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ABSTRACT 

Cachexia is a devastating syndrome responsible for the death of more than 20% 

of cancer patients. Cancer-associated cachexia, marked by significant weight loss and 

fatigue, leads to reduced quality of life and poor survival. Although inflammatory 

cytokines are identified as the causative agents of muscle atrophy, current anti-cytokine 

therapies have not successfully attenuated muscle wasting in cancer patients. Through our 

examination of muscle gene expression, we identified Oncostatin M (OSM) as a strong 

inducer of muscle atrophy. OSM causes atrophy in primary myotubes through the 

JAK/STAT3 pathway. RNA sequencing shows that OSM potently induces the expression 

of atrophy markers and multiple potential atrophy-related genes. Overexpression of OSM 

by intramuscular adenovirus injection leads to muscle wasting in mice. Muscle-specific 

deletion of the OSM receptor (OSMR) in tumor-bearing mice rescues the cachexia-driven 

loss of muscle mass and function. OSM is upregulated in the plasma of cachectic mice; 

neutralizing circulating OSM helps preserve muscle mass and strength in tumor-bearing 

mice. OSMR transcripts are elevated in many muscle disorders including 

Facioscapulohumeral Dystrophy (FSHD) and Duchenne muscular dystrophy (DMD). 

Taken together, these results suggest that the OSM/OSMR signaling plays a crucial role 

in inducing muscle atrophy and targeting this pathway may help prevent muscle wasting. 
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ÖZETÇE 

Kaşeksi, kanser hastalarının %20'sinden fazlasının ölümünden sorumlu olan 

yıkıcı bir sendromdur. Kanserle ilişkili kaşeksi, önemli kilo kaybı ve yorgunluk ile 

karakterize edilir ve hastaların yaşam kalitesinin ve hayatta kalma oranlarının düşmesine 

yol açar. İnflamatuar sitokinler kas atrofisi ile ilişkilendirilmiş olmasına rağmen, mevcut 

anti-sitokin tedavileri kanser hastalarında kas kaybını başarıyla durduramamıştır. Kas 

dokusu gen ifadesini incelememiz sonucunda, Oncostatin M (OSM)'yi güçlü bir kas 

atrofisi indükleyicisi olarak belirledik. OSM, JAK/STAT3 yolu üzerinden birincil 

miyotüplerde atrofiye neden olur. RNA dizilemesi, OSM'nin birçok atrofi ile ilgili genin 

ifadesini indüklediğini göstermektedir. İntramüsküler adenovirüs enjeksiyonu yoluyla 

OSM'nin aşırı ifadesi, farelerde kas kaybına yol açarken, OSM reseptörünün (OSMR) 

tümör taşıyan farelerde kas spesifik olarak silinmesi, kaşeksi kaynaklı kas kütle ve 

fonksiyon kaybını kurtarmaktadır. OSM, kaşektik farelerin plazmasında artış gösterir; 

dolaşımdaki OSM'yi nötralize etmek, tümör taşıyan farelerde kas kütlesini ve gücünü 

korumaya yardımcı olur. OSMR transkriptleri, Fasiyoskapulohumeral Distrofi (FSHD) 

ve Duchenne musküler distrofisi (DMD) dahil olmak üzere birçok kas bozukluğunda 

yükselmiştir. Bu sonuçlar bir arada değerlendirildiğinde, OSM/OSMR sinyal yolunun kas 

atrofisi indüklenmesinde kritik bir rol oynadığını ve bu yolun hedeflenmesinin kas 

kaybını önlemeye yardımcı olabileceğini öne sürmektedir.
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Chapter 1: INTRODUCTION 

1.1 Cachexia syndrome 

Cachexia is a devastating metabolic disease characterized by excessive weight 

reduction, and muscle and adipose tissue loss. The word ‘‘cachexia’’ derives from the 

Greek words, ‘‘kakos’’ and ‘‘hexis’’ meaning ‘‘the bad condition’’. Cachexia is reported 

to be one of the main contributors to human morbidity and mortality in the world (Ferrer 

et al., 2023). The symptoms of cachexia are described as gradual but progressive and 

often associated with the onset of many disorders, such as aging (i.e., sarcopenia), cancer, 

chronic obstructive pulmonary disease (COPD), kidney disease, rheumatoid arthritis, 

AIDS, and immune system complications. Cachexia causes the indirect death of around 

20% of cancer patients. Cachectic patients report having poor quality of life (QOL), 

increased fatigue, low response to anti-cancer therapies, and thus reduced longevity 

(Argiles et al., 2023; Fearon et al., 2012). Due to its pathophysiological complexity, 

cachexia leads to an impaired response to chemotherapy (Marceca et al., 2020). There is 

a lack of potential therapies and an unmet medical need for an effective treatment for 

cachexia (Dolly et al., 2020). 

The exact criteria for defining cachexia are not universally consistent. However, 

exceeding 5% weight loss within 6 months is accepted as a general criterion. Moreover, 

a cachexia staging score (CSS) is a questionnaire used to diagnose this syndrome; the 

weight loss within 6 months, the loss of appetite, the SARC-F questionnaire (consisting 

of five questions: Strength (S), Assistance walking (A), Rising from a chair (R), Climbing 

stairs (C), and Falls (F)) for sarcopenia development, the performance status defined by 

Eastern Cooperative Oncology Group and also several serum markers (such as tumor-

secreted markers, skeletal muscle degradation compounds, inflammatory proteins) are 

controlled to determine the CSS (Argiles et al., 2014; Zhou et al., 2018). To further 

classify the stage of cachectic patients, a clinically validated method called the cachexia 

score (CASCO) is used; patients are questioned about the presence of anorexia (an eating 

disorder leading to severe malnutrition and body weight loss), their performance score, 

and their QOL (Argiles et al., 2017). 

The prevalence of cachexia is shown to vary according to the tumor type; this 

syndrome is more common in gastric and pancreatic cancer patients (~ 80%), whereas 

prostate or breast cancer patients suffer less from cachexia-driven weight loss (Figure 1-
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1) (Bachmann J., 2008; Baracos et al., 2018). Despite its high prevalence and clinical 

significance, cachexia remains underrecognized and undertreated in many healthcare 

settings (Ferrara et al., 2022). 

 

 

Figure 1-1: The prevalence of cachexia in cancer patients. (A) Prevalence of cancer 
cachexia and (B) its direct association with average weight loss (Adapted from Baracos 
et al. (2018)). 

Cachexia is considered an energy-wasting metabolic disorder. High energy 

expenditure rather than altered energy intake is the main feature of this syndrome. Several 

factors affect this imbalance such as tumor type and mass. At the molecular level, the 

perturbed mitochondria play a huge role in cachexia; activation of uncoupling protein 1 

(UCP1) causes the disruption of mitochondrial adenosine triphosphate (ATP) synthesis 

and is shown to be highly elevated in cachectic conditions in skeletal muscle and in brown 

adipose tissue (BAT). This is known as mitochondrial uncoupling of oxidative 

phosphorylation. Moreover, interrupted oxidative fluidity and protein synthesis also cause 

improper functioning mitochondria in cachexia (Argiles et al., 2014). Another metabolic 

disturbance is caused in adipose tissues; elevated lipolysis affects the high mobilization 

of lipid droplets, thus reducing fat mass. Recently, emerging research studies have 

focused on the relation of cachexia to gut microbiota (Argiles et al., 2023). The gut 

microbiota, which comprises trillions of microorganisms in the gastrointestinal tract, 

plays a crucial role in regulating the immune function, nutrient absorption and host 

metabolism. In cachexia, dysbiosis, defined as an imbalance or disruption in the 
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composition, diversity, or function of the gut microbiota, is shown to be potentially 

contributing to systemic inflammation and metabolic dysfunction. Microbial metabolites 

such as short-chain fatty acids (SCFAs) produced by gut bacteria have been implicated in 

modulating host energy metabolism and immune responses, which may influence 

cachexia progression (Bindels et al., 2018).  

Due to excessive muscle and fat wasting, cachexia is commonly compared to 

anorexia. Different from anorexia, despite adequate nutritional intake, cachectic patients 

continue to lose weight and muscle mass due to metabolic changes associated with their 

underlying condition (Evans et al., 2008). Understanding the interplay between cachexia 

and related diseases may help reveal new potential therapeutic targets for managing the 

progress and the outcome of cachectic patients. 

 

1.2 Skeletal muscle atrophy 

Skeletal muscle atrophy, defined as the loss of muscle mass, is characterized by 

excessive protein catabolism, decreased fiber diameter, and poor muscle strength (Cohen 

et al., 2015). Muscle wasting is considered a hallmark phenotype of cachexia. This 

condition is associated with many diseases, primarily with cancer, but also diabetes, organ 

failures and muscle dystrophies such as Duchenne muscular dystrophy (DMD) and 

Facioscapulohumeral muscular dystrophy (FSHD) (De Paepe, 2020; Wilkinson et al., 

2018). Skeletal muscle is a plastic organ that can adjust its size in response to various 

conditions such as starvation, immobilization and exercise. Many cytokines and 

hormones change the balance between protein synthesis and breakdown, the so-called 

‘proteostasis’, thus resulting in the re-sizing of muscle fibers and their diameter. An 

imbalance in proteostasis is often encountered in the conditions of cachexia, aging-related 

muscle wasting (i.e. sarcopenia) or muscle disuse relatively causing muscle wasting 

(Furrer & Handschin, 2019).  

The excessive protein degradation resulting in muscle atrophy is primarily driven 

by two of the degradation pathways: the ubiquitin-proteosome system (UPS) and the 

autophagy-lysosome system (Figure 1-2). The activated UPS is responsible for the 

reduced muscle contraction and strength. In this proteolytic machinery, the E3 ubiquitin 

ligase enzymes are responsible for conjugating polyubiquitin tags to proteins tagged for 

degradation. The muscle-specific E3-ubiquitin ligases Fbxo32 (known as Atrogin1) and 
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Trim63 (also known as MuRF1, Muscle RING Finger-1) are upregulated during muscle 

loss (Cohen et al., 2015). Atrogin1 is responsible for the downregulation of protein 

synthesis mainly by the degradation of myogenic regulatory transcription factor 

myogenic differentiation 1 (MyoD) and eukaryotic initiation factor 3 subunit f (elF3-f) 

(Furrer & Handschin, 2019). Atrogin1 also drives the loss of thin filaments (actin, 

troponins and tropomyosins), actinin and desmin (Sandri, 2013). On the other hand, 

MuRF1 is responsible for the degradation of proteins functioning in muscle structure, 

such as myosin heavy chains, myosin light chains 1, actin, myosin-binding protein C, or 

troponin I. Normally, Atrogin1 and MuRF1 are not necessary for muscle growth; 

however, blocking either of their expression levels reduces atrophy triggered in different 

conditions like glucocorticoid treatment, cancer, fasting or denervation (Cohen et al., 

2015). 

Autophagy is another degradation pathway playing a role in muscle homeostasis 

(Figure 1-2). This pathway is also activated in response to external stimuli like cellular 

stress, exercise, or fasting (Aversa et al., 2016). Even though autophagy was once 

considered a non-selective degradation system, recent studies show that it can degrade 

specific protein aggregates and also organelles, like mitochondria, via the process called 

mitophagy (Sandri, 2013). In muscle, misfolded proteins or damaged organelles are 

engulfed by double-membrane vesicles called autophagosomes. These autophagic cargos 

are delivered to merge with lysosomes to form autophagolysosomes and get targeted for 

degradation. The proper balance of the autophagic flux is necessary for maintaining 

healthy skeletal muscle, and unbalanced autophagy is one of the reasons for pathogenic 

complications in many muscle diseases (Bonaldo & Sandri, 2013; Sandri, 2013). 
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Figure 1-2: The ubiquitin-proteasome system (UPS) and overabundant autophagy 
promote muscle wasting.  The E3 ubiquitin ligases, Atrogin1 and MuRF1, target proteins 
for degradation in the proteasome. On the other hand, excessive autophagy leads to 
protein degradation by forming the so-called autophagosomes that evolve into 
autophagolysosomes. Increased UPS and autophagy causes reduced myofiber size thus 
leading to muscle wasting (Domaniku et al., 2023). 

 

Identifying the biological conditions and factors triggering cachexia is a major 

unresolved point that is still elusive in the research field. Recent studies have focused on 

the effect of inflammation on the catabolic state that underlies cachexia-driven metabolic 

alterations (Argiles et al., 2023). Tumor secretome induces inflammation, which 

participates in the general state of cancer-induced cachexia (Baracos et al., 2018). 

Inflammatory mediators are released from cancer cells or other inflammatory cell types, 

resulting in muscle weakness, fatigue, and eventually muscle loss (Argiles et al., 2023).  

Pro-inflammatory cytokines tumor necrosis factor (TNFα), interleukin-1 (IL-1) 

and 6 (IL-6) are the known causal agents of cachexia (Webster et al., 2020). TNFα is a 

cell-signaling protein released by immune cells such as macrophages, neutrophils, mast 

cells and eosinophils. This protein plays an important role in inducing cell death and 

immune response. In cachectic cancer patients, TNFα serum levels are elevated. High 

TNFα levels are related to outcomes of cachexia, such as reduced weight, appetite loss 

but also increased thermogenesis and increased protein breakdown, leading to induced 
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muscle loss (Patel & Patel, 2017). However, the clinical studies conducted using TNFα 

antibodies or inhibitors showed no positive results in cachectic patients (Jatoi et al., 2007; 

Jatoi et al., 2010). Members of the IL-6 cytokine family are potential targets for the 

treatment of inflammation, autoimmunity and cancer. The cytokine–cytokine receptor 

complex of the IL-6 cytokine family is targeted with monoclonal antibodies, specific for 

cytokines or cytokine receptors, and small-molecule inhibitors that regulate the signaling 

activity or intracellular mechanisms linked to Janus kinase (JAK)-signal transducer and 

activator of transcription (STAT) signaling (Jones & Jenkins, 2018). IL-1 and IL-6, as 

interleukin family members, are two known factors associated with cachexia (Argiles et 

al., 2023). These proteins play an important role in tissue homeostasis, metabolism, 

hematopoiesis, and immunity (Jones & Jenkins, 2018). High IL-6 expression is observed 

in both cachectic patients and murine models of cachexia (Eskiler et al., 2019). However, 

anti-IL-6 antibodies did not have strong anti-cachectic impacts in the clinic (Bayliss et 

al., 2011).  

Certain research focuses on mediators that target the brainstem and trigger 

cachexia response. Growth differentiation factor 15 (GDF15) is a cellular stress-

responsive cytokine shown to induce cachexia. High GDF-15 levels are detected in mice 

and patients undergoing weight loss as a result of cachexia (Lockhart et al., 2020). 

Molecular mediators of the transforming growth factor (TGFb) family are also associated 

with cachexia. Activin A receptor type IIb (ActRIIB) acts as a receptor for cytokines to 

bind and activate SMAD2 and SMAD3 transcription factors, which induce the expression 

of muscle atrophy-related genes.  

So far, preventing any of these molecules is not capable of reversing cachexia-

driven muscle loss in both research and clinical studies (Dolly et al., 2020; Domaniku et 

al., 2023). Therefore, the research objective of this thesis is to investigate a new cachectic 

factor and its molecular mechanism leading to muscle atrophy.  

 

1.3 OSM/OSMR signaling 

IL-6 family is a group of cytokines consisting of IL-6 itself, IL-11, leukemia 

inhibitory factor (LIF), Oncostatin M (OSM), ciliary neurotrophic factor (CNTF), 

cardiotrophin-1 (CT-1) and cardiotrophin-like cytokine (CLC) (Febbraio, 2007). OSM 
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has an important role in cell division, homeostasis, and cell death. OSM was initially 

identified with its antiproliferative effect on melanoma cells (Zarling J., 1986). However, 

the following studies show its multifunctional roles in both physiological and 

pathological conditions. This cytokine is released by inflammatory cells like 

macrophages, T cells, monocytes, and dendritic cells. In response to stimuli, the secreted 

OSM results in an inflammatory response in the cell (Richards, 2013).  

All IL-6 family member proteins contain a 4-helical bundle structure with specific 

motifs for receptor binding (Chollangi et al., 2012). Oncostatin M, similar to other IL-6 

family cytokines IL-6 and LIF, exerts its downstream effects by binding to receptor 

complexes containing the cell signaling molecule gp130, thus making it with a member 

of gp130 family cytokines (Hermanns, 2015; Richards, 2013). The Oncostatin M gene is 

located in on chromosome 22q12, only 20 kilobases away from LIF, showing that they 

evolved by gene duplication; thus, they are both structurally and functionally very similar 

compared to other IL-6 family members (Chollangi et al., 2012). Oncostatin M recruits 

gp130 for higher binding affinity to the other part of the receptor, either the LIF receptor 

(LIFR) or the specific OSMR receptor-beta chain (OSMRβ). The reason is that Oncostatin 

M possesses BC loops that create steric hindrance for binding to OSMRβ or LIFR at first. 

Therefore, it primarily binds to gp130 to further recruit the heterodimer receptors (West 

et al., 2018). Oncostatin M can itself promote OSMR expression. OSMR is widely 

expressed in various organs. In humans, the gp130/LIFR complex is termed as OSM 

receptor type I and the OSMRβ/gp130 complex is termed as the OSM receptor type II 

(Richards, 2013). In murine models, OSM binds to OSMRβ/gp130 but not the mouse 

LIFR/gp130 complex, meaning that it cannot engage with the LIF receptor.  

Due to its pleiotropic effect, OSM plays different roles in various organs (Figure 

1-3) (Hermanns, 2015; Richards, 2013). Recent studies show the role of OSM in 

ameliorating many non-communicable disorders such as cancer, cardiovascular disorders 

or diabetes. OSM’s effect on cardiomyocyte dedifferentiation protects the heart after acute 

myocardial damage. However, its prolonged expression in chronic cardiac diseases leads 

to lethality (Hermanns, 2015). OSM protects mice from obesity-induced metabolic 

disorders (Komori et al., 2015). OSMRβ-knockout mice are indicated as models for 

studying metabolic disorders; mice deficient in OSMRβ show improved insulin resistance 

preceding obesity (Komori et al., 2013). Oncostatin M is involved in muscle physiology 

by regulating muscle metabolism. OSM functions in muscle regeneration by inhibiting 
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myoblast differentiation and proliferation (Xiao et al., 2011) and participates in muscle 

repair following aerobic exercise. In fat tissues, OSM/OSMR signaling maintains adipose 

tissue homeostasis; in obese mice, fat-specific OSMR knockout worsens insulin 

sensitivity and leads to inflammation (Komori & Morikawa, 2022). Also, the OSM-

OSMR axis plays a critical role in maintaining stromal cell activity in different 

pathological and physiological events (West et al., 2018).  

 

Figure 1-3: The pleiotropic effect of OSM.  Oncostatin M plays different roles in tissue 
and expression-dependent manner (Adapted from Hermanns (2015)). 

 

1.4 JAK/STAT3 signaling pathway  

IL-6 family members are known to induce their effects by activating downstream 

of the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling 

(Babon et al., 2014). The JAK/STAT signaling plays an important role in mediating 

various processes like cancer, inflammation, hematopoiesis, and tissue repair; deficiency 

in this signaling is also associated with many autoimmune and metabolic diseases 

(Dodington et al., 2018). The function of more than 50 cytokines (hormones, interleukins 

(ILs), interferons (Ifs), and growth factors) are linked to this pathway.  

This cascade is composed of ligand-receptor complexes, JAKs, and STATs. There 

are 4 members of the JAK family: JAK1, JAK2, JAK3, and TYK2. These kinases mediate 

tyrosine phosphorylation and recruit STAT proteins. On the other hand, the STAT family 

includes seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 

(Hu et al., 2021; Jaskiewicz et al., 2020). JAKs are associated with cytokine receptors and 
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enable the autophosphorylation of receptors in their tyrosine sites to recruit STAT 

molecules (Figure 1-4). STATs bind via their Src homology 2 (SH2) domain to the 

phosphorylated receptors, then get activated, homodimerized, and transported from the 

cytoplasm into the nucleus. Homodimerized STATs act as transcription factors and bind 

to DNA to induce the expression of certain genes (Hu et al., 2021).  

OSMR/gp130 heterodimers are known to activate JAK1 and JAK2 kinases to 

further activate STAT1, STAT3 and STAT5 proteins (West et al., 2018). OSM signal 

attenuation depends on induction of SOCS3 (suppressor of cytokine signaling 3)(Stross 

et al., 2006). On the other hand, OSMR/LIFR signaling activates mitogen-activated 

protein kinase (MAPK) cascade via SH2 domain-containing tyrosine phosphatase-2 

(SHP2) domain, Phosphoinositide 3-kinase (PI3K) signaling via GRB2-associated-

binding protein 1 (GAB1) domain or the STAT3 signaling via JAK1 kinase activation 

(which is also further attenuated by SOCS3) (West et al., 2018). 

STAT3 is known to play a role in tumor formation. It induces angiogenesis and 

metastasis, thus leading to tumor progression. Moreover, the tumor microenvironment 

releases the inflammatory IL-6 molecules which then induce their expression via 

JAK/STAT pathway activation (Jaskiewicz et al., 2020).  

In muscle, STAT3 expression is essential for the development of muscle satellite 

cells. However, excessive expression of STAT3 leads to muscle wasting via induction of 

muscle cachexia (Jaskiewicz et al., 2020). JAK/STAT3 cascade activation is involved in 

cachexia-driven muscle loss (Bonetto et al., 2012). STAT3 mRNA levels are increased in 

cachectic cancer patients compared to non-cachectic and healthy controls (Eskiler et al., 

2019). Tumor-bearing muscle-specific STAT3 knockout show improved muscle weight 

and strength (Silva et al., 2015). 
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Figure 1-4: The JAK/STAT signaling cascade.  Ligands (cytokine or growth factors) 
bind to their receptor and activate the JAK/STAT pathway. JAK kinases bind to the 
receptors and auto-phosphorylate to recruit STAT molecules. The activated STAT3 
molecules homodimerize and move into the nucleus. They bind to DNA as transcription 
factors to induce the expression of genes that play a role in cell function (Adapted from 
Dodington et al. (2018)). 
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Chapter 2: MATERIALS & METHODS 

2.1 Reagents 

Mouse recombinant proteins OSM (495-MO), IL-6 (406-ML), and LIF (8878-LF) 

were obtained from R&D Systems. The JAK1/2 inhibitor Ruxolitinib (Abcam; ab141356) 

and the proteasome inhibitor MG132 (Sigma; M8699) were obtained from their 

respective suppliers. The mouse OSM expression plasmid (MR226014) was received 

from Origene. Prof. Gerhard Müller-Newen (RWTH Aachen University) kindly provided 

the mouse STAT3-Y705F plasmid. The goat anti-mouse OSM antibody (AF-495-NA) 

and the control goat IgG antibody (AB-108-C) were purchased from R&D Systems. 

 

2.2 Cell Culture  

Mouse primary myoblasts were isolated from the limb muscles of 2-3 day old 

pups as previously described (Springer et al., 2002). The cells were cultured in Ham’s F-

10 nutrient mixture (Invitrogen) with 20% FBS (Invitrogen), supplemented with 2.5 

ng/mL basic fibroblast growth factor (bFGF) (Sigma) and penicillin/streptomycin 

(Invitrogen). For differentiation, myoblasts were transferred to DMEM (Sigma 5796) 

with 5% horse serum and 1% penicillin/streptomycin (Invitrogen). All myotube 

experiments were repeated at least three times with different batches of myoblast cells, 

and representative results were reported. Myotubes were harvested 72 hours after the 

initiation of differentiation in all experiments. Recombinant proteins were administered 

to the cells for the indicated durations before harvesting. Adeno-GFP was added at the 

start of differentiation for fluorescent imaging of myotubes using a live cell imager (Zeiss 

Axiolab live-cell imager). The diameters of individual myotubes were measured using 

ImageJ software. Treatments with other adenoviruses were conducted 24 hours after 

differentiation. 

2.3 Animal Protocol 

All experiments were performed with male mice aged 8-12 weeks. The mice were 

kept in a 12-hour light/dark cycle (7 a.m. to 7 p.m.) with free access to standard rodent 

chow and water. The mice were housed in the Koç University Animal Research Facility, 

and all procedures were carried out following institutional policies and animal care ethics 
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guidelines. All mice were of a pure C57BL/6 background. Immunodeficient Prkdcscid 

mice were acquired from Jackson Laboratory (strain #001303). Muscle-specific OSMR-

knockout mice were created by crossing OSMR-floxed mice (strain #011081) with 

ACTA1-Cre mice (strain #006149), both purchased from Jackson Laboratory. Plasma 

OSM levels were determined using a mouse Oncostatin M (OSM) ELISA Kit (R&D 

Systems, MSM00). For all tumor inoculation experiments, humane endpoints were 

defined in accordance with IACUC guidelines. These endpoints included a maximum 

tumor size of 2 cm (measured as the longest dimension), a body weight loss of 15% or 

more, and significant lethargy. All animal protocols received approval from the 

Institutional Animal Care and Use Committee of Koc University.  

2.4 Tumor Inoculation 

Lewis lung carcinoma (LLC) and B16 (B16-F10) melanoma cells were grown in 

DMEM medium (Sigma; 5796) containing 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (Invitrogen). B16 cells additionally received freshly added 2 mM 

L-glutamine (Invitrogen). During the tumor inoculation experiments, each mouse was 

housed individually. Five million LLC cells or 2.5 million B16 cells were injected 

subcutaneously into the flank. Control mice, which did not develop tumors, received only 

the vehicle (PBS). Sixteen days after LLC inoculation or fourteen days after B16 

inoculation, the mice were sacrificed. Epididymal white fat, inguinal white fat, 

interscapular brown fat, gastrocnemius muscle, tibialis anterior muscle, and tumors were 

collected and weighed. 

2.5 Grip Strength and Inverted Screen Tests 

Forelimb grip forces were measured right before sacrifice using a Ugo Basile grip 

strength meter. For grip strength assessment, each mouse was held by its tail and allowed 

to grasp a bar connected to a force transducer while being pulled horizontally away from 

the bar. The peak force applied before releasing the bar was recorded from at least three 

repetitions and averaged to determine the grip strength of each mouse.  

Kondziela’s inverted screen test was conducted the day before the sacrifice. Mice 

were positioned in the center of an inverted wire mesh screen, which was held 60 cm 

above a cushioned surface. The hanging time was restricted to 1-10 minutes. If a mouse 

hung for less than a minute, the test was repeated after a resting period. 
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2.6 Tissue Histology, Immunostaining and Immunohistochemistry 

Muscle tissues were snap-frozen in liquid nitrogen-cooled isopentane for 15-20 

seconds and then embedded in cryomolds with Tissue-Tek OCT freezing medium 

(Sakura). Sections of 7 mm thickness were cut using a cryostat (Leica) and placed on 

Superfrost Plus slides (Thermo). For hematoxylin & eosin staining, sections were fixed 

with 4% paraformaldehyde and treated sequentially with hematoxylin (Merck 105174), 

0.1% HCl, eosin (Merck 109844), a gradient of 70-100% ethanol, and xylene (Isolab). 

The cross-sectional area of muscle fibers was evaluated using ImageJ software. 

For immunostaining, sections were incubated in a blocking solution (3% BSA, 

0.1% Triton X-100, and 5% horse serum) for 1 hour at room temperature, followed by 

overnight incubation at +4°C with primary antibodies (Type IIa fibers, SC-71, DSHB; 

Type IIb fibers, BF-F3, DSHB; Type IIx fibers, 6H-1, DSHB; Type I fibers, BA-F8, 

DSHB). After three washes with PBS, sections were incubated for 1 hour in the blocking 

solution with secondary antibodies (goat anti-mouse IgM H&L Alexa Fluor 488 

(ab150121, Abcam) and goat anti-mouse IgG H&L Alexa Fluor 594 (ab150116, Abcam)). 

Subsequently, sections were washed three times with PBS and mounted using homemade 

mounting medium before visualization under fluorescence microscopy (Zeiss). The 

number and cross-sectional area of fiber types were quantified using ImageJ. 

For immunohistochemistry, cryosections were cut at 5 µm thickness and fixed 

with neutral buffer formalin and then incubated with 0.3% hydrogen peroxide for 10 min 

to block endogenous peroxidase activity. Cryosections were incubated in blocking 

solution (3% bovine serum albumin + 0.1% Triton X-100 + 5% Horse serum) at room 

temperature for 1hr and then with anti-OSMR beta (R&D Systems, AF662) antibody (10 

µg/ml) in blocking solution overnight at +4°C. Sections were washed with PBS and 

incubated in the blocking solution containing anti-goat IgG H&L HRP-conjugated 

secondary antibody (1:1000) (Abcam, ab6885) for 1hr. Finally, the sections were stained 

with diaminobenzidine (DAB; Abcam, ab64238,) and counterstained with hematoxylin 

(Merck 105174). 

 

2.7 Adenovirus Production and Injection 

Adenovirus vectors were constructed using the Virapower Adenoviral expression 

system (Invitrogen). The open reading frames of Osm and Stat3-Y705F, preceded by a 
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CACC sequence, were cloned into a pENTR-D-TOPO plasmid and then recombined into 

the pAd-CMV-DEST adenoviral plasmid using LR clonase II. The kit provided a LacZ 

adenoviral plasmid. Following digestion with PacI (Thermo), adenoviral plasmids were 

transfected into 293A cells using Lipofectamine 2000 (Invitrogen). The 293A cells were 

cultured in DMEM (Sigma 5796) supplemented with 10% FBS (Invitrogen) and 

penicillin/streptomycin (Invitrogen). Adenoviral particles were harvested from the cell 

culture supernatant according to the manufacturer’s instructions. Purification and titration 

were carried out using the Adeno-X Maxi Purification Kit and Adeno-X Rapid Titer Kit 

from Clontech, respectively. 

Mice received unilateral injections of 5x108 infectious units of Adeno-OSM into 

the TA muscle, while the contralateral muscle received the same dose of control Adeno-

LacZ. The mice were sacrificed 7 days later. 

 

2.8  Immunofluorescence 

   Primary myotubes were fixed with methanol (pre-cooled) at -20°C for 10 

minutes, then incubated in a blocking solution (3% bovine serum albumin + 0.1% Triton 

X-100 + 10% horse serum) for 1 hour at room temperature. Following this, they were 

incubated with myosin heavy chain (MyHC) antibody (1:1000) (DSHB, MF20) in the 

blocking solution for 1 hour at room temperature. After washing with PBS, myotubes 

were incubated with anti-mouse IgG H&L Alexa Fluor 594 secondary antibody (1:2000) 

(Abcam, ab150116) and DAPI (1:3000) (Cayman, 14285) in the blocking solution for 1 

hour at room temperature. Finally, they were mounted using homemade mounting 

medium and visualized using fluorescence microscopy (Zeiss). The MyHC signal was 

normalized to the number of myotube nuclei, and fields with a similar density of 

myotubes were selected for analysis. 

 

2.9 RT-qPCR 

Total RNA from cells or tissue samples was isolated using Qiazol reagent 

(Qiagen) and further purified with RNA spin columns (Ecotech). Tissues were 

homogenized using the TissueLyzer LT (Qiagen). Subsequently, complementary DNA 

(cDNA) synthesis was performed using the High-Capacity cDNA Reverse Transcription 
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kit (Thermo). The resulting cDNA was subjected to RT-qPCR analysis using a CFX 

Connect instrument (Bio-Rad). Each reaction mixture contained 25 ng of cDNA and 150 

nmol of each primer, mixed with iTaq Universal SYBR Green Supermix (Bio-Rad). The 

ΔΔCt method was used to calculate relative mRNA levels, and these were normalized to 

β -actin and cyclophilin mRNA. In experiments involving adenovirus injection into TA 

muscles, Myod served as the internal control. The primers used in the study were as 

follows: 

 

Table 1: Primers used for qRT-PCR 

Gene   Forward (5'-3') Reverse (5'-3') 

Cyclo  GGAGATGGCACAGGAGGAA GCCCGTAGTGCTTCAGCTT 

Actb  TTCTTGGGTATGGAATCCTGTGG TTTACGGATGTCAACGTCACAC 

Myod CTGCTCTGATGGCATGATGGA CACTGTAGTAGGCGGTGTCG 

Atrogin1  TCAGAGAGGCAGATTCGCAA GGGTGACCCCATACTGCTCT 

MuRF1 TCCTGATGGAAACGCTATGGAG ATTCGCAGCCTGGAAGATGT 

Osmr  TCACAACTCCAGATGCACGC ACTTCTCCTTCACCCACTGAC 

Jak2  CCACCCGTGGAATTTATGCG TGGCAATCTTCCGTTGCTCT 

Socs3  TAGACTTCACGGCTGCCAAC CGGGGAGCTAGTCCCGAA 

Ampd3  CTCCTCTCAGCAACAACAGCC CTCCATGAGCGCTTCCTTTGTG 

Mt1  AGATCTCGGAATGGACCCCA AGGAGCAGCAGCTCTTCTTG 

Mt2 TACTTCCTGCAAGAAAAGCTGC TGCACTTGTCGGAAGCCTCT 

Sln GGTGGAGAGACTGAGGTCCTT CCAAGGCTTGTCTTCACTTCCTGA 

Serpina3n  AGAGTCTCTCAGGTGGTCC ACAGTTTCGCAGACATTGGGA 

Stat3  AGGAGTCTAACAACGGCAGC GTCACGATCAAGGAGGCATCA 

Igfbp3 ATAAGAAGAAGCAGTGCCGCC GTCGTCTTTCCCCTTGGTGT 

Cebpd3 AGAACCCGCGGCCTTCTAC ATGTAGGCGCTGAAGTCGAT 

Osm  GAACACTGCTCAGTTTGACCC CGTGAGGTTCGCCTGATTCT 

Traf6  CCCAACAGCTCCAATCCCTT CCAAGTGATTCCTCTGCATCTTT 

Ubr2  CATCTTCCTGAGAGTGCGGG CCCTGGTCGGTCTCTCCATA 

Nedd4 TGCTGAACTCTATGGCTCGAA TTGGCAGCTTATCAGGGGTG 

Musa1  CCGGCTAATGAGGGACGTTT ACTGAATCGCCATACCTTCTCT 

 

 

2.10 Western Blotting 

Total protein from cells was extracted using a lysis buffer comprising 50 mM Tris 

(pH 7.5), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF, along with 

protease inhibitor tablets (Roche) and phosphatase inhibitors (20 mM NaF, 10 mM β-
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glycerol phosphate, 10 mM Na4P2O7, 2 mM Na3VO4). A similar lysis buffer was utilized 

for tissue samples, with 1% NP40 as the detergent and 10% glycerol added. Tissues were 

homogenized using a Kinematica (PT1200E) homogenizer, followed by centrifugation at 

13,000 rpm for 10 minutes to obtain supernatants as lysates. Protein concentration was 

determined using the Bio-Rad Protein assay. 

For each experiment, 30 mg of protein lysate was separated in SDS-

polyacrylamide gel and then transferred onto a nitrocellulose membrane (Thermo). After 

blocking with 5% non-fat milk in Tris-buffered saline containing 0.05% Tween 20 (TBS-

T), the membrane was incubated overnight with primary antibodies in TBS-T containing 

5% BSA. The primary antibodies used were obtained from various sources including Cell 

Signaling Technology (Stat1, phospho-Stat1-Tyr701, Stat3, phospho-Stat3-Tyr705, Stat5, 

phospho-Stat5-Tyr694, Jak2, phospho-Jak2-Tyr1008, β-actin, p65-RelA, phospho-p65-

RelA-Ser536, p105/p50-NFκB, phospho-p105-NFκB-Ser932, p100/p52-NFκB2, IκB, 

phospho-IκB-Ser32, Ubiquitin), ECM Bioscience (Atrogin1, MURF1), DSHB (MyHC 

antibody) and R&D Systems (Goat anti-mouse OSM antibody). 

Secondary antibody incubation was carried out in TBS-T containing 5% milk, 

using anti-rabbit or anti-mouse antibodies from Cell Signaling. WesternBright blotting 

substrates from Advansta were employed to visualize the results on a Chemidoc imaging 

system (Bio-rad). Blots visualized with a Licor Odyssey CLx imaging system utilized 

IRDye 680RD anti-mouse and IRDye 800CW anti-rabbit secondary antibodies. The 

intensity of blot images was quantified using ImageJ Software. Phosphorylated proteins 

were normalized to their respective total protein signals, while Atrogin1 and MURF1 

levels were normalized to β-actin signal. 

 

2.11 Human Gene Expression Analysis 

 

Differential gene expression analysis was performed using GEO2R with default 

settings. Gene expression profiles from muscle biopsies of non-cancer subjects and 

cachectic patients with pancreatic ductal adenocarcinoma (PDAC) were retrieved from 

GEO with the accession number GSE130563 (Judge et al, 2018) and analyzed using 

GEO2R with default settings. Moreover, gene expression data from skeletal muscle 

samples of patients with DMD and normal subjects were obtained with the accession 

number GSE3307 (Dadgar et al,), and differential analysis between DMD and Normal 
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groups was performed using GEO2R default settings. The gene expression data of the 

FSHD patients can be found under the accession number GSE140261 (Wong et al., 2020).  

             Normalized gene expression profiles of skeletal muscle samples from PDAC 

patients, muscular dystrophy patients, and healthy individuals were obtained from the 

Gene Expression Omnibus (GEO) database. Microarray datasets (GSE130563, GSE1007, 

GSE109178, and GSE3307) were analyzed using GEO2R with default settings. RNA 

sequencing datasets (GSE115650 and GSE140261) were also retrieved from the GEO 

database. Gene count normalization and fold change calculations were conducted using 

the DEseq2 R package, as described. p-values were adjusted for multiple testing. Gene 

set enrichment analysis was carried out using GSEA (v4.1.0) software. In cases where 

microarray data were provided in multiple files (GSE1007 and GSE3307), they were 

combined sample-wise to create a unified dataset for GSEA analysis. Analysis of these 

datasets was performed by Samet Ağca. 

2.12 Statistical Analysis 

The data are presented as mean ± SEM. Error bars representing SEM in all results 

were calculated from biological replicates. Two-group comparisons were assessed using 

a two-tailed, unpaired t-test. Comparisons involving more than two groups were 

conducted using one-way or two-way ANOVA, with multiple comparisons corrected 

using Tukey’s post-hoc test. 
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Chapter 3: RESULTS 

3.1 OSMR Expression Is Upregulated in Muscles of Cachectic Mice and Cancer 

Patients 

The Lewis lung carcinoma (LLC) and B16 melanoma are common tumor models 

used to study cancer cachexia (Das et al., 2011; Kir et al., 2014). Investigating the 

expression profiles of genes upregulated in muscles of syngeneic LLC and B16 tumor-

implanted C57BL/6 mice, we detected high mRNA levels of the Osmr together with 

atrophy markers Atrogin1 and MuRF1 (Figure 3-1). 
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Figure 3-1: Upregulated Osmr mRNA levels in muscles of tumor-bearing 
cachectic mice.  C57BL/6 mice injected with LLC and B16 cells were sacrificed after 16 
or 14 days, respectively, and mRNA levels from gastrocnemius muscle were determined 
by RT-qPCR (n = 5 for the control groups, n = 7 for the LLC group, and n = 5 for the B16 
group). The values represent mean ± SEM. Statistical analysis was conducted using the 
two-tailed t-test.  

 

3.2 OSM Induces Atrophy in Mouse Primary Myoblast Culture 

Increased Osmr expression in muscles of cachectic mice led us to investigate the 

effect of OSM in vitro. Primary myoblasts were treated with OSM (250ng/ml) for 48 

hours, and the gene expression profile of atrophy markers was analyzed via RT-qPCR. 

OSM treatment elevated gene expression levels of atrophy marker Atrogin1 together with 

Osmr in myotubes (Figure 3-2).  
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Figure 3-2: OSM induces cellular atrophy.  Mouse primary myotubes were treated with 
recombinant OSM (250 ng/ml) for 48 hr and gene expressions were measured by RT-
qPCR (n = 3 for each group). The values represent mean ± SEM. Statistical analysis was 
conducted using the two-tailed t-test.  

 

To understand if this effect of OSM can drive muscle atrophy, we transduced 

primary myotubes with GFP adenovirus and treated them for 48 hours with recombinant 

OSM and other IL-6 cytokine family proteins IL-6 and LIF (250ng/ml all). Cells were 

visualized under a fluorescent microscope (Figure 3-3A) and myotube diameter was 

measured (Figure 3-3B). Only OSM promoted drastic shrinkage of myotubes. Moreover, 

cells were also labeled immunofluorescently via MyHC (Myosin heavy chain) staining 

(Figure 3-3C); OSM-treated cells showed significantly reduced signal compared to IL-6 

and LIF-treated myotubes (Figure 3-3D). 
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Figure 3-3: Cellular atrophy effect is OSM-specific.  (A) GFP-transduced primary 
myotubes were treated with recombinant OSM, IL-6 and LIF (250ng/ml each) for 48hrs 
and (B) their diameter was measured. (C) MyHC immunofluorescently labeled cells were 
treated with OSM, IL-6 and LIF (250ng/ml each) for 48hrs and their nuclei was 
counterstained with DAPI. The scale bar is 50 μm. (D) MyHC signal was quantified and 
normalized to the number of myotube nuclei (n = 4). Data are presented as mean ± SEM. 
Statistical analysis was conducted using one-way ANOVA with Tukey’s post-hoc test.  
 

To understand the mechanism of OSM-induced cellular atrophy, we tested the 
levels of MyHC in the presence of MG132, a proteasome inhibitor. The MyHC western 
blotting shows that in presence of MG132, the reducing MyHC effect is blunted. In fact, 
OSM treatment in primary myotubes resulted in protein ubiquitination (Figure 3-4A). 
Moreover, we checked the expression level of E3-ubiquitin ligases; despite Atrogin1, 
OSM-treated primary myotubes induced the expression of also other E3-ubiquitin ligases 
Musa1, Traf6, Ubr1 and Nedd4 (Figure 3-4B). These data conclude that OSM causes 
atrophy via protein degradation. 
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Figure 3-4: OSM induces cellular atrophy via protein degradation. (A) Myotubes 
were treated with recombinant OSM (250ng/ml, for 48hrs) and MG132 (10mM, for 4hrs); 
the protein levels were determined via western blotting. (B) The cells were treated with 
OSM (250ng/ml) and Ruxolitinib (2uM) for 48hrs. The mRNA levels were checked via 
qRT-PCR. Statistical analysis was conducted using 1-way ANOVA with Tukey’s post-hoc 
test. 

 

Furthermore, we analyzed the changes in the gene expression profile of primary 

myotubes treated with OSM, and IL-6 family members IL-6 and LIF. The RNA samples 

of these groups were used for RNA sequencing and the results were generated in the form 

of a heatmap. OSM group showed a distinct expression profile compared to other groups 

that had comparable patterns in between. The bioinformatics analysis revealed various 

muscle atrophy-related markers like Ampd3, Mt1, Mt2, Sln, Cebpd, Igfbp3 and Serpina3n 

to be significantly upregulated in the OSM-treated group compared to the control (Figure 

3-5B). The data was validated using qRT-PCR (Figure 3-5A). 
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Figure 3-5: The gene expression profiles of myotubes treated with OSM are specific. 
(A) Myotubes were treated with recombinant OSM, IL-6 and LIF (250ng/ml each) for 
48hrs. Up-and-down-regulated genes of more than 2-fold were represented in the form of 
heatmap (B). Changes in mRNA levels were checked via qRT-PCR. Data are presented 
as mean ± SEM. Statistical analysis was conducted using 1-way ANOVA with Tukey’s 
post-hoc test. RNA sequencing analysis was performed by Aynur Kashgari and Samet 
Ağca. 

 

 

3.3 OSM Induces Atrophy via JAK/STAT3 Pathway 

OSM is known to induce its effects through the JAK/STAT3 pathway and this 
pathway was previously reported to be activated during muscle atrophy (Bonetto et al., 
2012; Richards, 2013). Therefore, we investigated the mechanism of OSM in inducing 
muscle loss and if this effect occurs via the activation of this cascade. In primary 
myotubes, we utilized Ruxolitinib (Rux), the JAK2 inhibitor, to block the downstream 
signaling of the JAK/STAT3 pathway. OSM treatment induced the expression of 
JAK/STAT pathway components Jak2 and Socs3. Upregulated expressions of Atrogin1 
together with Osmr and other OSM target genes were blunted upon treatment of Rux 
(Figure 3-6). Apart from Atrogin1, Rux blunted also the high expression levels of other 
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E3 ubiquitin ligases Musa1, Traf6, Ubr1 and Nedd4 that were upregulated upon OSM 
treatment (Figure 3-4B). This argues the key role of JAK activation downstream of OSM 
signaling.  
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Figure 3-6: OSM induces muscle wasting via JAK/STAT3 pathway activation.  
Myotubes were treated with recombinant OSM (250ng/ul) and Ruxolitinib (2uM) for 
48hrs. Changes in mRNA levels were checked via qRT-PCR. Data are presented as mean 
± SEM. Statistical analysis was conducted using 1-way ANOVA with Tukey’s post-hoc 
test. 

 

In addition to mRNA levels, the protein levels were also tested to see the activation 
of JAK/STAT pathway components. OSM treatment induced the phosphorylation of 
JAK2, STAT1, STAT3, and STAT5, and their phosphorylation levels were completely 
blunted via Ruxolitinib treatment (Figure 3-7A). Moreover, to compare if the activation 
of all the STATs is similar when treated with other IL-6 family proteins, we compared the 
phosphorylation levels of these proteins also with IL-6 and LIF treatment. Results show 
that OSM is more potent in inducing the phosphorylation levels of JAK2 and STATs. 
Equivalent results were obtained also in LIF-treated samples (Figure 3-7B).  
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Figure 3-7: OSM induces the protein expression of JAK/STAT3 pathway 
components (A) Myotubes were treated with recombinant OSM (250ng/ml) and 
Ruxolitinib (2uM) for 48hrs. (B) Cells were treated with recombinant OSM, IL-6 and LIF 
(250ng/ml each) for 48hrs. Protein levels were determined via western blotting.  

 

To further prove that OSM needs JAK/STAT3 pathway activation to induce 
atrophy, the primary myotubes were transduced with LacZ and STAT3 mutant (STAT3-
Y705F) adenovirus. The STAT3 Y705F has a dominant negative effect that masks the 
activity of wild-type STAT3. The expression levels of muscle atrophy markers and OSM 
target genes were analyzed via qRT-PCR (Figure 3-8A). Upregulated mRNA levels of 
atrophy markers and JAK/STAT3 pathway components upon OSM treatment were 
blunted in presence of STAT3 mutant adenovirus. The efficiency of STAT3-Y705F was 
proved via western blotting of STAT3 antibody (Figure 3-8B). OSM-induced 
phosphorylation of STAT3 was blunted in the presence of STAT3 mutant adenovirus. The 
blocking effect of STAT3 mutant adenovirus was also observed via imaging (Figure 3-
9A). OSM-induced shrinking of myotubes rescued their diameter upon STAT3 blockage 
(Figure 3-9B). The results point out the need for the JAK/STAT3 pathway to induce 
cellular atrophy. 
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Figure 3-8: Blunted STAT3 activity blocks the atrophy effect of OSM in myotubes. 
(A) Myotubes were transduced with LacZ and Stat3-Y705F expressing adenoviruses and 
treated with recombinant OSM (250 ng/ml) for 48 h. mRNA levels were determined via 
qRT-PCR (n = 3). (B) Protein levels were determined via western blotting. Data are 
presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA 
with Tukey’s post hoc test. 
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Figure 3-9: Blocking STAT3 activation prevents OSM-induced-cellular atrophy.  (A-
B) Myotubes were transduced with LacZ and Stat3-Y705F expressing adenoviruses and 
treated with recombinant OSM (250 ng/mlL) for 48 h. mRNA levels were determined via 
qRT-PCR (n = 3). The cells were GFP-transduced and visualized. The scale bar is 50um. 
(B) The average diameter of myotubes was measured (n = 4 per group). Data are 
presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA 
with Tukey’s post hoc test. 

 

 

3.4 OSM Overexpression Induces Cellular Atrophy in Primary Myotubes 

To determine the effect of OSM on muscle wasting, primary myotubes were 

transduced with GFP and OSM adenovirus for 48 hours and visualized under microscopy 

(Figure 3-10A). OSM overexpression significantly reduced the diameter of GFP-

transduced cells (Figure 3-10B). Moreover, OSM overexpression also increased the 

mRNA levels of atrophy markers together with OSM-target genes defined by RNA-seq 

(Figure 3-10C). Therefore, the data concludes that OSM overexpression in vitro induces 

cellular atrophy. 
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Figure 3-10: OSM overexpression triggers cellular atrophy.  (A) Myotubes were 
transduced with GFP, LacZ and OSM-expressing adenoviruses for 48 hrs. (B) The 
average diameter of myotubes was measured (n = 3 per group). The scale bar is 50um. 
(C) mRNA levels were determined via qRT-PCR (n = 3). Data are presented as mean ± 
SEM. Statistical analysis was conducted via two-tailed t-test. GFP-imaging was 
performed by Şevval Nur Bilgiç. Atrogin1, Osmr, Jak2, Osm, Socs3 and Serpina3n qRT-
PCR were performed by Batu Toledo. 

 

3.5 OSM Overexpression Induces Atrophy in vivo 

 We investigated the atrophy effect of OSM in murine models. We generated 
adenoviruses and injected intramuscularly into the muscles of mice to overexpress OSM. 
Seven days after injection, we collected the muscle of mice and H&E stained. The OSM-
overexpressed tibialis anterior (TA) muscle had reduced weight, compared to the 
gastrocnemius muscle, which received no injection (Figure 3-11A). The H&E staining of 
TA muscle shows that high OSM expression showed significantly reduced fiber area 
compared to the control group (Figure 3-11B and C). The frequency of small muscle 
fibers was increased upon OSM overexpression (Figure 3-11D).  
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Figure 3-11: OSM overexpression triggers atrophy in muscles of mice. (A) C57/B6 
mice were injected with LacZ and OSM overexpressing adenoviruses (5x108ifu) and 
sacrificed 7 days later (n = 6 per group). The TA and gastrocnemius muscles were 
collected and weighed. (B) The TA of mice was sectioned, and H&E stained. The scale 
bar is 100um.  (C) Muscle fiber cross-sectioned area and (D) fiber frequency was 
measured. Data are presented as mean ± SEM. Statistical analysis was conducted two-
tailed t-test. Batu Toledo contributed to tissue weight and collection. Fiber frequency 
measurements were performed by Samet Ağca. 

 

The mRNA expression levels of atrophy markers, together with JAK/STAT3 
pathway components, were upregulated (Figure 3-12). Protein phosphorylation levels of 
STAT1, STAT3 and STAT5 together with Atrogin1 and MuRF1 were increased in TA of 
OSM-overexpressed muscles (Figure 3-13A and B). However, only the STAT3 
phosphorylation was stimulated by OSM relative to the total protein levels. Overall, the 
results indicate that OSM induces the expression of muscle atrophy-related genes and 
activate JAK/STAT3 signaling. These effects results in skeletal muscle wasting in mice. 
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Figure 3-12: OSM overexpression upregulates muscle atrophy markers in vivo. 
C57/B6 mice were injected with LacZ and OSM overexpressing adenoviruses (5x108ifu) 
and sacrificed 7 days later (n = 6 per group). The gene expression levels from TA of mice 
were determined via qRT-PCR. Data are presented as mean ± SEM. Statistical analysis 
was conducted two-tailed t-test. The qRT-PCR results were performed by Batu Toledo. 
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Figure 3-13: OSM overexpression induces the protein expression of JAK/STAT 
pathway components during muscle atrophy.  (A) C57/B6 mice were injected with 
LacZ and OSM overexpressing adenoviruses (5x108ifu) and sacrificed 7 days later (n = 
6 per group). The protein levels were determined via western blotting and (B) band 
intensities were quantified. Data are presented as mean ± SEM. Statistical analysis was 
conducted using two-tailed t-test. Most of the western blotting was performed by Batu 
Toledo. 

We analyzed the effect of OSM in changing in the composition of myofibers upon 

tumor inoculation. We performed MyHC fiber-type staining on TA muscles. We utilized 

antibodies staining Type IIa, Type IIb and Type IIx muscle fibers. OSM overexpression 
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did not change the composition of muscle fiber types, all of which were prone to OSM-

induced atrophy (Figure 3-14). 
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Figure 3-14: OSM overexpression did not affect the fiber-type change in the muscles 
of mice. (A-B) C57BL/6 mice were transduced with LacZ or OSM-expressing 
adenoviruses (5x108ifu) in TA of mice. Mice were sacrificed 7 days after adenovirus 
transduction (n = 3). Muscle sections were H&E stained and the fiber type frequency (A) 
and cross-sectional area (B) were determined by immunostaining (n = 3). Statistical 
analysis were conducted via t-test. Fiber frequency measurements were performed by 
Samet Ağca. 

 

3.6 OSM Target Genes are Induced in LLC and B16 Cachectic Mice 

We next analyzed the activation of OSM target genes in cachectic models. We 

inoculated mice with either LLC or B16 and sacrificed 16 days or 14 days later, 

respectively. In both LLC and B16-inoculated mice, apart from Atrogin1 and MuRF1, 

OSM target genes that are also considered potential muscle atrophy markers such as were 

significantly upregulated. In muscles of LLC-bearing mice, the expression levels of 

Ampd3, Serpina3n and Cebpd were significantly increased whereas in B16 models, Mt1, 

Mt2, Serpina3n and Cebpd mRNA levels were significantly upregulated (Figure 3-15). 

Phosphorylation levels of JAK/STAT3 components (that are upregulated upon OSM 

activation) were also analyzed via western blotting. (Figure 3-16A and B). In both 

cachectic models, among the STATs, only STAT3 phosphorylation was induced. This 

result argues that STAT3 plays a major role during cachexia. These results prove that 

OSM and its target genes but also the JAK/STAT3 pathway components are activated in 

different cachectic models. 
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Figure 3-15: OSM overexpression induces the mRNA levels of its target genes.  (A) 
C57/B6 mice were injected with LLC and (B) B16 and sacrificed 16 or 14 days later, 
respectively (n = 6 per group). mRNA levels were determined via qRT-PCR. Data are 
presented as mean ± SEM. Statistical analysis was conducted using a two-tailed t-test. 
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Figure 3-16: OSM overexpression induces the protein expression of JAK/STAT 
pathway components during muscle atrophy.  (A-B) C57/B6 mice were injected with 
LLC and B16 and sacrificed 16 or 14 days later, respectively (n = 6 per group). The 
protein expression levels were determined via western blotting.  

 

3.7 Muscle-specific OSMR deletion improves tumor-induced muscle wasting 

We next investigated the contribution of the OSM signaling to tumor-induced 

muscle wasting. We detected high OSM levels in blood plasma of LLC tumor-bearing 

cachectic mice (Figure 3-17). We generated muscle-specific OSMR knockout (Myo-

OSMR-KO) mice. The immunohistochemistry of OSMR expression levels in 

gastrocnemius muscle confirms its depletion in KO group (Figure 3-19A). We inoculated 

mice with LLC tumors and sacrificed 16 days later. Grip strength was measured prior to 

sacrifice. Tumor-induced decrease in gastrocnemius and TA muscle mass of mice was 

prevented in the Myo-OSMR-KO group (Figure 3-18A). This rescue in muscle mass was 

significant for TA muscle. Reduced muscle strength in tumor-bearing mice was rescued 
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in Myo-OSMR-KO mice compared to their wild-type counterparts (Figure 3-18B). 

Muscles of mice were sectioned and Hematoxylin & Eosin (H&E) stained (Figure 3-19B) 

and their fiber frequency was measured. The high frequency of fibers with small cross-

sectional area (CSA) present in LLC cachectic mice was significantly reduced upon 

depletion of OSMR (Figure 3-19B and C). Muscle specific depletion of OSMR did not 

affect tumor-induced wasting of adipose tissues (Figure 3-20). 

 

                                          

Figure 3-17: Elevated OSM levels are detected in plasma of LLC-bearing cachectic 
mice. Mice were injected with LLC and sacrificed 16 days later. OSM was measured 
from their plasma via kit (n = 7 per group). 
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Figure 3-18: Depletion of OSMR protects from LLC-induced muscle loss. (A) Mice 
were injected with LLC and sacrificed 16 days later (WT-LLC, n = 5 mice; other groups, 
n = 6). Muscles were collected and weighed. (B) Grip strength was measured prior to 
sacrifice. Data are presented as individual measurements (points) and mean ± SEM. 
Statistical analysis was conducted using two-way ANOVA with Tukey’s post hoc test.  
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Figure 3-19: OSMR depletion reversed the LLC-driven reduction in myofiber size 
and frequency. LLC tumor cells were injected to mice and sacrificed 16 days later. (A) 
The immunohistochemistry showing OSMR expression levels in gastrocnemius muscle. 
(B) The muscle tissues were collected, sectioned and H&E stained. (C) Fiber cross-
sectional area and (D) frequency were analyzed. Data are presented as individual 
measurements (points) and mean ± SEM. Statistical analysis was conducted using one-
way ANOVA with Tukey’s post hoc test. Fiber frequency measurements were performed 
by Samet Ağca. 
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Figure 3-20: Muscle-specific OSMR depletion does not have an effect on adipose 
tissue wasting. LLC tumor cells were injected to mice and sacrificed 16 days later. 
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Epididymal, inguinal and BAT tissues were collected and weighed. Data are presented as 
individual measurements (points) and mean ± SEM. Statistical analysis was conducted 
using one-way ANOVA with Tukey’s post hoc test. 

 

Protein levels of atrophy markers Atrogin1 and MuRF1 are upregulated upon LLC 

inoculation. However, their expression levels are blunted in Myo-OSMR-KO group 

(Figure 3-21). 
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Figure 3-21: High protein levels of atrophy markers got blunted upon OSMR 
deletion.  (A) LLC tumor cells were injected to mice and sacrificed 16 days later. Protein 
levels were determined via western blotting.  

 

To show that the effect of OSM is not restricted to the LLC cachexia model only, 

we further inoculated mice with B16 tumors and sacrificed 14 days later. Grip strength 

and whole limb hanging time, which shows the time mice remain hung in the net with 

their four limbs, were measured prior to sacrifice. Tumor-induced reduction in muscle 

mass of mice was rescued in the muscle of Myo-OSMR-KO group (Figure 3-22A). 

Forelimb grip strength and wholelimb hanging time improved in Myo-OSMR-KO mice 

compared to their counterparts (Figure 3-22B and C). 
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Figure 3-22: OSMR-depleted cachectic mice protect from muscle loss.  (A) Mice were 
injected with B16 and sacrificed 14 days later (n = 6 per group). Muscles were collected 
and weighed. (B) Grip strength and (C) hanging time were measured prior to sacrifice. 
Data are presented as individual measurements (points) and mean ± SEM. Statistical 
analysis was conducted using 2-way ANOVA with Tukey’s post hoc test. 

 

The muscles of B16-inoculated mice were H&E stained, and their fiber frequency 

was measured (Figure 3-23A). The reduced fiber CSA of muscles in B16 tumor-bearing 

mice was rescued in Myo-OSMR-KO group (Figure 3-23B). The high frequency of fibers 

with small CSA present in B16 cachectic mice was significantly reduced upon the 

depletion of OSMR (Figure 3-23C).  
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Figure 3-23: Muscle-specific OSMR depletion reversed the B16-driven reduction in 
fiber size and frequency. (A) B16 tumor cells were injected to mice and sacrificed 14 
days later. The muscle tissues were collected, sectioned and H&E stained. (B) Fiber cross-
sectional area and (C) frequency were calculated. Data are presented as individual 
measurements (points) and mean ± SEM. Statistical analysis was conducted using 1-way 
ANOVA with Tukey’s post hoc test. Fiber frequency measurements were performed by 
Samet Ağca. 

 

We investigated the fiber type change in muscle of B16 tumor inoculated 

cachectic mice and OSMR depleted counterpart. There was no significant change in the 

fiber types upon tumor inoculation. However, there was a slight shift from Type IIb fibers 

towards Type IIx and Type IIa in Myo-OSMR-KO group (Figure 3-24A and B). Also, the 

CSA of TypeIIb and Type IIx in B16-inoculated mice was significantly reduced, whereas 

in B16-MyoOSMR mice, this effect was completely blunted (Figure 3-24C and D). 
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Figure 3-24: Muscle-specific OSMR knockout did not affect the fiber type in mice.  
(A-B) B16 tumor cells were injected to mice and sacrificed 14 days later. The muscle 
tissues were collected. Muscle sections were stained, and the fiber type frequency (A-B) 
and cross-sectional area (C-D) of gastrocnemius and tibialis anterior muscles, 
respectively, were determined by immunostaining (n = 3). Statistical analysis were 
conducted using two-way ANOVA with Tukey’s post-hoc test. 

 

High protein levels of atrophy markers Atrogin1 and MURF1 together with 

STAT3 phosphorylation upon B16 inoculation got blunted in the muscle OSMR deficient 

mice group (Figure 3-25A and B). Therefore, the results claim that muscle-specific 

OSMR depletion in mice rescues tumor-induced muscle loss. 
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Figure 3-25: High protein levels of atrophy markers are reduced upon OSMR 
deletion in B16 cachectic mice.  (A) Protein levels were determined via western blotting 
and (B) and band intensities were quantified. Statistical analysis was conducted using 1-
way ANOVA with Tukey’s post hoc test.  

 

3.8 OSM Blockade Ameliorates Muscle Loss in Cachectic Mice 

On the therapeutic angle, to test the effect of OSM in cachexia-driven muscle loss, 

we utilized an OSM-neutralizing antibody. To test the neutralizing effect of the antibody, 

primary myotubes were treated with recombinant OSM and with IgG and anti-OSM 

antibodies. The mRNA levels of atrophy markers and OSM-target genes were measured 

via qRT-PCR. OSM-driven increased atrophy marker gene expression levels, together 

with the mRNA levels of JAK/STAT3 pathway components, were blunted upon antibody 

treatment (Figure 3-26).  
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Figure 3-26: OSM blockade rescues cellular atrophy in myotubes. Mouse primary 
myotubes were treated with recombinant OSM (250 ng/mL) and IgG or anti-OSM 
antibodies (10 ug/mL) for 48 hrs. mRNA levels were determined by RT-qPCR (n = 3 for 
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each group). Data are presented as individual measurements (points) and mean ± SEM. 
Statistical analysis was conducted using 1-way ANOVA with Tukey’s post hoc test. 

 

Next, we tested the OSM-neutralizing antibody using the LLC tumor model. We 

inoculated LLC cells to mice for tumor model generation; then we administered antibody 

at days 10, 12, 14, and 15 post-tumor injections (Figure 3-27A). On day 16, we measured 

the grip strength between the groups and sacrificed the mice. Muscle tissues were 

collected and weighed. OSM-neutralization rescued the reduced muscle weight in tumor-

bearing mice (Figure 3-27C). There was no difference in tumor weight between the 

control and antibody-administered group (Figure 3-27B). The grip strength of mice was 

partially rescued in antibody treated tumor group compared to its tumor counterpart 

(Figure 3-27D). 
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Figure 3-27: OSM neutralization rescues muscle loss in cachectic mice.  (A) The setup 
of antibody treatment; the LLC tumor cells were injected to mice, IgG and anti-OSM 
antibodies (1mg/kg) were administered at day 10, 12, 14 and 15 post-tumor inoculation. 
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Mice were sacrificed at day 16. (B) Tumors and (C) muscle tissues were collected and 
weighed. (D) Grip strength of mice was measured prior to sacrifice. Data are presented as 
individual measurements (points) and mean ± SEM. Statistical analysis was conducted 
using 1-way ANOVA with Tukey’s post hoc test.  

 

Moreover, the results from H&E-stained gastrocnemius muscle (Figure 3-28A) 

showed that the fiber cross-sectional area and frequency of fibers with large cross-

sectional area in cachectic mice increased OSM neutralization (Figure 3-28B and C). The 

high protein levels of atrophy markers Atrogin1 and MURF1, together with STAT3 

phosphorylation in LLC group were suppressed in antibody-given tumor-bearing 

counterpart (Figure 3-29A and B). The results demonstrate that OSM/OSMR angle plays 

a crucial role in cachexia-driven muscle loss, and targeting this signaling pathway can 

help reverse tumor-induced muscle loss. 
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Figure 3-28: Fiber area and frequency of muscles are rescued upon OSM 
neutralization in cachectic mice.  (A) LLC tumor cells were injected to mice, IgG and 
anti-OSM antibodies (1mg/kg) were administered. Mice were sacrificed and muscle 
tissues were collected, sectioned and H&E stained. (B) Fiber cross-sectional area and (C) 
frequency were calculated. Data are presented as individual measurements (points) and 
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mean ± SEM. Statistical analysis was conducted using 1-way ANOVA with Tukey’s post 
hoc test. Fiber frequency measurements were performed by Samet Ağca. 
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Figure 3-29: High protein levels of atrophy markers are reduced upon OSM 
neutralization in cachectic mice  (A) LLC tumor cells were injected to mice, IgG and 
anti-OSM antibodies (1mg/kg) were administered. Protein levels were determined via 
western blotting. Asterisks (*) determines the nonspecific band. (B) The band intensities 
were quantified. Statistical analysis was conducted using 1-way ANOVA with Tukey’s 
post hoc test. 

 

3.9 The Immune System is the Probable Source of Tumor-Induced OSM 

High OSM levels are present in tumor-bearing cachectic mice (Bilgic et al., 2023). 

Similarly, a previous study (Bonetto et al., 2011) detected serum OSM in C26 tumor-

bearing mice with moderate (121 pg/ml) and severe cachexia (220 pg/ml). The 

involvement of OSM in numerous inflammatory disorders indicates that the persistent 

activation of the immune system may be the source of systemic OSM (Wolf et al., 2023). 

To understand the source of tumor-induced OSM leading to cachexia-driven muscle 

atrophy, we used mice with severe combined immunodeficiency (SCID). We inoculated 

LLC tumor cells to the SCID mice and sacrificed after 16 days. OSM was not present in 

the plasma of LLC-injected SCID mice. However, there was still cachectic atrophy 

present in mice supporting the fact that cachexia is a multifactorial disorder. The SCID 

mice had significantly reduced muscle weight and strength compared to the control group. 

Overall, OSM absence in the plasma of these mice supports the fact that the immune 

system is likely the source of tumor-induced OSM (Figure 3-25).  
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Figure 3-30: Tumors are not the source of atrophy-inducer OSM. (A-B) LLC (5 
million cells) were inoculated to severe combined immunodeficiency (SCID) mice, and 
they were sacrificed 16 days post-tumor injection. Adipose (A) and muscle (B) tissues 
were weighed (n = 6). Data are presented as individual measurements (points) and mean 
± SEM. Statistical analysis was conducted using a two-tailed t-test. 

 

3.10 OSMR is Upregulated in Cancer Patients and Muscles of Patients with 
Muscular Dystrophy 

At the clinical level, we wanted to examine if OSM/OSMR signaling is related to 

muscle wasting in humans. To test this, we analyzed GEO Omnibus Databases and 

checked the expression of the OSMR gene as the chief target of OSM/OSMR signaling in 

muscle biopsies of weight-losing pancreatic ductal adenocarcinoma (PDAC) patients. 

This database of microarray analysis, compared by Judge et al. (2018), was composed of 

17 cachectic PDAC patients, 5 non-cachectic PDAC patients and 16 noncancer controls. 

Results showed that OSMR expression was upregulated in cachectic PDAC patients 

compared to non-cancer controls and non-cachectic PDAC patients (in Figure 3-31A). 

Moreover, we also analyzed if the expression of OSM-target genes identified by RNA 

sequencing are enriched in these samples. We performed gene set enrichment analysis 

(GSEA) of top 200 genes upregulated by OSM and compared their expression in the 

muscle biopsies of cachectic PDAC patients (Figure 3-31B). The results show that OSM 

target genes were significantly expressed in muscle biopsies of cachectic PDAC patients. 
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Figure 3-31: OSMR and its target genes are upregulated in PDAC cachectic patients. 
(A) GEO2R analysis of OSMR expression levels between normal subjects and PDAC 
patients (GSE130563) (n = 16 for non-cancer controls, n = 5 for non-cachectic PDAC 
patients, and n = 17 for cachectic PDAC patients). (B) GSEA of the top 200 OSM target 
genes between cachectic PDAC patients with non-cancer controls and non-cachectic 
PDAC patients was performed (GEO: GSE130563). Analysis was performed by Samet 
Ağca. 

 

In GEO database analysis, we also confirmed an upregulated expression of OSMR 

in patients with muscular dystrophy. OSMR is upregulated in patients with Duchenne 

muscular dystrophy (DMD) and facioscapulohumeral muscular dystrophy (FSHD) 

(Figure 3-32). The analysis of gene expression profiles of muscle biopsies from 10 DMD 

patients and 11 unaffected subjects studied by Haslett et al. (2003) (GEO: GSE1007) 

revealed an increase in OSMR levels in DMD patients (Figure 3-32A). OSMR transcripts 

are shown to be upregulated also in patients with FSHD. In a study by Wang et al. (2019) 

(GSE115650) the muscle biopsies from patients were collected to analyze the expression 

of target genes of double homeobox 4 (DUX4), which is abnormally expressed in muscle 

and associated with this disease. The patients were separated into 4 groups according to 

the expression of these markers (From the lowest to the highest expression levels). 

Compared to 9 control subjects, OSMR transcript levels were elevated in 34 FSHD 

patients of all groups (Figure 3-32B). Moreover, the follow-up studies were published for 

the same patients (GEO: GSE140261) in which OSMR transcript levels remained elevated 

(n = 27) (Figure 3-32C). We also tested OSM top 200 target gene expression levels in 

these databases using GSEA analysis (Figure 3-32D, E and F). OSMR and OSM top target 
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genes were significantly enriched in the muscular dystrophies pointing out the fact that 

OSM/OSMR signaling is not limited only to cachexia-driven muscle wasting. 

 

 

Figure 3-32: OSMR transcript levels are upregulated in DMD and FSHD patients.  
(A) OSMR expression values of normal subjects and DMD patients were analyzed by 
GEO2R (GSE1007) (n = 11 for normal subjects, n = 10 for DMD subjects) (B-C) OSMR 
expression values of normal subjects and FSHD patients were analyzed by DESeq2 (B) 
(GSE115650) (n = 9 for normal subjects, n = 34 for FSHD subjects). (C) (GSE140261) 
(n = 8 for normal subjects, n = 27 for FSHD subjects). (D-F) GSEA analysis was 
performed for each database. 

 

Apart from DMD and FSHD, OSMR expression is also upregulated in other 

muscular disorders (Figure 3-33). 49 muscle biopsies from patients with DMD, Becker 

muscular dystrophy (BMD) and limb-girdle muscular dystrophy (LGMD) were 

investigated from a GEO database (Dadgar et al., 2014). Analysis of this dataset (GEO: 

GSE109178) showed that OSMR transcript is elevated in patients with DMD (n = 17), 

BMD (n = 11), and dysferlin-deficient LGMD2B (n = 8) compared to normal subjects (n 

= 6) (Figure 3-33A). Moreover, Analysis of the dataset (GEO: GSE3307) showed OSMR 

upregulation in patients with DMD (n = 10), BMD (n = 5), acute quadriplegic myopathy 

(n = 5), FSHD (n = 14), juvenile dermatomyositis (JDM) (n = 21), calpain3-deficient 

LGMD2A (n = 10), dysferlin-deficient LGMD2B (n = 11), and fukutin-related protein-
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deficient LGMD2I (n = 7) compared to normal subjects (n = 18) (Figure 3-33B). Overall, 

the results show that OSM/OSMR signaling is activated in various muscular disorders. 

Targeting OSM/OSMR signaling can benefit many muscular disorders. 
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Figure 3-33: OSMR transcript levels are upregulated in patients with muscular 
dystrophy.  (A) The OSMR expression values of control group and DMD patients were 
analyzed by GEO2R (GSE109178) (n = 6 for normal subjects, n = 17 for DMD subjects, 
n = 11 for Becker muscular dystrophy (BMD) subjects, n = 7 for fukutin-related protein 
(FKRP)-deficient limb girdle muscular dystrophy type 2I (LGMD2I) subjects and n = 8 
for dysferlin-deficient limbgirdle muscular dystrophy type 2B (LGMD2B) subjects).    
(B) GEO2R analysis (GSE3307) of OSMR transcript levels of normal subjects and 
muscular dystrophy patients (n = 18 for normal subjects, n = 9 for amyotrophic lateral 
sclerosis (ALS) patients, n = 5 for acute quadriplegic myopathy (AQM), n = 5 for Becker 
muscular dystrophy (BMD) patients, n = 10 for DMD patients, n = 8 for Emery Dreifuss 
muscular dystrophy (EDMD) patients, n = 14 for FSHD patients, n = 4 for hereditary 
spastic paraplegia (HSP) patients, n = 21 for juvenile dermatomyositis (JDM) patients, n 
= 10 for calpain3-deficient limb-girdle muscular dystrophy type 2A (LGMD2A) patients, 
n = 10 for dysferlin-deficient limb-girdle muscular dystrophy type 2B (LGMD2B) 
patients, and n = 7 for fukutin-related protein (FKRP)-deficient limb girdle muscular 
dystrophy type 2I (LGMD2I) patients).  

  



61 

 

 

 

Chapter 4: DISCUSSION 

Cachexia is a debilitating syndrome associated with excessive muscle and fat loss. 

Skeletal muscle atrophy, as a hallmark of cachexia, accompanies many disorders, 

primarily cancer. More than half of cancer patients suffer from cachexia and 20% of 

deaths occur in cachectic cancer patients. The exact mechanism behind cachexia-driven 

muscle loss is elusive. Multiple cytokine-signaling pathways are activated upon muscle 

wasting. Several proteins are identified as mediators of cachexia. However, pre-clinical 

stages have mostly failed to prevent cachectic weight and muscle loss. Therefore, 

successful therapies against cachexia-leading muscle loss have become an unmet medical 

need (Dolly et al., 2020). 

Certain studies have focused on mitigating the effects of cachexia by blocking 

inflammatory cytokines, such as TNFα. However, potential therapies with TNFα 

inhibitors (e.g., infliximab or etanercept) failed to prevent muscle loss (Domaniku et al., 

2023). Infliximab, the monoclonal antibody against TNFα, was reported to have adverse 

effects with a significant increase in body weight and body mass index (BMI) (Patsalos 

et al., 2020).  

Beyond TNFα, other cytokines like IL-1, IL-6 and LIF proteins have been 

identified as drivers of muscle loss. Recent studies focused on certain therapeutic targets 

against IL-1 and IL-6 but failed to prevent cachexia-driven body loss. IL-1 specific 

monoclonal antibody xilonix (MABp1) improved the body mass of only responding 

cachectic patients. The anti-IL-6 antibody approach reversed muscle loss in cachectic 

mice, however, the trial of ALD518 (a humanized IL-6 monoclonal antibody) failed to 

improve the lean body mass of nonsmall-cell lung cancer (NSCLC) patients (Domaniku 

et al., 2023).  

Pre-clinical studies using activin A decoy receptor or human monoclonal anti-

ActR2 antibody showed positive results in maintaining lean body mass. Moreover, the 

combination therapy with activin A decoy receptor and ghrelin receptor agonist Anarelin, 

known to improve appetite and body weight, reversed muscle loss in cachectic mice. 

Blocking Activin A rescued muscle loss in a sex-dependent manner (Queiroz et al., 2022). 

However, clinical trials with anti-myostatin antibodies on pancreatic cancer patients have 

been discontinued due to deleterious effects on patients’ survival (Golan et al., 2018).  
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GDF15, a stress hormone, is another recently identified cachexia-causing agent. 

Anti-GDF15 antibodies successfully reversed the cachectic condition in mice (Kim-

Muller et al., 2023; Suriben et al., 2020) giving hopeful insights for future clinical trials 

in humans. However, GDF15 also shows a protective role against inflammation by 

maintaining tissue tolerance through the regulation of triglyceride metabolism (Luan et 

al., 2019). This requires careful examination of cachectic patients getting GDF15-GFRAL 

antagonists since they are more susceptible to any kind of infection (Lockhart et al., 

2020). 

While previous efforts to combat cachexia have not been fully successful, 

emerging research on Oncostatin M offers a promising new approach for addressing 

muscle wasting in cachectic conditions. OSM is shown to induce cellular atrophy in 

C2C12 myotubes (Miki et al., 2019). Our study shows that via JAK2/STAT3 pathway 

activation, OSM induces shrinkage of primary myotubes in vitro. OSM upregulates its 

top-list genes, which are associated with muscle atrophy. Serpina3n, as the top target of 

OSM, is a serine protease upregulated in damaged muscle tissues, C26 (colon carcinoma) 

cachectic murine models, but also during glucocorticoid-related muscle atrophy 

(Gueugneau et al., 2018; Shum et al., 2015; Tjondrokoesoemo et al., 2016). Moreover, 

Ampd3, Sln, Mt1, Mt2, Cebpd, and Igfbp3 were also identified as potential atrophy 

markers. Ampd3 regulates the ratio between adenine nucleotide content and ATP, 

contributing significantly to the balance of muscle metabolism. There was an increase in 

Ampd3 levels observed in muscles experiencing atrophy (Brocca et al., 2017; Ibebunjo et 

al., 2013; Lecker et al., 2004). Cebpd (CAAT/enhancer binding protein d) expression 

levels are elevated in glucocorticoid-induced atrophy conditions (Yang et al., 2005). 

Igfbp3 codes for a protein that binds to insulin-like growth factor (IGF), demonstrated to 

inhibit IGF signaling and stimulate atrophy in C2C12 myotubes. Elevated Igfbp3 levels 

were observed in the muscles of mice with tumors (Cole et al., 2021; Huang et al., 2016). 

Mt1 and Mt2 are metallothioneins whose expression is elevated in murine and human 

muscles undergoing wasting (Lecker et al., 2004; Urso et al., 2007; Urso et al., 2006). Sln 

expression levels are elevated during muscular dystrophy (Voit et al., 2017). 

OSM overexpression triggers significant muscle wasting in vivo. Studies have 

shown that OSM overexpression upon adeno-associated virus transduction had shrunk 

muscles in mice (Jengelley et al., 2022). In the study by Bilgic et al. (2023) , the atrophy-

inducer OSM’s mechanism of action was investigated. Primarily, OSM activates the 
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EDA2R/NIK signaling pathway to induce atrophy. In vitro, OSM overexpression or 

recombinant OSM treatment induces Eda2r expression in primary myotubes (Bilgic et 

al., 2023). High ectodysplasin A2 receptor (EDA2R) expression in muscle is associated 

with cancer cachexia, denervation, aging and muscular dystrophies (Ozen & Kir, 2024). 

In primary myotubes, OSM, together with EDA-A2, additively promotes cellular atrophy. 

Bilgic et al. (2023) concluded that tumor-induced OSM elevates EDA2R expression in 

muscle; when OSMR is deficient in muscle, the wasting gets blunted. Therefore, 

OSM/OSMR and EDA2R/NIK signaling act in parallel to induce muscle wasting. 

To better mark the importance of OSM in tumor-induced muscle loss, the OSMR-

muscle-specific deleted mice were inoculated with LLC and B16 cancer cells. Muscle-

specific depleted OSMR tumor-bearing mice rescued atrophy and showed improved 

muscle function. Mice improved their whole limb hanging and forelimb muscle strength. 

Moreover, OSM blockade by anti-OSM antibodies also protected tumor-bearing mice 

from cachexia-driven muscle loss. The OSM neutralization experiments phenocopied the 

muscle-OSMR depletion results. However, the muscle strength upon antibody 

administration did not fully rescue the effect in tumor-bearing mice. This shows that 

further nutritional changes and further exercise plans may help in restoring muscle 

strength. 

The source of OSM in inducing muscle wasting is not clear. Literature shows that 

the C2C12 myotubes do not express OSM (Xiao et al., 2011). Our data has indicated that 

cachexia-inducing tumor inoculation increases OSM levels in plasma of mice. However, 

our results demonstrated that OSM is not expressed by tumor cells or muscle tissue. 

Therefore, we argue that OSM secretion is likely carried out by other cell types located 

either inside or outside the tumor microenvironment, such as immune cells, cancer-

associated fibroblasts or endothelial cells. In fact, tumors might affect OSM secretion 

indirectly through triggering inflammation, as a general feature of cancer cachexia. Our 

data shows that OSM is undetectable in the plasma of immunodeficient tumor-bearing 

SCID mice. So, we speculate that the immune system is the possible source of OSM 

secretion. In a recent study by Dollet et al., authors suggested inflammation to be the 

source of OSM in triggering exercise-induced lipolysis. Acute exercise promoted the 

secretion of factors from muscle tissue, which activated inflammatory cells 

(monocyte/macrophages and T cells). These inflammatory cells were indicated to release 

OSM in adipose tissue triggering lipolysis (Dollet et al., 2024).  Similarly, during cancer 
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cachexia, tumor-derived factors may persistently activate immune cells, driving their 

infiltration into host tissues and leading to the secretion of atrophy-inducer OSM, which 

upregulates expression of OSMR and other atrophy-related genes in muscle. While OSM 

expression is not detectable in muscle tissue, further studies should test OSM levels in 

immune cell fractions of the tumor-bearing mice. For this purpose, flow cytometry can 

be used to identify the specific cell types secreting OSM. OSM/OSMR signaling 

activation seems to contribute to many muscle disorders; therefore, understanding the 

source of OSM during cancer cachexia can reveal the source of OSM in promoting high 

OSMR expression and also in other muscular dystrophies. 

The Oncostatin M / Oncostatin M receptor (OSM/OSMR) angle provides a new 

target for mitigating cachexia-driven muscle loss (Figure 4-1). Therapeutic approaches to 

block OSM signaling have been demonstrated with anti-OSM antibodies. A monoclonal 

OSM antibody (GSK315234) is used in Phase II clinical trials for patients with 

Rheumatoid Arthritis (Choy et al, 2013). GSK-OSM has a dose-dependent neutralizing 

effect on OSM; high-dose antibody-OSM binding increases the half-life of OSM, 

however, it has lower binding affinity than OSM and its receptor, OSMR. Further 

experiments on the dissociation rate of antibody-OSM should be examined. A recent 

humanized monoclonal anti-OSM antibody (GSK2330811) is tested for the treatment of 

inflammatory and fibrotic diseases, such as systemic sclerosis (Richards & Botelho, 

2019). However, the Phase II studies with this antibody showed no significant change 

compared to the placebo (Denton et al., 2022). Another study used Vixarelimab, an 

antibody against the beta subunit of the Oncostatin M receptor (OSMR), for treatment of 

Prurigo nodularis (a chronic skin disease). In Phase IIa studies, this antibody resulted in 

almost-clear skin and reduced itches in patients giving promising results for further 

clinical examinations (Sofen et al., 2023). Such therapeutic tools can be used to 

ameliorate the effect of OSM/OSMR signaling in various diseases. 

In general, the IL-6 family members IL-6, LIF and OSM have an overlapping role 

in contributing to the development of cancer cachexia and other disease pathogenesis. If 

therapeutic agents target all three cytokines simultaneously, more favorable outcomes 

may be obtained. For example, JAK2 kinase inhibitors Ruxolitinib and Tofacitinib have 

shown promising results on rescuing cachexia in mice (Arora et al, 2020). Currently, 

Ruxolitinib is tested in Phase II clinical trials to evaluate its effect on preventing cytokine-

triggered muscle wasting in NSCLC patients (NCT04906746). Since not only these 
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cytokines use the JAK/STAT signaling, the possible adverse effect on blocking the whole 

pathway should be considered. Moreover, another targeting strategy would be considering 

gp130 blockage. Similarly, since gp130 is also the hub of many signaling networks and 

its complete blockage can result in many side effects, therapies should aim to reduce 

activation of gp130 downstream signaling to normal levels. Certain studies are being 

performed with orally active small molecule SC144 as the first-in-class potent gp130 

inhibitor which will serve information for further clinical examinations (Xu & Neamati, 

2013). Studies have shown that anti-IL-6 antibodies are not sufficient to inhibit myeloma 

growth and this can be overcome using antibodies against gp130 (Burger et al., 2017).  

 

 

Figure 4-1: The OSM/OSMR signaling cascade in cachexia. OSM binds to its 
OSMR/gp130 receptor and activates the JAK/STAT3 pathway. JAK kinases bind to the 
receptors and auto-phosphorylate to recruit STAT molecules. The activated STAT3 
molecules homodimerize and move into the nucleus to induce the expression of muscle 
atrophy. Anti-OSM antibody or Ruxolitinib, a JAK1/2 inhibitor, can be used to block the 
cascade (Adapted from Domaniku et al. (2023)). 
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Chapter 5: SUMMARY 

  Our study has revealed the effect of OSM/OSMR signaling in inducing muscle 

loss. OSM activates JAK/STAT3 pathway to induce muscle wasting both in vitro and in 

vivo. OSM elevates the expression of atrophy markers and the related genes, and its 

overexpression induces muscle atrophy via the JAK/STAT3 pathway. High OSMR 

transcript levels are found in many muscular disorders. 

  Overall, our findings emphasize the promising potential of targeting the 

OSM/OSMR pathway as an effective therapeutic strategy for alleviating muscle atrophy. 

By strategically intervening in this signaling pathway either by chemical inhibition, 

receptor deletion or antibody administration, it might be feasible to effectively halt the 

progression of muscle loss, thereby creating new opportunities for addressing this 

devastating condition. 
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