGAGGCAAATGCCACTATCACC 

mTOR AC14: TCATTACCTTCTCATCAGCCAGCAGTT 

 

3.2. In vivo muscle force measurement 

Gastrocnemius muscle force was measured in living mice as previously described (92). Briefly, 

animals were anesthetized and muscle contractile performance was measured in vivo using a 

305B muscle lever system (Aurora Scientific Inc.). Contraction was elicited by electrical 

stimulation of the sciatic nerve. Common peroneal nerve was cut and the torque developed 

during isometric contractions was measured by stepwise increasing stimulation frequency, with 

pauses of at least 30 seconds between stimuli to avoid fatigue. Duration of the stimulation trains 
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were 600ms. Force was normalized to the muscle mass as an estimate of specific force. Animals 

were then sacrificed by cervical dislocation and muscles were dissected, weighted and frozen. 

 

3.3. Colchicine treatment  

Colchicine was used to monitor autophagic flux as described previously (4). Wt and Raptor ko, 

tumor-bearing mice and sham-treated controls, were treated with 0.4 mg/Kg of colchicine or 

vehicle by intraperitoneal injection. The treatment was repeated twice, 24 and 12 h prior to 

muscle collection.  

 

3.4. Measurement of in vivo protein synthesis 

0,04µmol/g of puromycin was injected i.p. exactly 30 minutes before removal of muscles as 

described previously (93). 

 

3.5. Antibodies and western blotting  

Cryosections of 20µm of TA muscles were lysed in 100µl of a buffer containing 50mM Tris 

pH 7.5, 150mM NaCl, 10mM MgCl2, 0.5mM DTT, 1mM EDTA, 10% glycerol, 2% SDS, 

1%Triton X-100, Roche Complete Protease Inhibitor Cocktail and Roche Phospho-Stop 

Phosphatase Inhibitor Cocktail. To detect Lys48 polyubiquitin chain content, samples were 

also added to two proteasome inhibitors: MG132 (Tocris bioscience) and NEM (Sigma-

Aldrich).  

Lysates were incubated at 70°C for 10 minutes and centrifuged at 13.300 rpm for 15 minutes 

at 4°C. Concentration of surnatant protein was measured using BCA protein assay kit (Pierce) 

following manufacturer’s instructions.  

 

Protein gel electrophoresis 

Extracted proteins were solubilized in a buffer containing 5μl of 4X NuPAGE® LDS Sample 

Buffer (Life Technologies), 1μl of 20X DTT (Life Technologies) and water, until reaching 

20μl of volume. After 10 minutes of denaturation at 70°C, samples were loaded on SDS 4-12% 

or SDS 3-8% precast polyacrylamide gels (Life Technologies), according to molecular weight 

of the protein to be analyzed. The electrophoresis was run in 1x MES/MOPS or 1X Tris-

Acetate Running buffer, respectively (Life Technologies), starting from a voltage of 90V until 

reaching 150V when samples entered the wells.  
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Transfer of the protein to the nitrocellulose membrane 

Proteins were now transferred from gels to nitrocellulose membranes. For the transfer, we used 

a Semi-dry method (Bio-Rad). Membrane and blotting paper (Bio-Rad) were equilibrated with 

Transfer Buffer, composed by 20% Methanol and 1X Tris-Glycine (SERVA). Transfer was 

obtained by applying a current of 2mA/cm2, according to the dimension of the gel, for 1 hour 

at RT. To evaluate the efficiency of the transfer, proteins were stained with Red Ponceau 1X 

(Sigma-Aldrich). The staining was easily reversed by washing with distilled water.  

 

Incubation with antibodies 

After the transfer of proteins into nitrocellulose membranes, the membranes were saturated 

with Blocking Buffer (5% no-fat milk powder or BSA solubilized in TBS 1X with 0,1% 

TWEEN) for 1 hour at RT and incubated over-night with different primary antibodies at 4°C. 

Tris-buffer saline (TBS) is composed by 50mM Tris and 150mM NaCl in water, adjusted to 

pH 7.6.  

Membranes were then washed 3 times with TBS 1X with 0,1% TWEEN at RT and incubated 

with secondary HRP-conjugated antibody for 1 hour at RT. Immunoreaction was revealed by 

Clarity Chemiluminescent substrate (Bio-Rad) and developed with ImageQuant LAS 4000 

Mini (GE Healthcare). 

Stripping Solution was made with 25mM glycine and 1% SDS, pH 2.  

 

Antibody Costumer Dilution 

Rabbit anti-Raptor Cell Signaling #2280 1:1000 

Rabbit anti-mTOR Cell Signaling #2983 1:1000 

Rabbit anti-phospho-Akt 

(Ser473) 

Cell Signaling #4060 1:1000 

Rabbit anti-phospho-Akt 

(Thr308) 

Cell Signaling #9275 1:1000 

Rabbit anti-Akt Cell Signaling #9272 1:1000 

Rabbit anti-phospho-S6 

(Ser240/244) 

Cell Signaling #2215 1:1000 

Rabbit anti-S6 Cell Signaling #2217 1:1000 

Rabbit anti-phospho-

4Ebp1 (Thr37/46) 

Cell Signaling #9459 1:1000 
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Rabbit anti-4Ebp1 Cell Signaling #9452 1:1000 

Rabbit anti-LC3 Sigma L7543 1:1000 

Rabbit anti-p62 Sigma P0067 1:1000 

Mouse anti-puromycin Millipore MABE343 1:1000 

Mouse anti-Lys48 Millipore 04-263 1:5000 

Mouse anti-GAPDH Abcam ab 8245 1:10000 

Goat anti-mouse IgG Bio-Rad 1706516 1:2000 

Goat anti-rabbit IgG Bio-Rad 1706515 1:2000 

Table 1. Antibodies used for western blotting. 

Quantification of Immunoblotting 

Quantification of the signal obtained through immunoreaction was measured with ImageJ 

software. Signal of interested protein was normalized for levels of a housekeeping protein, 

representative of gel loading. As housekeeping proteins we used either Actin or GAPDH, since 

their content did not change during experimental conditions. Results are expressed as 

mean±SEM. 

 

3.6. Gene expression analysis  

RNA extraction and qRT-PCR reaction 

Total RNA was extracted from Gastrocnemius muscle by using Trizol (Life Technologies) 

according to manufacturer’s instructions. 400 ng of total RNA was reversely transcribed to 

obtain cDNA using SuperScriptTM IV (Life Technologies) in the following mix: 

Random primer hexamers (50ng/µl): 1µl; dNTPs 1mM: 1µl. The volume was brought to 13µl 

with RNase-free water. 

Samples were denatured at 65°C for 5 minutes to avoid secondary structures of RNA. After the 

denaturation, samples were added to the following components: 

DTT 100mM: 1µl 

Rnase OUT (Life Technologies): 1µl 

SuperScriptTM IV (Life Technologies): 1µl 

RNase-free water: 0,5µl 

The reaction program was: Step 1: 23°C for 10 minutes; Step 2: 50°C for 10 minutes; Step 3: 

80°C for 10 minutes. At the end of the reaction, the volume of each sample was brought to 

50µl with RNase-free water.  
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Quantitative real-time PCR was performed using SYBR Green chemistry (Applied 

Biosystems). SYBR Green is a fluorescent dye used as nucleic acid stain. Indeed, it intercalates 

into double-strand DNA, producing a fluorescent signal. Real-time PCR products accumulate 

during PCR cycles, creating an amplification plot, which is the plot of fluorescence signal 

versus cycle number, and, thus, allowing their detection through real-time PCR machine. At 

the beginning of PCR, the little change in fluorescent signal defines the baseline for the 

amplification plot. An increase in fluorescent signal above the baseline indicates the detection 

of PCR products. A fixed fluorescence threshold can be set above the baseline. Ct (threshold 

cycle) is defined as the fractional cycle number at which the fluorescence passes the fixed 

threshold. So, lower Ct value indicates a higher amount of the sample which can be therefore 

detected earlier through PCR process.  

1μl of diluted cDNAs was amplified in 10μl PCR reactions in an ABI Prism 7000 (Applied 

Biosystem) thermocycler, coupled with an ABI Prism 7000 Sequence Detection System 

(Applied Biosystems) in 384-wells plates (Micro Amp Optical, Applied Biosystems). In each 

well 5μl sample mix and 5μl reaction mix were mixed.  

 

Sample mix was prepared as follows: 

cDNA: 1μl 

RNase-free water: 4μl 

SYBR Green was added to primer mix as follows: 

SYBR Green qPCR (Applied Biosystems): 4,8μl 

Forward/Reverse primer mix (50mM): 0,2μl  

 

The PCR cycle used for the Real-Time PCR was:  

Step 1: 95° C for 15 minutes  

Step 2: 95° C for 25 seconds  

Step 3: 58° C for 1 minute  

Step 4: go to step 2 for 40 times  

 

Quantification of the PCR products 

Pfaffl in 2001 described a quantification method to evaluate the differences in gene expression, 

by measuring the ratio between a test sample and a housekeeping gene (94). The relative 

expression ratio of a target gene is calculated based on the primer efficiency (E) and the 
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threshold cycle deviation (DCt) of unknown sample versus a control and expressed in 

comparison to a reference gene.  

The mathematical model is defined with this equation: 

 

  

 

The reference gene used in our real-time PCR was HPRT, which did not change under 

experimental conditions. 

 

Primer pair design 

Gene-specific primer pairs were selected with Primer Blast software 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer pairs were selected in a region close 

to the 3'-end of the transcript, and amplified fragments of 150-250bp in length. To avoid the 

amplification of contaminant genomic DNA, the target sequences were chosen on distinct 

exons, separated by a long (more than 1000bp) intron. The melting temperature was chosen to 

be of about 58-60° C. The sequences of the primer pairs are listed in Table 3.  

 

 Forward primer (5’-3’) Reverse primer (3’-5’) 

Raptor GCCTGGAGTCACACTGGATT CAGTTCAGCTCTCCCAGAGG 

Mtor GAGAAGGGTATGAATCGAGATGA 

 

CCCATGAGGTCTTTGCAGTA 

Ncam1 GGTGACCCCTGATTCAGAAA GGATGGAGAAGACGGTGTGT 

Runx1 CCGCAGCATGGTGGAGGTA AGCGATGGGCAGGGTCTTG 

Musk ATCACCACGCCTCTTGAAAC TGTCTTCCACGCTCAGAATG 

Myogenin CCAACCCAGGAGATCATTTG TCTGGGAAGGCAACAGACAT 

Chrng 

(Acrg) 

AGCCTCCCCAGCCATCCAGG GGCCCACCAGCAACCACTCC 

Fbxo32 

(Atrogin1) 

GCAAACACTGCCACATTCTCTC  CTTGAGGGGAAAGTGAGACG  

Fbxo30 TCGTGGAATGGTAATCTTGC  CCTCCCGTTTCTCTATCACG  
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(Musa) 

Trim63 

(Murf-1) 

ACCTGCTGGTGGAAAACATC  ACCTGCTGGTGGAAAACATC  

Map1lc3b 

(LC3) 

CACTGCTCTGTCTTGTGTAGGTTG  TCGTTGTGCCTTTATTAGTGCATC  

Bnip3 TTCCACTAGCACCTTCTGATGA  GAACACCGCATTTACAGAACAA  

p62 CCCAGTGTCTTGGCATTCTT  AGGGAAAGCAGAGGAAGCTC  

Hprt GTTTGTTGTTGGATATGCCCTTG GGCAACATCAACAGGACTCC 

Table 2. Primers used for quantitative RT-PCR 

Data were normalized to HPRT expression. Results are expressed as mean±SEM. 

 

3.7. Mito-Keima experiment 

Analysis were done as described previously (90). Briefly, electroporation was performed on 

FDB muscles from wild-type and knockout animals, C26 and shams. FDB muscles were 

collected in 1% P/S Dulbecco’s modified Eagle’s medium, dissociated and plated on glass 

coverslips coated with 10% Matrigel in Tyrode’s salt solution (pH 7.4). Mitochondria-targeted 

mito-Keima plasmid (mito-Keima, MBL International) was used to monitor mitophagy in 

transfected FDB single fibers. Fluorescence of mito-Keima was imaged in two channels via 

two sequential excitations (458 nm, green, and 561 nm, red) and using a 570- to 796-nm 

emission range. The level of mitophagy was defined as the total number of red pixels divided 

by the total number of all pixels. The ratio indicates the amount of mitochondria inside the 

lysosome.  

 

3.8. Histological analysis and immunofluorescence staining 

Collected muscles were directly frozen in liquid nitrogen. Then, muscles were cut in 10µm 

thick cryosections (or 2µm for mTOR staining) by using Cryostat (Leica CM 1950) and used 

for different analysis. Images were collected with an Upright Microscope Leica DM6 B. 

Haematoxylin and Eosin staining (H&E) 

Haematoxylin is a basic dye which binds to basophilic substrates, such as DNA and RNA 

contained in ribosomes and nuclei, thus staining them violet. Eosin colors eosinophilic 

structures, such as intracellular and extracellular proteins, staining them pink. H&E staining 

was performed using H&E staining ki (Bio-optica code 04-061010) according to the 

manufacturer’s instructions. 
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Periodic Acid-Schiff staining (PAS) 

PAS staining is a method to detect polysaccharides such as glycogen and glycoproteins. 

Periodic Acid oxidizes vicinal diols of these sugars, breaking up the bond between two adjacent 

carbons and creating a pair of aldehydes. These aldehydes, then, react with Schiff reagent, 

giving a purple-magenta color.  

Material Time 

Carnoy’s solution  10 minutes 

Wash in distilled water 5-6- times 

Periodic Acid 0,5% (Merck) 5 minutes 

Wash in distilled water 5-6- times 

Schiff reagent (Merck) 15 minutes 

Wash in running tap water 5 minutes 

Mount with Elvanol  

 

Carnoy’s solution is a fixative composed of 60% ethanol, 30% chloroform and 10% glacial 

acetic acid.   

Elvanol is a saturated solution of polyvinyl alcohol in Phosphate Buffered Saline (PBS), 20% 

glycerol and 1mM sodium azide.  

 

Succinate Dehydrogenase staining (SDH) 

Succinate dehydrogenase is an enzyme which forms complex II of respiratory chain and it is 

localized in the inner mitochondrial membrane. Colorimetric evaluation of the staining is used 

either to assess approximately the quantity and the distribution of mitochondria within muscle 

fibers or to evaluate oxidative activity of the enzyme. The reaction gives a purple coloration in 

the oxidative fibers, whereas glycolytic ones appear white. The sections were incubated for 30 

minutes at 37°C with SDH solution (0.2M sodium succinate) (Sigma-Aldrich), 0.2M phosphate 

buffer (Sigma) pH 7.4 and 50mg of nitro blue tetrazolium (NBT) (Sigma-Aldrich). After the 

incubation, sections were washed with distilled water for 5 times and then mounted with 

Elvanol solution.  

 

Neural Cell Adhesion Molecule 1 (NCAM-1) staining  

NCAM-1 is localized at NMJ level in a normal muscle, whereas it diffuses throughout 

myofibers when an impairment in the communication nerve-muscle occurs. So, NCAM1-1 
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staining is used as a sign of muscle denervation.  

Muscle cryosections were fixed with Methanol -20°C and incubated in blocking solution (10% 

goat serum in PBS) at room temperature (RT) for 1 hour. Samples were then incubated with 

the primary antibody against NCAM-1 (Millipore) (dilution 1:100 in 2% goat serum in PBS) 

at 4°C over-night. Then the sections were washed with PBS three times for 5 minutes and 

incubated with the anti-rabbit-594-conjugated secondary antibodies (dilution 1:200 in 2% goat 

serum in PBS) at 37°C for 1 hour (Jackson ImmunoResearch). After the washes and incubation 

with DAPI, that labels nuclei, slides were mounted with Elvanol solution.  

3.9. PAS quantification 

For PAS quantification, images of four TA sections per group were acquired using the same 

exposure settings on a Leica DM6B. Images were acquired using LAS X software and analyzed 

with Fiji (95). In brief, picture have been converted to 8bit, surrounding background and 

imperfections have been excluded from the analysis by converting their value to full black. An 

increasing threshold have been run through the picture and the selected pixel have been 

measured for mean intensity and area, obtaining a distribution profile for each picture. 

Measures values are expressed in terms of percentage of area for each section above a common 

threshold, which has been determined as the mean intensity of the control group pictures (wt 

sham) (96).  

 

3.10. RNAseq 

Total RNA was isolated from gastrocnemius muscle using Trizol reagent (Life Technologies) 

according to the manufacturer’s instructions (n=3 per group). Total RNA was submitted to 

CRIBI – Biology Department, University of Padova. RNA was checked for purity and integrity 

in a Bioanalyzer device (Agilent Technologies, Inc., Santa Clara, CA) and Quant Seq 3’ 

mRNA-seq Library Prep kit (Lexogen) is used for library construction. Sequencing is 

performed on NextSeq500 ILLUMINA instrument to produce 5 million reads (75bp SE) for 

sample. 

3.11. CIBERSORTx analysis 

CIBERSORTx is an in silico analysis that infers cell-type-specific gene expression profiles 

without physical cell isolation. To infer the 12 different cell populations RNA deconvolution 

analysis was done using CIBERSORTx (97)  using the signature matrix from muscle scRNA-

seq from the Cosgrove lab (98). CIBERSORTx is an online tool (http:// cibersortx.stanford.edu) and 
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its functionalities are divided into three main parts: the custom signature matrix from scRNA-

seq, the estimation of cell type composition in bulk tissue and the imputation of cell type-

specific expression profiles from bulk tissue. 

 

3.12. Statistical analysis 

Statistical tests (Student t-test and two-way ANOVA) were used as described in the figure 

legends. For all graphs, data are presented as means ± s.e.m. The p values are reported in the 

figure legends and p value <0.05 was considered statistically significant. Statistical analyses 

were performed using GraphPad PRISM 9.0a (GraphPad, La Jolla, CA, USA). For RNAseq 

data analysis we applied a two-sided t-test as well as a two-way Analysis of Variance 

(ANOVA) in the Perseus software (99). For pairwise comparisons, a permutation-based 

approach to correct for multiple testing (100). For visualization, the software InstantClue was 

utilized (101); hierarchical clustering was performed using the Euclidean distance and 

complete method. The Principal Component Analysis was performed after scaling the data to 

unit variance and mean zero.  
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4. RESULTS 

4.1. Characterization of muscle wasting during cancer cachexia 

Numerous types of cancers are associated with a loss in body weight due to a reduction in 

muscle and adipose tissue. Considering the role of mTOR signaling in the regulation of muscle 

homeostasis, we wondered if this pathway is altered during cancer cachexia. 

To investigate cancer-associated muscle atrophy we took advantage of two well-established 

murine models of cachexia, the C26 colon carcinoma and the Lewis Lung Carcinoma (LLC) 

(102). We inoculated C26 cells or LLC cells subcutaneously into BALB/c or C57BL/6 strain 

respectively. Our endpoint is at minus 20% of body weight obtained in 2-3 weeks for the C26 

model (Fig. 1A). The LLC model instead is characterized by a milder loss in body weight, 

usually obtained in 1 month, and by a greater tumor volume compared to the C26 model (Suppl. 

Fig.2A and B). As can be seen in Figure 1B and Suppl. Fig. 2C, both experimental models lead 

to the expected loss in body weight. We observed a decrease in lean and fat mass in C26 mice 

starting around day 10 after inoculation (Fig. 1C and 1D). After the same period C26 tumor-

bearing mice significantly decreased food intake (Fig. 1E), indicating the presence of anorexia 

in this model. Skeletal muscle revealed an atrophic condition, about 20% decrease in muscle 

mass of gastrocnemius (GC) and tibialis anterior (TA) in C26 and LLC cachectic animals (Fig. 

1F and Suppl. Fig. 2D). The smaller loss in body weight occurring in the LLC model can be 

explained by its greater tumor volume compared to the C26 one, which can lead to the 

underestimation of the amount of cachexia. 

 

 

Figure 6. Muscle wasting in the C26 colon carcinoma model. 
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A. Experimental procedure: inoculation of C26 cells in adult BALB/c mice. The established endpoint is 

at minus 20% of body weight, about 2-3 weeks after inoculation. B. Body weight measurements in 

cachectic and control mice (n=10 per group). C. Graph of progressive decline in lean mass measured 

by Echo-MRI in cachectic mice (n=10 per group). D. Fat mass quantification by Echo-MRI in C26 

mice and controls (n=10 per group). E. Food intake progression in C26 and sham mice (n=8 sham, 

n=10 C26). F. % of gastrocnemius (GC) and tibialis anterior (TA) muscle normalized to body weight 

in D0 in C26 mice, data shown as expression relative to D0. (GC: n=17 sham; n=15 C26. TA: n=8 

sham, n=6 C26). Data presented as mean ± s.e.m. Unpaired two-tailed student’s t test. ****p<0.0001. 

 

To get more insight the molecular mechanisms underlying this muscle wasting, we analyzed 

muscles in the C26 and LLC model at the endpoint of -20% of body weight and 1 month after 

inoculation respectively. Basic histological analysis revealed the presence of small fibers in 

tumor-bearing mice indicating muscle atrophy, also confirmed by cross-sectional area analysis 

in both C26 and LLC model (Fig. 2A and Suppl. Fig. 2E). Qualitative analysis of mitochondrial 

distribution observed by succinate dehydrogenase (SDH) staining did not reveal significant 

changes in the C26 model (Fig. 2A). We did however observe a reduction in glycogen content 

in the TA and GC muscles of C26 tumor-bearing mice (Fig. 2B). Next, we examined muscle 

force production in vivo in C26 animals, by measuring torque production by gastrocnemius 

muscle after electrical stimulation of the sciatic nerve. As can be observed in figure 2C and 

2D, not only did we observe a reduced absolute force production due to atrophy, but also when 

force is normalized for muscle mass, a small, yet significant reduction in maximal tension 

persists. 
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Figure 7. Loss of muscle mass and force in tumor-bearing mice. 

A. Representative Hematoxylin & Eosin (H&E) and Succinate Dehydrogenase (SDH) staining in 

cryosections of TA from cachectic and control mice; cross sectional area of TA in tumor-bearing mice 

(n=4 per group). B. Representative Periodic acid-Schiff (PAS) staining of TA and GC muscles in C26 

and control mice; graph quantification of PAS staining in TA muscles (n=4 per group). D. In vivo 

measurement of absolute muscle force of gastrocnemius muscle and graph quantification of tetanic 

force (100Hz) in C26 tumor-bearing and sham control mice (n=45 muscles per group, taken from 23 

animals). E. Normalized muscle force and tetanic force quantification in cachectic mice (n=45 muscles 

per group, n=23 mice). Data presented as mean ± s.e.m. Unpaired two-tailed student’s t test. **p<0.01. 

 

4.2. Cancer cachexia is associated with reduced Akt-mTORC1 signaling and 

protein synthesis rates in the C26 mouse model 

 

One of the major regulators of muscle mass and force is the Akt-mTORC1 pathway (103). To 

determine if the observed loss of muscle mass and force is accompanied by alterations in this 

signaling pathway, we performed western blotting analysis of principal downstream targets. 

As can be seen from the representative images of Akt-mTORC1 signaling markers and related 

quantification, we found a trend to decrease in the phosphorylation of Akt and ribosomal 

protein S6 (S6) in muscles of C26 tumor-bearing mice (Fig. 3A and B). The total levels of S6 

and eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) are significantly 

altered in the C26 cachexia model indicating a downregulation of this signaling pathway. In 
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support of these results, we observed a slight, yet not significant, downregulation of the 

mTORC1 pathway also in muscles of LLC animals (Suppl. Fig. 3). Next, we examined if this 

general downregulation of mTORC1 signaling is also accompanied by changes in protein 

synthesis rate. Taking advantage of puromycin, an antibiotic that blocks the translation process, 

we observed a decrease in puromycin incorporation of 57% in C26 tumor-bearing animals 

indicating a decrease in protein synthesis rate (Fig. 3C). 

 

 

Figure 8. C26 cancer cachexia model is accompanied by a decrease in mTORC1 signaling and 

protein synthesis rates in skeletal muscle. 

A. Western Blot representation of mTOR signaling in C26 tumor-bearing mice. B. Quantification of 

pAKT and pS6 markers and total level of 4E-BP1 and S6 proteins (n=9 per group). C. Western blot and 
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quantification of puromycin in C26 and sham mice. Data presented as mean ± s.e.m. Unpaired two-

tailed student’s t test. *p<0.05, **p<0.01. 

 

4.3. Inducible muscle-specific deletion of mTOR or Raptor does not increase 

skeletal muscle atrophy in cachectic mice 

 

As numerous cancer treatments aim at reducing Akt-mTOR activity in the tumor, we wondered 

if this reduction in Akt-mTORC1 signaling could have adverse effects on skeletal muscle 

during cancer cachexia, possibly by reducing mTORC1 signaling even further. Indeed, the use 

of mTOR inhibitors in the clinic has been linked to increased muscle wasting in patients (2). 

To address this, we used two different transgenic mouse lines, in which we can inducibly delete 

either mTOR (i.e., mTORC1 and mTORC2) or Raptor (mTORC1), specifically in skeletal 

muscle by tamoxifen administration. Since we have previously characterized these mouse lines, 

we know that the deletion efficiency is different in one line compared to the other; however, 

both show a similar onset and progression of muscle pathology when deleted from skeletal 

muscle (90). We deleted mTOR/Raptor in adult mice for one month, a timepoint at which 

animals do not show a significant phenotype yet, and then we induced cachexia using the C26 

colon carcinoma, a more reproducible model compared to LLC (Fig. 4A). As can be seen in 

Figure 4B, the progression of body weight loss during cachexia is comparable between mTOR 

ko or Raptor ko mice and controls. Next, we confirmed the deletion of Raptor both at 

transcriptional level and protein level (Fig. 4C). In the mTOR transgenic line instead, we 

confirmed the mTOR deletion at transcriptional level but the mTOR protein level was still 

slightly present in ko animals, even if reduced when compared to wt (Fig. 4D). 
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Figure 6. Characterization of Raptor ko and mTOR ko tumor-bearing mice. 

A. Schematic representation of the experimental procedure: after inducible muscle-specific deletion of 

Raptor or mTOR gene through tamoxifen treatment, C26 cells were injected subcutaneously on the back 

of mice. Mice were sacrificed when they lose about 20% of body weight. B. Body weight progression in 

mTOR ko and Raptor ko tumor-bearing mice (mTOR graph: n=7 wt sham and C26, n= 8 mTOR ko 

sham and C26, Raptor graph: n=7 each group). C. Validation of Raptor ko model by qRT-PCR and 

western blotting analysis (n=4 each group.) D. Validation of mTOR ko model by qRT-PCR and western 

blotting analysis (n=6 wt sham, n=7 wt C26, n=8 mTOR ko sham and C26). Data presented as mean 

± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 

 

 

As can be seen in Figure 5A and Suppl. Fig. 4A, mice lacking mTOR or Raptor from skeletal 

muscle, show the same loss in lean and fat mass as wildtype mice after inoculation of C26 cells. 

Moreover, even when we looked at skeletal muscle, gastrocnemius and tibialis anterior showed 

the same amount of atrophy in mTOR or Raptor ko tumor-bearing mice compared to controls 

(Fig. 5B and Suppl. Fig. 4A). By histological analysis of GC muscle, we did not observe any 

differences between wildtype and transgenic animals during cancer cachexia (Fig. 5C and 

Suppl. Fig. 4C). 
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Figure 7. Deletion of Raptor or mTOR does not increase muscle atrophy in tumor-bearing mice. 

A. % of final lean mass normalized to body weight in D0 in Raptor ko and mTOR ko tumor-bearing 

mice and controls, data shown as expression relative to wt sham (Raptor ko: n= 10 each group, mTOR 

ko: n=7 each group). B. % of gastrocnemius weight normalized to body weight in D0 in Raptor ko and 

mTOR ko tumor-bearing mice and controls, data shown as expression relative to wt sham (Raptor ko: 

n=18 each group, mTOR ko: n=12 each group). C. Representative H&E staining of tibialis anterior 

muscle and quantification of cross-sectional area in Raptor ko tumor bearing mice and controls (n=4 

wt sham, wt C26 and Raptor ko C26; n=3 Raptor ko sham). Data presented as mean ± s.e.m. Two-way 

ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05, **p<0.01, 

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

 

 

To assess muscle function, we measured gastrocnemius force using in vivo electrical 

stimulation of the sciatic nerve. The force-frequency graph and tetanus quantification of 

absolute force (100 Hz) in Figure 6A revealed a comparable decrease in cachectic animals. 

Instead, deletion of Raptor during cancer cachexia showed a slight, yet significant, reduction 

in normalized muscle force compared to controls (Fig. 6B). 

  

Figure 8. Muscle force measurements in Raptor ko tumor-bearing mice. 
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A. Force-frequency curve and histogram of tetanic force at 100Hz of absolute muscle force in GC 

muscle in Raptor ko C26 and controls. B. Normalized force of GC muscle in Raptor ko C26 and controls 

(n=20 wt and Raptor ko sham, n=24 wt and Raptor ko C26). Data presented as mean ± s.e.m. Two-

way ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05, **p<0.01, 

***p<0.001. 

 

 

When we performed analysis of the signaling changes, we observed an increase in phospho-

Akt in Raptor ko shams due to the absence of the negative feedback signaling from P70S6K to 

IRS1 (90), while in Raptor ko tumor-bearing mice phosphorylation of Akt is significantly 

reduced compared to control levels. This data suggests the presence of a downregulation of 

Akt activity during cancer cachexia. As expected, the main downstream targets of mTORC1, 

phospho-S6 and phospho-4E-BP1, are significantly reduced in Raptor ko mice but do not 

change after cachexia. Moreover, the previously observed increase in the inhibitory protein 4E-

BP1 in tumor-bearing mice is not altered by mTORC1 deletion (Fig.7). We performed analysis 

of Akt-mTORC1 signaling also in mTOR ko mice during cancer cachexia. This transgenic 

model leads to a milder decrease in mTOR signaling compared to Raptor ko mice, but it 

remarks the changes observed in Raptor ko mice during cancer cachexia (Suppl. Fig. 5). 

 

  

Figure 9. Akt-mTOR signaling in Raptor ko tumor-bearing mice. 

Western blotting representation of Akt-mTORC1 signaling markers in Raptor ko C26 mice and related 

quantification. Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison 

post-hoc test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

wt Raptor ko
0

1

2

3

4

4
E

-B
P

1
 /
 G

A
P

D
H

sham C26

✱

✱✱

wt sham wt C26
Raptor ko 

sham

Raptor ko 

C26

pAKT Ser473 

pS6 Ser240/244

p4E-BP1 Thr37/44

AKT 

4E-BP1

GAPDH

wt Raptor ko
0.0

0.5

1.0

1.5

2.0

p
A

K
T

 /
 G

A
P

D
H

 

sham C26

✱✱✱

✱✱✱✱ ✱✱

wt Raptor ko
0.0

0.5

1.0

1.5

p
S

6
 /
 G

A
P

D
H

sham C26

✱

wt Raptor ko
0.0

0.5

1.0

1.5

p
4
E

-B
P

1
 /
 G

A
P

D
H

sham C26

✱



 

 

35 

 

 

4.4. Loss of mTORC1 during cancer cachexia increases autophagic flux 

As autophagy is known to be activated during cancer cachexia and very sensitive to changes in 

mTORC1 activity levels, we evaluated the regulation of autophagy and the role played by 

mTORC1 in tumor-bearing mice (31,60). When examining the lipidation of Microtubule-

associated protein 1A/1B-light chain 3 (LC3) and the scaffold protein p62 in wildtype mice, 

we confirmed the previously reported increase in LC3 lipidation (LC3II) in cachectic animals 

(31), while p62 showed only a trend to increase in C26 wt mice (Fig. 8A and B). Loss of Raptor 

leads to a slight increase in LC3 lipidation under normal conditions, as we observed previously 

(90), which is markedly increased during cancer cachexia (Fig. 8A). To understand if this 

increase in LC3 lipidation during cachexia was due to altered mTOR signaling, we performed 

a similar analysis in mTOR ko mice. As can be seen in Figure 8B, mTOR ko mice showed that 

both LC3 lipidation and p62 are increased in C26 model as compared to wildtype cachectic 

mice (Fig. 8B). 

  

Figure 10. Increased in autophagy markers in Raptor ko and mTOR ko tumor-bearing mice. 

A. Representative western blotting analysis of LC3 and p62 autophagy markers in Raptor ko tumor-

bearing mice and controls. Quantification of p62 and LC3 lipidated form (LC3II) (p62 quantification: 

n=7 wt sham, n=6 Raptor ko sham and C26, n=5 wt C26; LC3II quantification: n=7 wt sham, n=6 

Raptor ko sham, n=5 wt C26 and Raptor C26). B. Same experiment of A in mTOR ko tumor-bearing 

mice. (p62 quantification: n=6 wt sham, n=4 wt C26, n= 12 mTOR ko sham, n= 10 mTOR ko C26; 

LC3II quantification: n=5 wt sham, n=4 mTOR ko sham, n= 8 wt and mTOR ko C26). Data presented 

as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was performed. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

wt Raptor ko
0

1

2

3

4

p
6
2
 /
 G

A
P

D
H

sham C26

wt sham wt C26
Raptor ko 

sham
Raptor ko 

C26

p62

LC3 I

GAPDH wt Raptor ko
0.0

0.5

1.0

1.5

2.0
L

C
3
II
 /
 G

A
P

D
H

sham C26

✱

✱✱

✱✱✱✱

B
wt 

sham
wt 

C26
mTOR ko 

sham
mTOR ko 

C26

A

wt mTOR ko
0.0

0.5

1.0

1.5

2.0

2.5

p
6
2
 /
 G

A
P

D
H

sham C26

✱✱

✱✱

wt mTOR ko
0.0

0.2

0.4

0.6

0.8

L
C

3
II
 /
 G

A
P

D
H

sham C26

✱✱✱

LC3 II

p62

LC3 I

GAPDH

LC3 II



 

 

36 

 

 

To understand if the increased LC3 lipidation during cachexia was due to an increased 

autophagic flux or a block in autophagy, we measured autophagic flux using colchicine. 

Colchicine leads to an accumulation of autophagic vacuoles through destabilization of the 

microtubule system and an impairment in autophagosome-lysosome fusion (104). Initially we 

analyzed by western blotting the different conditions only in muscles of wildtype mice and we 

found a significant increase in LC3 II and p62 protein after colchicine administration in C26 

mice (Fig. 9A). This data suggests an activation of the autophagic flux during cancer cachexia. 

We performed the same experiment in Raptor ko mice and as can be seen in Fig. 9B we found 

an even further increase in LC3 II and p62 protein in tumor-bearing mice of ko animals 

compared to sham and wt mice. Indeed, comparing wt and Raptor ko mice we found that 

deletion of Raptor leads to a more pronounced induction of bulk autophagy during cancer 

cachexia than that observed in wildtype muscles (Fig. 9C). 
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Figure 11. Raptor deletion leads to an increase in autophagic flux during cancer cachexia. 

A. Analysis of autophagic flux with colchicine treatment in wt mice during cancer cachexia. 

Representative LC3 and p62 western blots: quantification of LC3 lipidated form (LC3II) and p62 

protein in wt sham and C26 animals, treated with colchicine or vehicle (n=5 each group). B. Same 

experiment of A in Raptor ko mice (n=5 Raptor ko sham and C26 vehicle, n= Raptor ko sham 

colchicine, n=4 Raptor ko C26 colchicine). C. Analysis of autophagic flux comparing wt and Raptor 

ko mice during cancer cachexia (n=5 wt C26 veh, wt C26 colch, Raptor ko C26 colch; n=4 Raptor ko 

C26 veh).  Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-

hoc test was performed. *p<0.05, **p<0.01, ***p<0.001. 

 

Next, we wanted to determine if also mitophagy, a selective degradation of mitochondria by 

autophagy, is affected by cancer cachexia. A qualitative analysis of mitochondria through 

Succinate Dehydrogenase (SDH) staining does not reveal alterations in these organelles in 

Raptor ko mice (Fig. 10A). To measure mitophagic flux we used the mito-Keima probe in 
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isolated fibers from flexor digitorum brevis (FDB) muscles (Fig. 10B) (105). Mito-Keima 

probe exhibits both pH-dependent excitation and resistance to lysosomal proteases. These 

properties allow qualitative assessment of mitophagic flux, indeed the pH-dependent 

fluorescent properties of Keima allow rapid determination as to whether the protein is in the 

mitochondria (pH 8.0, green excitation) or the lysosome (pH 4.5, red excitation). 

As shown in the quantification of mito-Keima (Fig. 10C), we observed an increase of 

mitochondria inside the lysosome and thus in mitophagic flux in Raptor ko mice during 

cachexia compared to normal condition. 

 

Figure 12. Mitophagy is increased in Raptor ko tumor-bearing mice. 

A. Representative images of SDH staining in Raptor ko C26 mice and controls. B. Fluorescence images 

of mito-Keima probe in FDB single fibers. C. Mito KEIMA measurements in FDB muscle of Raptor ko 

tumor-bearing mice and controls (n=5 muscles each group). Data presented as mean ± s.e.m. Two-way 

ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05. 
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4.5. Loss of mTOR or Raptor does not alter skeletal muscle innervation during 

cancer cachexia 

We have previously reported that mTORC1 signaling in muscle fibers is closely linked to the 

maintenance of neuromuscular junction. Furthermore, it was reported that cancer cachexia is 

accompanied by the appearance of denervated fibers (106). To understand if fiber denervation 

is differentially affected in mouse lacking Raptor or mTOR, we analyzed the levels and 

distribution of the denervation marker Neural Cell Adhesion Molecule 1 (NCAM-1). We 

confirmed the finding that cachexia is accompanied by an increase in Ncam1 transcript (Fig. 

11A). In healthy fibers NCAM-1 is present at the sarcolemma around NMJ plaque while it 

spreads along all the fiber upon denervation. As can be seen in the representative images and 

in the quantification of the immunofluorescence (Fig. 11B), the NCAM-1 protein level, as the 

transcript one, is slightly increased during cancer cachexia but it is not affected by loss of 

mTOR or Raptor in C26 tumor-bearing mice. Even when we examined the transcriptional 

regulation of other genes linked to fiber denervation, i.e. Runx1 (107), MuSK (108), Myogenin 

(109) and AchRg (110), we observed a trend to increase in knockout animals during cachexia 

(Fig. 11C).  

 

Figure 13. Analysis of NMJ markers in Raptor ko and mTOR ko mice during cancer cachexia. 
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A. Analysis of Ncam1 gene at transcriptional level by qRT-PCR (n= 12 wt sham, wt C26; n=8 mTOR 

ko sham and C26; n= 7 Raptor ko sham and C26). B. Representative images of NCAM-1 staining in 

gastrocnemius muscle and related quantification of total number of positive fibers per muscle in mTOR 

ko C26 and Raptor ko C26 animals and controls (n=5 wt sham, n=10 wt C26, n=10 mTOR ko sham, 

n=6 mTOR ko C26, n= 3 Raptor ko sham and C26). C. Analysis of NMJ markers by qRT-PCR technique 

in mTOR ko and Raptor ko tumor-bearing mice (Raptor ko graph: n=7 wt and Raptor sham, n=6 wt 

and Raptor C26; mTOR ko graph: n=6 wt sham, n=7 wt C26, n=9 mTOR ko sham, n=8 mTOR ko 

C26). Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc 

test was performed. *p<0.05, **p<0.01, ***p<0.001. 

 

4.6. Muscle-specific Akt activation is sufficient to rescue skeletal muscle mass in 

tumor-bearing mice. 

 

As cancer cachexia is associated with reduced Akt-mTORC1 signaling, we wondered if 

reactivation of this signaling pathway would be sufficient to counteract cancer-related muscle 

wasting. To determine this, we used a mouse model in which we can inducibly activate Akt 

only in skeletal muscle. A constitutively active, myristoylated form of Akt is expressed in 

skeletal muscle and fused to an estrogen receptor domain making it unstable and leading to its 

rapid degradation. Administration of tamoxifen stabilizes and activates Akt, leading to a rapid 

muscle growth in healthy, normal muscle (59). To determine the effect of Akt activation on 

body weight and muscle wasting during cachexia, we implanted C26 cells and started 

administrating tamoxifen when mice lose 10-15% of body weight. As can be seen in Figure 

12A, Akt mice express the myristoylated form of Akt at 75KDa and the endogenous one at 

55KDa. The elevated level of phosphorylation of Akt and of the main targets of mTORC1, S6 

and 4E-BP1, demonstrate the strong activation of the Akt-mTORC1 signaling in Akt mice. 

Surprisingly, Akt activation specifically in skeletal muscle for 5 days can partially rescue body 

weight loss during cancer cachexia (Fig. 12B). This change is due to a total rescue in the lean 

mass (Fig. 12C). Indeed, when we looked at skeletal muscle, both gastrocnemius and tibialis 

anterior muscles, showed a complete rescue in muscle atrophy (Fig. 12D). 
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Figure 14. Activation of Akt-mTORC1 signaling restores body weight loss. 

A. Expression levels of phosphorylated AKT-ER (Ser473); total endogenous AKT (55KDa) and 

myrAKT-ER (75KDa) in sham and tumor-bearing Akt and wt mice; western blot analysis of mTOR 

signaling in Akt C26 mice and shams. B. Representation of body weight progression in wt and Akt mice 

with or without inoculation of C26: when mice lose about 10-12% of body weight, tamoxifen is 

administered daily for 5 days to activate Akt (n=7 each group) C. Measurement of lean mass during 

cancer cachexia and its restoration after Akt activation (n=7 each group). D. % of GC and TA weight 

in Akt tumor-bearing mice and controls. Data shown as expression relative to wt sham (GC: n=17 wt 

sham, n=15 wt C26, n=7 Akt sham, n=9 Akt C26; TA: n=8 wt sham, n=6 wt C26 and Akt C26, n=2 Akt 

sham). Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc 

test was performed. ***p<0.001, ****p<0.0001. 

 

Basic histological analysis of Akt C26 muscles revealed hypertrophic fibers without the 

presence of myopathic features (Fig. 13A). Then we looked at the glycogen content in these 

muscles since it is known that Akt activation in muscles leads to a strong increase in glycogen 

synthesis. As can be seen from PAS staining and quantification, the reduced amount of 

glycogen seen in cachectic muscles is restored after Akt activation (Fig. 13B). 
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Figure 15. Analysis of muscle histology in Akt tumor-bearing mice. 

A. Representative images of H&E staining in GC muscle of Akt C26 mice and controls. B. 

Representative images of PAS staining and quantification of PAS intensity area in TA of Akt C26 mice 

and controls (n=4 each group). Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s 

multiple comparison post-hoc test was performed. **p<0.01, ****p<0.0001. 

 

4.7. Akt overexpressing mice show a restoration of muscle function and 

denervation markers 

To determine if Akt tumor-bearing mice undergo a functional hypertrophy, we measured 

muscle force of gastrocnemius muscle. The absolute force of these mice is completely restored 

to normal condition and even the normalized force does not show anymore the significant 

reduction present in cachectic mice (Fig. 14 A and B). 

 

 

Figure 16. Akt activation in tumor-bearing mice restores muscle function. 

A. Force-frequency graph of absolute gastrocnemius muscle force in vivo in Akt C26 mice; 

quantification of tetanic force at 100Hz. B. Graph and tetanus force quantification of normalized force 

for gastrocnemius weight (n=25 muscles, n=13 mice for wt sham; n=22 muscles, n=12 mice for wt 

C26; n=14 muscles, n=12 mice Akt sham; n=12 muscles, n=6 mice Akt C26). Data presented as mean 

± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05, 

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

Wild-type Akt
wt Akt

s
h

a
m

C
2
6

wt Akt

s
h

a
m

C
2
6

B

wt Akt
0

50

100

150

P
A

S
 i
n

te
n

s
it

y
(%

 a
re

a
)

sham C26

✱✱ ✱✱✱✱

✱✱✱✱

A

0 25 50 75 100 125 150
0

200

400

600

800

A
b

s
o

lu
te

 f
o

rc
e
 (

g
)

wt sham
wt C26

Akt sham
Akt C26

Stimulation frequency (Hz)
wt Akt

0

200

400

600

800

A
b

s
o

lu
te

 f
o

rc
e
 (

g
)

sham C26

✱✱✱✱ ✱✱✱

0 25 50 75 100 125 150
0

10

20

30

40

50

Stimulation frequency (Hz)

N
o

rm
a
li
z
e
d

 f
o

rc
e

(k
N

/g
)

wt sham
wt C26

Akt sham
Akt C26

BA

wt Akt
0

20

40

60

N
o

rm
a
li
z
e
d

 f
o

rc
e

(k
N

/g
)

sham C26

✱



 

 

43 

 

Considering the restored muscle force, we wondered if the neuromuscular junction presents an 

amelioration after Akt activation during cancer cachexia. Since cachexia leads to an increase 

in denervation markers, we examined NMJ markers of denervation in Akt overexpressing mice. 

Interestingly, NCAM-1 positive fibers are not present anymore in Akt C26 muscles and 

denervation markers analyzed by qRT-PCR are restored to normal level (Fig. 15A and B). 

 

 

Figure 17. Restoration of denervation markers in Akt tumor-bearing mice. 

A. Representative images of NCAM-1 staining in gastrocnemius muscle and related quantification of 

total number of positive fibers per muscle in Akt C26 mice and controls (n=9 wt sham, n=13 wt C26, 

n=5 Akt sham, n=7 Akt C26). B. Analysis of NMJ markers at transcriptional level in Akt C26 mice and 

controls (n=3 wt sham, wt C26, Akt sham, n=4 Akt C26). Data presented as mean ± s.e.m. Two-way 

ANOVA with Tukey’s multiple comparison post-hoc test was performed. *p<0.05, **p<0.01, 

***p<0.001. 

 

 

 

4.8. Muscle-specific Akt activation does not affect tumor or spleen mass. 

Next, we investigated if muscle-specific Akt activation affects tumor growth or other systemic 

parameters. As can be seen from Fig.16A tumor weight is comparable between Akt and wt 

mice. Moreover, the C26 colon carcinoma model is usually characterized by an increase in 

spleen mass, indeed wt C26 mice present an increase in spleen weight of about 50% compared 

to sham. Also, Akt tumor-bearing mice showed the same increase in spleen mass as wt (Fig. 

16B).  
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Figure 18. Tumor and spleen weight in Akt tumor-bearing mice. 

A. Absolute tumor weight in wt and Akt tumor-bearing mice (n=5 wt C26, n=6 Akt C26). B. % Spleen 

mass in Akt and wt tumor-bearing mice, data shown as expression relative to wt sham (n=8 wt sham, 

n=6 wt C26, n=2 Akt sham, n=6 Akt C26). Data presented as mean ± s.e.m. Two-way ANOVA with 

Tukey’s multiple comparison post-hoc test was performed. *p<0.05, **p<0.01, ***p<0.001. 

 

4.9. Activation of Akt rescues skeletal muscle transcriptome  

To determine the molecular mechanism behind this Akt-dependent rescue of muscle wasting 

in an unbiased way, we performed RNA sequencing analysis of wildtype, Raptor ko, mTOR 

ko and Akt overexpressing mice, both with and without inoculation of C26 cells. To obtain a 

systematic overview, we performed principal component analysis (Fig. 17A). Under control 

conditions, the different transgenic mice did not segregate along the first two components. 

However, we observed that the C26 cell inoculation induced distinct expression profiles in 

Raptor ko, mTOR ko and wildtype mice. Interestingly, activation of Akt in tumor-bearing mice 

is sufficient to completely normalize the gene expression profile as seen by the principal 

component analysis. To identify statistically significant genes that are regulated during 

cachexia and behave differently between wt and Akt mice, we performed a two-way ANOVA 

analysis (genotype, treatment). Next, we visualized the z-score normalized expression values 

using a hierarchical clustering (Fig. 17B) of genes (n=160) that showed a significant interaction 

(p value<0.001) and we detected several distinct clusters (n=6). 
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Figure 19. Activation of Akt recovers muscle transcriptome. 

A. Principal component analysis of RNAseq data of transgenic mice (Raptor ko, mTOR ko, Akt and wt) 

in control (sham) or post C26 inoculation (n = 3 animals per group) B. Subset of genes after two-way 

ANOVA comparing wt and Akt animals. Genes with interaction p-value < 0.001 are shown using 

Euclidean distance and the complete method. 

 

4.10. Differentially expressed genes revealed a normalization in the autophagy and 

ubiquitin proteasome systems in Akt tumor-bearing mice. 

Gene ontology analysis made with Metascape (111) of differentially expressed genes (DEG) 

belonging to cluster 2 and 1 (96 genes), which are upregulated during cachexia and restored to 

normal level in Akt C26 mice, highlighted pathways involved in protein degradation processes, 

such as autophagy and ubiquitin proteasome system (UPS) (Fig. 18A). The heatmaps in figure 

18B and C show some DEG belonging to autophagy (n=6) and UPS (n=13) respectively that 

are normalized in Akt C26 mice compared to wt C26. 
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Figure 20. Gene ontology analysis of muscle transcriptome revealed normalization in the autophagy 

and UPS in Akt tumor-bearing mice. 

A. Metascape gene ontology analysis of DEG upregulated in wt C26 mice and restored in Akt tumor-

bearing mice (n=96 genes). B. Heat map of Z-score value of genes belonging to the autophagy system 

(n=6). C. Heat map of Z-score value of genes belonging to the UPS (n=13). 

 

By RT-qPCR, we confirmed the inhibitory effect of Akt on the cachexia-induced upregulation 

of some of the well-known genes involved in these catabolic pathways (Fig.19). 

 

 

Figure 21. Akt activation reverts muscle transcriptome during cancer cachexia. 

RT-qPCR analysis of genes for ubiquitin-proteasome (Trim63 (Murf1), Fbxo30 (Musa)) and 

autophagy-lysosome system (Sqstm1 (p62), Ulk1) in Akt C26 mice (n=3 wt sham, wt C26, Akt sham, 
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n=4 Akt C26 for Trim63, Ulk1 and Sqstm1; n=5 wt sham, n=6 wt C26, n=4 Akt sham, n=7 Akt C26 for 

Fboxo30). Data presented as mean ± s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-

hoc test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

 

To investigate if transcriptional regulation results in altered activity of the degradative 

processes, we first evaluated level of LC3 lipidation and total p62 abundance. We observed a 

strong reduction in LC3 lipidation and a trend for reduction in p62 after Akt activation, 

suggesting a reduction in autophagy in these muscles (Fig. 20A). Next, we performed a western 

blotting analysis for lys48 ubiquitination to get an indication on the activity of ubiquitin-

proteasome pathway. In line with the data of the RNA sequencing, we observed a significative 

reduction of protein ubiquitination in tumor-bearing mice after Akt activation (Fig. 20B). 

 

Figure 22. Protein expression of autophagy and UPS markers. 

A. Protein expression of autophagy markers, LC3 and p62, is restored after Akt activation during 

cancer cachexia (n=3 wt sham, n=4 wt C26, Akt sham and C26) B. Western blot analysis of Lys48 

ubiquitinated proteins and related quantification (n=3 wt sham, n=4 wt C26, Akt sham and C26). Data 

presented as mean±s.e.m. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

performed. *p<0.05, **p<0.01. 
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Activation of Akt however, does not only block the increase in protein degradation, but also 

affects protein translational process. Indeed, also the increase in the translational repressor 4E-

BP1 in muscles from tumor-bearing animals is completely prevented at both the mRNA and 

protein level after Akt activation (Fig. 21A and B). 

 

 

 

Figure 23. Akt activation rescues the increase in the translational repressor 4E-BP1. 

A. 4E-BP1 expression in RNAseq analysis (n=3 per group) and (B) protein level in Akt C26 mice and 

controls (n=4 wt sham, wt C26, Akt sham; n=5 Akt C26). Data presented as mean±s.e.m. Two-way 

ANOVA with Tukey’s multiple comparison test was performed. *p<0.05, ***p<0.001, ****p<0.0001. 

 

4.11. CIBERSORTx analysis suggests a decrease inflammatory state in muscle of 

Akt tumor-bearing mice. 

CIBERSORTx uses an in silico analysis to accurately infer cell type abundance and cell-type-

specific gene expression from RNA profiles of intact tissues. This method allows the 

transcriptomes of individual cell type to be digitally “purified” from bulk RNA admixtures 

without physical isolation (97). Taking advantage of CIBERSORTx and of a comprehensive 

temporal atlas of muscle regeneration in adult mice we could infer the abundance of 

inflammatory cell population and myogenic cell types from whole muscle transcriptomic 

analysis (98). From the stacked bar chart can be appreciated how wt, Raptor ko, mTOR ko 

present the same amount of cell fraction during cancer cachexia, instead Akt tumor-bearing 

mice show a different cell type abundance (Fig. 22). 
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Figure 24. RNA deconvolution analysis with CIBERSORTx estimates member cell types in skeletal 

muscle. 

The stacked bar chart shows the cell fraction of myogenic and inflammatory cell populations inferred 

by RNA deconvolution analysis using CIBERSORTx and muscle scRNA sequencing data from the 

Cosgrove lab (n=3 per group). 

 

As can be seen in Figure 23, muscles of Akt tumor-bearing mice present a significant decrease 

in monocytes/macrophages/platelets cell population and an increase in anti-inflammatory 

macrophages compared to all the other C26 mouse models. Even other inflammatory cell 

population, such as resident macrophages and lymphocytes present a trend to decrease in Akt 

C26 mice. This analysis suggests that together with a normalization in the gene expression, 

muscles of Akt mice present a reduced inflammatory state during cancer cachexia. 
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Figure 25. Inflammatory cell populations are differently expressed in Akt tumor-bearing mice. 

Graphs of single cell population from CIBERSORTx analysis that are altered in Akt tumor-bearing 

mice.  
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5. DISCUSSION AND CONCLUSION 

While cancer-dependent muscle wasting is a well-known problem in many, if not most, types 

of cancer, the underlying mechanisms are still not well described. This lack of mechanistic 

insight makes it very hard to anticipate when cachexia will start, how strong it will affect 

muscle physiology, and how it will influence the results of cancer treatment.  

This project is focused on one of the main regulators of adult skeletal muscle mass, the Akt-

mTORC1 pathway, during cancer-associated skeletal muscle wasting. Indeed, the use of 

mTOR inhibitors for anticancer treatments are approved for various advanced cancers but their 

effects during conditions of associated muscle wasting suggest an aggravation of this 

pathology. A retrospective study analyzed the consequences of long-term treatment with 

rapalogs and observed a decreased in skeletal muscle area (89). Another study showed a group 

of patients with advanced pancreatic neuroendocrine tumors treated with everolimus had an 

increased loss in body weight compared to the placebo group (112). Similar to these results, 

patients with metastatic renal cell cancer, which were treated with mTOR inhibitors, showed a 

significant exacerbation in muscle wasting (2). For these reasons we wanted to evaluate how 

modulation of the Akt-mTORC1 activity during cancer affects skeletal muscle homeostasis. 

We found that loss of either mTOR or Raptor, mTORC1 scaffold protein, from skeletal muscle 

does not increase muscle wasting. However, it led to an increase in autophagy during cachexia. 

Importantly, while loss of mTORC1 signaling did not lead to an increased muscle wasting, 

activation of Akt-mTORC1 in skeletal muscle is sufficient to completely revert the loss in mass 

and force in cachectic animals. This rescue is characterized by a general normalization of the 

transcriptome, completely blunting the induction of many atrophy-related genes and reversing 

the increase in protein ubiquitination and autophagy seen in cachectic muscles.  

Taken together, our data suggest that inhibition of mTOR during cachexia can negatively affect 

autophagy, however, its activation can completely restore muscle mass and function offering 

an interesting therapeutic target for cancer cachexia. 

 

mTORC1 signaling affects autophagy during cachexia 

In this study we evaluated if mTORC1 signaling is affected by cancer cachexia, and if reducing 

it further has deleterious effects on muscle wasting. While not all studies observed a decrease 

in mTORC1 signaling during cachexia (35), our results are in line with the majority of reports 

showing a general decrease in mTORC1 signaling (69,70). Some of the discrepancies observed 

in literature can be explained by the intrinsically high diurnal variability of this signaling 
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pathway, making it very sensitive to aspects like food intake and intrinsic circadian timing 

(113), something not always easy to control for in cachectic animals. The reduced mTOR 

signaling seen in tumor-bearing mice could be explained by the effects of proinflammatory 

cytokines, such as TNFa and IL-b, on the IGF-1 pathway. Indeed these cytokines leads to the 

inhibition of IRS-1 and effectively blunt the activation of downstream effector pathways, 

including PI3-K and Akt (114,115). 

While we do not observe an increase in muscle wasting after loss of mTORC1 signaling, we 

do find an even further increase in autophagic and mitophagic flux. It is likely that the 

timeframe of the muscle wasting (4-6 days) is too short to lead to major muscle defects, but it 

is tempting to assume that prolonging autophagy induction over time can eventually lead to a 

block in autophagy and the appearance of a muscle pathology, as reported previously (90). A 

similar observation was made in muscle-specific Raptor ko mice after denervation. Indeed, also 

in this condition, autophagic flux was increased more than in wildtype mice, leading to a more 

pronounced loss in muscle mass, which was most evident after 28 days (61). The increase in 

autophagic flux in Raptor ko mice during cachexia can be interpreted in two ways; i) the 

induction of autophagy during cachexia is independent of mTORC1 ii) the reduction in 

mTORC1 is responsible for the induction of autophagy during cachexia, but the more 

pronounced reduction in mTORC1 signaling after genetic loss-of-function leads to an even 

further increase in autophagic flux through the same signaling pathway. While we cannot give 

a definite answer, it has been shown that knockdown of Raptor reduces signaling to 

downstream mediators, yet does not eliminate their sensitivity to nutrient levels (116), leaving 

open the possibility that this increased autophagic flux is mTORC1-independent.  

A newly described feature of cancer-dependent muscle wasting is the fact that cachexia is 

accompanied by the appearance of fiber denervation (106). In this study the authors showed 

that reduced BMP signaling during cancer cachexia is a major factor leading to fiber 

denervation, as treatment with the BMP activator tilorone is sufficient to reduce muscle wasting 

and NMJ dysfunction. Interestingly, we and others have recently shown that one of the main 

roles of mTORC1 signaling in muscle fibers is the maintenance of the NMJ (90,117). 

Considering that a significant part of the trophic effect of BMP signaling in skeletal muscle 

goes through its regulation of mTORC1 signaling (118), it is tempting to assume that also 

during cancer cachexia the loss in fiber innervation is partially through a reduction in mTORC1 

signaling in muscle fibers. Indeed, we did not find any significant increase in denervated fibers 

in tumor-bearing Raptor or mTOR ko mice. 
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Activation of Akt-mTORC1 signaling completely reverts cancer cachexia 

A major finding in this study is the fact that activation of Akt for a few days is sufficient to 

completely restore muscle mass and force in already cachectic animals. This finding is of great 

importance, as it has been shown that the rescue of muscle mass is sufficient to improve 

survival, without affecting tumor growth (84). Modulating the levels of certain cytokines has 

been shown to be beneficial for muscle growth during cachexia. Antibodies which reduce either 

activin/myostatin (84), FN14 (119), or GDF15 (120,121) in the circulation have either 

prevented or reversed the muscle wasting seen during cachexia. While these results have shown 

the importance of preventing/reversing cachexia on overall survival, the intracellular signaling 

pathways involved are not well defined. Interestingly, activin, FN14, and GDF15, are all 

known to reduce the activation of the Akt-mTORC1 pathway (84,122,123), suggesting that 

preventing this inhibition is an important aspect of improving muscle wasting. Indeed, our 

results clearly show that muscle wasting can be completely reversed by short-term activation 

of Akt signaling. Notably, activation of muscle-specific Akt does not lead to an alteration in 

systemic parameters, such as tumor or spleen mass.  

Somewhat unexpected, this reversal of cachexia is also accompanied by a very robust alteration 

of the muscle transcriptome. As observed also by others, we find more upregulated genes than 

down regulated genes in cachectic muscles (124,125), without major differences between 

tumor-bearing wildtype and Raptor/mTOR ko mice. An important part of these upregulated 

genes code for proteins involved in protein degradation. Interestingly, activation of Akt is able 

to completely abrogate the upregulation a most of these genes. This block in transcription of 

genes linked to protein degradation can be partially due to the strong inhibitory effect of Akt 

on FoxO transcription factors (126). FoxO transcription factors regulate an extensive network 

of genes linked to both the ubiquitin-proteasome and autophagy-lysosome system (41). 

Another support for a reduced activity of FoxO after Akt activation is the fact that the increase 

in the translational repressor 4E-BP1 during cachexia is completely blocked by Akt activation, 

giving mechanistic insight to the muscle growth observed in these animals. This important role 

for FoxO-dependent transcription during cancer cachexia was also suggested by studies 

overexpressing a dominant-negative plasmid for FoxO (124). Indeed, this overexpression leads 

to a complete block in muscle atrophy and loss in muscle force in tumor-bearing mice.  The 

fact that we do not find a major change in transcriptome after Akt activation is in line with 

previous results (87), and again suggests that Akt is able to prevent the pathological increase 



 

 

54 

in transcription which accompanies the progression of cancer cachexia. Also, evaluation of the 

expression of other FoxO target genes, confirms the inhibition of FoxO activity after Akt 

activation in cachectic muscles (Suppl. Fig. 6F).  

It has been demonstrated that Akt activation induces compensatory hypertrophy after hind limb 

suspension and can prevent denervation-induced muscle atrophy through mTOR pathway (1). 

It is likely to suppose that the beneficial effects observed in Akt tumor-bearing mice are 

mediated by mTOR considering that we do not only see a block in muscle wasting but also 

muscle hypertrophy. 

Moreover, CIBERSORTx analysis suggests a decreased inflammatory state in muscles of Akt 

tumor-bearing mice which possibly explains the overall recovery in muscle transcriptome. 

Cancer cachexia is a condition associated with altered metabolism and insulin resistant. The 

hyperinsulinemia state caused by the Cori Cycle between tumor and liver and by inflammatory 

cytokines cause glucose intolerance and insulin resistance during cancer cachexia (127,128). 

This insulin insensitivity leads to a decrease in the PI3K/Akt pathway contributing to muscle 

wasting that occurs during cancer. Skeletal muscle tissue accounts for the 30-35% of the total 

glucose uptake and this insulin-mediated glucose uptake is induced through Akt activation, 

predominantly Akt isoform 2  (129,130). Considering that Akt kinase plays a prominent role 

mediating the metabolic effects of insulin, muscle-specific Akt1 overexpression influences 

glucose metabolism also during cancer cachexia. Akt tumor-bearing mice show an increased 

muscle glycogen content compared to controls, most likely increasing glycogen synthesis 

through inhibition of GSK3-b. More experiments are needed to determine how Akt 

overexpression influences insulin resistance and glucose tolerance during cancer cachexia, but 

preliminary results show that cancer-induced hypoglycemia is restored to normal level after 

Akt overactivation (data not shown), suggesting a positive effect on glucose metabolism. 

It is tempting to speculate that also in more severe situations, like during chemotherapy or 

refractory cachexia, Akt maintains the capacity to stimulate muscle growth. It has been 

suggested that cachectic patients maintain anabolic capacity (132,133), and we have previously 

shown that also in other pathological conditions, like muscular dystrophy or aging (62,92), 

activation of Akt is able to stimulate muscle growth. While it is not straight forward to imagine 

a systemic drug delivery which activates Akt only in skeletal muscles, the activation of muscle 

Akt can be considered an important marker in predicting the efficiency of nutritional and 

exercise interventions. 
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Taken together, we show in this thesis that Akt-mTORC1 signaling plays an important role 

during cancer-dependent muscle wasting. Loss of mTORC1 signaling is sufficient to further 

increase autophagic flux, which can potentially over time, lead to debilitating effects on muscle 

mass and function. On the contrary, activation of this pathway in skeletal muscle is sufficient 

to completely rescue muscle wasting, opening interesting new therapeutic avenues for this 

debilitating aspect of many different cancers. 
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SUPPLEMENTARY FIGURES 

 

 

Supplementary Figure 1. Timeline representation of mice treatments 

Timeline representation of mice treatments for mTOR ko, Raptor ko and Akt overexpressing C26 tumor-

bearing mice. Timeline of mTOR ko LLC mice.  
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Supplementary Figure 2. Characterization of Lewis Lung carcinoma as cancer cachexia mouse 

model. 

A. Schematic representation of Lewis Lung carcinoma (LLC) experiment in C57BL/6 mice. B. Tumor 

weight graph shwoing the differences between C26 and LLC mouse model (n=16 C26, n=10 LLC). C.  

% of final body weight respect to D0 in LLC and sham mice ( n=5 sham, n=8 LLC)  D. Quantification 

of gastrocnemius (GC) muscle weight in LLC mice and controls (n=5 sham, n=12 LLC) E. 

Representative images of H&E staining and average cross-sectional area in GC muscles of LLC and 

control mice (n=2 sham, n=4 LLC). Data presented as mean ± s.e.m. Unpaired two-tailed student’s t 

test. *p<0.05; ****p<0.0001.  

 

 

Supplementary Figure 3. Analysis of mTOR signaling showed a slight decrease in mTOR signaling. 
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A. Western blotting representation of Akt-mTOR signaling in mTOR ko LLC mice and controls. B. 

Quantification of 4E-BP1 and S6 protein level from western blotting analysis (4E-BP1 quantification: 

n=8 sham, n=10 LLC; S6 quantification: n=4 sham, n=5 LLC). Data presented as mean ± s.e.m.  

 

 

 

Supplementary Figure 4. Fat and muscle analysis in Raptor ko and mTOR ko C26 mice. 

A. Analysis of fat mass using EchoMRI in Raptor ko and mTOR ko tumor-bearing mice. Data presented 

as percentage of fat mass respect to body weight in D0 (n=11 wt sham, n=9 wt C26, n= 9 Raptor ko 

sham, n= 10 Raptor ko C26). B. Graphs of TA muscle weight in Raptor ko and mTOR ko tumor-bearing 

mice. Data presented as percentage of muscle weight respect to body weight in D0 (n=17 each group). 

C. H&E representative image of mTOR ko tumor-bearing mice and controls. Data presented as 

mean±s.e.m. Two-way ANOVA with Tukey’s multiple comparison test was performed. ****p<0.0001 
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Supplementary Figure 5. Akt-mTOR signaling western blotting analysis in mTOR ko C26 mice. 

Representative images of western blotting analysis of Akt-mTOR signaling in mTOR ko tumor-bearing 

mice and related quantification (n=9 each group). Data presented as mean±s.e.m. Two-way ANOVA 

with Tukey’s multiple comparison test was performed. *<0.05, **<0.01, ***<0.01 ****p<0.0001. 
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Supplementary Figure 6. Expression of FoxO-dependent genes are blunted in Akt tumor-bearing 

mice. 

RT-qPCR of FoxO-dependent genes: Bnip3, Fbxo32 (Atrogin-1) and Map1lc3b (LC3) in Akt C26 mice 

(n=3 wt sham, wt C26, Akt sham, n=4 Akt C26). Data presented as mean±s.e.m. Two-way ANOVA with 

Tukey’s multiple comparison test was performed. **<0.01, ****p<0.0001. 
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