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Abstract 

 
Skeletal muscle atrophy is one of the main features of cachexia, a complex multi-

organ disease associated with cancer, sepsis, and other chronic conditions marked 

by systemic inflammation. Despite its high prevalence and significant impact on 

patients' quality of life and therapeutic outcomes, cachexia remains an unmet 

medical need, as its underlying mechanisms are not fully understood. 

This study focuses on uncovering novel mechanisms driving skeletal muscle 

atrophy to identify novel potential therapeutic targets. 

Starting during the SARS-CoV-2 pandemic, our research initially centered on 

patients in Intensive Care Units (ICUs) undergoing invasive mechanical ventilation 

(IMV). These patients, especially those suffering from systemic inflammation due to 

COVID-19, sepsis, or pneumonia, were found to be at high risk for severe skeletal 

muscle atrophy. We found that their plasma induced skeletal muscle wasting, 

oxidative stress, and mitochondrial dysfunction in vitro, highlighting the central role 

of inflammatory cytokines in muscle catabolism. Notably, extracellular vesicles 

(EVs) reversed muscle atrophy and mitigate oxidative stress, suggesting their 

potential as therapeutic agents for sepsis-induced muscle wasting. 

We then investigated the mechanisms behind mitochondrial dysfunction in cancer-

induced skeletal muscle atrophy. Our findings revealed that alterations in systemic 

iron metabolism led to abnormal iron compartmentalization within atrophic muscle 

fibers, further exacerbating mitochondrial dysfunction. Iron supplementation not 

only preserved muscle function and prolonged survival in cachectic mice, but also 

restored muscle strength in anemic cancer patients. These results emphasize the 

critical role of iron homeostasis in maintaining muscle mass and function, 

suggesting that targeting iron metabolism could offer a therapeutic strategy for 

cancer cachexia. 

Subsequently, intrigued by the upregulation of the iron-regulating hormone 

erythroferrone (ERFE) in cachexia, known to inhibit BMP signaling in the liver, we 

identified and characterized two novel BMP inhibitors involved in skeletal muscle 

atrophy: the BMP scavenger ERFE and the intracellular inhibitor FKBP12.  
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To overcome the BMP resistance mediated by these inhibitors, we administered 

low-dose tacrolimus (FK506) to target FKBP12. FK506 effectively restored BMP 

signaling, preventing skeletal muscle wasting in vitro and in vivo while also 

protecting against neuromuscular junction disruption and force loss. We therefore 

proposed that low-dose FK506 may represent a promising therapeutic approach for 

restoring BMP signaling in atrophic skeletal muscles, thereby offering a potential 

treatment for cancer cachexia. 
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Introduction 
 

1. The homeostasis and plasticity of the skeletal muscle  

Skeletal muscle accounts for the 40-50% of the total mass in healthy individuals 

and it represents the protein storage of our body. Due to the high plasticity of this 

tissue, skeletal muscle not only is responsible for locomotion and posture, but it 

is fundamental for breathing, eating and energy expenditure. Skeletal muscle is 

indeed relevant for maintaining systemic metabolism, being a regulator of 

glucose, aminoacids and lipid homeostasis. 

Certain pathological conditions might alter skeletal muscle metabolism and 

signaling, resulting in wasting and impairment of muscle function, with a relevant 

reduction of patients’ life quality. Since skeletal muscle fibers have a dense 

cytoplasm filled with contractile proteins and organelles, alterations in their 

turnover impact extensively fibers size and function.  

Skeletal muscle mass is influenced by various stimuli, such as hypertrophy 

induced by physical exercise and anabolic hormones, or atrophy induced by 

fasting, cancer or sepsis. The size of skeletal muscle fibers is defined by the 

balance between protein synthesis and protein degradation and several 

interactors and molecular pathway influence the signaling and the metabolism of 

these cells, influencing their trophism.  

 

1.1  Metabolic adaptations and skeletal muscle mass regulation  

Being far more than just a compartment for movement and posture, skeletal 

muscle plays a pivotal role in regulating our body metabolism, serving as an 

essential site for glucose uptake and storage in the form of glycogen. This function 

is essential for maintaining glucose homeostasis and providing energy to the body. 

(1) Additionally, skeletal muscle is a substantial reservoir of amino acids that can 

be used for energy production when other sources are scarce. (2) 
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In physiological condition and at rest, the skeletal muscle and cardiac muscle 

account for about 30% of the body's energy consumption; while during exercise, 

this percentage can rise to 100%. (3) 

Different skeletal muscles are composed by different types of fibers that are 

categorized based on their metabolic characteristics:  slow-twitch fibers (type I), 

are oxidative and primarily rely on aerobic metabolism; fast-twitch fibers (type II) 

are glycolytic and anaerobic. The former allow prolonged physical activity and 

resistance to fatigue; while the latter enable rapid ATP production and 

contractions, consuming quicky the energy reserve, due to the lower efficiency of 

glycolysis compared to oxidative phosphorylation. (4) 

 

Being an essential regulator of metabolism and considering the it accounts for 40-

50% of whole-body weight, skeletal muscle physiology and mass can be altered 

by systemic metabolic diseases and itself, can act as a disease modifier.  

In systemic metabolic diseases, such as metabolic syndrome and type II diabetes, 

when the nutrient absorption is impaired, the skeletal muscle plays a pivotal role 

to balance the energy needs of other organs and to provide amino acids for energy 

production. (5) Its glycogen stores are crucial for rapid energy production during 

muscle contractions, but during starvation or extreme energy deficits, the skeletal 

muscle breaks down its proteins into amino acids providing substrates for 

gluconeogenesis, as it accounts for the 75% of the body's total protein (2). 

 

An example of how systemic metabolic alterations can affect muscles is given by 

insulin resistance, where an increase in fast-twitch fibers and muscle atrophy is 

observed (6). The metabolic capacity of fast-twitch fibers and muscle mass are 

enhanced with resistance training. (7) Conversely, resistance training improves 

insulin sensitivity in diabetic patients, indicating that changes within the skeletal 

muscle can impact on systemic metabolism and vice versa. (8) 

 

Several factors, including nutrients, hormones, mechanical stretch, and calcium 

levels, induce one of the major metabolic regulators in the skeletal muscle: the 

myocyte enhancer factor 2 (MEF2). MEF2 stimulates the transcriptional activity of 
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peroxisome proliferator-activated receptor (PPAR) and peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC1α), two critical regulators of 

muscle metabolism, thus inducting mitochondrial biogenesis and enhanced fatty 

acid oxidation (8). 

For instance, PPARα activation promotes fatty acid utilization in human muscle 

cells (9); however, its overexpression in transgenic mice leads to insulin resistance 

in both skeletal muscle and the heart (10). On the same line, PPARβ/δ enhance 

oxidative muscle fibers formation through PGC1α activation, mimicking the 

effects of exercise training and promoting a lean phenotype (11). Conversely, mice 

with skeletal muscle-specific deletion of PPARγ develop insulin resistance and 

increased adiposity, further illustrating the importance of these metabolic 

regulators. (12) 

Another master regulator of muscle metabolism that is specifically involved in 

mitochondrial function is PGC1α, having a splicing variant known as PGC1α4, 

which promotes muscle hypertrophy. While PGC1α transgenic mice do not exhibit 

muscle growth or enhanced protein synthesis, the PGC1α4 isoform has been 

found to significantly promote muscle hypertrophy, highlighting the complex 

regulation of muscle mass by different PGC1α isoforms. (13) 

 

Skeletal muscles have a mitochondrial density of around 52%, and being involved 

in several mechanisms as ATP production, ROS formation, and apoptosis, an 

optimal mitochondrial function is essential for skeletal muscle health. 

Dysfunctional mitochondria activate catabolism in the skeletal muscle and are 

characteristics features of atrophy induced by cachexia, aging, disuse, or 

glucocorticoids. (14) 

 

In summary, skeletal muscle is not just essential for movement but also plays a 

critical role in the regulation of whole-body metabolism, impacting overall health 

and disease states.  
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1.2  The signaling pathways that tune skeletal muscle mass 

alterations 

Skeletal muscle mass physiology is determined by the flux of newly synthetized 

peptides, the degradation and recycling of organelles and proteasomal 

degradation of proteins and the major hub of these processes is the Akt-mTOR 

axis. (15) 

Akt pathway is activated by ligands binding to G-protein-coupled receptors 

(GPCRs), tyrosine kinases receptors (RTKs), and insulin receptor substrate (IRS), 

which leads to the phosphorylation and activation of phosphoinositide 3-kinase 

(PI3K). The phosphorylation of membrane phosphoinositides by PI3K recruits Akt, 

which is fully activated following two phosphorylations from PDK1 and mTORC2 at 

Tyr308 and Ser473 respectively. (16) Activated Akt promotes protein synthesis 

through various downstream targets: it inhibits glycogen synthase kinase 3β (GSK-

3β) and activates p70 and 4E-BP1 through mTOR, promoting protein translation 

initiation. (16) Coherently, muscle-specific constitutively active Akt induces 

skeletal muscle hypertrophy in vivo (17). 

In the skeletal muscle, the Akt-mTOR hub is linked and regulated by a variety of 

other signaling pathways, such as the insulin/IGF1, 𝛽2-adrenergic, 

metallothioneins and TGF𝛽 superfamily axes (Fig.1).  

Molecules like insulin, insulin-like growth factor 1 (IGF-1), RTK ligands as some 

FGFs, are potent anabolic factors that by activating Akt-mTOR axis sustains 

organism and skeletal muscle growth. Accordingly, muscle-specific IGF1 

overexpression induces muscle hypertrophy and promotes its regeneration (18).   

Another pathway connected to these signaling molecules is the one of 𝛽-

adrenergic receptors, that mediate skeletal muscle sympathetic activity. 𝛽2 

agonists have anti-catabolic effects on the skeletal muscle, inhibiting protein 

degradation (19) and activating insulin/IGF1 signaling (20), as well as Akt-mTOR 

activation (21).   
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The main signaling pathway explored in this Ph.D. project, is the one of the TGF𝛽 

superfamily, a group of tens of ligands with different selectivity and specificity for 

different receptors. The TGF𝛽 superfamily is involved in a wide variety of 

musculoskeletal processes, from embryonic development, tissue regeneration 

upon injury, and trophism regulation.   

The signaling cascade is composed by the TGF𝛽-Smad2/3 branch and the BMP-

Smad1/5/8 axis. The former is activated by ligands as TGF𝛽, activins or myostatin, 

that by binding type II TGF𝛽 receptors (TGF𝛽RII), and activin type IIB and IIA 

receptors (ActRIIB/ActRIIA), recruit type I serine-threonine kinase receptors ALK-4, 

-7, and -5, inducing Smad2/3 phosphorylation. The co-smad Smad4 is then 

associated to pSmad2/3 heterodimers promoting their nuclear tanslocation and 

transcription of atrophy-associated genes such as ubiquitin ligases. (22) Indeed, 

the blockade or absence of myostatin is associated to skeletal muscle 

hypertrophy, and this is recapitulated by Smad2/3 inhibition. (23) On the opposite 

axes, BMP and some GDF ligands preferentially bind Type II BMP receptors 

(BMPRII), ActRIIA, ActRIIB, recruiting another set of type I receptors: ALK-2, -3, -6. 

This receptor heterotetramerization induces Smad1/5/8 phosphorylation and 

Smad4 recruitment for the transcription of target genes associated to anabolism. 

(22) Various BMP inhibitors as Noggin, Follistatin and in this work, erythroferrone, 

has been shown to counteract the hypertrophic effect of BMP-signaling. (24) 

The crosstalk between TGF𝛽 superfamily and the Akt-mTOR axis has been clarified 

by several findings. The anabolic effects of BMP-Smad1/5/8 activation are 

explained by a parallel activation of the protein synthesis pathway mediated by 

mTOR. Moreover, mTOR knockdown or pharmacological blockade by rapamycin, 

reverts the hypertrophy of myostatin-KO models, explaining the convergence of 

this superfamily on the protein synthesis/degradation processes. (23) However, 

the exact interactors or molecular mechanism that mediate this crosstalk remain 

unknown. 

 

As previously mentioned, skeletal muscle mass regulation is defined by the 

homeostasis between protein synthesis, mainly driven by Akt-mTOR axis, and 

protein degradation through several processes.  
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The most studied process is the degradation of proteins through the proteasome, 

facilitated by their ubiquitination by E3 ubiquitin ligases. The ones found to be 

upregulated in atrophic skeletal muscles were named atrogenes. The signaling 

cascades required for atrogenes expression are the activins/myostatin-TGF𝛽-

Smad2/3, FoxOs, NF-kB, and the IL-6-JAK-Stat3 pathways.  

The Forkhead box O proteins (FoxO1, FoxO3 , FoxO4, FoxO6) are transcription 

factors finely tuned by several post-translational modifications (activating and 

inhibitory phosphorylations and acetylations) and are involved in a large variety of 

biological processes. In the skeletal muscle, activated FoxO1 and FoxO3 

transcriptionally regulate the expression of the atrogenes Atrogin-1, MuRF-1, 

MUSA1 (26), and this occurs in glucocorticoid-induced skeletal muscle atrophy. 

(27) Conversely, Akt can transfer an inhibitory phosphate on FoxOs to block 

ubiquitin ligase production promoting hypertrophy. (28)  

Skeletal muscle mass homeostasis is often lost in diseases characterized and 

caused by systemic inflammation. This occurs because inflammatory pathways 

as TNF-NF-kB, and IL-6-JAK-Stat3 are enhanced and causative of atrogenes 

overexpression.  

Briefly, in response to inflammatory cytokines as TNF, the NF-kB inhibitor IkB is 

degraded, thus promoting NF-kB nuclear translocation and transcription of the 

atrogene MuRF1. (29). TNF, together with IL-6 and IL-1, can also activate the JAK-

Stat3 pathway, that is characteristic of models of muscle atrophy induced by 

cancer or sepsis. Interestingly, Stat3 overexpression in the skeletal muscle 

induces atrophy and Atrogin-1 expression, while its inhibition prevents muscle 

wasting in tumor-bearing mice (30). 

Overall, the intricate interconnection of numerous signaling pathways highlights 

the complexity of understanding skeletal muscle regulation and the challenge of 

developing effective pharmacological treatments for atrophy. 

 

1.3  The cellular processes behind skeletal muscle atrophy  

As mentioned previously, adult skeletal muscle mass regulation depends on 

organelles and protein turnover, and therefore on the balance between their 
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synthesis and degradation. Skeletal muscle atrophy occurs when fibers shrink due 

to protein, organelles and cytoplasm loss. Several diseases or conditions induce 

skeletal muscle atrophy, such as cachexia, sepsis, chronic kidney disease, but 

also disuse, denervation or aging. (31)  

The major cellular catabolic mechanisms increased in atrophic muscles are the 

ubiquitin-proteasome system (UPS), and the autophagy-lysosome pathway 

(Fig.1). (32) 

Proteins that are targeted for degradation by the proteasome are post-

translationally modified with chains of ubiquitin by E3 ubiquitin ligases.  As 

previously mentioned, atrophic skeletal muscles overexpress genes defined 

atrogenes, that degrade specific muscular proteins.  

MuRF-1 and Atrogin-1 were the first ones to be discovered and while the former 

was shown to degrade structural proteins as myosins, actin and mitochondrial 

proteins (33 19506036, 22673621), the latter was found to ubiquitinate muscular 

signaling proteins as MyoD and the initiator of translation eIF3-f (34). 

Several other ubiquitin ligases have been found to be upregulated in different types 

of skeletal muscle atrophy, such as Nedd4-1, during denervation and disuse (35), 

or TRAF6 in cancer- and starvation- induced atrophy (36). 

As mentioned in Chapter 1.2, FoxO proteins have been demonstrated to induce 

the upregulation of various atrogenes such as MUSA1 (37), and SMART (38), but 

they are also involved in the cellular mechanism of autophagy. (39)  

Autophagy is a homeostatic cellular mechanism essential for the degradation and 

recycling of organelles, cytoplasm and proteins through the lysosomal machinery 

(40). The activation of autophagy in the skeletal muscle occurs in several contexts, 

such as in cancer (41), aging (42), fasting (39), sepsis (43), denervation (44) and 

exercise (45).  Briefly, autophagy is a process where the ULK1 complex enables cell 

membrane elongation to sequester cellular components in double-layered 

vesicles, and to deliver them to the lysosome. After their degradation, aminoacids, 

lipids and glucose are released. Since ULK1 is inhibited by mTORC1 (46), in 

atrophy, where the Akt-mTOR axis is downregulated, the increased protein 

degradation is also due to enhanced autophagy.  
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Figure 1. The signaling pathways and cellular processes that regulate skeletal 

muscle mass.  
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2. Skeletal muscle atrophy in inflammatory chronic diseases 

Systemic inflammation is a pathophysiological condition that affects millions of 

patients worldwide and it is associated to a large variety of acute and chronic 

diseases, such as rheumatoid arthritis (RA), chronic obstructive pulmonary 

disease (COPD), sepsis, chronic kidney disease (CKD), AIDS, COVID-19 and 

cancer.  

Systemic inflammation is the driver of cachexia, from the Greek “kakos hexis” 

which means “bad condition”, and cachexia is defined as ‘‘a multifactorial 

syndrome characterized by an ongoing loss of skeletal muscle mass (with or 

without loss of fat mass) that cannot be fully reversed by conventional nutritional 

support and leads to progressive functional impairment’’. (47)  

Besides the most characterized cachexia is the one associated to cancer, many of 

its features can be applied to the non-neoplastic types of cachexia previously 

mentioned. In general, cachectic patients suffer from involuntary weight loss, 

more specifically from the skeletal muscle and fat tissue, in a context of anorexia, 

fatigue, malabsorption and gut dysbiosis. This loss eventually can also be 

expanded to tissues as bones and heart, further diminishing patients’ life quality 

and therapies responses. (48) 

Given that cachexia is a complex condition associated with various diseases, 

defining the clinical parameters to identify it and stage it is essential for its 

recognition in clinical settings.  

 

Cachexia is defined by involuntary body weight loss of more than 5% over the past 

six months, or a body mass index (BMI) less than 20 kg/m² with any degree of 

weight loss greater than 2%. This weight loss is accompanied by a significant 

reduction in skeletal muscle mass, which is often assessed through imaging 

techniques such as CT or MRI scans to accurately quantify muscle volume. 

Additionally, cachexia is marked by elevated levels of systemic inflammation, 

indicated by increased concentrations of inflammatory markers such as C-

reactive protein (CRP), IL-6 and TNF-α. 

Pre-cachexia, on the other hand, is identified by milder symptoms with a loss of 

total body weight less than 5%. Early symptoms include the presence of anorexia 
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or reduced food intake, often coupled with mild metabolic changes. Additionally, 

there are mildly elevated inflammatory markers, signaling the beginning of 

systemic inflammation and its influence on metabolic function and muscle mass. 

(47) Despite the increased attention cachexia has received in recent years, the 

lack of its complete understanding makes it still an unmet medical need. 

 

2.1 Cancer-induced cachexia 

Patients with certain types of cancer, such as lung, colon, and pancreatic, have a 

high risk of developing cachexia, reaching a prevalence of 80% of all cancer types, 

and being the cause of death of at least 20% of cancer cases due to respiratory or 

cardiac failure (49). 

This syndrome causes a progressive decline in functional abilities, severely 

impacting the quality of life by impairing movement, breathing, and swallowing 

food. Moreover, muscle wasting reduces the efficacy of chemotherapy, leading to 

lower survival rates (50). 

 

The tumor, and the inflammation associated to it, can induce cachexia, 

contributing to the raise of circulating cytokines and inflammatory mediators that 

directly drive the wasting phenotype. These molecules upregulate many of the 

myokines and pathways described in Chapter 1.2, such as the TNF-NF-kB and 

the IL-6-JAK-Stat3, also leading to the catabolism of other tissues. For instance, 

muscle-derived aminoacids boost the liver to produce acute-phase proteins such 

as CRP, fibrinogen, haptoglobin, ceruloplasmin, and complement components, 

primarily through IL-6 signaling, further contributing to inflammation (51).  

 

The other main component undergoing wasting in cachexia is the fat tissue. White 

adipose tissue (WAT) undergoes lipolysis and fatty acid mobilization promoted by 

cytokines like IL-6, IL-1, and TNFα, leading to its wasting, with a concurrent 

decrease in lipogenesis and lipoprotein uptake. 

Inflammatory cytokines also strongly impact the brain, causing anorexia, 

depression, and altered taste and smell, while the gut experiences dysbiosis, 
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impaired nutrient absorption, and increased ghrelin levels. Cardiac muscle 

atrophy is common in cancer cachexia, often leading to heart failure, correlated 

with increased resting energy expenditure, mitochondrial dysfunction, decreased 

heart weight, and impaired cardiac innervation(51).  

 

Despite its severity, cancer cachexia remains an unmet medical need. Current 

treatments focus on palliative care to reduce systemic inflammation and increase 

food intake, or they mainly target the muscle catabolic hub of Activin receptor 

signaling, with questionable efficacy.  

 

2.2  In vivo experimental models of cancer cachexia 

Our understanding of the molecular mechanisms leading to cachexia primarily 

comes from experimental data obtained in rodents. However, the complexity of 

cachexia means that in vivo models often simplify the human pathophysiology. In 

rodents, models for cancer cachexia are generally categorized into tumor 

allografts and genetically engineered animals. 

 

Tumor allograft models involve the inoculation of cancer cells or tumor tissue, 

usually subcutaneously, in immunocompetent mice, such as BALB/c or C57BL/6, 

or rats. Notable models include the Lewis lung carcinoma (LLC), the Colon-26 

adenocarcinoma (C26) in mice, and the Walker-256 breast cancer model and the 

Yoshida liver cancer model (AH59 130) in rats. 

 

The LLC cachexia model develops rapidly growing tumors, displaying a high 

variability and an anorexia nervosa only in the late stages. LLC cells frequently 

metastasize, aligning them more closely with human cancer development, but 

making the understanding of treatment responses more complex (52).   

The most frequently used allograft model is the C26 tumor-bearing mice, also 

widely used in this study. C26 tumor-bearing mice are characterized by severe and 

rapid cachexia that develops within 12 days, leading to a 20% loss of lean body 

mass and the death of the animals (53). A slower-kinetic model lasting up to 30 

days is achievable when C26 tumors are surgically implanted subcutaneously 
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rather than inoculating a C26 cell suspension (24). Despite differing from human 

kinetics, the C26 cachexia model has been extensively used to characterize 

numerous molecular and cellular mechanisms of cachexia. 

 

In rats, the Walker-256 and Yoshida AH-130 models are prevalent for studying 

cancer cachexia in contexts of breast and liver tumors. The Walker-256 model 

exhibits several cachexia features, but the excessive tumor burden, which can 

reach 50% of body weight, presents ethical concerns (54). The Yoshida AH-130 

model, created by intraperitoneal injection of Yoshida ascites from hepatocellular 

carcinoma AH-130 cells into male Wistar rats, induces severe anorexia and 

wasting within two weeks, similarly to the C26 model (55). 

 

Genetically engineered mouse models (GEMMs) offer a potentially slower kinetic 

closer to human cachexia. These models are based on mutations leading to the 

loss of function in tumor-suppressor genes such as APC, p53, Pten or gain of 

function in proto-oncogenes such as KRAS. GEMMs for cachexia include 

APCMin/+, KPC, and KPP mice.   

The APCMin/+ mouse, carrying a mutation in the Apc tumor suppressor gene, is 

predisposed to intestinal and colon tumors and experiences gradual body weight 

loss between approximately 14 and 20 weeks of age. This model exhibits several 

features mimicking human cancer, including a gradual increase in tumor burden, 

chronic inflammation, and anemia (56). 

The KPC (KrasG12D/+; Trp53R172H/+; Pdx-1-Cre) mouse model develops 

pancreatic ductal adenocarcinoma, carrying the activating KrasG12D and the 

inactivating Trp53R172H of p53. KPC cells can also be used for subcutaneous or 

orthotopic injection in allograft models of cachexia (57). Conversely, the KPP 

model carries the Kras G12D mutation along with a floxed Pten, which is excised 

by a Cre recombinase under the control of the Ptfla promoter, active only in the 

adult pancreas. This induces tumors only when mice are fully adult, presenting 

clinical signs that more accurately reflect human cachexia compared to traditional 

models (58). 
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2.3  Skeletal muscle atrophy in acute and chronic infections 

Sepsis has been defined as “a life-threatening organ dysfunction caused by a 

dysregulated host response to infection” (59). Besides advancements in medical 

treatments and preventive measures for bacterial and viral infections, sepsis still 

poses a significant threat, particularly in intensive care units (ICUs), where it 

remains a leading cause of mortality with a rate of 20-30%, rising to 40-50% in 

cases of complications such as respiratory and circulatory failure. (60) 

 

Viral infections also play a crucial role in the development of severe systemic 

conditions, including sepsis. Viruses such as HIV, and more recently, SARS-CoV-2 

(the virus responsible for COVID-19), can lead to sepsis in severe cases. These viral 

infections often worsen systemic inflammation and contribute to the high 

incidence of sepsis-related complications and mortality. The prolonged state of 

systemic inflammation caused by sepsis can have devastating effects on the 

skeletal muscle. Sepsis-associated muscle wasting (SAMW) is a significant 

complication characterized by decreased muscle mass, reduced muscle fiber 

size, and loss of strength. This condition is observed in approximately 40-70% of 

patients with sepsis and leads to prolonged physical impairment, increased 

morbidity, and higher mortality rates. (61) 

 

ICUs play a critical role in managing patients with severe sepsis. However, ICUs 

itself can also contribute to muscle atrophy with prolonged immobilization, 

mechanical ventilation, and the use of sedatives and opioids. 

Mechanical ventilation, essential for many sepsis patients, can lead to ventilator-

induced diaphragm damage (VIDD), a form of muscle wasting specific to the 

diaphragm that occurs approximately in 50% of patients (62). However, both 

decreased and increased diaphragm thickness due to mechanical ventilation is 

associated to prolonged ventilation and worse clinical outcomes. Furthermore, a 

prolonged ICU stay is often associated with extended periods of bed rest, 

contributing to systemic muscle wasting and long-term physical disability. (63) 
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The inflammatory response in sepsis involves a complex interplay of cytokines and 

signaling pathways that contribute to skeletal muscle atrophy. Key cytokines 

implicated in this process include TNF-α, IL-6, interleukin-1 beta (IL-1β), and 

interferon-gamma (IFN-γ) (64). As broadly mentioned before, these cytokines 

activate several pathways that promote muscle protein breakdown and inhibit 

protein synthesis, also inducing mitochondrial dysfunction. 

 

An example that helps to understand the prevalence and importance of sepsis is 

given by the global pandemic started at the end of 2019. COVID-19 is the disease 

caused by the coronavirus SARS-CoV-2, which affected more than 700 millions of 

people worldwide at the time of this work. The disease primarily affects the 

respiratory system, then developing significant systemic effects, including 

dysfunctions in the cardiovascular, neurological, and musculoskeletal systems. 

The detrimental effects of COVID-19 are mostly associated to the strong 

inflammatory response, referred as a cytokine storm, which can cause extensive 

tissue damage beyond the lungs. Patients with severe COVID-19 often experience 

significant muscle wasting and weakness, a condition exacerbated by prolonged 

bed rest and immobilization during hospitalization. Studies have shown that within 

the first seven days of hospitalization, COVID-19 patients can experience a median 

decrease of 18.5% in the area of the rectus femoris muscle. This rapid muscle loss 

is attributed to the combined effects of systemic inflammation, reduced physical 

activity, and the catabolic state induced by the infection. (65) 

 

Long COVID is a condition characterized by persistent symptoms that last for 

weeks or months after the acute phase of the infection. This syndrome affects 

multiple organ systems, including the musculoskeletal system, leading to chronic 

fatigue, muscle weakness, and reduced physical performance, affecting more 

than 60% of individuals with long COVID and impacting their quality of life (66). 
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Aims of the work 
 

Chapter 1 

 
My Ph.D. journey began during the SARS-CoV-2 pandemic, a time when millions of 

people worldwide were affected by COVID-19. The knowledge about this novel virus 

was very limited, and we all wondered about its potential long-term effects on our 

health. It quickly became evident that many individuals experienced a severe 

cytokine storm following infection, leading to intense respiratory symptoms and, in 

the worst cases, organ dysfunction and the need for mechanical ventilation. This 

resulted in the rapid saturation of Intensive Care Units (ICUs) in Italy and around the 

world. 

 

Our lab focuses on the pathophysiology of the skeletal muscle, with a particular 

interest in the metabolic and molecular alterations that characterize skeletal 

muscle atrophy. 

 

Chapter 1 aimed to determine whether patients under invasive mechanical 

ventilation (IMV) with inflammatory diseases (i.e., COVID-19, sepsis, pneumonia) 

were more prone to developing skeletal muscle atrophy compared to ICU patients 

without systemic inflammation. In vitro, we investigated whether certain 

inflammatory mediators present in the plasma of these patients could induce 

atrophy and mitochondrial dysfunction. Moreover, we also evaluated the effects of 

extracellular vesicles (EVs) derived from adipose-derived stromal stem cells (ASC) 

to assess their potential as a therapy for infection- and ICU-induced muscle 

atrophy. 
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Chapter 2 
 

Systemic inflammation is known to cause mitochondrial dysfunction and skeletal 

muscle atrophy. Besides viral and bacterial infections explored in Chapter 1, cancer 

is another disease that causes dysfunction in several organs due to systemic 

inflammation.   

Cancer cachexia is a poorly understood wasting condition associated with certain 

types of cancer: it decreases the response to anticancer therapies, and it is 

responsible for at least 30% of deaths in advanced cancer cases. 

Growing evidence suggests that mitochondrial dysfunction plays a central role in 

promoting skeletal muscle atrophy in cancer cachexia, however, the panel of 

molecular mechanisms driving wasting remain poorly investigated. 

 

Systemic iron metabolism is often disrupted in cancer patients, as evidenced by the 

high prevalence of anemia among them. Interestingly, the types of tumors that lead 

to anemia are also those that make patients more prone to developing cachexia. Of 

note, iron is an essential element for mitochondrial function and proper energy 

production, being a crucial component of heme and iron-sulfur clusters.  

In the study in Chapter 2 we aimed at determining whether systemic iron alterations 

occurring in cancer could negatively impact mitochondrial function, directly 

contributing to the development of muscle atrophy. Additionally, we evaluated 

whether iron supplementation, a widely used treatment for anemic patients, could 

be beneficial for limiting wasting and muscle force loss. 
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Chapter 3 
 

Chapter 3 of this thesis represents the core of my Ph.D. project. During our study on 

the alterations of iron metabolism in cancer cachexia-induced skeletal muscle 

atrophy described in Chapter 2, we identified erythroferrone (ERFE) as a 

significantly upregulated iron-related gene in cachexia. ERFE is a hormone that 

increases systemic iron availability, and it is secreted by erythroblasts acting as an 

inhibitor of BMP-Smad1/5/8 signaling. 

 

The aims of Chapter 3 were to determine the role of ERFE and the mechanism 

behind its upregulation in cancer-induced skeletal muscle atrophy. Once we found 

its impact on the downregulation of BMP-Smad1/5/8 signaling, we explored a 

pharmacological intervention using the drug FK506 (tacrolimus) to counteract ERFE 

effects, thereby preventing skeletal muscle atrophy. 

 

Additionally, we aimed to characterize FKBP12, the target of FK506, as we were the 

first to demonstrate its involvement in the regulation of skeletal muscle mass.  

This study was published in Cell Reports Medicine in December 2023, and the 

complete text is included in Chapter 3. Furthermore, a patent has been filed on the 

novel use of FK506 and on the targeting FKBP12 for treating skeletal muscle atrophy. 
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Chapter 1 

The aim of this study was the evaluation of the effects of invasive mechanical 

ventilation (IMV) in combination with an inflammatory disease on skeletal muscle 

atrophy. Particularly, the evaluation over time of the development of diaphragmatic 

dysfunction and quadriceps atrophy, and the effects of patients’ plasma on in vitro 

models of skeletal muscle.  

This study was conducted in collaboration with physicians from the Dept. of 

Anesthesia and Intensive Care from the Città della Salute e della Scienza of Turin. 

In particular, Prof. Vito Fanelli, MD and the medical doctors Simone Scrivanti, MD 

and Mattia Monfroglio, MD provided us plasma from patients and healthy donors, 

extracellular vesicles (EVs) and performed the ultrasound (US) imaging on patients. 

Prof. Chiara Riganti performed the biochemical measurement of oxidative stress 

parameters. 

Material and Methods 

Enrolment in the study  

The study included patients admitted to the University of Turin Intensive Care Unit 

(CAR), at the Città della Salute e della Scienza, according to the following criteria.   

Patients were included if undergoing invasive or non-invasive mechanical 

ventilation within the first 36 hours from intubation or the start of non-invasive 

ventilation, with a predicted duration exceeding 24 hours, who had been diagnosed 

with acute respiratory distress syndrome (ARDS), sepsis, septic shock or 

pneumonia. These patients have been defined as “cases” for the US imaging. 

Control patients underwent invasive or non-invasive mechanical ventilation within 

the first 36 hours from intubation or the start of non-invasive ventilation, with a 

predicted duration exceeding 24 hours, without the aforementioned diagnosis. 

Patients were excluded if younger than 18 years-old, in case of pregnancy, with a 

diagnosis of neuromuscular disease or with chronic obstructive pulmonary disease 

(COPD) on home oxygen therapy. 
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For what concerns Covid-19 patients, they were in ICU with a diagnosis of ARDS, 

with ExtraCorporeal Membrane Oxygenation (ECMO) to allow blood oxygenation 

independently from the lungs, with invasive mechanical ventilation. Due to the 

emergency of the situation, US analysis for skeletal muscle atrophy had not been 

performed.  

Evaluation of skeletal muscle atrophy in patients  

Diaphragm dysfunction and quadriceps atrophy was determined with US imaging 

and quantified with the Horos software. Severe diaphragmatic dysfunction was 

defined in case of hypertrophy or atrophy over the 20% of the basal value according 

to Santana et al1.   

US imaging and blood collection occurred multiple times from the admission to 

ICU. Specifically, within 36 hours of admission (T1), 3 days (T3), 7 days (T7), and 14 

days after enrollment (T14). 

Plasma collection in patients  

At each follow-up time, two tubes of arterial blood were collected and centrifuged 

at 1500 rpm at 4°C for 10 minutes on the same day. Following the separation of the 

liquid and cellular parts, the plasma was extracted under a hood, placed in 1.5 ml 

cryotubes, and stored in a freezer at -80°C with appropriate labeling. 

In vitro analyses with myotubes   

C2C12 myoblasts (ATCC CRL-1772) were cultured in DMEM/10% FBS. When 80-

90% confluence was reached, they were differentiated into myotubes in DMEM/2% 

HS medium for 4 days. Subsequently, the myotubes were treated with plasma taken 

from patients and healthy donors diluted to 15% in DMEM/2% HS. When indicated, 

equal parts of three Covid-19 patients were pooled and used for in vitro analyses at 

a final concentration of 15% in differentiation medium. Subsequently, 

520.000.000/cm2 of extracellular vesicles (EVs) derived from human adipose-

derived stromal stem cells (ASC) were added to the myotubes 6 hours post-plasma 

treatment. The ASC derived from lipoaspirates from three donors, and the isolation 

of ASC-derived EVs was performed as previously described2. 
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Myotubes were analyzed 48 hours post-plasma treatment, capturing images with 

bright field microscopy (Zeiss) at 20X magnification and quantified with the 

software FIJI.  

At the same timepoint, biochemical analyses of oxidative stress parameters were 

performed on snap-frozen pelleted myotubes as previously described3. 

Results 

 
In order to understand whether IMV caused muscle atrophy in patients, the 

measurement of diaphragm thickness and quadriceps cross-sectional area was 

performed. No significant differences were observed in the timeframe from T1 to T7 

(data not shown) in cases patients compared to controls. However, a significant 

decrease of diaphragmatic thickness was observed in cases after two weeks of IMV, 

if compared to T1, as a clear sign of diaphragm dysfunction (Fig. 1A). 

In coherence with these results, quadriceps cross-sectional area measured by US 

imaging was significantly reduced in cases patients both at T7 and T14 (Fig. 1B), 

indicating the development of a significant skeletal muscle atrophy in different 

compartments.  

Interestingly, control patients did not show quadriceps or diaphragm atrophy, 

indicating that IMV only when in combination with systemic inflammation is more 

responsible for muscle atrophy, rather than bed rest and IMV alone. 

 

To verify whether the inflammatory mediators present in the plasma of patients 

might be directly responsible for skeletal muscle atrophy, we treated C2C12 

myotubes with plasma derived from various patients in ICU for Covid-19-induced 

ARDS, and with plasma from healthy donors.  

Interestingly, all patients’ plasma induced a significant myotube atrophy of around 

15-20% (Fig. 1C) and the same result was obtained when myotubes were treated 

with a mixture of pooled patients’ plasma (Fig. 1D). We next aimed at rescuing 

plasma-induced atrophy by treating C2C12 myotubes with adipose-derived stromal 

stem cell (ASC)-derived extracellular vesicles (EVs), known for their anti-

inflammatory properties4. The treatment with EVs significantly rescued the atrophy 
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induced by Covid-19 patients’ plasma, representing a potential therapeutic 

opportunity for this model (Fig.1C, D). 

 

Since it is known that inflammatory mediators cause skeletal muscle atrophy by 

inducing mitochondrial dysfunction, we then assessed whether there were signs of 

oxidative stress, and the eventual effects of EVs supplementation.  

Interestingly, total ROS and mitochondrial ROS were significantly abundant in 

plasma-treated myotubes, and the levels were completely rescued upon EVs 

treatment (Fig. 1E, F). As biological readouts of ROS levels, we measured 

peroxidized lipids and carbonylated proteins. The former are the result of 

hydrocarbon unsaturated bonds oxidation, while the latter of the oxidation of 

proteins’ aminoacidic side chains. Coherently, both parameters resulted to be 

increased in atrophic myotubes and rescued by EVs (Fig. 1G, H).   

On the other hand, we estimated the levels of glutathione, the main antioxidant 

tripeptide, that exists in the reduced (GSH) and oxidized (GSSG) form. We observed 

an increased ratio GSSG/GSH in atrophic myotubes as an indication of a relevant 

oxidative stress. However, when supplemented with EVs, the myotubes reached a 

GSSG/GSH ratio similar to untreated cells (Fig. 1I-J).   
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Figure 1. Characterization of skeletal muscle atrophy induced by inflammation in 

patients and in vitro.  

A) Percentage variation of median diaphragm thickness at T14 compared to T1. The 
range is defined as: 10% increase – hypertrophy; 20% increase – severe 
hypertrophy; 10% decrease – atrophy; 20% decrease – severe atrophy. (cases=15, 
controls=4) B) Variation of the quadriceps cross-sectional area in cases vs control 
at various timepoints, measured with US imaging (cases=21, controls=5). C-D) 
C2C12 myotubes diameters, expressed as % of the mean of HD, or pooled (D), 48h 
post plasma treatment, with or without EVs. (HD = healthy donor; Covid#n = covid 
patient n#; EVs= extracellular vesicles) (N=3/4). E-J) Metabolic measurement 
performed in C2C12 myotubes 48h post plasma treatment, with or without EVs: 
expressed as nmol of total ROS (E), mitochondrial ROS (F), lipid peroxides (G), 
carbonylated proteins (H), reduced (I) and oxidized (J) glutathione, per mg of 
proteins extracted. (N=3) 
 
Data information: For all data, N represents the number of biological replicates. 
Statistical significance was calculated by unpaired, two-tailed Student’s t-test (A), 
or one-way Anova with Bonferroni’s correction (C-J). Data are mean SEM. *P<0.05, 
**P < 0.01, ***P < 0.001, ****P<0.0001. 
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Conclusion 

 
Acute and persistent infections might lead to complications and necessitate 

intensive care. Invasive mechanical ventilation (IMV), by completely substituting for 

patients' voluntary breathing, combined with bedrest, could induce diaphragm and 

limb muscle atrophy. 

Overall, our data suggest that IMV, only when combined with a high inflammatory 

state, induces significant skeletal muscle atrophy within 7-14 days of ICU stay. This 

indicates that inflammatory cytokines are directly responsible for the increased 

muscle wasting due to the enhanced oxidative stress observed in patients’ plasma-

treated myotubes.Interestingly, if supplemented with ASC-derived EVs, the atrophy 

of myotubes is reversed, as are the GSH levels, consistent with the reduction of 

oxidized proteins and lipids. 
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Chapter 2 
 

This chapter summarizes the paper titled “Iron supplementation is sufficient to 

rescue skeletal muscle mass and function in cancer cachexia.” Only the most 

relevant data have been selected. Some phrases are directly taken from the 

manuscript, while others have been adapted to ensure the flow of the text. 
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Abstract 

 
Cachexia is a wasting syndrome characterized by devastating skeletal muscle 

atrophy that dramatically increases mortality in various diseases, most notably in 

cancer patients with a penetrance of up to 80%. Knowledge regarding the 

mechanism of cancer-induced cachexia remains very scarce, making cachexia an 

unmet medical need. In this study, we discovered strong alterations of iron 

metabolism in the skeletal muscle of both cancer patients and tumor-bearing mice, 

characterized by decreased iron availability in mitochondria. We found that 

modulation of iron levels directly influences myotube size in vitro and muscle mass 

in otherwise healthy mice. Furthermore, iron supplementation was sufficient to 

preserve both muscle function and mass, prolong survival in tumor-bearing mice, 

and even rescues strength in human subjects within an unexpectedly short time 

frame. Importantly, iron supplementation refuels mitochondrial oxidative 

metabolism and energy production. Overall, our findings provide new mechanistic 

insights in cancer-induced skeletal muscle wasting, and support targeting iron 

metabolism as a potential therapeutic option for muscle wasting diseases.   
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Introduction 

 
As mentioned previously, systemic inflammation induces skeletal muscle atrophy, 

and in cancer contexts it can lead to cachexia. It is well known how chronic 

inflammation hampers iron absorption from the diet and causes iron retention in 

reticuloendothelial cells, which results in insufficient iron availability to meet the 

body’s needs. Iron deficiency is diagnosed in more than half of patients afflicted 

with colorectal, lung, and pancreatic cancers, which are also associated with high 

prevalence of cachexia (Ludwig et al, 2013). 

 

Iron is indeed a versatile cofactor essential to a multitude of vital metabolic 

processes including oxygen supply, DNA synthesis, redox homeostasis, or energy 

metabolism. Iron is indispensable for the activity of several mitochondrial enzymes 

involved in the TCA cycle and the electron transport chain, where iron is found under 

the form of heme or iron–sulfur cluster (ISC). 

Notably, both iron accumulation and iron deficiency are detrimental to 

mitochondrial function. Cellular iron homeostasis is thus a tightly regulated 

process involving a broad variety of proteins responsible for its transport 

(transferrin), uptake (transferrin receptor/TFR1), storage (ferritin/FT), and export 

(ferroportin/FPN1). The fine tuning of intracellular iron metabolism is made possible 

by the Iron Responsive Element/Iron Responsive Protein (IRE/IRP) system exerting a 

major control on the translation of several key iron-related proteins. 

In the skeletal muscle, iron is particularly needed to support the high metabolic 

activity required for ATP generation, a requisite for contraction and movement. 

While mitochondrial dysfunction (in particular, decreased oxidative capacity, 

inefficient energy production, and altered mitochondrial dynamics) has been 

proven to promote skeletal muscle wasting in cachexia (Boengler et al, 2017; Abrigo 

et al, 2019), little is known about the consequence of altered iron levels on skeletal 

muscle function and mass. Importantly, iron deficiency is present in most cancer 

patients, and it has been associated to advanced stage and poor prognosis (Ludwig 

et al, 2013). Hence, we decided to investigate the role of iron metabolism in cancer 

cachexia-related muscle wasting. 
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Results 

 
Altered iron metabolism is a feature of cancer-induced cachexia. 

To confirm the link between cancer cachexia and iron metabolism in the skeletal 

muscle, we recreated cancer cachexia in mice using the C26-colon cancer model 

in Balb/C mice, which led to significant hematocrit reduction, total body weight 

loss, and muscle mass reduction (Fig. 1A-D). These cachectic mice showed a 

drastic reduction of TFR1 in the skeletal muscle (Fig. 1E, F) despite no change in liver 

TFR1 or hepatic iron content (data not shown), suggesting that the regulation of iron 

metabolism is organ specific. In addition, we observed an overexpression of FT (Fig. 

1G), which is apparently not coherent with the reduced levels of TFR1. This can be 

explained by the levels of carbonylated proteins in cachectic muscles (Fig. 1H), that 

being signs of oxidative stress, can be causative of an ineffective IRE-IRP system 

(Cairo et al, 1996). Besides the alterations in the iron metabolism genes, no 

differences were observed in the amount of total muscular iron (Fig. 1I), as an 

indication of an eventual effect on different cellular compartments.  

 

Cachectic muscles are characterized by mitochondrial iron deficiency and 

impaired oxidative metabolism.  

In most cells, a major amount of iron is taken up by mitochondria to produce ISCs 

and heme. In the skeletal muscle of C26 tumor-bearing mice, we found a significant 

reduction of mitochondrial iron and total heme content (Fig. 2A and B), as well as 

upregulated levels of mitochondrial iron importer mitoferrin 2 (MFRN2) and of the 

rate-limiting enzyme of heme synthesis aminolevulinic acid synthase 2 (ALAS2) (Fig. 

2C, D) (Barman-Aksozen et al, 2019). Given that iron is essential for several enzymes 

involved in the TCA cycle and mitochondrial oxidative metabolism (OXPHOS) (Xu et 

al, 2013), we assessed the enzymatic activity of two iron–sulfur proteins, aconitase 

(ACO) and succinate dehydrogenase (SDH), and found a 50% reduction in the 

activity of both enzymes in cachectic muscles (Fig. 2E, F). Along with these 

alterations, we observed a drop in mitochondrial ATP (Fig. 2G) and increased AMPK 

phosphorylation, denoting mitochondrial dysfunction in cachectic muscles (Zhao 

et al, 2016) (Fig. 2H). In summary, tumor-bearing mice display remarkable 
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alterations in muscle iron metabolism coupled with mitochondrial dysfunction, 

which has been linked to muscle atrophy. 

 

Iron supplementation prevents mitochondrial dysfunction and atrophy in vitro. 

To verify the hypothesis that cancer-associated iron shortage could cause 

mitochondrial dysfunction, a known feature of muscle atrophy (Liu et al, 2016), we 

supplemented atrophic C2C12-myotubes with iron. Iron supplementation fully 

rescued the C26 CM-induced reduction of the oxygen consumption rate (OCR) (Fig. 

3A-D). Moreover, microscopic analysis confirmed that iron supplementation 

prevents C26-induced diameter decrease in myotubes in vitro (Fig. 3E). 

 

Iron supplementation rescues skeletal muscle mass and mitochondrial 

function. 

To assess if iron supplementation could prevent cancer-induced muscle atrophy in 

vivo, C26 tumor-bearing mice were i.v. treated with ferric carboxymaltose (FeCM) 

every 5 days post C26 injection. Iron improved notably the grip strength of the C26-

tumor bearing mice (Fig. 4A) and prevented the loss of body weight and muscle 

mass occurring at day 12 after C26 injection (Fig. 4B, C). The protection from atrophy 

was further confirmed by the cross-sectional area (CSA) distribution and the 

average CSA, showing a shift toward bigger areas in FeCM-treated mice compared 

to the C26 tumor-bearing ones (Fig. 4D). These findings were further reinforced by a 

significant drop of the atrogenes FBXO32 (ATRO1), TRIM63 (MURF1), and DDIT4 

(REDD1) mRNA levels (not shown and Fig. 4E). 

Moreover, iron supplementation replenished skeletal muscle mitochondria of iron 

(Fig. 5A) and induced the recovery of aconitase and succinate dehydrogenase 

enzymatic activity (Fig. 5B, C). In agreement with these findings in mice showing 

restored mitochondrial metabolism upon iron treatment, we also found a significant 

increase in mitochondrial ATP content (Fig. 5D) and a drop in AMPK phosphorylation 

(Fig. 5E, F). 
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Iron supplementation improves muscle strength in cancer patients 

Based on the results obtained in the pre-clinical model of cancer-associated 

muscle wasting, we measured the handgrip force in cancer patients with severe 

anemia, who reported muscle weakness, before and after FeCM injection. Improved 

strength was observed in the dominant hand of all patients, while more than half 

showed also increased force in the non-dominant hand (Fig. 5G) as short as 4 days 

after the injection. Together with our data reporting TFR1 downregulation in the 

skeletal muscle of cachectic patients (data not shown) these findings indicate that 

altered iron metabolism may contribute to muscle weakness in cachectic patients.  

Consequently, these results highlight the contribution of iron on both muscle mass 

and functionality and suggest a new promising therapeutic strategy to counteract 

cancer-induced skeletal muscle wasting. Altogether, our findings show that iron 

supplementation prevents cancer-induced cachexia through a recovery of 

mitochondrial function. 
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Figure 1. Altered iron metabolism in the skeletal muscle is a feature of cancer-
induced cachexia. 
 
A) Gastrocnemius weight normalized to tibial length in C26 tumor-bearing mice on 
day 12 post C26-injection (n = 6–7). B) Hematocrit levels of C26 tumor-bearing mice 
at day 12 post C26 injection (n = 3–6). C) Body weight evolution of mice after C26 
injection (n = 6). D) Quadriceps weight of C26 tumor-bearing mice normalized to 
tibial lenght (n = 6). E) TFR1 mRNA levels normalized to 18s (n = 6–7). F) TFR1 protein 
expression and densitometric quantification from WB in mouse gastrocnemius (n = 
5). G) Ferritin protein levels (densitometric quantification from WB) in mouse 
gastrocnemius (n = 4). H) Representative protein carbonylation blot and 
densitometric quantification in mouse quadriceps (n = 6–7). I) ICP-MS 
quantification of total iron in mouse quadriceps (n = 4–5). 
 
Data information: For all data, n represents the number of biological replicates. 
Statistical significance was calculated by unpaired, two-tailed Student’s t-test. 
Data are mean   SEM. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 2. Cachectic muscles are characterized by mitochondrial iron deficiency and 
impaired oxidative metabolism. 
 
A) ICP-MS quantification of mitochondrial iron in mouse quadriceps (n = 6–8).B) 
Gastrocnemius heme content quantified by fluorescent heme assay (n = 4–6). C, D) 
mRNA levels of mitochondrial iron importer MFRN2 (C) and the rate limiting enzyme 
of heme synthesis ALAS2 (D) normalized to 18s in mouse gastrocnemius (n = 4–5). 
E) Aconitase activity in mouse quadriceps lysates normalized to protein content (n 
= 6–8). F) Succinate Dehydrogenase activity staining in transversal sections of 
mouse gastrocnemius and corresponding intensity quantification (n = 3–4). Scale 
bar = 50 μm. G) Mitochondrial ATP content in mouse quadriceps (n = 5–9). H) 
Representative Western blot and densitometric quantification of phospho-AMPK 
and total AMPK in mouse gastrocnemius (n = 6). 
 
Data information: For all data, n represents the number of biological replicates. 
Statistical significance was calculated by unpaired, two-tailed Student’s t-test. 
Data aremean   SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3. Iron enhances mitochondrial function and prevents cancer-induced 
myotube atrophy. 
 
A-D) Profile of oxygen consumption rate OCR (A), basal OCR (B), maximal OCR (C), 
and OCR used for mitochondrial ATP production (D) in C2C12 myotubes after 48 h 
treatment with C26 CM and ferric citrate supplementation. Data normalized to 
protein content (n = 9–12). E) Representative microscopic pictures and diameter of 
C2C12 myotubes stained for myosin heavy chain after 48 h treatment with C26 CM 
and ferric citrate (n = 3 per condition).  
 
Data information: For all data, n represents the number of biological replicates. 
Statistical significance was calculated by unpaired, two-tailed Student’s t-test (A-
D), or one-way Anova with Bonferroni’s correction (E). Data are mean SEM. **P < 
0.01, ***P < 0.001 compared to control and ##P < 0.01, ###P < 0.001 compared to 
C26 CM-treated group. 
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Figure 4. Iron supplementation prevents cancer-induced cachexia. 
 
A) Grip strength of mice measured at day 12 post C26 injection, normalized to 
average strength of the control group (n = 5–9). B)  Final body weight of C26 tumor-
bearing mice after iron supplementation at day 12 post C26 injection (n = 5–12). C) 
Gastrocnemius weight normalized to tibial length of C26 tumor-bearing mice after 
iron supplementation at day 12 post C26 injection (n = 5–12). D) Average cross-
sectional areas of transversal sections of gastrocnemius (midbelly)  (n = 3–5).  
E) mRNA levels of Murf 1 normalized to GAPDH in gastrocnemius (n = 5–14). 
 
Data information: For all data, n represents the number of biological replicates. 
Statistical significance was calculated by one-way Anova with Bonferroni’s 
correction. Data are mean SEM. *P < 0.05 and ***P < 0.001 compared to control and 
#P < 0.05, ##P < 0.01, ###P < 0.001 compared to C26-untreated group. 
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Figure 5. Iron supplementation rescues mitochondrial function. 

 
A) Mitochondrial iron quantified by ICP-MS in quadriceps of C26 tumor-bearing mice 
after FeCM supplementation (n = 7–8). B) Aconitase activity of quadriceps lysates 
normalized to protein content (n = 3–7). C) Succinate Dehydrogenase activity 
staining of gastrocnemius transversal sections and resulting intensity quantification 
(n = 3–7). D) Mitochondrial ATP content determined by luminescence assay in 
quadriceps (n = 3–9). E-F) Representative Western blot and densitometric 
quantification (F) of phospho-AMPK and total AMPK (stripped and re-blotted) in the 
gastrocnemius of C26 tumorbearing mice after iron carboxymaltose 
supplementation (n = 6). G) Grip force of dominant or non-dominant arm in iron-
deficient cancer patients, expressed as absolute values normalized to height 
before/after single dose of iron carboxymaltose (15 mg/kg, 7 subjects). 
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Data information: For all data, n represents the number of biological replicates. 
Statistical significance was calculated by unpaired, two-tailed Student’s t-test. 
Data are mean   SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control and 
#P < 0.05, ##P < 0.01, ###P < 0.001 compared to C26-untreated group. 
 
 

Conclusion 

Iron deficiency and anemia often occur in cancer patients, and they are linked with 

symptoms of cachexia such as weakness and fatigue. We propose a novel 

therapeutic approach, targeting iron metabolism to ameliorate muscle wasting. 

Indeed, our study uncovers alterations in iron metabolism in the atrophic skeletal 

muscle of cachectic tumor-bearing mice, notably characterized by reduced iron 

availability in the mitochondria. This iron dysregulation directly affects muscle mass 

and function, as evidenced by our findings that iron supplementation can preserve 

muscle function and mass, extend survival in tumor-bearing mice, and rapidly 

restore strength in human subjects.  

 The restoration of muscle mass through iron supplementation not only addresses 

cancer-induced cachexia but also holds potential for treating muscle atrophy in 

other conditions associated with iron deficiency, such as COPD and chronic cardiac 

failure, opening potential new therapeutic strategies aimed at preserving skeletal 

muscle health by ensuring proper iron homeostasis. 
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Summary 

 
Skeletal muscle atrophy is a hallmark of cachexia, a wasting condition typical of 

chronic pathologies, that still represents an unmet medical need.   

BMP-Smad1/5/8 signaling alterations are emerging drivers of muscle catabolism, 

hence, characterizing these perturbations is pivotal to develop therapeutical 

approaches.  

We identified two promoters of BMP-resistance in cancer cachexia, specifically 

the BMP-scavenger erythroferrone (ERFE) and the intracellular inhibitor FKBP12. 

ERFE is upregulated in cachectic cancer patients' muscle biopsies, and in murine 

cachexia models, where its expression is driven by STAT3. Moreover, the knock-

down of Erfe or Fkbp12 reduces muscle wasting in cachectic mice. To bypass the 

BMP-resistance mediated by ERFE and release the brake on the signaling, we 

targeted FKBP12 with low-dose FK506. FK506 restores BMP-Smad1/5/8 signaling 

rescuing myotube atrophy by inducing protein synthesis. In cachectic tumor-

bearing mice, FK506 prevents muscle and body weight loss and protects from 

neuromuscular junction alteration, suggesting therapeutical potential for targeting 

the ERFE-FKBP12 axis.  

 

Keywords  

cachexia, cancer cachexia, skeletal muscle atrophy, wasting, cancer, 

erythroferrone, FKBP12  
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Introduction 

 
Cachexia is a progressive debilitating syndrome that can be associated to several 

systemic pathologies such as cancer and sepsis, and it is characterized by severe 

wasting of skeletal muscle and adipose tissue 1. Cancer cachexia is correlated 

with worse prognosis and therapy responses, accounting for at least 30% of deaths 

in advanced cancer patients. Despite the high prevalence of this disease, the poor 

molecular understanding of the pathology makes cachexia still an unmet medical 

need 2. The relevance of targeting skeletal muscle atrophy is supported by the fact 

that not only it is a predictor of poor clinical outcomes 3 and reduction of quality of 

life 4, but its prevention prolongs survival in cachectic tumor-bearing mice, 

independently from tumor growth, fat loss and inflammation 5.  

Skeletal muscle atrophy is the result of unbalanced protein and organelles 

catabolism, coupled with reduced anabolic processes and metabolic rewiring. 

Indeed, mitochondrial dysfunction, zinc overload and iron deficiency have been 

associated with body weight loss in cachexia 6-8, with mitochondrial alterations 

preceding the onset of weight loss 9,10.  

From a molecular standpoint, muscle mass maintenance is regulated by different 

signaling pathways that tune protein synthesis and degradation, notably TGFβ 

receptor superfamily 11-15, ubiquitin-proteasome axis 16-18, calcium-dependent 

proteolysis 19, and autophagy cascades 20.  

Ligands as activins, myostatin or TGFβ, preferentially bind Activin receptors 

(ActRIIB, ActRIIA, TGFβRII and ALK- 4, -7, -5,) triggering Smad2/3 phosphorylation 

and inducing muscle atrophy and cachexia 21-25. 

On the other hand, bone morphogenetic proteins (BMPs) are positive regulators of 

muscle mass, that by binding BMP receptors (BMPRII, ActRIIB, ActRIIA, and ALK1, 

ALK2, ALK3 and ALK6), activate biosynthetic pathways through Smad1/5/8 

phosphorylation 12,13 and inhibit proteolysis by downregulating the expression of 

atrophy-associated E3 ubiquitin ligases (“atrogenes”) 11-13.  

Moreover, BMP-Smad1/5/8 axis has also been shown to regulate neuromuscular 

junction (NMJ) formation and remodeling in models of Drosophila 26,27, and Noggin-

mediated BMP inhibition induces skeletal muscle fibers denervation in cancer 
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cachexia 14.  

The BMP signaling is a complex network that can be regulated at different levels. 

Since we previously reported that iron metabolism is dysregulated in cachexia 7, 

we explored the impact on skeletal muscle of different BMP inhibitors involved in 

the iron field. For instance, erythroferrone (ERFE) is an erythroid regulator of iron 

metabolism secreted in the circulation mainly by erythroid precursors 28, that 

scavenges BMP6 homodimers 29 and BMP6-BMP2 heterodimers 30 downregulating 

Smad1/5/8 phosphorylation in the liver 30,31. Interestingly, ERFE was found to be 

also expressed in the skeletal muscle (named as myonectin 32), but besides its 

extensively studied effects on the liver, its role on BMP signaling in the skeletal 

muscle has not been elucidated. 

A further layer of BMP-Smad pathway regulation in the liver is represented by 

FKBP12 (FK506 binding protein 12) 33 34, an immunophilin that limits and prevents 

the uncontrolled activation of BMP signaling 35, by binding the cytoplasmic domain 

of type I BMP receptors (BMPR-I) 36. 

Given that BMP-Smad1/5/8 axis counteracts the catabolic TGFβ-Smad2/3 

pathway in the skeletal muscle, we evaluated therefore the role of ERFE and 

FKBP12 in regulating muscle mass in wasting conditions.  

In our study, we demonstrated that the main inflammatory pathway associated to 

cachexia (IL-6-STAT3 axis) upregulates the BMP signaling inhibitor Erfe in atrophic 

skeletal muscles, leading to a condition of “BMP-resistance” that can contribute 

to the catabolic effects of the hyper-active Activin/TGFβ-Smad2/3 signaling. 

Furthermore, we propose a therapeutical approach to bypass ERFE-mediated BMP 

resistance by displacing the inhibitor FKBP12 from the BMP receptor with FK506 

(tacrolimus), in models of cancer cachexia in vitro and in vivo.  
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Results 

 

The BMP-scavenger erythroferrone (ERFE) is upregulated in cachexia through 

STAT3 activation. 

 

BMP inhibitors such as Noggin 14 and myostatin 21 are upregulated both in mouse 

and human cancer cachexia 14,21. The BMP-Smad1/5/8 axis in the liver is 

downregulated by scavengers like erythroferrone (ERFE), an erythroid regulator of 

iron metabolism 28 that, once secreted in the circulation, chelates BMP ligands 30,31. 

However, whether this regulator plays a role not only in the liver 14 but also in muscle 

wasting and cancer cachexia is not known.  

Mice carrying colon-26 (C26) adenocarcinoma developed severe cancer cachexia 

within 11 days and in their atrophic muscles phosphorylated Smad1/5/8 were 

downregulated as previously described 14 (Fig. 1a-c and Fig. S1a). Intriguingly, we 

found that C26 tumor-bearing mice upregulated the BMP-scavenger Erfe as mRNA 

levels (Fig. 1d) in their atrophic skeletal muscles, and as protein levels in the serum 

(Fig. 1e). While the reduction of the BMP-Smad1/5/8 axis is in line with increased 

levels of Erfe, we do not observe a decreased expression of BMP ligands, such as 

BMP2, BMP4 and BMP6 in the skeletal muscle of C26 tumor-bearing mice (Fig. S1b). 

We then analyzed the expression levels of ERFE in human samples from oncological 

patients. We found that ERFE expression is significantly higher in skeletal muscle 

biopsies from pre-cachectic (body-weight loss in 6 months, or <2% in patients with 

low muscle mass, or BMI<20) and cachectic (body-weight loss in 6 months, or >2% 

in patients with low muscle mass, or BMI<20) patients with colorectal or pancreatic 

cancer, than in cancer-free controls (Fig. 1f and Fig. S1c, d). In agreement, atrophic 

myotubes obtained by treating C2C12 with C26 conditioned medium (C26 CM), 

displayed significant higher transcripts levels of the BMP inhibitor Erfe (Fig. 1g and 

Fig. S1e).  

To explore potential targets for BMP-signaling restoration, we analyzed in our 

models the expression levels of the immunophilin FKBP12 (FK506-binding protein 

12) as it docks type I BMP receptors (BMPR-I) to limit their downstream signaling in 

the absence of ligands 35,36. The mRNA levels of the intracellular inhibitor Fkbp12 
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were significantly upregulated in atrophic skeletal muscles of C26 tumor-bearing 

mice (Fig. S1f), accompanied by a trend in increased protein levels (Fig. S1g) and 

transcript in C2C12-derived atrophic myotubes (Fig. S1h). 

Subsequently, we explored which molecular mechanism could trigger the 

transcriptional up-regulation of the BMP inhibitors Erfe and Fkbp12 in cachexia by 

performing chromatin immunoprecipitation (ChIP-qPCR) assay on atrophic C2C12 

myotubes treated with C26 CM and on cachectic skeletal muscles of C26 tumor-

bearing mice (Fig. 1h). JASPAR TEFBS enrichment analysis 37 of Erfe and Fkbp12 

promoter sequences (+/-1000 bp from the transcription start site (TSS)), showed 

putative top-ranked predicted binding sites of STAT3 downstream Erfe TSS 

(+629/+639 bp) and upstream Fkbp12 TSS (-491/-481) (Fig 1i and Fig. S1i). Indeed, 

the IL-6-STAT3 axis is a well-known trigger of muscle wasting in tumor-bearing mice 
38-41. In agreement, in C2C12 myotubes C26 CM, as well as IL-6, strongly induced 

phosphorylation of STAT3 at Tyr705 (pSTAT3) (Fig. S1j, k). 

We therefore evaluated whether pSTAT3 could be involved in Erfe upregulation and 

Fkbp12 expression in cachexia. We found that pSTAT3 significantly bound Erfe 

promoter in atrophic C2C12 myotubes treated with C26 CM (Fig. 1J and Fig. S1l). 

Furthermore, this promoter region was proven to be transcriptionally active because 

it carried the histone modification-H3K27ac, a known marker for chromatin 

accessibility 42 (Fig. S2a). In a similar way, pSTAT3 strongly bound Erfe promoter in 

atrophic muscles (Fig. 1k, Fig. S1m and Fig. S2b) indicating that activated STAT3 can 

be responsible for the upregulation of the BMP scavenger Erfe in cachexia.  

Our ChIP-qPCR demonstrated that pSTAT3 can also bind the active Fkbp12 

promoter in atrophic myotubes (Fig. S2c, d) and in cachectic C26 muscles (Fig. S2e, 

f), suggesting that activated STAT3 is potentially involved in the regulation of BMP-

signaling inhibitors.  

Since ChIP-qPCR assay only provides information on the binding of transcription 

factors to specific sequences, we evaluated whether STAT3 is required for Erfe 

upregulation. By treating atrophic C2C12 myotubes with Stattic, an inhibitor of 

STAT3 phosphorylation and nuclear translocation 43, we blunted the upregulation of 

Erfe mediated by C26 CM (Fig. 1l and Fig. S2g). Moreover, to evaluate transcriptional 
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activation of the target gene, we generated a luciferase reporter under the control of 

the murine Erfe promoter.  

As expected, the treatment with C26 CM or IL-6, that strongly induce pSTAT3, 

significantly triggers luciferase signal in transfected cells (Fig. S2h). Consistently, 

the increase of luciferase signal induced by C26 CM is blunted when cells are 

knocked down for STAT3 (Fig. 1m and Fig. S2i), further proving the crucial role of 

STAT3 in driving Erfe upregulation. 

These results indicate that pSTAT3 not only binds Erfe promoter in cachexia, but its 

activation is required for Erfe upregulation.  
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Figure 1. The BMP-scavenger erythroferrone (ERFE) is upregulated in cachexia 

through STAT3 activation. 

 

a) Schematic representation of the Colon-26 (C26) cancer cachexia model where 
mice injected with C26 cells develop severe cachexia within 11 days. b) Immunoblot 
of phosphorylated Smad1/5/8 (pSmad1/5/8) and vinculin in the quadriceps of 
control and C26 tumor-bearing mice. (n=5/6) c) Densiometric quantification of the 
immunoblot of pSmad1/5/8 and Smad1 in the quadriceps of control and C26 tumor-
bearing mice. (n=5/6) d) mRNA levels of ERFE relative to GAPDH in the gastrocnemii 
of C26 tumor-bearing mice and relative control mice 11 days post cancer cells 
inoculation. (n=4/5) GAPDH, glyceraldehyde-3-phosphate dehydrogenase. e) ERFE 
protein concentration detected by ELISA in the serum of C26 and control mice. (n=4) 
f) Expression levels of ERFE relative to beta-actin in human skeletal muscle biopsies 
from pre-cachectic and cachectic colorectal and pancreatic cancer patients 
compared to control individuals (Control, n=41; pre-cachectic, n=77; cachectic, 
n=63). Values are reported as fold change over control group (Control vs pre-
cachexia q value=0.0021; control vs cachexia q value=0.0007) g) Expression levels 
of Erfe in C2C12 myotubes treated for 48h with 20% C26 conditioned medium (C26 
CM) (n=6) and representative immunofluorescence of atrophic C2C12 myotubes 
treated with C26 CM and stained for myoglobin. h) Experimental design of the 
chromatin immunoprecipitation-qPCR assay performed on C2C12 myotubes 
treated with C26 CM or atrophic skeletal muscles of C26 tumor-bearing mice at day 
11. i) STAT3 predicted binding sites on Erfe promoter. j) ChIP-qPCR of pSTAT3 binding 
Erfe promoter on TSS (+629/+639 bp) in C2C12 myotubes treated with C26 CM 
compared to control cells. (n=2) k) In vivo ChIP-qPCR of pSTAT3 binding Erfe 
promoter on TSS (+629/+639 bp). ChIP-qPCR assay was performed by pooling 4 
quadriceps per condition for control or C26 tumor-bearing mice. (n=2). l) Expression 
levels of Erfe on C2C12 myotubes treated with Stattic 5uM and/or 50% C26 CM for 
6h (n=3). m) Luminescence (firefly/renilla) of NIH/3T3 transfected with Erfe 
promoter-Luc reporter vector and knocked-down for STAT3 (siSTAT3). Cells were 
treated overnight with 50% C26 CM prior to performing the assay. (n=2). See also 
Fig. S1 and S2.  
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graphs c-e, g; with non-parametric Krustal-Wallis test followed by 
Benjamini, Krieger and Yekutieli multiple comparison test in graph f and with two ay 
ANOVA followed by Sidak’s multiple comparison test in graphs j,k and with one-way 
ANOVA followed by Sidak’s multiple comparison test in graphs l, m.
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Figure S1: The BMP-scavenger erythroferrone (ERFE) is upregulated in cachexia 

through STAT3 activation. Related to Fig. 1.  

 

 a) Densiometric quantification of the immunoblot of pSmad1/5/8 and Smad1 in the 
quadriceps of control and C26 tumor-bearing mice. (n=5/6) b) Expression levels of 
BMP2 (n=4/5), BMP4 (n=4) and BMP6 (n=9), in the gastrocnemii of control and C26 
tumor-bearing mice. c) Expression levels of ERFE relative to beta actin in human 
skeletal muscle biopsies from pre-cachectic and cachectic colorectal cancer 
patients compared to control individuals (Ctr, n=41; pre-cachectic, n=45; 
cachectic, n=15; control vs pre-cachexia q value=0.0001; control vs cachexia q 
value=0.0016). Values are reported as fold change over control group. d) Expression 
levels of ERFE relative to beta actin in human skeletal muscle biopsies from pre-
cachectic and cachectic pancreatic cancer patients compared to control 
individuals (Ctr, n=41; pre-cachectic, n=32; cachectic, n=48; control vs cachexia q 
value=0.0022; pre-cachexia vs cachexia q value=0.0091;). Values are reported as 
fold change over control group. e) C2C12 myotubes diameter treated with 20% C26 
CM for 24h. (n=5) f) mRNA levels of FKBP12 relative to GAPDH in the gastrocnemii 
of C26 tumor-bearing mice and relative control mice 11 days post cancer cells 
inoculation. (n=8) g) Immunoblot and densiometric quantification of FKBP12 in the 
quadriceps of control and C26 tumor-bearing mice. (n=3/4) h) Expression levels of 
FKBP12 in C2C12 myotubes treated for 48h with 20% C26 CM (n=6). i) Putative 
STAT3 binding site on Fkbp12 promoter. j-k) Time course and immunoblot of 
phosphorylated STAT3 (Tyr705 – pSTAT3) and total STAT3 in C2C12 myotubes serum-
starved for 2h and treated with pure C26 CM (j) (n=2) or IL-6 (100ng/mL) (k) or serum-
free DMEM (CTR) at different timepoints. (n=2) l-m) ChIP-qPCR on a negative control 
region characterized by the absence of pSTAT3 and H3K27Ac in C2C12 myotubes 
treated with C26 CM (l) and in vivo skeletal muscles (m) compared to the control 
(each condition represents the pooling of 4 quadriceps). (n=2)  
 
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graphs a, b, e-h; with Kruskal-Wallis test followed by Benjamini, 
Krieger and Yekutieli multiple comparison test in graphs c, d; with two-way ANOVA 
followed by Sidak’s multiple comparison test in graphs l-m. 
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Figure S2: The BMP-scavenger erythroferrone (ERFE) is upregulated in cachexia 

through STAT3 activation. Related to Fig. 1. 

 

a) ChIP-qPCR of acetylated H3K27 of Erfe promoter on TSS (+629/+639 bp) in C2C12 
myotubes treated with C26 CM compared to control cells. (n=2) b) In vivo ChIP-
qPCR of acetylated H3K27 of Erfe promoter on TSS (+629/+639 bp). ChIP-qPCR 
assay was performed by pooling 4 quadriceps per condition for control or C26 
tumor-bearing mice. (n=2). c-d) In vitro ChIP-qPCR of pSTAT3 binding Fkbp12 
promoter on TSS (-491/-481) (c). The binding sites also carried an enrichment of the 
histone modification-H3K27ac as indication of open chromatin (d). ChIP-qPCR 
assay was performed on C2C12 myotubes serum-starved for 2h and treated for 30’ 
with pure C26 CM. (n=2) e-f) In vivo ChIP-qPCR of pSTAT3 binding Fkbp12 promoter 
on TSS (-491/-481) (e). The pSTAT3 binding sites also carried the histone 
modification-H3K27ac (f). ChIP-qPCR assay was performed by pooling 4 
quadriceps per condition for control or C26 tumor-bearing mice. (n=2) g) 
Representative immunoblot of pSTAT3 (Tyr705) and relative densitometric 
quantification of C2C12 myotubes treated with Stattic 5uM and/or pure C26 CM for 
30’, previously serum-starved for 2h. (n=3) h) Luminescence signal (firefly/renilla) of 
NIH/3T3 cells transfected with Erfe promoter-Luc reporter vector and treated with 
50% C26 CM or IL-6 (100ng/mL) overnight (n=4/6). i) Representative STAT3 
immunoblot and relative densitometric quantification of NIH/3T3 cells transfected 
as in Fig. 1m (n=2). 
 
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graph h; with two-way ANOVA followed by Sidak’s multiple 
comparison test in graphs a-f, and with one-way ANOVA followed by Sidak’s 
multiple comparison test in graph g, i.  
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Muscle-specific knockdown of BMP inhibitors curbs muscle wasting in C26 

tumor-bearing mice.   

 

To understand the biological role of the BMP-signaling inhibitors ERFE and FKBP12 

in cachexia (Fig. 2a), we treated C2C12-derived myotubes with recombinant ERFE, 

using the truncated-inactive form (gERFE) as a negative control. ERFE was sufficient 

to induce atrophy in vitro (Fig. 2b and Fig. S3a), while gERFE did not, thus suggesting 

that the functional N-terminal domain, known to downregulate the BMP-SMAD 

signaling in the liver 44, is biologically active in the skeletal muscle.  

While the supplementation of the extracellular inhibitor ERFE induced myotube 

atrophy, the downregulation of the intracellular inhibitor Fkbp12 by siRNA was 

sufficient to rescue C26 CM-induced myotube atrophy (Fig. 2c, d and Fig. S3b).  

We next explored in vivo whether ERFE or FKBP12 downregulation was sufficient to 

protect from muscle wasting in cachectic C26 tumor-bearing mice. We delivered 

adeno-associated viral particles with muscle tropism (AAV9) carrying short-hairpin 

RNA targeting either Erfe (AAV9-shErfe) or Fkbp12 (AAV9-shFkbp12) in one hindlimb 

of BALB/c mice and control viral particles (AAV9-shScramble carrying a scrambled 

sequence) in the contralateral limb. After inducing cachexia by injecting C26 cancer 

cells (Fig. 2e), we found that Erfe knockdown (Fig. 2f) in the quadricep was sufficient 

to reduce the weight loss detected in their contralateral muscle (Fig. 2g) and this 

was accompanied by decreased Atrogin1 expression, a marker of the atrophic 

process (Fig. 2h). These muscles also presented increased cross-sectional areas 

(Fig. 2i), indicating that ERFE downregulation in the muscle is sufficient to curb the 

wasting process.  

Following the same approach, we evaluated whether muscle-specific FKBP12 

knockdown had a similar effect of AAV9-shErfe on muscle atrophy in C26-tumor 

bearing mice. Fkbp12 downregulation (Fig. 2j) potently increased quadriceps weight 

and significantly mitigated Atrogin1 levels in C26 tumor-bearing mice (Fig. 2k, l), as 

well as displayed higher number of bigger fibers (Fig. 2m) with respect to their 

contralateral limbs. Therefore, these results encouraged us to test whether FKBP12 

can represent a valuable therapeutic target, restoring BMP-signaling and 

counteracting cachexia.  
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Figure 2. Muscle-specific knockdown of BMP inhibitors curbs muscle wasting in C26 

tumor-bearing mice.   

 

a) Schematic representation of the pathway. The BMP-scavenger ERFE is 
upregulated in cachexia and with the intracellular inhibitor FKBP12 contributes to 
the downregulation of pSmad1/5/8 in atrophic muscles. b) Quantification of 
myotubes diameters after 24h treatment with recombinant Fc-ERFE (1ug/mL), 
inactive globular Fc-gERFE (1ug/mL) and the relative Fc-CTR (1ug/mL). (n=3/4) c) 
Myotubes diameters transfected with siRNA for Fkbp12 or scramble sequence 
(siCtr) for 48h and treated for 24h with 10% C26 CM. (n=3/4) d) Expression levels in 
C2C12 myotubes knocked-down for FKBP12 with siRNA. (n=4/6) e) Experimental 
design of muscle-specific AAV9 delivery in the skeletal muscle of C26 tumor-
bearing mice. AAV9-shRNA (1011 vp) viral particles were injected in the skeletal 
muscles of BALB/c mice, using the contralateral limb as control (AAV9-shScr). One 
month after AAV injection, BALB/c mice were subcutaneously inoculated with 
750.000 C26 cancer cells. The mice were euthanized 11 days after C26 injection. f) 
mRNA levels of ERFE in the quadriceps of AAV9-shERFE-injected mice, versus the 
contralateral AAV9-shScr limb. (n=7) g) Quadriceps weight normalized for tibial 
length compared to the contralateral limb. (n=7) h) Atrogin1 expression in the 
quadriceps analyzed in Fig. 2f, g. (n=7) i) Cross-sectional fiber area distribution of 
AAV9-shERFE-injected mice. (n=3) j) mRNA levels of FKBP12 in the quadriceps of 
AAV9-shFKBP12-injected mice, versus the contralateral AAV9-shScramble limb. 
(n=7) k) Quadriceps weight normalized for tibial length compared to the 
contralateral limb. (n=7) l) Atrogin1 expression in the quadriceps analyzed in Fig.2j, 
k. m) Cross-sectional fiber area distribution of AAV9-shFKBP12-injected mice. (n=3) 
See also Fig. S3.  
 
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graph d; with one-way ANOVA followed by Sidak’s multiple 
comparison test in graph b, c. One sample t-test was performed in graphs f-h and j-
l, while two-way ANOVA followed by Sidak’s multiple comparison test in graphs i and 
m.  
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Figure S3: Muscle-specific knockdown of BMP inhibitors curbs muscle wasting in 

C26 tumor-bearing mice. Related to Fig. 2.  

 

a) Quantification of C2C12 myotubes treated with murine recombinant ERFE 
(1ug/mL) for 24h. (n=5/7) b) Immunoblotting for Fkbp12 knock-down in myotubes 
transfected with siRNA for Fkbp12 or scramble sequence (siCtr) for 48h (n=2). 
 
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graph a. 
   



 
 

69 

FK506 bypasses BMP-pathway inhibition by activating pSmad1/5/8 through 

FKBP12 binding.  

 

Since Fkbp12 knockdown protected from C26 cancer cells-induced muscle atrophy 

(Fig. 2c, j-m) and that BMP-signaling is decreased in cancer-related skeletal muscle 

atrophy 14 (Fig. 1b), we decided to bypass the inhibition of the BMP signaling using a 

pharmacological approach (Fig. 3a). Tacrolimus (FK506) is a drug clinically used as 

immunosuppressant that complexes with FKBP12 to inhibit calcineurin, thereby 

suppressing T cell proliferation 45,46. Nevertheless, a non-immunosuppressive low-

dose of FK506 increased BMP-Smad1/5/8 signaling in hepatocytes 34 and in mouse 

models of chronic kidney, cardiac and liver disease47.   

 

Therefore, we treated C2C12 myotubes with FK506 to assess its effect upon 

atrophic stimuli. FK506 treatment induced significant hypertrophy in myotubes and 

completely prevented the atrophy induced by C26 CM (Fig. 3b) and recombinant 

ERFE (Fig. 3c and Fig. S4a). Moreover, FK506 rescued the atrophy induced by Activin 

A (ACTA) (Fig. S4b), a TGFβ-receptor ligand that drives skeletal muscle atrophy in 

cachexia 23. 

Next, we investigated whether the effect of FK506 on myotubes was due to its well-

known activity on calcineurin activation. To this aim, we used cyclosporine A (CyA), 

another immunosuppressant drug which inhibits calcineurin in an FKBP12 

independent manner 48. C2C12 myotubes treated with cyclosporine A undergo 

atrophy (Fig. S4c), suggesting that FK506 effect on myotubes was independent of 

calcineurin inhibition.   

In line with the increased myotube size in FK506-treated C2C12, FK506 alone 

strongly induced phosphorylation of Smad1/5 (Fig. 3d) and synergized with murine 

BMP6 (Fig. 3e and Fig. S4d). By performing BMP-Responsive Element (BRE)-

Luciferase Reporter assay in C2C12, we confirmed that in cells treated with FK506 

the luciferase signal was significantly higher than in controls (Fig. 3f). This 

transcriptional upregulation was synergic with concomitant administration of 

BMP6, in line with increased phosphorylation of Smad1/5 (Fig. 3e). These results 
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demonstrated that the increased levels of pSmad1/5 were functionally active to 

target gene expression.  

As FKBP12 blocks uncontrolled activation of the BMP pathway by binding BMPR type 

I (BMPR-I) 49,50, we investigated which receptor accounted for BMP activation 

followed by FK506 treatment. We knocked-down with siRNA in C2C12 myotubes 

either ALK2 or ALK3, two BMPR-I family members expressed in skeletal muscle, and 

only ALK2 downregulation reduced pSmad1/5 triggered by FK506 (Fig. 3g, h). The 

relevance of ALK2 is furthermore proven when C2C12 myotubes were treated with 

Dorsomorphin Homolog 1 (DMH1), a BMPR-I inhibitor that primarily inhibits ALK2 51. 

The inhibition of Smad1/5 phosphorylation (Fig. S4e) by DMH1 supplementation 

was sufficient to hinder the rescue of C26 CM-induced atrophy by FK506 (Fig. 3i).  

FK506 could activate the BMP-Smad axis by binding and displacing the intracellular 

inhibitor FKBP12 from BMPR-I family members 33,52. To assess whether FKBP12 

could interact with ALK2 or ALK3, we co-transfected HuH7 and 293T cells with MYC-

tagged ALK2 or MYC-tagged ALK3 constructs with FLAG-tagged FKBP12 (Fig. S4f, g). 

In HuH7 cells the interaction of FKBP12-FLAG is limited to ALK2 (Fig. S3f) 33, however 

FKBP12-FLAG overexpression in 293T cells shows a minimal binding of FKBP12 to 

ALK3 (Fig. S4g). In both cases FK506 displaced FKBP12 from any BMPR-I analyzed 

(Fig. S4f, g).  

As the activation of the BMP-Smad1/5/8 axis has been associated to increased 

protein synthesis 12,53, we performed a SuNSET assay to measure protein synthesis 

in our in vitro model of myotube atrophy. As expected, C2C12 treated C26 CM (Fig. 

3j and Fig. S4i), recombinant ERFE (Fig. 3k and Fig. S4j) or Activin A (Fig. S4h, k) and 

co-treated with FK506, showed significant higher levels of newly synthetized 

proteins (Fig. 3j, k and Fig. S4h-k), in line with C2C12 myotubes diameters (Fig. 3b, 

c and Fig. S4b).  

Moreover, mTOR inhibition by Torin 1 abolished the hypertrophy induced by FK506 

(Fig. 3l), demonstrating that the increase in myotube size is due to increased protein 

synthesis and it is mediated by mTOR. Coherently with these findings, we found that 

the atrophic markers Atrogin1 and MuRF1 were decreased in C26 CM-treated 

myotubes supplemented with FK506 (Fig. 3m, n).  
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Overall, these results demonstrated that in vitro, FK506 rescues myotube atrophy by 

inducing FKBP12 displacement from ALK2, increasing Smad1/5/8 signaling, 

ultimately leading to increased protein synthesis and reduced atrogenes levels. 
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Figure 3. FK506 bypasses BMP-pathway inhibition by activating pSmad1/5/8 through 

FKBP12 binding.   

 
a) Representation of the proposed approach to bypass the “BMP-resistance”. FK506 
binds FKBP12 displacing it from the type I BMP receptor (BMPR-I) and restoring 
pSmad1/5/8 signaling. b-c) Diameters quantification of C2C12 myotubes treated 
for 24h with FK506 (1ug/mL) and/or 10% C26 CM (b) (n=5); or treated with 
recombinant Fc-ERFE (1ug/mL) and FK506 in Fc-CTR (1ug/mL) (c). (n=4) d) 
Immunoblot of C2C12 myotubes serum starved for 2h and treated with FK506 
(1ug/mL) for 1h. (n=4) e) Dose response and immunoblot of pSmad1/5/8 in C2C12 
myotubes serum-starved for 2h and treated with increasing doses of murine BMP6 
(from 0,01 to 3 ng/mL) with or without FK506 (1ug/mL) for 1h. (n=4) f) Luminescence 
signal detected in C2C12 transfected with pGL3-BMP responsive element (BRE)-
Luciferase and TK-Renilla for 24h, switched to low-serum DMEM 2%FBS for 4h and 
treated with FK506 (10ug/mL) and BMP6 (30ng/mL) for 5h. (n=6) g) Immunoblot of 
pSmad1/5 and Smad1 of C2C12 myotubes knocked-down for ALK2 or ALK3 (siAlk2 
or siAlk3) for 48h and treated with FK506 (1ug/mL) for 1h upon 2h of serum 
starvation. (n=2) h) mRNA levels of ALK2 and ALK3 in C2C12 myotubes knocked-
down for ALK2 or ALK3 with siRNA. (n=2/3) i) Diameters of C2C12 myotubes treated 
with DMH1 (500nM) in combination with FK506 (1ug/mL) and/or 10% C26 CM for 
24h in differentiation medium. (n=3/4) j-k) In vitro SuNSET assay and relative 
quantifications performed with C2C12 myotubes treated with FK506 (1ug/mL), 10% 
C26 CM (j) (n=4); or Fc-CTR (1ug/mL), Fc-ERFE (1ug/mL) and inactive globular gERFE 
(1ug/mL) (k) (n=3) for 24h in differentiation medium. For the last 4h of treatment, 
puromycin (1uM) was added to the cells. l) Myotubes diameters imaged at 24h post 
FK506 (1ug/mL) and/or Torin1 (100uM) treatment. (n=3) m-n) mRNA levels of 
Atrogin1 (m) (n=3/5) and MuRF1 (n) (n=3) in C2C12 myotubes treated f 
or 48h with FK506 (1ug/mL) and/or 20% C26 CM. See also Fig. S4.  
 
Data information: All graphs’ statistical significance was tested with one-way 
ANOVA followed by Sidak’s multiple comparison test.  
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Figure S4: FK506 bypasses BMP-pathway inhibition by activating pSmad1/5/8 

through FKBP12 binding. Related to Fig. 3. 

 

 a-d) Myotubes diameters quantified at 24h after treatment with FK506 (1ug/mL), 
ERFE (1ug/mL) (a), Activin A (ACTA) (1ng/mL) (b), cyclosporine A (CyA) (1uM) (c), or 
BMP6 (1ng/mL) (d) in differentiation medium. (n=3/5) e) Immunoblot for 
pSmad1/5/8 and Smad1 of C2C12 myotubes serum-starved for 2h and treated with 
FK506 (1ug/mL), BMP6 (30ng/mL) with or without DMH1 (500nM) for 1h in serum-
free DMEM. (n=3) f-g) HuH7 (f) and HEK-293T (g) cells were transfected with 
FKBP12-FLAG and ALK2-MYC or ALK3-MYC constructs for 48h. Afterwards, cells 
were switched to low serum medium (DMEM 2%FBS) for 3h and treated for 1h with 
FK506 (10ug/mL for HEK-293T and 1ug/mL for HuH7). Protein lysates were then 
immunoprecipitated using FLAG-tagged resin and immunoblotting was performed 
to detect the interaction between FKBP12 and ALK2 or ALK3. (n=4) h) In vitro SuNSET 
assay performed in C2C12 myotubes treated with FK506 (1ug/mL) and Activin A 
(ACTA) (1ng/mL) for 24h in differentiation medium. For the last 4h of treatment, 
puromycin (1uM) was added to the cells. (n=3) i-k) Densiometric quantifications of 
in vitro SuNSET assays performed in C2C12 myotubes treated with FK506, C26 CM 
(i), FcERFE (j) or ACTA (k). (n=3/4) 
 
Data information: Statistical significance was tested with one-way ANOVA followed 
by Sidak’s multiple comparison test in graph a, b, i-k; with unpaired two-tailed 
student’s t-test in graphs c, d. 
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FK506 effect on the immune system in vivo.  

 

To address the effect of FK506 in an in vivo cancer cachexia model, BALB/c mice 

were injected with colon-26 (C26) adenocarcinoma cells, and daily treated for 11 

days (Fig. 4a) with an oral low-dose of FK506 (0.02 mg/kg) known to be non-

immunosuppressive 47. First, we verified whether the chosen dose of FK506 was 

altering the immune landscape and consequently the tumor size: after 11 days of 

treatment, tumor (Fig. 4b) and spleen weights (Fig. S5a) were unchanged, indicating 

that our treatment with FK506 does not exert an antitumoral as well as an anti-

inflammatory effect 54. 

In addition, we performed an analysis of immune cell populations in tumors, blood, 

and spleens of treated and control mice. No significant differences were found, as 

the amount of the main lymphoid and myeloid populations, such as NK, NKT, CD4+ 

and CD8+ T cells, DC, macrophages, m-MDSC and g-MDSC, was similar in the 

tumors from control and FK506-treated mice (Fig. 4c, d). Moreover, FK506 treatment 

did not alter the expression of PD-1 on T lymphocytes (Fig. 4e) or that of PD-L1 on 

myeloid cells (Fig. 4f). As expected, tumor-bearing mice showed significant 

decrease of blood and splenic CD4+ and CD8+ T cells (Fig. 4g and Fig. S5b), 

increased splenic macrophages (Fig. S5c), as well as increased g-

MDSC/neutrophils populations in the blood (Fig. 4h), independently of treatment 

with FK506. Furthermore, C26 tumor bearing mice displayed a significant decrease 

of PD-L1-positive macrophages and g-MDSC in the blood (Fig. 4i), and an increase 

of PD-1-expressing CD4+ and CD8+ T cells and of PD-L1+ mMDSC in the spleen (Fig. 

S5d, e), again regardless of FK506 administration. 

Despite FK506 decreased PD-1-expressing CD4+ and CD8+ T cells in the blood of 

control mice, these alterations were not observed in C26-tumor bearing mice (Fig. 

4j), suggesting that FK506 does not affect tumor immune escape. Nonetheless, we 

sought to further exclude whether chronic low-dose FK506 treatment could disturb 

adaptive immune responses in a tumor-free mice. We thus vaccinated with a non-

self antigen (RhuT vaccine) 55 to induce a strong immune response. All mice were 

treated for 5 weeks with daily oral gavage of low-dose FK506 or vehicle until the end 

of the experiment (Fig. S5f). To test if FK506 affected specific lymphocyte functions 
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and activities, we evaluated whether long-term FK506 treatment modified antibody 

production or immune cell cytotoxic capacity. After 5 weeks of treatment, antibody 

titers against the antigen (Fig. S5g) as well as activation of CD8+ T cells (Fig. S5h) 

were not different in either F506-treated or untreated vaccinated mice. In 

agreement, this long chronic treatment with FK506 did not significantly alter the 

amount of blood lymphoid populations and the expression of the activation marker 

PD-1 (Fig. S5i, j). 

These findings indicated that prolonged low-dose FK506 treatment does not 

significantly alter the amount and function of immune cells in a tumor-free mouse 

model, corroborating that low-dose FK506 does not impact adaptive immunity. 
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Figure 4. FK506 effect on the immune system in vivo.  

 
a) Experimental design of the in vivo C26 cancer cachexia model orally treated with 
low-dose FK506 (0,02mg/Kg) or vehicle for 11 days. When euthanized, tumors, 
blood, spleens, and skeletal muscles were analyzed. b) Tumor weight of FK506-
treated and vehicle-treated C26 tumor-bearing mice 11 days post-C26 injection. 
(n=16) c-d) Percentages of lymphoid (c) and myeloid (d) populations on live cells 
(CD45+) in the tumors of FK506 or vehicle-treated C26 tumor-bearing mice. (n=6) e-
f) Percentage of PD-1-expressing lymphocytes (e) and PD-L1+ myeloid cells (f) in 
C26 tumors of FK506 and vehicle-treated mice. (n=6) g-h) Amount of blood 
lymphoid (g) and myeloid (h) populations in FK506 and vehicle-treated tumor and 
non-tumor-bearing mice at day 11 post-C26 injection. (n=4/6) i-j) Percentage of PD-
L1+ myeloid cells (i) and PD-1+ lymphocytes (j) in the blood of the experimental 
groups 11 days post-C26 inoculation. (n=4/6) See also Fig. S5.  
 
Data information: Statistical significance was tested with unpaired two-tailed 
student’s t-test in graph b; with two-way ANOVA followed by Sidak’s multiple 
comparison test in graphs c-j. 
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Figure S5: FK506 effect on the immune system in vivo. Related to Fig. 4. 

 

 a) Spleen weights normalized for tibial length in C26 tumor-bearing mice treated 
with FK506 and relative control groups. (n=11) b-c) Percentages of lymphoid (b) and 
myeloid (c) populations in the spleen of tumor and non-tumor bearing mice, treated 
or not with FK506. (n=4/6) d-e) Percentages of PD-1+ lymphocytes (d) and PD-L1+ 
myelocytes (e) in the spleens. (n=4/6) f) Experimental design of long-term low-dose 
FK506 in non-tumor bearing mice immunized with RHuT vaccine. BALB/c mice were 
pre-treated for 1 week with FK506 (0.02mg/Kg) before being vaccinated with RHuT 
plasmid or empty vector. Vaccination was repeated after 2 weeks, and mice were 
euthanized 35 days after the beginning of the experiment. All mice were daily treated 
with FK506 or vehicle through oral gavage. g) Titers of anti-Her2-neu antibodies 
(mean fluorescence intensity) in the sera of mice vaccinated (VAX) or not and 
treated with FK506 or vehicle. (n=3/5) h) ELISpot assay performed on splenocytes 
isolated from vaccinated and unvaccinated mice to measure IFN-γ-secreting 
cytotoxic T cells activated by the immunodominant peptide for ErbB2. (n=3/4) i) 
Amounts of lymphoid populations in the blood of vaccinated (VAX) or unvaccinated 
mice treated with chronic low-dose FK506 or vehicle. (n=3/5) j) Percentages of PD-
1+ lymphocytes in the blood of the experimental groups of Fig. S5g. (n=3/5)  
 
Data information: Statistical significance was tested with one-way ANOVA followed 
by Sidak’s multiple comparison test in graph a, g, h; with two-way ANOVA in graphs 
b-e, i, j.  
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FK506 protects from cachexia in C26 tumor-bearing mice. 

 

Since low-dose FK506 was found not to be immunosuppressive, we analyzed the 

effects of FK506 in cachexia. FK506-treated C26 tumor-bearing mice appeared 

healthier and less distressed than the untreated group (Video S1), as seen by the 

preservation of body weight (Fig. 5a) and fat tissue weight (Fig. 5b) at the endpoint 

of the experiment. Furthermore, the acute and severe skeletal muscle atrophy 

induced by C26 tumors was reverted upon FK506 treatment, as indicated by the 

increased muscle weights (Fig. 5c, d) and by the lower levels of atrogenes 

expression (Fig. 5e and Fig. S6a, b). In agreement with increased muscle weights, 

fibers cross-sectional areas (CSA) in the treated group were significantly higher than 

in controls (Fig. 5f, g). Since the tumor weight in FK506-treated and vehicle-treated 

mice was unchanged (Fig. 4b), protection against muscle wasting was not due to 

reduced tumor growth. 

To assess whether the beneficial effect of FK506 was due also to increased protein 

synthesis, we performed the in vivo SuNSET assay. As shown in Fig. 5h, the reduced 

amount of newly synthetized proteins in atrophic muscles from tumor-bearing mice 

was fully rescued in FK506-treated samples (Fig. 5h and Fig. S6c), in further support 

to rescued CSA fiber size (Fig. 5f). Overall, these findings demonstrate that a low-

dose of FK506 prevents skeletal muscle wasting and cancer cachexia in vivo (Fig. 5 

and Fig. S6). 

 

  



 
 

83 
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Figure 5. FK506 protects from cachexia in C26 tumor-bearing mice. 

 

a) Body weight change as percentage of initial body weight in the experimental 
groups at day 11. (n=10/12) b) Fat weight normalized for the tibial length as 
percentage of non-tumor-bearing vehicle-treated mice at day 11. (n=6/7) c-d) 
Gastrocnemii (c) and quadriceps (d) weights normalized for tibial length as 
percentage of the control group 11 days post-C26 inoculation. (n=15/16 for 
gastrocnemii and n=11/12 for quadriceps) e) Expression levels of the atrogenes 
Atrogin1 and MuRF1 in the gastrocnemii of the experimental groups at day 12. 
(n=4/6) f-g) Frequencies distribution of the cross-sectional areas (CSA) of the fibers 
in the gastrocnemii of vehicle and FK506-treated control and C26 tumor-bearing 
mice and representative immunofluorescence pictures of gastrocnemii stained 
with Laminin (green) and Myosin IIb (red) (g). (n=4/5) h) In vivo SuNSET assay and 
immunoblot for puromycin performed with the gastrocnemii of the different groups. 
(n=3/4) See also Fig. S6.  
 
Data information: Statistical significance was tested with one-way ANOVA followed 
by Sidak’s multiple comparison test in graphs a-e, and with two-way ANOVA 
followed by Sidak’s multiple comparison test in graph f.  
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FK506 prevents the degeneration of neuromuscular junction morphology and 

preserves muscle strength.  

 

An important component of cachexia-induced skeletal muscle atrophy is the 

degeneration of the neuromuscular compartment 14. Indeed, together with skeletal 

muscle atrophy, the decrease in muscle force in C26 tumor-bearing mice is 

prevented by FK506 treatment (Fig. 6a).  

Coherently with the reduced muscle strength, cachectic mice showed smaller 

NMJs with a collapsed morphology (Fig. 6b, c) and downregulation of the adult 

nicotinic acetylcholine receptor subunit Chrne mRNA (Fig. 6d). On the contrary, 

FK506 treatment rescued NMJs volume, morphology and Chrne expression levels 

(Fig. 6b-d). 

Considering the pre-synaptic compartment of the NMJs, we evaluated the 

denervation status in our C26 model, where we only found a trend in denervated 

NMJs (Fig. S6d). However, molecular alterations (ie. Chrne downregulation), and the 

reduction in NMJs volume, suggest an ongoing remodeling, but partially occurring, 

degenerative process, largely attributed to the rapid kinetics of the C26 cell 

suspension cachexia model. 
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Figure 6. FK506 prevents the degeneration of neuromuscular junction morphology 

and preserves muscle strength.  

 

a) Final grip strength as percentage of initial grip strength at day 0 in FK506 or 
vehicle-treated C26 tumor-bearing and control mice at day 11 post-C26 injection. 
(n=5/7) b-c) Volume of the neuromuscular junctions quantified in the EDL muscle 
and stained with α-bungarotoxin - Alexa 488 (b) and relative representative picture 
of the experimental groups (c). (n=3, 28-30 NMJs quantified per mouse) d) 
Expression levels of Chrne gene in the gastrocnemii of FK506 or vehicle treated C26 
and control mice at day 11 post-C26 injection. (n=3/4) e) Graphical representation 
of the molecular mechanism. In cancer cachexia, systemic inflammation induces 
catabolism by hyperactivating TGFb-Smad2/3 axis and by increasing the expression 
of BMP signaling inhibitors. Activated pSTAT3 induces the upregulation of the BMP-
scavenger ERFE, which in combination with the intracellular inhibitor FKBP12, 
contributes to the downregulation of the BMP-pSmad1/5/8 axis and therefore 
reducing protein synthesis in atrophic muscles. Our therapeutical approach 
proposes the use of low-dose FK506, that by binding the immunophilin FKBP12 
induces its displacement from the BMPR-I, rescuing pSmad1/5/8 signaling and 
protecting from muscle atrophy in cancer cachexia. See also Fig. S6. 
 
Data information: Statistical significance was tested with one-way ANOVA followed 
by Sidak’s multiple comparison test in all graphs. 
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Figure S6: FK506 protects from cachexia, prevents the degeneration of 

neuromuscular junction morphology, and preserves muscle strength in C26 tumor-

bearing mice. Related to Fig. 5 and Fig. 6. 

 

 a-b) Expression levels of the atrogenes Musa (a) and Cathepsin L (b) in the 
gastrocnemii of C26 and control mice treated with low-dose FK506 or vehicle. 
(n=4/6) c) Densitometric quantification of the in vivo SuNSET assay reported in Fig. 
5h. (n=3/4). d) Representative immunofluorescence pictures and relative 
quantification of EDL muscles stained for α-bungarotoxin and anti-Neurofilament 
antibody to detect NMJs innervation. The quantification of denervated NMJs is 
expressed as percentage of the total number of NMJs quantified (60 to 90 NMJs per 
mouse, n=3 per group). 
 
Data information: Statistical significance was tested with one-way ANOVA followed 
by Sidak’s multiple comparison test in all graphs. 
 
Video S1) FK506 protects from cachexia in C26 tumor-bearing mice. Related to Fig. 
5.C26-tumor bearing mice treated with vehicle (left) or FK506 (right) at day 11 post-
C26 injection. Related to Fig. 5, 6 and Fig. S6.  
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Discussion 

 

Patients with cancer and chronic inflammatory diseases commonly develop 

cachexia, a multiorgan condition characterized by body weight loss, fat and skeletal 

muscle wasting 1. Despite cachexia is related to anticancer treatments intolerance, 

worsening of prognosis and death of advanced cancer patients 3,4 it remains still 

uncurable and poorly characterized. From a physiological standpoint, one of the main 

signaling pathway having a role in controlling skeletal muscle mass is the TGFβ 

superfamily, where Activin/TGFβ-Smad2/3 signaling induces atrophy 21-25 and it is 

counteracted by the opposite BMP-Smad1/5/8 axis. The former indeed drives 

atrogenes expression and protein breakdown; while the latter induces protein 

synthesis 12,13.  

 

Our results demonstrated that in cancer cachexia, a state of systemic inflammation 

contributes to the upregulation of the BMP-scavenger ERFE through STAT3 activation. 

This extracellular inhibition is combined with the activity of the immunophilin FKBP12, 

which acts as an intracellular brake for BMP-signaling activation. These two layers of 

inhibition contribute to decreased activation of pSmad1/5/8 in atrophic muscles and 

cachexia.  

FK506 bypasses this state of “BMP-resistance” by displacing FKBP12 from the BMPR-

I, restoring pSmad1/5/8 signaling in vitro, increasing protein synthesis, and preventing 

the degeneration of skeletal muscle functionality in vivo (Fig. 6e). 

 

We thus identified two inhibitors of the BMP-signaling as mediators of muscle atrophy, 

previously characterized in the field of iron metabolism, i.e. the extracellular BMP 

ligand chelator erythroferrone (ERFE) and the intracellular inhibitor of the BMP 

receptor FKBP12. ERFE is a hormone produced by erythroid cells known to reduce 

Smad1/5/8 signaling in the liver by sequestering BMPs from their receptors 28,30,31. 

Noteworthy, although ERFE is also expressed in the skeletal muscle (and named 

myonectin 32), its biological function and mechanism of regulation in the muscle 

remains to be clarified. On the other hand, FKBP12 is a peptidyl-prolyl-cis-trans 

cytosolic isomerase that belongs to the immunophilin superfamily, known to form 
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various heterocomplexes, as its binding to the glycine-serine–rich domain of type I 

BMP receptors (BMPR-I) avoids their uncontrolled activation 49,50.  

Our results demonstrated that in cachectic muscles, combined with the already 

known hyperactivation of the Smad2/3 axis 21-25, a “BMP-resistance” characterized by 

reduced BMP signaling is observed despite similar levels of BMP ligands. We found 

indeed that the BMP inhibitor ERFE is more expressed in models of cancer cachexia 

and in muscles of pre-cachectic and cachectic cancer patients. This indicates that 

some muscular alterations can precede the onset of cachexia, potentially 

contributing to its development. Of note, it has been even reported that conditions 

such as metabolic rewiring and muscle wasting, even predates the diagnosis of 

cancer 9,56,57.   
 

We found that phosphorylated STAT3 (Tyr705) is recruited to putative STAT3 binding 

sites on the promoter of Erfe in cachectic muscles, and that its inhibition or knock-

down is sufficient to prevent ERFE upregulation. STAT3 activation in the skeletal 

muscle is a key signaling pathway that drives wasting and cachexia 38, also due to the 

high levels of IL-6 in cachectic patients and mice 40,58-60.  

We found that C26 conditioned medium, as well as IL-6, induced pSTAT3. The finding 

that stimulation with IL-6 was weaker than with conditioned medium could indicate 

that multiple cytokines can contribute to STAT3 activation in the C26 model. Indeed, 

while the tumor is undoubtedly a source of inflammatory cytokines and factors known 

to activate STAT3 61, other compartments may also contribute to the chronic and 

systemic inflammation in cachexia. For instance, tumor-related dysbiosis 62 and 

altered gut permeability and endotoxemia 63,64 are known to promote STAT3 activation 

and cancer progression 65. 

 

The functional relevance of the inhibitors ERFE and FKBP12 was subsequently 

characterized in in vitro and in vivo models of cachexia. ERFE supplementation 

significantly reduced myotube diameter, while Fkbp12 knockdown protected from 

atrophy in C2C12 myotubes. Similarly, muscle-specific AAV-mediated delivery of 

shRNA against Erfe or Fkbp12 was sufficient to reduce muscle atrophy induced by 

C26 tumor. These results are coherent with a previous study showing that Noggin, 

another BMP inhibitor, is upregulated and induces atrophy and denervation in 
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cachexia 14. On the other hand, extracellular activators of the catabolic signaling 

exerted by pSmad2/3, as Myostatin and Activin A have been found to be highly 

expressed in cachectic patients and to induce muscle wasting in various murine 

models of cachexia 21,23,25,66,67. However, the targeting of myostatin failed to be 

effective in cancer patients, leading to the suspension of the clinical study 

(LY2495655) 68 and pointing to the necessity of alternative targets. 

A cause for this failure might be due to the redundancy of extracellular and 

intracellular TGFβ superfamily members. Therefore, targeting a single interactor might 

not be sufficient to generate a relevant biological effect. To bypass the redundancy 

and the extracellular ligands competition, we targeted the intracellular protein 

FKBP12 to restore BMP receptor signaling.  

In absence of TGFβ superfamily ligands, FKBP12 binds BMPR-I 36,69 reducing their 

signaling 50,70, while high levels of BMP6 induce FKBP12 displacement from ALK2 

receptor in hepatoma cells 33. 

We found that FK506 fully rescues myotube atrophy, by activating pSmad1/5/8 axis 

and inducing protein synthesis in vitro. Interestingly, we observed the same effects in 

C26 tumor-bearing mice, where FK506-treatment reversed body weight loss and 

muscle atrophy by increasing fiber size and protein synthesis, and by preventing 

neuromuscular junction (NMJ) alterations. 

 

Once upregulated, FKBP12 can bind several type I TGFβ superfamily receptors 49,52. In 

293T cells the supraphysiological expression of FKBP12 promotes moderate 

interaction with ALK3. However, in our study we found that FKBP12 preferentially 

binds ALK2, as in previous studies on hepatic Smad signaling regulation 33 34. Hence, 

ALK2 knockdown in C2C12 myotubes reduces FK506-induced Smad1/5 

phosphorylation, and its inhibition blunts the rescue of atrophy observed with FK506. 

Beyond its promiscuity to type I BMP receptors, FKBP12 has also been demonstrated 

to bind other proteins forming ternary structures as the rapamycin-FKBP12-mTOR 

complex. When FKBP12 is bound to rapamycin, the complex inhibits mTOR, with an 

immunosuppressive effect by blocking protein synthesis 71. In our context we exclude 

any off-target effects on mTOR inhibition by FK506, as we observed increased protein 

synthesis upon FK506 treatment in vitro and in vivo, while mTOR inhibition by Torin1 
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blunts the hypertrophy induced by FK506 in C2C12 myotubes. 

Given the immunosuppressive action of FK506 we tested the effect of low doses in 

order to maintain immune responses 47. In agreement, no alterations in the 

immunological landscape were present in mice treated with neither long nor short 

term FK506 treatment. Further indications that FK506 effect is independent from 

immunosuppression are represented by the curb of atrophy observed by direct 

FKBP12 knocked-down in muscles. Moreover, cyclosporine A, an inhibitor of 

calcineurin independent from FKBP12, induces atrophy in C2C12 myotubes. 

 

An emerging feature of muscle wasting in cancer is the progressive loss of NMJ 

integrity due to reduced Smad1/5/8 signaling 14. This pathway has indeed been shown 

to be involved in NMJ fitness and functionality 14,26,27, suggesting that FK506 might 

contribute to maintain the cross-talk between the skeletal muscle and the NMJ 

through the BMP-Smad1/5/8 signaling. In agreement, we found that FK506 preserved 

the volume and morphology of the NMJ in C26 tumor-bearing mice and reverted the 

downregulation of the adult epsilon subunit of the nicotinic acetylcholine receptor, a 

known marker of functional adult NMJ 72. 

 

The use of a potentially immunosuppressive drug in cancer patients might be 

counterintuitive and would require fine dose-optimization in humans to avoid 

undesired immunosuppression. Despite these limitations, the off-label use of an 

approved drug significantly reduces the costs of development of a new molecule, as 

its safety and toxicity are already known. Moreover, further studies in a slower-paced 

cachexia will be important to move closer to human physiology. As previously 

described, cachexia affects patients with chronic inflammatory diseases like cancer, 

COPD, AIDS, or sepsis, and it still represents an unmet medical need 2,73. Our results 

on improved muscle functionality and protection from neuromuscular junction 

alterations, can expand this therapeutical approach to neuromuscular diseases 

independent of cachexia. 
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Limitations of the Study 

We acknowledge some limitations to our study. The study has been performed 

mostly with a specific murine cancer model, i.e. the C26, which is an injectable 

tumor cells suspension characterized by a rapid development of cachexia. Hence, 

to understand the global impact of FK506 treatment on cancer cachexia, it would 

be important the use of models with slower kinetic, such as GEMMs, or in 

combination with clinically relevant treatments such as chemotherapy. It would 

also be interesting to determine whether our characterization is specific to the C26 

model, or the features are also shared in other tumor models.  

Considering the translatability in the clinic, the use of an immunosuppressive drug 

as FK506 could be critical in cancer patients. Therefore, the identification and 

optimization of the effective dose of FK506 to trigger Smad1/5/8 pathway without 

providing immunosuppression in humans would be required. 

Finally, even though we found that the hormone ERFE is upregulated in human pre-

cachectic and cachectic muscle biopsies, longitudinal studies in cancer patients 

are required to determine causality and the identification of ERFE as potential 

prognostic marker.  
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Table S1 

 
Table S1: RT-qPCR SYBR primers and ChIP-qPCR primers. Related to STAR 

Methods. 

Gene Species Forward Reverse 

Atrogin1 Mouse ATGCACACTGGTGCAGAGAG TGTAAGCACACAGGCAGGTC 

Murf1 Mouse GTGTGAGGTGCCTACTTGCTC GCTCAGTCTTCTGTCCTTGGA 

Musa1 Mouse TCGTGGAATGGTAATCTTGC CCTCCCGTTTCTCTATCACG 

Cathepsin L Mouse GTGGACTGTTCTCACGCTC TCCGTCCTTCGCTTCATAGG 

FKBP12 Mouse ATGGGAGTGCAGGTGGAG TCTTTCCATCTTCAAGCATCC 

ERFE Mouse TGCTTGGATGCTGTTCGTCAA CAGATGGGATAAAGGGGCCTG 

GAPDH Mouse AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

BMP6 Mouse GGGATGGCAGGACTGGATCA ATGGTTTGGGGACGTACTCG 

BMP2 Mouse CATCACGAAGAAGCCGTGGA TGAGAAACTCGTCACTGGGG 

BMP4 Mouse TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT 

Chrne Mouse GTGTCTGGATTGGCATTGACT ACACCTGCAAAATCGTCCTTG 

ERFE Human GGCCAAGAAGCTGAAGTTCGG CTGCCGCACCGCACCTTTC 

Beta Actin Human GGGAAATCGTGCGTGACA GGACTCCATGCCCAGGA 

ChIP-qPCR 
Erfe promoter 

Mouse GGGTGGATTGGTAGCCTTCA TGCCTTGCAGAGGGAGGTAT 

ChIP-qPCR 
Fkbp12 
promoter 

Mouse ATTCGTGGAAGAGTGGGCTT TGCCCTGTAAGGACGATAGC 

ChIP-qPCR  
Negative Ctr 

Mouse TGGCCCCATAGGCTCATCTA GGCCTGGCATGAGAGACTTT 
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Star methods 

 

RESOURCE AVAILABILITY 

 

Lead Contact 

Requests for resources and reagents, or any additional information should be 

directed to the lead contact, Dr. Paolo Ettore Porporato (paolo.porporato@unito.it). 

 

Materials Availability 

Plasmids generated in this study will be available on request through completion of 

a Material Transfer Agreement.  

 

Data and Code Availability 

Any additional information required to reanalyze the data reported in this paper, or 

any sharing of data of this study is available from the lead contact upon request. 

This paper does not report original code.  

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Human skeletal muscles biopsies  

The study enrolled patients (age > 18 years) with colon or pancreatic cancer 

surgically treated at the General Surgery 1, Padova University Hospital (Padova, 

Italy) from 2016 to 2021. Cancer patients were classified as cachectic in cases of 

>5% weight loss in the 6 months preceding surgery, >2% weight loss with either body 

mass index (BMI) <20 or low muscle mass defined by the skeletal muscle index (SMI) 

cut-offs 74. SMI values were quantified using the preoperative CT scans as previously 

described (14. The study also enrolled control, healthy donors undergoing elective 

surgery for non-neoplastic and non-inflammatory diseases. Patients with presence 

of active inflammatory or infective diseases, known myopathies, or viral infections 

were excluded.  All patients joined the protocol according to the guidelines of the 

Declaration of Helsinki and the research project has been approved by Ethical 

Committee for Clinical Experimentation of Provincia di Padova (protocol number 

mailto:paolo.porporato@unito.it
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3674/AO/15). Written informed consent was obtained from participants. The 

biopsies were collected during elective surgery within 30 min of the start of the 

surgery by cold section of a rectus abdominal fragment of about 0.5–1 cm. The 

fragment was immediately frozen and conserved in liquid nitrogen for gene 

expression analysis. 

 

Animals 

All animal experiments were authorized by the Italian Ministry of Health and carried 

out according to the European Community guiding principles in the care and use of 

animals. 

All mice were 6 to 8 weeks old female BALB/c, purchased from Charles River 

Laboratories and housed in a pathogen-free environment and kept food and 

water ad libitum.  

 

Cell lines 

C2C12 myoblasts (CRL-1772), NIH/3T3 (CRL-1658), HEK-293T (CRL-3216), cells 

were purchased from ATCC, while HuH7 cells were provided by Dr. Laura Silvestri 

and C26 cells were kindly gifted by Dr. Nicoletta Filigheddu (Università del Piemonte 

Orientale). All cells were cultured in DMEM/10% FBS. For C2C12 myoblasts 

differentiation into myotubes, when full confluency is reached, the medium is 

switched to 2% horse serum (HS) DMEM for 4 days.   

 

Method details 

Cell Culture   

Conditioned medium (CM) was prepared as previously described. 10 Briefly, cancer 

cells were grown to high confluency, then conditioned in serum-free DMEM for 24h, 

medium was harvested and centrifuged at 500g for 10min. Supernatant was 

subsequently used as conditioned medium.  

Myotubes were treated with Activin A (R&D #338-AC), BMP6 (Novus Biologicals 

#6325-BM), cyclosporine A (Tocris Biosciences #1101), DMH1 (Sigma #D8946) and 

b-cyclodextrin (Sigma #C4767), Erythroferrone (Aviva Systems Biology 
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OPCA03036), FK506 (Cayman Chemical 10007965), Fc hIgG2/FLAG (CTR Fc), Fc 

hIgG2/FLAG-ERFE and ERFE globular domain (gERFE) were kindly provided by Prof. 

Leon Kautz (IRSD, Toulouse), IL-6 (Peprotech #216-16), puromycin (Santa Cruz 

Biotechnology sc-108071), stattic (Abcam #120952), Torin-1(Tocris Biosciences 

#4247). 

For in vitro immunofluorescence, C2C12 myoblasts were seeded in a 96-well plate 

(Ibidi) and differentiated into myotubes. Once treated, cells were fixed in 4% PFA 

at room temperature and then permeabilized with 0.1 % Triton X-100. Nonspecific 

binding was blocked by incubation of permeabilized cells in 1% BSA for 1h at room 

temperature. Cells were then incubated overnight at 4°C with a primary antibody 

against myoglobin (Abcam # 77232) diluted 1:400 in 1% BSA. A secondary 

antibody conjugated with Alexa Fluor 488 (Thermo Fisher) was applied for 1H at 

room temperature. Pictures were acquired with a confocal microscope (Leica 

SP8). 

 

Myotube diameter measurement  

For Myotube diameter quantification, pictures of myotubes were taken 24h after 

treatment with phase contrast microscopy (Zeiss) at 20x magnification, and 

myotube diameter was measured using the software ImageJ as previously 

described. 75 

 

siRNA-induced knockdown  

C2C12 myotubes were transfected with siRNAs at day three of differentiation using 

Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, #13778). Briefly, in a 12-

well plate, the medium was replaced with 200µl fresh medium, transfection mix was 

prepared (2x 25µl Opti-MEM, Thermo Fisher Scientific, #1985047; 2µl RNAiMAX; 

50pmol siRNA) and carefully added. After 4-6hours 1ml of medium was added and 

myotubes were analyzed 72h post-transfection. siRNA sequences are reported in 

the Key Resources Table.  

NIH/3T3 were knocked-down with siSTAT3 or with siCTR (1ug/mL) for 72h, as 

previously described 76.  
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Luciferase assay  

For Erfe promoter-Luciferase reporter assay, Erfe promoter (sequence in 

Supplementary Table 1) was cloned in a luciferase vector and purchased on Vector 

Builder. NIH/3T3 cells were co-transfected with 1ug of DNA (ratio 1:6 Renilla:Firefly) 

using Lipofectamine2000 (Thermo Fisher Scientific, #11668019). After 16h, the 

transfection mix is aspired and substituted with siSTAT3 or siCTR mix to induce 

STAT3 knock-down. 50% C26 CM or IL-6 (100ng/mL) were then added to the cells 

72h post plasmid transfection, for 16h. Dual-Luciferase® Reporter Assay System 

(Promega) was then performed following the manufacturer’s instructions. 

 

C2C12 myoblasts were seeded into a 48-well plate and co-transfected with pGL3-

BMP responsive element (BRE)-Luc plasmid and TK Renilla. Co-transfection was 

performed with 800ng of DNA/well at a 1:6 ratio of Renilla:Firefly using 

Lipofectamine2000. Transfection mix was added to each well containing 100µl of 

fresh medium. 4-6h post-transfection 500µl of fresh medium was added into each 

well. The next day, cells were serum starved for 4h and subsequently treated with 

30ng/ml BMP6 and 10µg/ml FK506 in 2% FBS medium. Luminescence was 

measured using Dual-Luciferase® Reporter Assay System (Promega) after 5h of 

treatment. 

 

Western Blotting  

Crushed skeletal muscle samples or C2C12 myotubes were lysed in RIPA lysis 

buffer (150mM NaCl, 50mM Tris-HCl, 0.5% sodium deoxycholate, 1.0% Triton X-100, 

0.1% SDS, and 1mM EDTA) supplemented with protease and phosphatase inhibitor 

cocktail (Roche). Protein concentration was determined using BCA assay (Thermo 

Fisher Scientific). 15 to 30µg of proteins from cell lysates were loaded for SDS-PAGE 

and then transferred to PVDF membrane prior to immunoblotting analysis. Blots 

were probed with the following primary antibodies: FKBP12 (Invitrogen, PA1-026A), 

FLAG-Tag (Cell Signaling, #8146), GAPDH (Millipore, MAB374), Myc-Tag (Cell 

Signaling, #2278), Smad1 (Cell Signaling, #9743), P-Smad1/5 (Cell Signaling, 

#13820T), pSmad1/5/9 (Cell Signaling, #13820), STAT3 (Cell Signaling, #4904), 
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pSTAT3 (Cell Signaling, #9145), vinculin (Cell Signaling, #4650), puromycin 

(Millipore, MABE343).  

 

In vitro co-Immunoprecipitation (Co-IP)  

The pCMV6-ALK2-MYC, the pCMV6-ALK3-MYC and the pCMV6-FKBP12-FLAG 

expressing vectors were kindly provided by Prof. Laura Silvestri (San Raffaele 

Scientific Institute, Milan).  

HuH7 cells were lipofected with FKBP12-FLAG and ALK2-MYC or ALK3-MYC using 

Lipofectamine 2000 (Thermo Fisher Scientific, #11668019) according to 

manufacturer’s instructions. Briefly, HuH7 cells were transfected with 20ug DNA 

with 1:1 ratio (ALK:FKBP12 or ALK:pCMV6 empty vector) in antibiotic-free medium. 

16h after lipofection, the medium is changed with fresh DMEM/10%FBS.  

HEK-293T cells were transfected in HEPES and CaCl2 with 5ug DNA with 1:1 ratio 

(ALK:FKBP12 or ALK:pCMV6 empty vector) and 16h later, the medium is refreshed 

with DMEM/10%FBS.  

The next day, HuH7 or 293T cells are starved in DMEM/2%FBS for 3h and treated 

with FK506 for 1h. Cells are subsequently washed and pelleted in ice-cold PBS. 

Pellets are lysed in NET buffer (50mM NaCl, 5 mM EDTA, 10 mM Tris pH 7,4, 1% Triton 

X-100) and protease inhibitors. 500ug of proteins are incubated with the anti-FLAG 

M2 affinity gel (Sigma Aldrich) at 4°C for 2 hrs. After gel washing, samples were 

eluted with 18μl of Laemmli sample buffer (without β-mercaptoethanol) and 

incubated at 95°C for 5 minutes. After centrifugation, β-mercaptoethanol was 

added to supernatants and SDS-PAGE was performed. 

 

Animal experimentation  

Adeno-associated virus (AAV) AAV9-shRNA delivery was performed in 8 weeks old 

female BALB/c mice under inhalation of isoflurane in medical oxygen. 1011 AAV9-

shRNA or AAV9-shCTR viral particles were resuspended in PBS for a final volume of 

50uL. Using the Hamilton (PB600-1) Repeating Dispensers (1uL), 10 injections of 

5uL were performed in the gastrocnemii of the mice. AAV9-shCTR injections were 

executed in the contralateral gastrocnemius, and the two constructs were equally 
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side-exchanged within the experimental groups.  

Four weeks after AAV9 delivery, colon-26 (C26) murine adenocarcinoma cell 

suspension (750.000 cells per mouse) was inoculated subcutaneously into the 

flank and euthanized after 11 days. 

Concerning all FK506 (Cayman Chemical 10007965) in vivo administration, FK506 

was dissolved in DMSO (5mg/mL) and further diluted in glucose-water (5%) to daily 

administer 0.02mg/Kg in 100uL of volume, through oral gavage. All mice were daily 

treated either with vehicle DMSO buffer glucose (5%) or with FK506. 

For RHuT immunization, 6-8 weeks old male or female BALB/c mice were pre-

treated for 1 week with FK506 or vehicle before the first dose of vaccination.  

In colon-26 (C26) experiments, all mice underwent one day of pre-conditioning 

before C26 inoculation. The body weight of the mice was measured every 3 days, 

while the maximal grip strength was measured every 4 days with BIOSEB (BIO-

GS3) instrument. All mice were anesthetized and sacrificed at day 11 post-

inoculation. Fresh blood was collected through intracardiac puncture and serum 

was extracted by centrifuging clotted blood at 2,000g for 15 min at 4°C. All 

gastrocnemii (Gx), quadriceps (Qd), tibialis anterior (TA), extensor digitorum 

longus (EDL), white fat deposits, livers, spleens and tumors were freshly isolated, 

weighted and normalized to the respective tibial length, measured with a caliper. 

 

Eythroferrone enzyme-linked immunosorbent assay (ELISA)  

Serum protein levels of erythroferrone were measured with Intrinsic Lifesciences 

mouse ERFE ELISA kit (ERF-200) according to manufacturer’s instructions.  

 

Protein synthesis measurement with SuNSET assay  

To assess protein synthesis in skeletal muscles in vitro and in vivo, SuNSET assay 

was performed as previously described 77,78. 

Concisely, C2C12 myotubes were treated with C26 CM or Activin A in DMEM/2%HS 

for 24h. For the last 4h of treatment, cells were supplemented with puromycin (1uM) 

and subsequently lysed in RIPA with protease and phosphatase inhibitors. Any kD 

SDS-PAGE was then performed prior to immunoblotting with puromycin antibody.  
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For the in vivo measurements of protein synthesis (IV-SuNSET), all mice received an 

intraperitoneal injection of 0.040μmol/g of puromycin dissolved in 100 μl of PBS. 

Subsequently, they were anesthetized and sacrificed in order to snap-freeze in 

liquid N2 all muscles exactly at 30 min after puromycin injection. Whole protein 

lysates in RIPA with protease and phosphatase inhibitors were then processed for 

SDS-PAGE and immunoblotting as described before.  

 

C2C12 myotubes and skeletal muscles chromatin immunoprecipitation (ChIP-

qPCR)  

Three fully confluent 10cm dishes of C2C12 myotubes per condition (untreated and 

pure C26 CM for pSTAT3, STAT3, H3K27ac, IgG) were crosslinked with 1% 

formaldehyde for 10 min at RT. Formaldehyde was quenched by 0.125mM glycine 

for 5 min at RT. Crosslinked cells were quickly washed with cold PBS and collected 

in cold PBS. 

Nuclear extracts were prepared by using isotonic buffer. Briefly, C2C12 myotubes 

were lysed in isotonic buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 250 

mM Sucrose, 5 mM MgCl2, 5mM ZnCl2 supplemented with 1% NP40. Cell pellets 

were resuspended in SDS ChIP lysis buffer containing 50mM Tris-HCl pH 8.0, 10 mM 

EDTA, 0.5% SDS and protease inhibitors. Chromatin was sheared to an average DNA 

fragment length of 200-500 bp using Picoruptor sonicator (Diagenode) (12 cycles, 

30s on/ off). Cell lysates were diluted five times with the ChIP dilution buffer lacking 

SDS and composed by 17 mM Tris-HCl pH 8, 1%TRITONx100, 1.2 mM EDTA, 170 mM 

NaCl to a final concentration of 0.1% SDS and used for immunoprecipitation with 4 

μg of anti-Stat3 (phospho Y705) antibody (Cell Signaling, #9145), anti-H3K27ac 

antibody (Abcam, ab4729), and an unspecific normal rabbit IgG as a control. After 

overnight incubation of the chromatin with the antibodies at 4°C, the 

immunocomplexeswere captured with 10μl of Protein G-Dynabeads (Life 

technologies) for further 2h at 4°C.  

For Stat3 ChIP, the protein G-bound immunocomplexes were washed four times 

with buffer containing 50mM HEPES pH 7.6, 500mM LiCl, 1 mM EDTA, 1% NP-40, 

0.7% Sodium Deoxycholate and protease inhibitors, while for H3K27ac ChIP were 

washed with the following buffers: low salt wash buffer containing 20 mM Tris-HCl 
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pH8.0, 0.1% SDS, 1% TRITONx100, 2 mM EDTA, 150 mM NaCl; high salt wash buffer 

containing 20 mM Tris-HCl pH8.0, 0.1% SDS, 1% TRITONx100, 2 mM EDTA, 500 mM 

NaCl; LiCl wash buffer containing 10 mM Tris-HCl pH8.0, 1% Sodium Deoxycholate, 

250 mM LiCl, 1 mM EDTA, 1% NP40 and protease inhibitors. Immunocomplexes 

were eluted from the beads and crosslinking was reversed by incubation for 

overnight at 65 °C with TE buffer containing 1% SDS. DNA from immunoprecipitated 

samples as well as DNA from 10% input was purified by using QIAquick PCR 

Purification Kit (Qiagen), according to the manufacturer’s instruction.The Stat3 ChIP 

and the H3K27ac ChIP were analyzed by ChIP-qPCR using SYBR GreenER kit 

(Invitrogen) on target genomic regions (Table S1). qPCR reactions were performed 

on a Rotor-Gene Q 2plex HRM Platform (Qiagen, 9001560). The data are expressed 

as a percentage of the DNA Input. 

 

For in vivo chromatin immunoprecipitation, two entire frozen quadriceps per 

condition (CTR and C26 for pSTAT3, H3K27ac, IgG) were homogenized with a dounce 

homogenizer in 1200uL nuclear extraction buffer composed by 10mM Tris HCl, 

10mM NaCl, 3mM MgCl2, 10mg/mL BSA, 0.1% IGEPAL, 0.5mM DTT and protease 

inhibitors. Afterwards, 37% formaldehyde was added to the lysates to reach a final 

concentration of 1%, and incubated at room temperature for 10 min, tapping 

occasionally to mix. The crosslinking reaction was interrupted by adding 75uL of 

1.25M glycine on ice for 5 min. Samples were centrifuged at 1000 X g, 4oC for 10 min.

 Cell pellets were resuspended in SDS ChIP lysis buffer containing 50mM Tris-

HCl pH 8.0, 10 mM EDTA, 0.3% SDS and protease inhibitors. Chromatin was 

sheared to an average DNA fragment length of 500 bp using Picoruptor sonicator 

(Diagenode) (15 cycles, 30s on/ off). After sonication, the samples were processed 

as in vitro ChIP-qPCR.  

 

Histology 

Extracted gastrocnemii were immediately frozen in isopentane cooled in liquid 

nitrogen and stored at -80°C. Transversal sections of 10µm were cut at the midbelly 

with a cryostat. Cross sectional area was determined by sections fixation for 10 

minutes in PFA 4% PBS, then blocking with Triton X-100 0.1%, BSA 3% in PBS before 
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incubating with primary antibodies against laminin (Santa Cruz Biotechnology sc-

59854), followed by incubation with corresponding secondary antibodies (Alexa 

Fluor 488) and DAPI (Abcam 228549). Pictures were taken as mosaic of the full 

section with a confocal microscope (Leica SP5) and fiber areas were measured with 

MorphoLibJ plugin for Image J 79. 

 

Neuromuscular junction analysis 

Extensor digitorum longus (EDL) muscles were immediately fixed in PFA 4% PBS for 

10 minutes and placed in cold PBS. The full muscles were stained with fluorescently 

tagged α-bungarotoxin - Alexa 488 (Thermo Fisher B13422) for 90 min 1:500 in PBS 

at RT. The whole muscles were mounted and pictured with fluorescence confocal 

microscopy (Leica SP5). 

Each post-synaptic NMJ has been acquired through 1 µm thick Z-stack, and voxel 

were automatically quantified with ImageJ software. 

 

For denervation quantification, fixed EDL muscles were permeabilized for 2h at RT 

in 2% TritonX-100 in PBS, then blocked in 4% BSA - 1% TritonX-100 in PBS. The 

primary antibody anti-neurofilament-H (heavy) (Abcam #Ab4680) was incubated 

1:1000 in blocking buffer at 4°C overnight. 3 x 20’ PBS washes were followed by 

secondary antibody and fluorescently tagged α-bungarotoxin - Alexa 488 (Thermo 

Fisher B13422) incubation and whole mount. Pictures were acquired with 

fluorescence confocal microscopy (Leica SP8). Denervation was measured 

evaluating 60 to 90 NMJs per mouse (with a total of three mice per treatment group). 

Our scoring system, ranged from 0 to 2: 0 for complete denervation, 1 for partial 

denervation, and 2 for full innervation. 

 

RNA isolation and quantitative PCR (qPCR)  

Total RNA was isolated from snap-frozen tissue samples using TRIzol reagent 

(Invitrogen) according to the manufacturer’s guidelines. 0.5µg of total RNA was 

reverse transcribed using the High Capacity cDNA Reverse Transcriptase kit 

(Applied Biosystems) following the manufacturer’s instructions. cDNA was 

analyzed by Real Time Quantitative PCR (ABI PRISM 7900HT FAST or Quant Studio 
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6 Real-Time PCR system, Applied Biosystems) using the PowerUp SYBR Green 

master mix (Applied Biosystems #A25742) and primers were designed according to 

Harvard validated PrimerBank. Relative mRNA levels were calculated using the 2-

ΔΔCT method and normalized to GAPDH mRNA. For human muscle biopsies, total 

RNA was extracted from approximately 20 mg of rectus abdominal muscle using 

TRIzol (Invitrogen). 1 ug of RNA was reverse transcribed using the SuperScript IV 

Reverse Transcriptase (Thermo Fisher Scientific). Gene expression was analyzed by 

qRT-PCR (Quant Studio 5 Real-Time PCR system, Applied Biosystems) using the 

PowerUp SYBR Green Master Mix (Applied Biosystems #A25742). Data were 

normalized to ACTB gene expression. All RT- qPCR primers are listed in Table S1.  

 

Adeno-associated virus (AAV) shRNA cloning  

For the in vivo adeno-associated virus (AAV9-shRNA) delivery, short hairpin 

sequences targeting ERFE (shERFE - TRCN0000178969), FKBP12 (shFKBP12 - 

TRCN0000012492) or scramble sequence (shCTR) were cloned in the AAV plasmid 

and assembled in viral particles as previously described 78,80  

 

FACS 

Fresh primary C26 tumor specimens of 8–10 mm mean diameter were finely minced 

with blades and digested by incubation with 1 mg/mL collagenase IV (Sigma Aldrich) 

in RPMI-1640 at 37°C for 1 h in an orbital shaker. After washing in RPMI-1640 with 

10% FBS, the cell suspension was passed through a 70 µm pore cell strainer, 

centrifuged at 1400 rpm for 10 min and incubated in erythrocyte lysing buffer (155 

mM NH4Cl, 15.8 mM Na2CO3, 1 mM EDTA, pH 7.3) for 10 minutes at room 

temperature. After washing in RPMI-1640 with 10% FBS, 1 * 106 cells were collected, 

re-suspended in PBS, and treated with Fc-receptor blocker (anti-CD16/CD32 

antibody, #101302, Biolegend). Splenocytes were collected by smashing spleens 

from vaccinated mice on a 40 µm pore cell strainer, centrifuging the resulting cells 

at 1400 rpm for 10 min and incubating them in erythrocyte lysing buffer, followed by 

treatment with Fc-receptor blocker. 50 uL heparinized blood collected by 

intracardiac injection were incubated with erythrocyte lysing buffer, washed and 

incubated with Fc-receptor blocker. After Fc-receptor blocking, all samples were 

https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000178969
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stained for 30 min at 4 °C with the following antibodies, as reported previously 81: 

anti-CD45-VioGreen (#130-123-900), anti-CD3-FITC (#130-119-135), anti-CD4-

APC/Vio770 (#130-119-134), anti-CD8-VioBlue (#130-123-865), anti-CD49b-PE 

(#130-102-337), anti-PD1-APC (#130-102-263), anti-CD11b-FITC (#130-113-234), 

anti-F4/80-PE/Vio770 (#130-118-459), anti-Ly6C-APC/Vio770 (#130-111-917), anti-

Ly6G-VioBlue (#130-119-986), anti-MHCII-APC (#130-112-388), anti-CD11b-FITC 

(#130-113-234), anti-CD11c APC (#130-110-839) (all from Miltenyi Biotec) anti-

CD69-PE/Vio770 (#104512, Biolegend), anti-CD206-PE (#141706, Biolegend) and 

anti-PDL1-PE (# 558091, BD Bioscience). Samples were acquired on BD-FACSVerse 

and cell populations (NK: CD3− CD49b+; NKT: CD3+ CD49b+; CD4+ T cells: CD3+ 

CD49b- CD4+; CD8+ T cells: CD3+ CD49b- CD8+; DC: CD11b- CD11c+; macrophages: 

CD11b+ F4/80+; m-MDSC: CD11b+ F4/80- Ly6G- Ly6Chigh; gMDSC: CD11b+ F4/80- 

Ly6G+ Ly6Cdim/neg) analyzed with FlowJO10.5.3 and reported as percentage on the 

CD45+ leucocyte population, following doublets and dead cells elimination.  

Vaccine preparation and mouse immunization  

A plasmid coding for chimeric rat and human ErbB2 extracellular and 

transmembrane domains (RHuT) 82 and the corresponding control empty plasmid 

pVAX1 (Invitrogen, Monza, Italy) were amplified and then purified using the Endofree 

Qiagen Plasmid-Giga (Qiagen Inc., Cjatsworth, CA) following manufacturer’s 

instructions. Vaccination was performed by injecting 50 µg of DNA diluted in 20 µl 

of 0.9% NaCl into the quadriceps muscle of anesthetized mice. Immediately after 

the vaccine injection, the muscle was electroporated by using an array needle 

electrode connected to an electroporator (CliniporatorTM, IGEA, Carpi, Italy). Two 

25-ms trans-cutaneous low voltage electric pulses with an amplitude of 150 V 

spaced by a 300-ms interval were applied 83. Vaccination was repeated 14 days later. 

Two weeks after, mice were culled and sera and spleens were collected. 

 

Antibody response  

Blood samples were collected 14 days after the last vaccination and serum 

obtained by centrifugation. The concentration of anti-rat Her2 antibodies was 

determined by flow cytometry as the ability of diluted sera (1:200) to bind 3T3/NKB 
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cells (BALB/c 3T3 NKB, expressing the rat ErbB2, H-2Kd, and B7.1 molecules) 84, 

which were a generous gift from Dr. Wei-ZenWei (Karmanos Cancer Institute, 

Detroit, MI, USA). A FITC-conjugated rabbit anti-mouse IgG antibody (F313, Dako, 

Milano, Italy) was used to detect the bound primary antibodies. Flow cytometry was 

performed with a BD-FACSVerse and samples were analyzed with FlowJO10.5.3, 

and antibody titers reported as mean fluorescence intensity (MFI).  

 

IFN-γ enzyme-linked immunospot (ELISpot) assay  

Splenocytes from vaccinated mice were plated at 1 × 106/well into 96-well HTS IP 

plates (Millipore) precoated with 5 μg/mL of rat anti-mouse IFN-γ (clone R4-6A2, BD 

Biosciences). Cells were then stimulated with 15 μg/mL of rat ErbB2 

immunodominant peptide (TYVPANASL) peptide for 16 hours in the incubator, or 

with concanavalin A (2 ug/ml) or medium alone as positive and negative controls, 

respectively. Images of the wells were acquired, and IFN-γ spots enumerated, with 

a microplate reader, along with a computer-assisted image analysis system 

(Immunospot; CTL Europe, Bonn, Germany), as previously described 82.  

 
Quantification and statistical analysis 
 
All graphs show mean ± SEM and were analyzed with GraphPad Prism (version 6.0, 

GraphPad Software). Detailed statistical tests are reported in figure legends, where 

n represents the total number of independent experiments. For in vivo data, n is 

referred to the number of mice per group. 

Statistical significance was tested with unpaired t-test when two groups of data 

were compared, with one-way ANOVA followed by Sidak’s multiple comparison test 

when more than two groups were analyzed. Two-way ANOVA followed by Sidak’s 

multiple comparison test was performed when two variables were analyzed. When 

relevant, one sample t-test was performed. For human biopsies analysis non-

parametric Krustal-Wallis test followed by Benjamini, Krieger and Yekutieli multiple 

comparison test was performed. Significance was defined as *P < 0.05, **P < 0.01, 

and ***P < 0.001. The illustrations were created on Biorender.com and all figures 

were assembled using Adobe Illustrator (AI, 2022).  
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General conclusion 

Skeletal muscle atrophy is a prevalent and impactful condition affecting elderly 

people and patients with various diseases. In patients with chronic diseases the 

prevalence of muscle atrophy is even more pronounced than in aged individuals, 

reaching 20-50% in case of chronic heart failure (CHF), chronic obstructive 

pulmonary disease (COPD) and chronic kidney disease (CKD). In oncologic patients 

it further extends, where 30-80% of cancer patients suffer from muscle atrophy and 

cachexia, depending on the cancer type and stage.  

Skeletal muscle atrophy significantly impairs patients' quality of life, their overall 

health and their response to therapies, as muscle mass and function are essential 

for vital activities. Despite its prevalence and clinical implications, effective 

treatments for muscle atrophy remain elusive, largely due to the incomplete 

understanding of its molecular mechanisms.  

In the present work, we explored three different aspects of skeletal muscle atrophy.  

The first part, performed during SARS-CoV-2 pandemic, investigated the effects of 

severe inflammatory diseases like COVID-19, sepsis, and pneumonia on skeletal 

muscle health. With the rapid saturation of Intensive Care Units (ICUs) and the use 

of invasive mechanical ventilation (IMV), our study aimed to determine whether 

these patients were more susceptible to skeletal muscle atrophy compared to ICU 

patients without systemic inflammation. We conducted in vitro experiments to 

assess the impact of inflammatory mediators present in patients’ plasma on 

muscle atrophy and mitochondrial dysfunction, and we found that extracellular 

vesicles (EVs) derived from adipose-derived stromal stem cells (ASC) had a potent 

antioxidant effect with therapeutic potential.   

The common thread that links the first and the second part is mitochondrial 

dysfunction, a feature caused by systemic inflammation in the skeletal muscle. In 

a context of cancer cachexia, this chapter explored the alterations in systemic iron 

metabolism commonly seen in cancer patients, given iron's crucial role in 

mitochondrial function and energy production. Our research aimed to elucidate 

whether these iron alterations directly contribute to muscle atrophy and whether 

iron supplementation could mitigate muscle wasting and loss of muscle force in 
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anemic cancer patients.  

The iron is then the linking element with the third part of this work, that focuses on 

erythroferrone (ERFE), an iron-related gene significantly upregulated in cancer 

cachexia, that we found to be involved in skeletal muscle mass regulation. We 

examined its mechanism, particularly its inhibition of BMP-Smad1/5/8 signaling 

and investigated the use of FK506 (tacrolimus) as a pharmacological intervention to 

counteract ERFE effects and prevent muscle atrophy. Additionally, we 

characterized FKBP12, the target of FK506, demonstrating its novel involvement in 

skeletal muscle mass regulation, and contributing to expand the knowledge on the 

interactors of cancer cachexia.  

Overall, our findings unveiled novel interactors involved in the development and 

progression of skeletal muscle atrophy in contexts of systemic inflammation, 

offering valuable insights and potential therapeutic strategies. Despite the progress 

made, significant gaps remain, necessitating further research to uncover other 

potential mechanisms behind this complex disease. 
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