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ABSTRACT 

Rhabdomyosarcoma (RMS) is a malignant soft-tissue sarcoma in children, accounting for about 40% 

of pediatric soft-tissue tumors. The two main subtypes of RMS widely studied are embryonal RMS 

(eRMS) and alveolar RMS (aRMS). Current therapies include chemotherapy and radiation, which are 

very limited, highly cytotoxic, and have higher chances of recurrence. Although, survival rates have 

not significantly improved for past three decades, there has been no substantial changes in the 

treatment strategies, which points out to the need of the hour to develop new approaches to combat 

rhabdomyosarcoma. The previous study in our lab suggested that the rhabdomyosarcoma cells 

produce high levels of mitochondrial reactive oxygen species (mito ROS), and because of defective 

oxidative phosphorylation complexes, along with high levels of mitochondrial unfolded protein 

response (mtUPR) components. This study hypothesizes a therapeutic intervention targeting the 

mtUPR machinery, which would increase the load of unfolded proteins in the cells that would further 

elevate the oxidative stress, skewing the cells towards apoptosis. For this, we screened a library of 

small molecules against mitochondrial protease that is a component of mtUPR machinery. The 

screening results showed one promising small molecule DCEM 2, which we studied further. Our 

results show that DCEM 2 treatment at micro molar levels increased the oxidative stress, 

ubiquitinated proteins, and caspase- 3 activation whereas it reduced cell viability in both aRMS and 

eRMS cells with minimal effect on normal myoblast cells. Moreover, DCEM 2 treatment drastically 

reduced the oxygen consumption rate and reduces the aRMS signature fusion protein PAXJ- FOXOl 

levels. Overall, our data suggests that targeting the mtUPR components would be a promising 

therapeutic strategy for ROS driven cancers like rhabdomyosarcoma. 
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1.1 Introduction 

Rhabdomyosarcoma (RMS) is a soft tissue cancer that arises from immature cells of mesenchymal 

origin that are destined to form skeletal muscles. It ranks third in total cases of solid tumors in 

children and adolescents, accounting for approximately 5% of all pediatric cancers and about half of 

all soft tissue sarcomas. The annual incidence is around five cases per million children, with 

approximately 250 new cases diagnosed in the United States alone 1
•
2 

. Mostly RMS occurs 

intermittently but the disease is also associated with familial syndromes such as neurofibromatosis, Li 

Fraumeni, Costello syndrome and Beckwith-Wiedemann syndrome. Neurofibromatosis occurs due to 

mutations in tumor suppressor genes neurofibromin 1 (NFl) or neurofibromin 2 (NF2). Data suggest 

that NFl mutation results in a 20-fold increased risk of RMS when compared to general population2
. 

Li-Fraumeni syndrome is an autosomal dominant disorder correlates with germline mutations in 

tumor suppressor gene p53 , leading to elevated risk of many early-onset cancers, including sarcomas, 

acute leukemia, pre-menopausal breast carcinoma, brain tumors, and adrenocortical carcinoma1
. 

Costello syndrome is associated with mutations in a proto- oncogene HRAS and is characterized by 

mental and physical developmental defects, as well as increased risk of various malignancies 

(including RMS)3
. Beckwith-Wiedemann syndrome, caused by genetic imprinting errors m 

chromosome region 1 lp15 , is in the same region where genetic aberrations cause eRMS4
. 

Epidemiological study indicates that there is a bimodal distribution for the age in disease presentation 

data with a peak between 2 and 6 years and then again between 10 and 18 years of age 5
•
6 

. This 

reveals the occurrence of the two major histologic subtypes of RMS : embryonal (eRMS) in the 

younger patients, typically arising in head/neck and genitourinary, retro peritoneum and alveolar 

(aRMS) in older patients, typically developing in trunk and extremity. 
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a) Embryonal Rhabdomyosarcoma (eRMS) 

Embryonal rhabdomyosarcoma term was coined due to the phenotypic similarity between the 

growing myocytes and tumor cells. It accounts for 70-80% of all RMS tumors. Mostly caused due to 

genetic perturbations such as loss ofheterozygosity at chromosome 1 lp15 .5 in the tumor cells7. The 

loss of heterozygosity region includes genes for insulin- like growth factors (IGF2), cyclin dependent 

kinases responsible for growth regulation, mitogenic activities, etc. Loss of heterozygosity in this 

region results in loss of the maternal IGF2 allele and duplication of the paternal allele, resulting in the 

overexpression of IGF2 . Major role of IGF2 is the growth-promoting hormone during gestation 

period, it is responsible for development of fetal pancreatic beta cells, and overexpression of IGF2 

induces increased proliferation. Studies also show that due to imprinting, one allele of a tumor 

suppressor gene is inactive in this region and the other allele undergo allelic loss event, and thus , both 

alleles of the tumor suppressor are inactivated to promote an oncogenic effect8
. 

Subtype of eRMS includes botryoidal and spindle rhabdomyosarcoma. Botryoidal (Greek: grape 

bunches) rhabdomyosarcoma usually observed in the walls of hollow, mucosa lined structures such as 

the nasopharynx, common bile duct, urinary bladder of infants and children younger than eight years. 

Spindle cell rhabdomyosarcoma is a rare variant having better prognosis than other types. It mainly 

affects the paratesticular region in children and head and neck region in adults 9. 
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Figure 1: Schematic showing the loss of heterozygosity at 11p15 .5 chromosomal region of eRMS 
patients. There is imprinting of multiple genes, such that red indicates an expressed allele and blue 

10indicates an unexpressed allele. 7
-

b) Alveolar Rhabdomyosarcoma (aRMS) 

Alveolar Rhabdomyosarcoma term was based on the morphological resemblance of tumor cell 

aggregates and alveoli of lungs. It has an incidence rate of 20-30% of all RMS tumors accounting to 1 

in a million cases each yearll _ 213rd of aRMS cases have PAX3-FOXO1 fusion protein, which arises 

due to the stable translocation and fusion of PAX3 gene on chromosome 2 and FOXOl gene on 

chromosome 13 [t(2;13) (q35 ; q14)] and in other 113 rd aRMS cases translocation between PAX7 on 

chromosome 1 and FOXOl on chromosome 13 [t(1 ;13)(p36;q14)]. PAX3 and FOXOl genes 

translocation results in the formation of a functional fusion protein (PAX3-FOXO1), which contains 

the DNA binding domain of P AX3 and transactivation domain of FOXO 1. This fusion protein is a 

potent oncogene, which can trigger increased proliferation, induce angiogenesis, inhibit apoptosis, 
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inhibit terminal differentiation, and activate the myogenic program. It is one of the major drivers of 

aRMS, and confer an aggressive cancer phenotype 12
. 

+-der(13) 

der(13)Chrom 13 

Chrom 13 
Chrom 2 

der(2) Chrom 1 der(1) 

t(2; 13)(q35;q14) t(1 ;13)(p36;q14) 

Figure 2: Schematic showing translocations in aRMS 12
•
13 

. 

1.2 Significance of Fusion Protein in aRMS 

PAX box genes encode a family of transcription factors that contain a highly conserved DNA-binding 

domain called the paired domain, which regulates complex processes of lineage determination in the 

developing embryo. PAX family consist of nine genes (PAXl-9) which maintains progenitor cells 

through molecular mechanisms such as alternative RNA splicing and gene activation or inhibition in 

concurrence with protein co-factors14
. PAX3, a member of PAX family, is active in cells called 

neural crest cells and plays a critical role in the formation of tissues and organs during embryonic 

development15
. These cells migrate from the developing spinal cord to specific regions in the embryo. 

SIPage 



PAX3 transcription factor regulates the expression of Myogenic Regulatory family (MRF), which 

involves MyoD, myf5 , myogenin and MRF4. These proteins are important for differentiation and 

development of satellite cells used in muscle development 16
. Among these proteins, the most critical 

downstream target of P AX3 is MyoD transcription factor, which is found in dividing myoblast, and is 

responsible for activation of genes required for muscle development only when the myoblasts mature 

and are withdrawn from cell cycle17 
. Whereas in adult population, PAX3 gets activated in response to 

the need of increased muscle proliferation such as during wound healing or else it remains in 

quiescent stage14 
. 

DNA Binding Transacttvatlon 
Domain Domain 

PAX3 100 a.a. 

PB HDPAX3-FOX01 

FOX01 

g Domain Transactivation Domain 

PAX7-FOX01 

PAX7 

DNA Binding Transactivation 
Doma- Domain 

Figure 3: Comparison of wild type and fusion products associated with the (2; 13) and (1; 13) 
translocations. The paired box and forkhead domain indicated as open boxes, and transcriptional 

domains (DNA binding domain, DBD; transcriptional domain) shown as solid bars. The vertical dash 
line indicates the translocation fusion point13 

. 
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FOXOl belongs to the Forkhead box O (FOXO) subfamily of the forkhead transcription factors 

family, and is characterized by a forkhead domain. This family of genes have shown distinct role in 

cell fate decisions, DNA repair mechanism and ROS detoxification. They also play a pivotal role as 

tumor suppressor in a wide range of cancers1
8

. 

In absence of growth factors or in quiescent cells, FOXO proteins are located in the nucleus and 

upregulate downstream target genes responsible for cell cycle arrest, stress resistance, and apoptosis. 

However, in the presence of cell growth factors , FOXO proteins are translocated to the cytosol and 

are eventually degraded via the ubiquitin-proteasome pathway19 
. In stress conditions such as 

oxidative stress due to reactive oxygen species (ROS), FOXOs are evidently involved in activating 

genes such as SOD2, CAT, GPXl , PRDXl , PRDX3, and PRDX 5 in order to scavenge the free 

radicals . In other cases, it activates mitochondria-dependent and mitochondrial -independent 

apoptotic machinery by upregulating the expression of death receptor ligands like Fas and TNF 

ligand and Bcl-2 family members20
-
21 

. 

The fusion of PAX3 and FOXOl is the unique signature and major driver in rhabdomyosarcoma. The 

in-frame fusion of these transcription factors gives rise to a novel transcription factor with DNA 

binding domain of PAX3 and transactivation domain of FOXOl. Therefore, PAX3 regulation is 

highly specific only to growth signals and FOXOl regulation determines the oxidative state of the 

cells, but due to fusion of PAX3 and FOXOl cells can only be able to regulate the downstream 

targets of PAX3 . When FOXOl senses oxidative stress, it leads to constitutive activation of PAX3-

FOXO1 fusion protein. On the other hand, FOXOl is not able to reduce the oxidative stress by 

upregulating the anti-oxidant defense but in tum regulates the downstream targets of P AX3 leading to 

uncontrolled muscle proliferation22 
. 
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The clinical relevance of the molecular features of fusion positive RMS was reported by children's 

oncology group- soft tissue sarcoma committee23 and Intergroup Rhabdomyosarcoma Study Group24
. 

In a survival analysis, patients with PAX3- FOXOl fusion (n=85), PAX 7- FOXOl fusion (n=23), 

fusion negative (n=21) and eRMS patients (n=305) were evaluated for overall survival (OS) and 

event free survival (EFS). PAX3/7-FOXO1 patients had inferior overall survival and event free 

survival rate when compared to fusion negative and eRMS patients. Overall survival is worst for 

PAX3-FOXO1 fusion patients. PAX3-FOXO1 fusion protein is specific for aRMS and is not present 

in any other cancers, hence it can be used as a specific marker to detect aRMS diagnostically25
. 

1.3 Staging, Detection, Diagnosis & Treatment Approaches 

Patients primarily do not present with any symptoms during initial stages but over the period of time 

symptoms show up as pain increases due to increasing mass of tumor and compression of nerves. In 

parts of the body where the tumors are easily recognized, RMS is often being found very early. As far 

as diagnostics are concerned, complete evaluation of a patient prior to treatment is compulsory. First 

stage of diagnosis includes standard laboratory work as well as imaging techniques such as CT scan, 

or MRI that gives more information of location, size of tumor and involvement of vital organs. 

However, the only way to confirm the diagnosis is to obtain a biopsy of the malignant mass for 

laboratory testing, which includes bone marrow biopsy to identify bone metastasis and lumbar 

puncture for cerebrospinal fluids for parameningeal tumors. All patients suffering from RMS require 

multimodal therapy24
. Risk stratification is carried out based on factors like subtype categorization, 

extent of distant disease, TNM classification and postsurgical residual disease. According to the soft 
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tissue sarcoma committee of COG risk stratification system Intergroup Rhabdomyosarcoma Study 

Group, the group and stage criteria should be combined to decide the treatment plan26 
. 

Table 1 Pathologic Staging is performed using the Pre-treatment TNM Staging System established by 
the Intergroup Rhabdomyosarcoma Study Group27

. 

Classification 

Tumor 

Tl 

Tla 

Tlb 

T2 

T2a 

T2b 

Regional Lymph Nodes 

NO 

Nl 

NX 

Metastasis 

MO 

Ml 

Description 

Confined to site of origin 

Tumor size < 5 cm 

Tumor size 2: 5 cm 

Extension to I infiltration of surrounding tissue 

Tumor size < 5 cm 

Tumor size 2: 5 cm 

Lymph nodes not clinically involved 

Lymph nodes clinically involved 

Clinical lymph node status unknown 

No distant metastasis 

Distant metastasis present 
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Table 2: Clinical Staging performed using the Intergroup Rhabdomyosarcoma Pre-treatment Clinical 
Staging System based on Pathologic TNM (above), Site and Size: 

Stage Site T Tumor N M 

size 

Stage 1 Favorable Tl or T2 Any NO, Nl , NX MO 

Stage 2 Unfavorable Tl or T2 < 5 cm NO, NX MO 

Stage 3 Unfavorable Tl or T2 < 5 cm Nl MO 

OR 2: 5 cm NO, Nl , NX MO 

Stage 4 Any Tl or T2 Any NO, Nl Ml 

Favorable sites are biliary tract, orbit, head and neck ( excluding Para meningeal) and genitourinary 

( excluding prostate and bladder); all others are unfavorable. 

Treatment plan has been based on the risk stratification of patients. Current therapies 

employed to limit tumor expansion include chemotherapy, which consists of combination of 

antineoplastic drugs that interfere with cell cycle progression. The foremost regime used for 

rhabdomyosarcoma is the cocktail of vincristine, actinomycin-D, and cyclophosphamide (VAC 

regime)28
. Recently, clinical trial with other drugs such as plant alkaloids (etoposide and topotecan) 

or cell cycle non- specific drugs like crosslinking agents ( cisplatin and ifosfamide) or intercalating 

agents ( doxorubicin) were carried out along with V AC regime to intensify the effect of the 

chemotherapy drugs. After chemotherapy treatment, patients usually undergo surgery and radiation 
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therapy, which helps to improve local control of post- operative residual disease and outcome. 

However, this application has limitations in young children due to late side effects on surrounding 

organs. 

Table 3: Clinical Group is determined using the Intergroup Rhabdomyosarcoma Clinical Grouping 
System27 based on extent of disease: 

Group Extent of Disease 

Group I Localized disease, excised 

Group Ia Confined to site of origin 

Group lb Infiltrative, beyond site of origin; negative lymph nodes 

Group II Total gross resection with regional disease spread 

Group Ila Localized tumor with microscopic residual disease 

Group lib Regional disease with positive lymph nodes, excised 

No microscopic residual disease 

Group Ile Regional disease with positive lymph nodes 

Grossly resected with microscopic residual disease 

Group III Gross residual disease 

Group Illa Localized or regional disease, Biopsy 

Group Illb Localized or regional disease, Resection (debulking of more than 50% of tumor) 

Group IV Distant metastasis 
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33 

However, none of these strategies have worked and given a substantial breakthrough in fight against 

rhabdomyosarcoma. From 1970's to 2000, the cure rate has increased merely three fold. The patients 

classified in low risk group have an 88% chance of three-year event free survival and 55-76% with 

intermediate risk, and less than 30% chance in high-risk group29
. Current strategies mainly targeted 

towards the high-risk group may be due to low survival rate, and aggressive phenotype of cancer. 

Therefore, there is utmost need to find new strategies and novel therapeutic targets. 

Cancer cells are dependent on the continuous activity of altered proteins or pathways ( oncogene 

addiction) by evading growth suppressors and resisting cell death30
. Therefore, targeted therapy is 

supposed to be more effective and have fewer side effects. Advances in targeted therapy have shown 

to effectively inhibit specific signal transduction pathways, and therefore, prevent tumor growth and 

even induce regression. Unlike classical chemotherapeutics, which affects all rapidly dividing cells, 

targeted therapy interferes with cancer specific molecules directly associated with carcinogenesis and 

32tumor growth31
• . The two main categories of substances in use are small molecules and monoclonal 

antibodies. Small molecules are able to penetrate the cells and act on intracellular targets, whereas 

monoclonal antibodies target antigens on the cells surface. Small molecules are designed to block the 

oncogenic function of the target protein32 
. Tumors especially suitable for such a treatment have 

aberrations in upstream signaling cascade components, cell surface receptors or cytoplasmic kinases 

Other approach in cancer treatment is targeting the transcriptional factors as they play attributing role 

in oncogenic transformation in a variety of cancers. In fact, transcription factors are the second most 

frequently mutated class of proteins found in human cancers 34
. Hence, transcription factors are 

32 35 36promising targets for therapeutic strategies • • . However, it is difficult to target transcription 

factors directly with small molecules because of their predominant nuclear localization, lack of 

12 IP age 



enzymatic activity and large surface areas of their functional domain37
. Much work is going on to 

target the transcription factors at various levels, including the inhibition of their interactions with co

repressors, co-activators and blocking their binding to DNA. 

The major cancer specific aberrant target in aRMS is PAXJ- FOXOI. Because the PAX3- FOXOl 

chimeric transcription factor lies at the bottom intracellular signaling pathway and is constantly 

located in the nucleus, it is difficult to target the fusion transcription factor. Hence, direct inhibitors 

are unavailable. However, downregulation of PAX3- FOXOl by siRNA or antisense oligonucleotides 

can be an another approach used to target the chimeric transcription factor, which reduces 

proliferation, motility, decreases invasion, induces differentiation and even induces apoptosis37 
-

39
. 

These findings suggest that interfering with P AX3- FOXOl expression is a possible therapeutic 

strategy. Although technically complex, validating this in pre- clinical and clinical models proves to 

be challenging. Therefore, other inhibitory mechanisms for PAX3- FOXOl should be investigated. 

One such strategy that indirectly target PAX3-FOX01 involve the recognition of PAX3- FOXOl as 

tumor antigen by immunotherapy40 
. For example, enhancing the fusion protein epitope using 

dendritic cells to induce cytotoxic T-lymphocytes capable of lysing tumors in patients with aRMS41 
. 

Interfering with PAX3- FOXOl interaction partners necessary for transcriptional activity might also 

be an interesting approach as well as restricting DNA binding at the epigenetic level by modulation of 

chromatin accessibility42 
. Previous studies have shown that interfering with post- translational 

modifications of PAX3- FOXOl may also be a useful strategy for the establishment of novel 

therapies. For example, camptothecin, a topoisomerase I inhibitor, is used for enhanced degradation 

of the fusion protein in aRMS cell lines probably by modulating its ubiquitination status 43 
. 

Mitochondria being the powerhouse and an important organelle of cells have emerged as an 

interesting target for anti-cancer drugs, for most types of tumors. Due to clinical potential drugs that 
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target mitochondria and deploy anti-cancer activity has become a focus of recent research. According 

research a new class of anti-cancer drugs called as 'mitocans ' that act as a destabilizing agent44
. 

Currently, these drugs are classified in seven classes depending on the mechanism of action45
. This 

thesis is also based on similar premise where we propose to target mitochondria in treating 

rhabdomyosarcoma. 

1.4 Mitochondria structure and function 

Mitochondria are the major source of energy production in eukaryotes and are essential for normal 

cellular function and stability of the genome. The outer mitochondrial membrane (OMM) is highly 

porous and has no membrane potential whereas the inner mitochondrial membrane (IMM) tightly 

regulates the flow of ions with the help of membrane transport proteins, which exhibit high 

specificity. The inner membrane is highly folded, forming cristae and embedded in the inner 

membrane are five complexes that make up the respiratory chain where oxidative phosphorylation 

(OXPHOS) takes place46
. Oxidative phosphorylation is a coordinated biochemical reaction cascade 

governed by these five multi sub-unit complexes (Complex 1-V). 

F0 F 1 complexes 

lnt ermembrane Crist ae 

Figure 4: Structure of mitochondria47 
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Complex I-IV generates an electro-chemical gradient (membrane potential; ~'I') across the 

inner membrane and ATP synthase ( Complex V) utilizes this membrane potential to generate ATP 

from ADP and Pi as protons flow from the intermembrane space (IMS) into the mitochondrial matrix. 

Nicotinamide adenine dinucleotide (NADH) generated from glycolysis, fatty acid oxidation and citric 

acid cycle fuels electrons for the electron transport chain. The electrons first enter Complex I 

(NADH: Quinone oxidoreductase), which has an L shaped structure48 
. Subsequently two electrons 

from NADH enters co- enzyme Q (ubiquinone). By accepting electrons Co- enzyme Q gets reduced 

thereby resulting in the translocation of four protons via four channels into Complex III (CoQH2-

cytochrome c reductase). Complex II (succinate-CoQ reductase) is an alternate electron transport 

pathway to Complex I, but unlike Complex I, protons does not contribute to the proton gradient hence 

not transported to the intermembrane space in this pathway. Therefore, the pathway through Complex 

II contributes less energy to the overall electron transport chain process. Oxidation of succinate and 

electron transfer to ubiquinone occurs here. 

H+Cytoplasmic 
side 

NADH-DH Q 

COX 

bc1 ADP 

ATP'NADH Succinate 

Complex Complex Complex Complex Complex 
I II Ill IV V 

Figure 5: Schematic showing the work flow and enzymes involved in oxidative 
phosphorylation4

9 
. 
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The electrons travel to co- enzyme Q, which carries the electrons to Complex III. Complex III exists 

in the form of dimer where oxidation of ubiquinone to ubiquinol takes place leading to the pumping 

of 2 protons to the intermembrane space. From Complex III the electrons are then passed on to 

cytochrome c via cytochrome b. Complex IV (cytochrome c oxidase) accepts the electrons from 

cytochrome c where the electrons mediate the combination of H+ and molecular oxygen to form 

water. Four protons are pumped into the intermembrane space during this process. The proton 

gradient created in the inner mitochondrial membrane during the whole process is utilized in the final 

step when they efflux back into the mitochondrial matrix and enter the ATP synthase complex 

(Complex V) through a subunit for the generation of ATP from ADP50
. 

1.5 Reactive Oxygen Species (ROS) 

As described above, during OXPHOS, electrons removed from substrates ultimately reduce oxygen 

to water by a four-electron process at Complex IV. The oxygen molecules are bound to Complex IV 

until transferred. However, oxygen can interact with other redox centers in the mitochondrial electron 

transport chain, and, in such cases oxygen usually receives only a single electron, leading to the 

production of superoxide anions (02} Superoxide is subsequently converted to hydrogen peroxide 

(H202) either spontaneously or via superoxide dismutase (SOD2/mnSOD), and H202 can convert into 

hydroxyl radicals (OH} These derivatives of oxygen (02-, H202, and Off) are collectively referred 

as reactive oxygen species (ROS)51 
. ROS are inevitable by- product of cellular pathways and 

principally derived from the oxygen consumed in various metabolic reactions occurring mainly in the 

mitochondria, peroxisomes and the endoplasmic reticulum (ER). In mitochondria, super oxides are 

generated at Complexes I and III, and around 80% of generated superoxide radicals are released into 
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the inter-membrane space and rest in the mitochondrial matrix. The mitochondrial permeability 

transition pore (MPTP) in the outer membrane of the mitochondrion allows the leakage of superoxide 

into the cytoplasm52-54_ The electrons escaping electron transport chain interacts with molecular 

oxygen to give 02- that further, converted to H2O2, and Off. The amount of electrons leaking from 

OXPHOS complexes varies and depends on physiological state of organisms55. Studies suggest that 

cells have finely regulated antioxidant machinery. Superoxide dismutase is a major antioxidant is 

present in the cytosol, intermembrane space as well as the matrix of mitochondria, which redistribute 

electrons between two superoxide molecules in order to form hydrogen peroxide56 . These hydrogen 

peroxides then combine with electrons provided to them by glutathione peroxidase and reduced to 

form water. Several studies using mice have highlighted the importance of MnSOD by showing that 

its knockdown can lead to high oxidative damage due to superoxide accumulation57. 

Reports suggest that cells require a steady state of low levels of ROS. The low levels of endogenous 

ROS act as vital signaling molecules in regulating many cellular processes58. They act as secondary 

messengers, salient mediators and modifiers in signaling cascades such as Notch signaling, MAPK, 

JAK-STAT, Wnt-~ catenin and PBK signaling responsible for glucose metabolism, lipid metabolism, 

and embryogenesis, proliferation etc. But on other hand, when anti-oxidant machinery fails to 

scavenge the excess ROS it interacts with biomolecules causing detrimental effects59·60 . High levels 

of ROS are capable of disrupting the cellular processes by non-specifically attacking proteins, lipids, 

and DNA. The free radicals break the disulphide bonds in proteins and cause unfolding of the 

proteins, whereas they cause double stranded breaks in DNA. As major source of ROS is 

mitochondria, higher levels of ROS causes mitochondrial dysfunction and not surprisingly, lethal 

cancers harbor mutations in mitochondrial DNA (mtDNA)61·62 . 
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Due to excess stress caused by ROS and other mtDNA mutations, mitochondrial dysfunction or the 

accumulation of unfolded proteins within mitochondria becomes evident. To cope with the stress, 

cells employ a transcriptional response known as the mitochondrial unfolded protein response 

(mtUPR)63 
. The mtUPR is a mitochondria-to-nuclear signal transduction pathway resulting in the 

induction of mitochondrial protective genes including mitochondrial molecular chaperones (HSP60, 

HSP10)64 and proteases (LonPl , ClpP) to re-establish protein homeostasis within the mitochondrial 

protein-folding environment to promote cell survival along with the repair and recovery of defective 

mitochondria65
. For induction of mtUPR, CHOP transcriptional factor and its dimerization partner 

C/EBP~ plays an important role. CHOP is the first component required in upregulation of HSP60 

mRNA transcript and its overexpression causes overexpression ofHSP6066
. 

If the unfolded protein accumulates beyond the mtUPR induced chaperonin folding capacity, then 

ATP dependent proteases comes into play to maintain the mitochondrial homeostasis by degrading 

the unfolded proteins. Documented literature suggest that the quality control protease include ClpP, 

ClpXP that would sense the unfolded protein in mitochondrial matrix and induce mitochondrial 

chaperonin gene in response to the stress67 
. 
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Figure 6: ROS threshold concept to explain the different susceptibility of tumor and non-tumor 
cells to ROS-producing approach68

• 

1.6 Protein Homeostasis 

Maintenance of protein homeostasis, also known as 'proteostasis' , which refers to all the cellular 

pathways that govern the production, folding and degradation of proteins, is essential for cellular and 

organismal functionality and survival69 
. After the protein translation, most of the proteins are folded 

in cytoplasm with the help of chaperoning mechanism. The membrane and secreted proteins are 

folded in endoplasmic reticulum, whereas vast majority of mitochondrial proteins are encoded in the 

nucleus and imported from the cytoplasm. Hence, to deliver the proteins to their specific destination, 

elaborate targeting and sorting machineries exist, as it is difficult to import the protein to 

mitochondrial matrix, because of inner membrane space enclosed by inner and outer membrane. 
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Hence, the mitochondrial matrix proteins are imported as precursors with an N-terminal matrix

targeting sequence (MTS), which is recognized by the mitochondrial translocation machinery70 
. 

Translocase of outer membrane (TOM) and translocase of inner membrane (TIM) complexes helps 

the precursor proteins transport through inner membrane in unfolded state. Upon translocation into 

the mitochondria, the MTS is cleaved and proteins undergo chaperone-assisted folding. 

Two major mitochondrial systems facilitate the protein folding. Molecular chaperones of the 

HSP70 family stabilize unfolded or misfolded proteins by a direct interaction with exposed 

hydrophobic patches71 
. This interaction assists refolding by avoiding kinetic traps on the folding 

pathway and is able to prevent aggregation processes. HSP70 also helps the other mitochondrial 

chaperonin system HSP60 and HSPl0. HSP60 is barrel shaped protein formed by two stacked rings 

composed of seven subunits each and provides a hydrophobic surface in its inner cavity where 

unfolded polypeptides up to a size of 50 kDa can bind72
•
73 

. The cavity of HSP60 complex is covered 

by a lid shaped cofactor named HSPl0, which influences substrate binding and release. After ATP 

hydrolysis the polypeptide is released by the opening of the Hsp 10 lid and can exit the protein 

complex, ideally having acquired its functional conformation 74
. But these protein folding systems not 

only works on the na'ive proteins but also assist and fold the proteins when they are unfolded due to 

cellular stress and lose the functional structure. Besides being non-functional, non-folded proteins and 

aggregates are attributed for many diseases (e.g. Parkinson's disease, Huntington's disease, and 

cancer). When these proteins folding machineries can no longer fold the misfolded proteins then 

protein quality control (PQC) proteases comes into play, which helps the cells to degrade these 

misfolded proteins. 

Protein aggregation occurs when the chaperonin machinery has crossed the working capacity to 

refold the proteins to their native state, due to external factors such as ROS, cellular stress mutations 
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etc75 
. Proteins that are misfolded and cannot be refolded by chaperonin are tagged for degradation 

with a small protein called the ubiquitin in sequential process involving three different enzymes 76
•
77

. 

Ubiquitin ligases catalyze the tagging reaction. Once this reaction is catalyzed, additional ubiquitin 

molecules attaches to the primary ubiquitin molecule forming a poly- ubiquitin chain. After 

ubiquitination, the 20s proteasome machinery recognizes and degrades the polyubiquitylated 

proteins78 
. 

Other than the 20s proteasome mechanism mitochondria also contain proteolytic systems to maintain 

proteostasis, the main PQC proteases for soluble polypeptides in the matrix compartment are the 

LON protease and Clp protease 79
. Similar to that of chaperonin HSP60, ClpP also consists of a barrel

like structure formed by a two-stack heptameric complex, creating a shielded chamber for proteolytic 

activity. ClpP is a member of the AAA+ protease family encoded by a nuclear gene, translated in the 

81 cytoplasm and imported into the mitochondrial matrix80
• . 

Degradation by ClpP requires previous unfolding of the substrate protein that is achieved by the 

action of an additional unfoldase component82 
. In mitochondria, the second part of this two

component proteolytic system is the hexameric ring-shaped complex ClpX, a member of the HSPl00 

chaperone family and an analogue to HSPl0, it is thought that ClpX complexes cover the openings of 

the ring-shaped ClpP complex and feed unfolded polypeptides into the interior of the protease where 

the proteolytic sites are located. As the chaperone component initially interacts with the substrate 

polypeptides, it is likely to be responsible for the substrate specificity of the protease. In this thesis, 

we hypothesize a novel small compound that inhibits the protease function causing increased 

ubiquitin tagged proteins 
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2. Material and Methods 
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2.1 Cell Culture 

Two PAX3-FOXO1 fusion- negative embryonal rhabdomyosarcoma (RD, SMS-CTR) and three 

fusion- positive alveolar rhabdomyosarcoma (RH 7, RH 28 and RH 30) cell lines were cultured in 

Dulbecco's modified Eagle's medium high glucose supplemented with L-Glutamine along with 10% 

Fetal bovine serum, 1 % Penicillin and streptomycin and lmM Sodium Pyruvate. For subculturing, 

the cells were grown to 70- 80% confluency and were trypsinized for 5 min using 3ml of 0.25% 

Trypsin-EDTA. After trypsinization, 5 ml of fresh media was used to neutralize the trypsin-EDTA 

and the cells were collected in a 15 ml conical tube and centrifuged at 1000 rpm for 5 minutes. After 

centrifugation, the media was aspirated and the pellet was resuspended in media and 1 million cells 

were seeded in 10 cm culture plate. 

2.2 Preparation of whole cell lysate 

After the cells were trypsinized and a pellet was obtained, the cells were washed in IX PBS once and 

centrifuged at 1000 rpm for 5 minutes and the supernatant was aspirated. The pellet was then 

resuspended in Nonidet-P 40 (NP40) buffer [IM HEPES, IM NaCl, l00mM EDTA and 1% NP40] 

for caspase activity experiment and in RIPA buffer [Tris 50mM pH 7.4, EDTA lmM, EGTA 0.5mM, 

1 % triton- x, 0.1 % sodium deoxycholate and 0.1 % SDS] for western blotting. Protease inhibitor 

cocktail (lmM) and dithiotreitol (lmM) were added fresh every time. The cells were incubated in the 

lysis buffer on ice for approximately 30 minutes and vortexed every 5 minutes. After incubation, the 

cells were centrifuged and the supernatant was transferred to a fresh eppendorf tube, which was used 

for protein estimation and other experimentations. 
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2.3 Protein Estimation by BCA method 

Protein concentrations of prepared cell lysates were estimated by Micro BCA protein quantitation kit 

from Thermo Scientific as per manufacturer's instructions. 

2.4 SDS PAGE 

• The amount of protein in each sample was estimated in µg/µl and enough lysate was added in 

1. 5 ml tubes to get final protein concentration. The concentration varied based on the proteins 

to be studied. 6X loading dye and IX PBS were added to the lysate and the samples were 

boiled in a water bath for 5 minutes. 

• After boiling, the samples were centrifuged at 10,000 rpm for 30s. 

• Samples were loaded in each well of SDS-PAGE gel and the gel was set at 90V for 20 

minutes and then 120V until the dye completely moved to the bottom of the gel. 

2.5 Wes tern Blotting 

• Filter paper, fiber pad and nitrocellulose membrane were soaked in transfer buffer [25 mM 

Tris, 192 mM glycine, 20% (v/v) methanol]. 

• Then transfer cassette was arranged with the gel and nitrocellulose membrane sandwiched 

between fiber pads, blotting sheets. 

• The cassette was kept in the transfer apparatus and the voltage was set the voltage at 11 0V for 

70 min. 

• After the transfer, the membrane was incubated in 5% blocking milk for 30 minutes and 

incubated in primary antibody overnight. 
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• The next day membrane was washed with IX PBST, secondary antibody was added and 

incubated for 2 hours at room temperature. 

• After incubation, the membrane was washed in IX PBST and was developed using chemi

luminescent reagent. 

2.6 MTT assay 

• Five thousand cells per well were seeded in a 48 well plate. 

• After the required time point, 20µ1 of MTT (5mg/ml) reagent was added and incubated for 3 

hours in cell culture incubator. 

• After 2 hours, media was aspirated and 200 µ1 of DMSO was added. 

• Absorbance was read at 550nm and 660nm with DMSO alone used as blank. 

2.7 Caspase activity 

• Whole cell lysate, distilled water, 2X Caspase activity buffer [50 mM ofHEPES, pH 7.4, 10% 

glycerol, 0.1% CHAPS, 100 mM NaCl , 1 mM EDTA, and 10 mM DTT] were added to 96 

well plate sequentially to make total volume of 100 µ1 for each sample. 

• Substrate for caspase 3, 30 µM DEVD-AFC was freshly added to the assay buffer and 

incubated at 3 7°C for 90 minutes. 

• Caspase 3 activity was monitored on spectrofluorimeter using excitation wavelength 400 nm 

and emission wavelength 505 nm. The fold change was calculated based on the control 

values. 

2.8 Isolation of cytosolic and nuclear proteins 

• The harvested cells were centrifuged at 1000 rpm for 5 minutes. 
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• The pellets were washed with 5ml of ice cold IX PBS two times. 

• The cells were resuspended in 200µ1 cytosolic lysis buffer [20mM HEPES pH 7.5, 0.4M 

NaCl, lmM EDTA, lmM EGTA, 1 % NP40] and incubated in ice for 15 minutes. PIC, DTT, 

PMSF, sodium orthovanadate and sodium fluoride were freshly added to the buffer. 

• 12µ1 of 10% NP40 was added for every 200µ1 of cytosolic lysis buffer and was vortexed at 

high speed for 45 seconds. 

• The solution was then centrifuged at 14,000 rpm for 2 minutes at 4°C. The supernatant was 

the cytosolic fraction that was transferred to a new tube. The cytosolic fraction was 

centrifuged again at 12,000 rpm for 12 minutes to remove impurities. The supernatant was 

stored as cytosolic extract. 

• The pellet was washed two to three times at 12000rpm for 2 minutes using cytoplasmic lysis 

buffer, the nuclear pellets were suspended in nuclear lysis buffer and incubated at 4°C 

overnight. 

• The next day the sample was centrifuged at 12,000 rpm for 20 minutes and the supernatant 

was collected as nuclear fraction. 

2.9 Mitochondrial parameters 

• Mitochondrial membrane potential, mass and ROS levels along with cellular ROS levels were 

observed using Flow cytometry. 

• Two fifty thousand cells were seeded in triplicates in six well plates; cells were trypsinized 

using 1ml oftrypsin-EDTA. 

• They were washed with ice cold IX PBS . 
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• All the dyes were dissolved in phenol red free media. JC 1 dye was incubated for 5 minutes in 

dark at room temperature, centrifuged and then used for the procedure. 

• The cells were now stained with the respective dyes i.e. Mito-green tracker for mito mass, 

mito- SOX red for mito ROS, and DCFDA for cellular ROS 

• The following concentration of dyes was used: Mito-green = 200nM, Mito- SOX= 2µM , 

DCFDA= 5µM. 

• After adding the dyes, the cells were incubated in 37°C for 30 minutes. 

• After 30 minutes, the cells were washed with phenol free media and then resuspended in 

500µ1 of phenol red free media and analyzed using flow cytometer. 

2.10 Clonogenic Assay 

• Cells were seeded into six well plate in triplicates for each group in growth media. 

• After 24 hours, the media is changed and the cells are treated. Observe the cells colony 

formation for 10 days. 

• Formalin is added to wells to fix the cells and stain them with 2% crystal violet solution. 

• Excess dye was washed off and the plates were air- dried. 

• Colonies were counted using microscope. 

2.11 Seahorse assay 

Cells were plated at 5000-10000 cells/well (~80% confluent) in XF96 V7 96-well cell culture plates 

(Seahorse Bioscience) and incubated overnight at 37 °C. Just an hour prior to an experiment, plate 

was incubated at 3 7 °C lacking CO2 with freshly prepared Seahorse assay media. Mitochondrial 

271 Page 



bioenergetics profiles were generated by taking baseline measurements of OCR then sequentially 

injecting oligomycin to inhibit ATP synthase (1 µg/mL final concentration), followed by FCCP to 

uncouple mitochondrial oxidative phosphorylation and induce maximal respiration (0.3 µM) , 

followed by rotenone to inhibit mitochondrial complex I (0.1 µM final concentration). Following the 

addition of each compound, three measurements of OCR were taken. 

• The individual bioenergetics parameters of OXPHOS as illustrated in (Figure. 8 A) were 

calculated as follows: 

• Non-mitochondrial respiration= minimum rate measured after injection of Antimycin A. 

• Basal respiration = (last rate measured before Oligomycin injection) - (non-mitochondrial 

respiration rate). 

• Maximal respiration = (maximal rate measured after FCCP injection) - (non-mitochondrial 

respiration rate). 

• ATP production = (last rate measured before Oligomycin injection) - (minimum rate 

measured after Oligomycin injection). 

• Spare reserve capacity= (maximal respiration - basal respiration). 

At the conclusion of assay, media was removed from all the wells. 30µL of RIPA lysis buffer was 

added to each well, and the plate was stored at -80 °C. Following a freeze/thaw cycle, the measured 

OCR were normalized to protein content by dividing the OCR by the protein content for each well. 
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2.12 Drug Treatment 

• For antioxidant treatment, the cells were seeded in culture plate. After 24 hours of incubation, 

new growth media was added to the plates with 5mM N-acetylcysteine (NAC) and 50uM 

Mito-TEMPO. 

• For treatment with DCEM 2 all, the cells were plated and after 24 hours of incubation, the 

cells were treated with given concentration and mentioned time. 
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3. Results 
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The accumulation of genetic lesions in cancer cells drive them to escape cell death and sustain 

continuous cell division83 
. These aberrations in cells from myogenic origin contribute towards 

rhabdomyosarcoma. The current molecular classification is based on the status of the PAX3- FOXOl 

fusion protein. In case of eRMS, caused due to loss of heterozygosity has higher incidence rate but 

also higher cure rate as compared to other variant alveolar rhabdomyosarcoma. aRMS has a 

distinctive molecular signature generating from a chromosomal translocation t(2; 13)(q3 5 ;q 14) that 

juxtaposes the DNA binding domains of the P AX3 gene in frame with the DNA activation domain of 

the FOXOl gene12
. 

Based on the fact that when cells are in stress they tend to generate survival signals to ease off 

the stress, but in case of aRMS , fusion protein has a DNA binding domain of PAX3 and 

transactivation domain of FOXOl. Hence, it was evident that when cells were intending to ease off 

the stress they were in fact upregulating the targets of P AX3 inducing proliferation and further stress. 

With DNA binding domain of PAX 3, PAX3-FOX01 fusion protein orchestrates the expression of 

numerous P AX3 downstream genes, with increased amplitude and without feedback control. This 

impairs the apoptotic mechanism, differentiation processes and upregulates transcription of genes like 

hepatocyte growth factor receptor (HGFR or c-MET), FGFR4, IGF-2 and C-X-C chemokine receptor 

type 4 (CXCR4), which contributes to increase tumor aggressiveness and metastasis recurrence22
. So 

based on these observations, we wanted to address a basic question, what are the differences between 

the fusion negative and fusion positive rhabdomyosarcoma and to find a therapeutic intervention. 
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3.1 Previous Data 

Initial work done in our lab (unpublished work) suggested that the fusion positive cells had higher 

level of mitochondrial as well as cellular ROS when compared to fusion negative cell lines (Fig 7 A 

and B). 
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Figure 7: Previous findings from our laboratory. Increased levels of (A) Mito ROS and (B) 
cellular ROS was observed in fusion positive cells. (C) Functional Complex I was observed in fusion 
positive (RH 7 & RH 30) and fusion negative cells (RD) but dysfunctional Complex II and Complex 

III was observed in fusion positive cells. (D) Increased Mito ROS levels in both groups were 
observed when Complex 1 was inhibited using rotenone. (E) The protein levels of OXPHOS 

Complexes I, III and IV were found to be lesser in fusion positive cells when compared to fusion 
negative cells. (F) Western blots showing high levels of heat shock protein 60 (HSP 60)and (G) 

ubiquitinated protein was observed in both fusion positive and fusion negative cells when compared 
to human myoblasts (DBT). Shown here are mean(± SE). (* p < 0.05 , ** p < 0.01 , *** p<0.001) 

(n=4) 
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Higher mito ROS suggests that the cells may have leaky electron transport chain and higher stress 

which they cannot alleviate due to dysfunctional antioxidant machinery. To find the exact problem in 

electron transport chain we analyzed the activity of the mitochondrial Complexes I, II and III, and 

found that the Complex I was functional in both the groups but Complex II and Complex III activity 

significantly reduced in fusion positive cells (Fig. 7 C). Suggesting that Complex II and Complex III 

are not working properly and hence Complex I is the major source of ROS. Three hours treatment 

with Complex I inhibitory drug rotenone (250 nM) increased the ROS levels in both the groups, 

which proved that Complex I is functional and major source of mitochondrial ROS in 

rhabdomyosarcoma cells (Fig.7 D). The western blotting results suggest there was a significant 

decrease in the levels of nuclear-encoded subunits of OXPHOS Complexes I, III and IV in the fusion 

positive cell lines compared to the fusion negative cells. However, no substantial correlation was 

observed with respect to Complexes II and V (Fig.7 E). 

As mentioned earlier that ROS tends to oxidize proteins and cause induction of mtUPR, and 

therefore, causing upregulation of protein folding and protein degradation signaling. Protein folding 

mechanism involves the chaperonin protein HSP60 which refolds the unfolded protein to their native 

state and restores their functionality whereas the protein degradation mechanism involves 

ubiquitination of the unfolded proteins via 20s proteasome degradation mechanism, ClpP, and ClpX . 

Therefore, we asked if there is higher mtUPR activation in RMS cells. This was confirmed when 

protein levels of HSP60, Poly- Ub, were higher in both fusion positive and fusion negative cells when 

compared with myoblast cells (DBT) (Fig. 7 F and G). The above observation suggested that 

rhabdomyosarcoma cells are prone to oxidative stress due to mitochondrial dysfunction and Complex 

I being the major source for ROS in rhabdomyosarcoma disease model. 

33 IP age 



3.2 Oxygen Consumption Rate in Rhabdomyosarcoma 

Studying the oxygen consumption rates is important as it directly relates to mitochondrial function 

and implicated in progression of disease states. Direct measurement of respiration rates serves as a 

gauge of cellular health and metabolic state for stress response84
•
85 

. Based on the above observation 

that RMS cells have dysfunctional mitochondria, we asked how this would affect the oxygen 

consumption rate in RMS cells. To examine and characterize the bioenergetics characteristics of 

RMS cells, extracellular flux analysis was performed using a Seahorse XF96 Extracellular Flux 

Analyzer to determine oxygen consumption rates (OCR)86 
. Firstly, baseline OCR measurements were 

observed, followed by measuring real-time changes in OCR after sequential addition of the metabolic 

modulators oligomycin, FCCP, and rotenone, which inhibit mitochondrial ATP synthase, uncouple 

mitochondrial oxidative phosphorylation and induce maximal respiration, and inhibit Complex I of 

the mitochondrial respiratory chain, respectively. These compounds help generate mitochondrial 

bioenergetics profile (Fig 8. A) that are being used to determine key parameters of mitochondrial 

function. 

It was observed that there was no significant difference between basal OCR and ATP production rate 

among eRMS cells RD and aRMS cells RH30 and RH 7 (Fig 8. B and C). After the injection of 

FCCP, it allows protons move across the mitochondrial inner membrane freely and effectively 

depletes the mitochondrial membrane potential. This collapse of the membrane potential drives the 

cells to attain maximal respiration (Fig 8. D). Interestingly, after FCCP addition the oxygen 

consumption rate decreased in a RH30 and RH7 cells but increased in RD cells. In addition, spare 

respiratory capacity was also lower in RH30 and RH7 cells compared to RD cells (Fig 8. E and F). 

Overall, seahorse OCR analysis further corroborated our earlier finding that RH30and RH7 harbor 

dysfunctional mitochondria. 
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Figure 8: Oxygen consumption rate (OCR) in rhabdomyosarcoma. (A) Agilent Seahorse XF Cell 
Mito Stress Test bioenergetics profile. OCR is measured before and after the addition of 

mitochondrial complex inhibitors to study mitochondrial respiration. Firstly, threshold cellular OCR 
is measured, from which (B) basal respiration and (E) non-mitochondrial respiration is calculated. 

Secondly, oligomycin, is added and the resulting OCR is used to calculate (C) ATP-linked respiration 
by subtracting the oligomycin OCR from baseline cellular OCR. Next, Carbonyl cyanide-p

trifluoromethoxy phenylhydrazone (FCCP), is added, and (D) maximal respiratory capacity is derived 
by subtracting non- mitochondrial respiration from the FCCP rate. Lastly, antimycin A and rotenone, 

inhibitors of complex III and I, are added. (F) Mitochondrial reserve capacity is calculated by 
subtracting basal respiration from maximal respiratory. Shown here are mean(± SE).(* p < 0.05 , ** 

p < 0.01 , *** p<0.001) (n=4). 
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3.3 Treatment with oxidant scavengers decreases poly-ubiquitinared proteins 

As the previous work suggested that RMS cells have elevated levels of ubiquitinated proteins and as 

discussed in the review of literature that FOXOl senses the oxidative stress and upregulates the 

antioxidant mechanism. However, in case of aRMS, it constantly activates the P AX3 targets due to its 

fusion status with FOXO 1. Therefore, to study the effect of exogenous antioxidant, cells were treated 

with the oxidant scavenge N-acetylcysteine (NAC), and mitochondrial targeted antioxidant (Mito

TEMPO). NAC and Mito-TEMPO decreases the levels of cellular and mitochondrial ROS in aRMS 

cells along with the decrease in poly- Ub proteins (Fig 9.A & B). 
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Figure 9: Treatment with oxidant scavengers decreases poly- Uh proteins. After 24 hour 
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from ubiquitination was observed in both RMS cells. Graph showing background adjusted with 
densitometry values. (C) Translocation of FOXOl fusion protein was observed from nuclear to 
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Surprisingly, treatment of RH30 with Mito-TEMPO increases the level of PAX3-FOXO1 

fusion protein (Fig 9. C), which suggests that mitochondrial dysfunction in aRMS RH30 cells leads to 

higher mito ROS which further induces translocation of fusion protein and therefore drive cancer 

aggressiveness. 

Based on the literature and above results suggest that aRMS cells have dysfunctional Complex I 

causing higher mito ROS production and inducing mtUPR and ubiquitination of the proteins. This 

suggest that the aRMS cells have reached a threshold to oxidative stress due to higher ROS 

production and elevated levels of ubiquitinated proteins and are sustaining on a cliff However, the 

normal myoblasts have functional mitochondria and anti-oxidant defense machinery, and are able to 

resolve oxidative stress generating in the cells. Hence, we are hypothesizing that if this stress is 

further increased by the accumulation of unfolded proteins by therapeutic intervention the cells would 

no longer sustain the stress and will be primed for death or fall of the cliff per se. 
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3.4 In silico drug screening to target the protease system. 

To therapeutically intervene and further elevate the oxidative stress, in-silico drug screening was 

carried out to target the proteasome degradation machinery in mitochondria. The in-silico analysis 

and docking studies gave twelve top hit structures. Out of those 12 top hits, drug M (named as DCEM 

2) showed promising result as it reduced the RMS cells viability to 60% in RD and 50% in RH30 

cells in 24 hours. This data suggest that the DCEM2 is a potent cytotoxic drug as compared to other 

hits of the in silico screening. Before studying the mechanistic properties of the drug, half-maximal 

inhibitory concentration (ICso) was calculated for RD and RH30 cells. After 24 hours of treatment 

with DCEM 2 ICso for eRMS cells was 6.186 µM and 3 .821 for aRMS cells. Suggesting that RH 30 

cells are more susceptible to DCEM 2 treatment, which targets the proteasome degradation 

machinery. 
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Figure 11: In silico drug screening identified top hits were screened for anticancer effects . (A) 
Cell viability assessment after 24-hour treatment of 12 in- silico hits on both cell lines. (B) ICso in 

both the cell lines after DCEM 2 treatment. Shown here are mean (±SE).(* p < 0.05 , ** p < 0.01 , *** 
p<0.001) (n=4) 

3.5 DCEM 2 treatment inhibits cell viability, induces apoptosis via caspase 3 
activation, and suppresses clonogenic survival of RMS cells. 

To assess the underlying mechanism by which DCEM 2 works , we observed the cytotoxicity of 

DCEM 2 against RMS cells with cell viability assay. Upon exposure to increasing concentrations of 
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DCEM 2 after 24 and 48 hours, cell viability was analyzed along with the modulation of apoptotic 

signaling pathway by examining caspase 3 activation. Treatment with DCEM 2 reduced cell viability 

of RMS cells and increased the activity of caspase 3 in a time- and dose-dependent manner. We also 

analyzed the effect DCEM 2 on viability of normal human myoblasts DBT, and our data suggest that 

DCEM 2 treatment did not caused cell death and caspase 3 activation in normal cells (Fig 12A and 

B). At the onset of apoptosis, caspase 3 proteolytically cleaves poly (ADP-ribose) polymerase 

(PARP). Increased levels of cleaved PARP proteins were detected by western blotting confirm that 

the cells are undergoing apoptosis following DCEM 2 treatment (Fig 12D). To further confirm the 

effect of DCEM 2 on cell death pathway, we also examined apoptotic cell death in RD and RH30 

cells using Annexin V and Propidium iodide (PI) staining. DCEM 2 significantly increased the 

percentage of apoptotic cells in RD and RH30 after 24 and 48 hours (Fig 12C) The cytotoxic effects 

of DCEM 2 can be easily observed under a light microscope. RMS cells rapidly lose their well

defined spindle shape and adopt a smaller rounded shape, and eventually lose their adherence to the 

culture plate after treatment with DCEM 2 (Fig 12E). In addition to these short- term assays, 

clonogenic assay was performed to observe the long- term effect of the drug treatment. Significant 

reduction of colony formation was observed in both the cells in 5 µM dose after 10 days (Fig 12F). 
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Figure 12: DCEM 2 inhibits cell viability, induces apoptosis via caspase 3 activation, and 
suppresses clonogenic survival of RMS cells. After treatment with DCEM 2 at given concentrations 
for 24 and 48 hours (A), (B) Cell viability(%) and caspase- 3 activation (fold change) for RD, RH30 
and normal myoblast (DBT) cells. (C) Annexin PI staining for RMS cells. (D) Western blotting after 
24 hours of DCEM 2 treatment for apoptosis related proteins. (E) Phenotypic changes observed after 

24 hours treatment. (F) Clonogenic assay results after 10 days of DCEM 2 treatment at different 
concentration. Shown here are mean(± SE). (* p < 0.05 , ** p < 0.01 , *** p<0.001) (n=3). 
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3.6 DCEM 2 induces ubiquitination and mitochondrial ROS 

As DCEM 2 treatment is expected to affect the mtUPR machinery and its downstream effects, we 

further analyzed the effects of DCEM 2 on levels of mtUPR components, mitochondrial mass, mito 

ROS and poly-Ub proteins. Expectedly, DCEM 2 induces mitochondrial ROS (mito ROS) in both the 

cell lines but no change was observed in mitochondrial mass and the protein levels of mtUPR 

components such as heat shock family chaperonin proteins (HSP90, HSP60, and HSPl0), as well as 

mitochondrial proteases (LonPl , ClpP) (Fig 13A and B). Nevertheless, the levels of ubiquitinated 

protein increased in a dose dependent manner after three hours of treatment that relates to the increase 

in mitochondrial ROS levels (Fig 13C and D). 

Observed data suggest that the drug DCEM 2 increases the stress on the cells causing further increase 

in mitochondrial ROS levels and in tum increasing the ubiquitination of the proteins. RD cells having 

comparatively lower levels of ROS and ubiquitination, cells were able to resolve the stress after drug 

treatment. Treatment with DCEM 2 does not change the protein levels, but further study has to be 

done to study the effect on protein transcript level, chaperonin assisted folding activity and 

proteasome degradation activity, to study the specificity of the compound. 
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Figure 13: DCEM 2 induces ubiquitination and mitochondrial ROS. After 24 hours DCEM 2 
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ofubiquitination in RD and RH 30 after 3 hours treatment and background adjusted densitometry 
values for poly-Ub. Shown here are mean(± SE).(* p < 0.05, ** p < 0.01, *** p<0.001) (n=3) 

3.7 Effect of DCEM 2 treatment on fusion protein. 

Rhabdomyosarcomas are the tumors ansmg from muscle progenitors, when these cells fail to 

complete cell cycle arrest and differentiation program due to molecular aberration it results m 

uncontrolled proliferation and myogenesis. Proliferation and differentiation are mutually exclusive 

events mediated by opposing cellular signals. In normal development of mature muscle fibers, this 
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balance is largely coordinated by interaction between proliferation and myogenic pathways. RMS 

cells exhibit aberrant regulation of several of these pathways, which could underlie the mechanistic 

basis for uncontrolled growth and failed differentiation. PAX 3 transcription factor major role in 

muscle generation also it is implicated in muscle differentiation program. FOXOl has a major 

function in tumor suppressor activities and tackling the oxidative stress. 

PAX3-FOX01 fusion protein has been comprehensively studied and functional studies have 

confirmed its active role in aRMS generation. Fusion protein incorporates the P AX3 DNA-binding 

domains (Gain of function) and is fused to the C-terminal ofFOXOl , which comprises the truncated 

FOXOl DNA-binding domain and the FOXOl C-terminal transcriptional transactivation domain 

(Loss of function). Reduction in the protein levels of the fusion protein has been documented for 

reduction in oncogenic capacity and invasion potential while inducing myogenic differentiation87
. 

After the treatment of DCEM 2, the protein levels of FOXOl were reduced in both the cell 

lines suggesting that the drug is able to target the signature driver of rhabdomyosarcoma i.e. the 

fusion protein. Further study has to be done in respect to target genes involved with the fusion 

proteins. 

RD RH 30 

0 5100 510 
µM µM 

PAX3-FOX01 
FOX01---.L...;cl~~ ~'---------'r-

Actin - l 
Figure 14: Effect of DCEM 2 on fusion protein in rhabdomyosarcoma. Western blots showing 

levels of fusion protein in aRMS after 24 hours of DCEM 2 treatment. 
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3.8 Effect of DCEM 2 treatment on mitochondrial metabolism. 

Based on the data so far it is evident that the RMS cells are sensitive to oxidative stress. Hence to 

study the effect of DCEM 2 on oxygen consumption of RMS cells, Seahorse experiment was 

performed with different doses of DCEM 2 in RD and RH30 cells. Results showed that DCEM 2 

treatment drastically reduces all the respiratory parameters such as basal, spare, and maximal 

respiration in both RD and RH30 cells in dose dependent manner. The treatment also reduces the 

ability of ATP production in both the cells, suggesting that DCEM 2 targets the weak spots of the 

RMS cells and making the cells more vulnerable by reducing the energy source for the cell that skew 

them towards cell death pathway. There was no correlation observed with proton leak and non

mitochondrial respiration. This data also showed that DCEM 2 is more effective in RH30 cells as 

compared to RD cells and a very low concentration of 0.1 µM is highly effective in affecting the 

mitochondrial metabolism in these cells. 
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Figure 15: Effect of DCEM 2 treatment on mitochondrial metabolism. Effect ofDCEM 2 
treatment (0-5uM) on mitochondrial respiratory parameters. Significant reduction of basal, maximal, 
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observed in proton leak and non- mitochondrial respiration (Fig15 E- F). Shown here are mean(± 

SE). (* p < 0.05 , ** p < 0.01 , *** p<0.001) (n=4). 
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4. Discussion and Conclusion 
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Rhabdomyosarcoma is the third most common pediatric tumor in United States. Between the two 

major variants, aRMS is the aggressive form and PAX3-FOXO1 gene fusion is one of its hallmarks, 

associated with poor prognosis and overall survival. However, in eRMS, the genetic aberrations, such 

as allelic loss of a copy of IGF2 due to imprinting and mutation in other copy orchestrates the process 

of tumorigenesis. Characteristic feature of a neoplastic disease is not only deregulated control of cell 

proliferation but also the changes in the cell metabolism to accommodate the energy demand to fuel 

and sustain the cell division88
. Under aerobic conditions, normal cells utilize glucose via glycolysis 

releasing pyruvate in the cytosol, and then, converting it to carbon dioxide in the mitochondria. 

Nevertheless, under anaerobic conditions, glycolysis is favored and relatively little pyruvate is 

dispatched to the oxygen-consuming mitochondria and rest is converted to lactate. However, in 

cancer cells, even in the presence of oxygen, they reprogram their glucose metabolism, and energy 

production, by limiting their energy metabolism largely to glycolysis, leading to a state that has been 

termed as "aerobic glycolysis ' 89
. This switch in cancer cells energy metabolism puts stress on 

mitochondria as it plays a major role in lipid, protein, and nucleotide metabolism and harbors 

tricarboxylic acid (TCA) cycle and OXPHOS machinery. Not surprisingly, defects in the 

mitochondrial system, including mtDNA mutations, deletions, and alterations in nuclear-coded 

proteins that are crucial for mitochondrial function, have been strongly linked to cancer90 
. 

Furthermore, it affects the mitochondrial physiology including OXPHOS complexes, imbalance in 

free radicals and accumulation of ROS, giving rise to oxidative stress, which may lead to improper 

folding of proteins. 

Studies have shown that, the levels of ROS in cells play a dual role. There is an intricate balance 

between ROS generation and detoxification in normal cells, which is very important for survival. 

Prolonged production of low levels of ROS has been shown to trigger mitogen signaling, such as 
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activation of MAPK pathway through phosphorylation of EGFR receptor that activates RAS and 

ERK giving the cancer cells a survival advantage91
,
92

. Whereas high level of ROS generation can lead 

to DNA damage, genomic instability, and protein and lipid oxidation that is highly toxic for the cells. 

Anomalies such as increased ROS production, accumulation of unfolded proteins, and dysfunction of 

OXPHOS Complexes are recognized by protein quality control system and lead to the activation of 

mtUPR, which is a transcriptional response, to increase mitochondrial localized molecular chaperones 

and proteases to maintain proteostasis63 
. 

Previous study in our laboratory demonstrated that RMS cells have higher levels of ROS in cellular 

as well as mitochondrial compartments. Furthermore, these cells have high levels of mtUPR 

components such as the chaperonin family protein, poly- ubiquitinated proteins; suggesting that RMS 

cells are in constant stress due to the genomic aberrations causing protein unfolding, increase in ROS, 

and thus induction of mtUPR. Indeed, we observed that the aRMS cells have dysfunction Complexes 

II and III, and thus Complex I is the major source of ROS production. 

Differences between the oxygen consumption rate in fusion positive and fusion negative cells may 

suggest an attributable parameter for functional mitochondria and marker for diseased state. 

Extracellular flux assay showed that the aRMS cells are in more stressed conditions compared to 

eRMS cells. Hence, antioxidant machinery should regulate the increased ROS levels and maintain 

homeostasis. Ironically, in these cells as mentioned earlier, the fusion protein formed between P AX3 

and FOXOl results in a gain of function of PAX3 and loss of function of FOXOl. FOXOl , as 

discussed in the review of literature section, it has a pivotal role in antioxidant defense system. Under 

oxidative stress, FOXOl is translocated to the nucleus where it upregulates genes involved in 

antioxidant activity but in case of aRMS, FOXOl fails to regulate these genes and instead upregulates 

PAX 3 target genes resulting in increased proliferative signaling. However, it was observed that the 
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levels of ubiquitinated proteins and mitochondrial ROS were decreased in RH30 cells after 

exogenous treatment with N-Acetyl Cysteine (NAC) and mitochondrial targeted antioxidant Mito

TEMPO. Interestingly, as the stress was reduced due to the scavenging activity of Mito-TEMPO, the 

PAX3-FOXO1 fusion protein translocated from nuclear compartment to cytosolic compartment. 

Translocation of the fusion protein to cytosolic compartment suggested that the fusion protein, which 

orchestrates the tumorigenesis in aRMS patients, could be targeted by modulation of oxidative stress 

and ROS levels. However, antioxidant therapy for treating cancer patients will not necessarily give 

desired outcome as the antioxidants may interfere with the allied radiation and chemotherapy93 
•
94 

. 

These therapeutic options are based on principle of generating free radicals, which then kill rapidly 

dividing cancer cells. Antioxidants scavenge free radicals, thus they might interfere with the 

therapeutic effects of these treatments. Hence, a different approach should be studied to treat 

rhabdomyosarcoma68 
. Although, a great amount of research exists on modulation of mtUPR in 

various cancer models, but role of mtUPR and its components is less studied in rhabdomyosarcoma. 

Understanding the mechanism associated with it would answer many disconnected leads, fill up many 

gaps and clarify many contradictions. 

Based on these observations, we proposed a novel therapeutic intervention targeting the proteasome 

degradation mechanism in rhabdomyosarcoma. We hypothesized that the drug treatment would 

inhibit the proteasomal machinery responsible to degrade the unfolded protein causing increased load 

of unfolded protein, therefore, increase the stress and skewing the cells towards apoptosis. To 

conceptualize the hypothesis, potential mitochondrial protease targeting drugs were identified by in 

silico drug screening and docking studies, which narrowed down 12 drugs that were used to observe 

their effect on RMS cells. Initial cell viability data suggested that one of these twelve drugs was 

effective in lowering the cell viability of both eRMS and aRMS cells. 
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RMS is a pediatric cancer, hence a major drawback with current therapies is the use of cytotoxic drug 

combinations that could cause secondary malignancies, metastasis, and infertility at a very young 

age95 
. Treatment with DCEM 2 is effective in killing the RMS cells despite the fusion status whilst 

sparring the normal myoblast. The mechanism of cell death upon DCEM 2 treatment seems to be 

mediated by caspase 3 activation leading to Annexin V / PI staining in RMS cells. DCEM 2 treatment 

increased caspase 3 activation in a time and dose dependent manner, which is critical for apoptotic 

cell death. These assumptions were Wes tern blotting results also proved the release of cleaved 

caspase 3 and cleaved- PARP. Annexin V/ PI staining data also aligned with the caspase-3 data 

suggesting that the cell death was attributable to apoptosis. 

Apoptotic genes play essential role not only in killing cells, but also in replication and transcription. 

The initiation of apoptosis within cells engages pathways associated with oxidative stress96 
. 

Continuous oxidative stress can confer a survival and growth advantage to cancer cells by triggering 

signaling pathways that encourage cellular proliferation and transformation. However, treatment with 

DCEM 2 increases the levels of reactive oxygen species, ubiquitinated proteins and accumulation of 

unfolded protein load at such a level that the cells cannot bear the extensive oxidative stress hence 

undergo cell death. In addition to this, drug treatment also disrupts the respiratory mechanism by 

significantly decreasing the oxygen consumption rates in both cell lines. Reducing the oxygen 

consumption further elevates the stress conditions on these cells causing detrimental effect on 

survival molecules. 

PAX3- FOXOl fusion protein is the aRMS signature and acts as a main driver of tumorigenesis in 

aRMS patients. Importantly, many studies have revealed due to genetic loss-of-function, 

translocations and genetic aberrations in different cancers the tumor cells are addicted to the activity 

38 97of the fusion proteins and undergo cell death when they are depleted33
• • . Interestingly, after the 
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treatment of DCEM 2, protein levels of fusion protein were decreased in aRMS cells. In eRMS cells, 

as well the FOXOl protein levels were decreased, suggesting that the drug indirectly interferes with 

working ofFOXOl , which is a major player in antioxidant machinery98 
. 

The scope of this thesis was to propose a novel therapeutic intervention in rhabdomyosarcoma 

disease model and study the underlying mechanism involved with the drug treatment. The premise 

behind the study was to increase the stress levels in cells, which are already in state of oxidative state 

and skewing them towards cell death. This compound gave us promising results by decreasing the 

cell viability whilst sparing the normal myoblast cells and increasing the accumulation of unfolded 

proteins. Nevertheless, in depth analysis has to be carried to study specificity of the drug, its effects 

on different signaling pathways, downstream targets of PAX 3 and FOXOl and effect of the drug in 

in-vivo model. Further studies based on the delicate balance of reactive oxygen species would help us 

harness it for future therapeutic interventions in ROS driven cancer models. 
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