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1 Abstract 

Cancer is amongst the leading causes of death in childhood. Rhabdomyosarcoma (RMS) is the 

most frequently occurring soft tissue sarcoma in children and adolescents. It presumably arises 

from mesenchymal progenitors of skeletal muscle cells and presents with different subtypes that 

differ both histologically and genetically. Osteosarcoma (OS) and Ewing sarcoma (ES) are the most 

frequently diagnosed pediatric bone tumors. Even though the prognosis of these cancer entities 

improved significantly during recent decades, the survival rates are currently stagnating. Especially, 

dismal prognosis of relapsed and metastasizing cases of these malignancies urgently call for novel 

treatment options. BCL-2 proteins are vital guardians that control intrinsic apoptosis. Furthermore, 

it was shown that BCL-2 proteins critically regulate apoptosis in pediatric solid tumors. 

BH3 mimetics are small molecules that bind and inhibit anti-apoptotic BCL-2 proteins. They have 

already been investigated as cancer therapeutics for several years and show first encouraging 

clinical results. Therefore, we hypothesized that targeting BCL-2, MCL-1 and BCL-XL might be a 

promising approach to treat RMS, OS and ES.  

In this study, we aimed to comprehensively evaluate the potential of anti-apoptotic BCL-2 family 

proteins as therapeutic targets for pediatric solid tumors such as RMS, OS and ES. 

Notably, RMS, OS and ES cells largely expressed the most relevant BCL-2 family protein members. 

However, cells were widely insensitive to single pharmacological inhibition of either BCL-XL, BCL-2 

or MCL-1 by A-1331852, ABT-199 and S63845, respectively. This finding was independent of their 

BCL-2 family protein expression levels. Significantly, co-administration of A-1331852 and S63845 

induced cell death in RMS, OS and ES cell lines in a highly synergistic manner. Transient silencing 

of MCL-1 and/or BCL-XL verified the co-dependency of RMS cells on these proteins for survival. 

Importantly, A-1331852/S63845 co-treatment was more efficient in causing cell death in RMS, OS 

and ES cells than either inhibitor combined with ABT-199. Efficacy of A-1331852/S63845 

co-treatment could be additionally demonstrated in a primary sample of pediatric malignant 

epithelioid mesothelioma.   

Mechanistically, concomitant A-1331852/S63845 treatment mediated rapid intrinsic apoptosis 

involving swift loss of the mitochondrial outer membrane potential as well as activation of 

caspases-3, -8 and -9. An observed caspase-dependent loss of MCL-1 might further amplify the 

A-1331852/S63845-triggered pro-death signaling. Furthermore, we identified BAX and BAK as key 

mediators of apoptosis caused by dual inhibition of MCL-1 and BCL-XL. 

A-1331852/S63845-induced cell death was relying on BAX and/or BAK in a cell line dependent 

manner. Interestingly, treatment with A-1331852 and S63845 liberated BAK from its interaction with 

MCL-1 and BCL-XL. Moreover, BAX and BAK were activated and interacted with each other to form 

a pore in the outer mitochondrial membrane. Further, in RD cells BIM and NOXA partially 

contributed to A-1331852/S63845-mediated cell death. Consistently, in this cell line BIM and NOXA 
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were disrupted from their binding to BCL-XL and MCL-1 by A-1331852 and S63845, respectively. 

However, BH3-only proteins were not involved in A-1331852/S63845-induced cell death in Kym-1 

cells. Therefore, we concluded that BH3-only proteins played only a marginal and cell line 

dependent role in mediating cell death caused by MCL-1 and BCL-XL co-repression.  

Notably, A-1331852/S63845 co-treatment spared non-malignant fibroblasts, myoblasts and 

peripheral blood mononuclear cells, which suggests a therapeutic window for its application in vivo. 

Besides, we could demonstrate that sequential BH3 mimetic treatment still significantly induced 

cell death, albeit to minor extents compared to its dual administration. Importantly, we successfully 

evaluated concomitant treatment with A-1331852 and S63845 in multicellular RMS spheroids and 

in an in vivo embryonic chicken model of RMS. These findings stress the high transcriptional 

relevance of A-1331852/S63845 as an emerging novel cancer regimen.  

Collectively, the thesis at hand explored the great potential of co-treatment with A-1331852 and 

S63845 in pediatric solid tumors and unveiled the underlying molecular mechanisms of cell death 

in RMS. Together, the current investigations support further preclinical and clinical studies to 

evaluate the effect of dual MCL-1 and BCL-XL targeting in pediatric solid tumors.  
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2 Introduction 

2.1 Pediatric cancer 

Even though less than 1% of all cancer malignancies represent pediatric cases, cancer is a leading 

cause of death in childhood (1,2). Approximately 300,000 children and adolescents (< 20 years) 

worldwide are diagnosed with cancer each year and the cases appear to rise further (2). Incidence 

rates are highest in infants (< 5 years) and adolescents (15 - 19 years) (1). Importantly, pediatric 

cancer arises predominantly in developing cells that underlie massive proliferation during 

childhood. The most common entities are the hematological malignancies leukemia (~25%) and 

lymphoma (~16%) as well as tumors that arise in the central nervous system (CNS) (~17%). The 

remaining ~42% of pediatric cancers are solid tumors of the bone, organs or tissue (Figure 2.1) (1-

3). 

 

Figure 2.1: Percent distribution of childhood cancers. 

Cancer entities are categorized according to International Classification of Childhood Cancer (ICCC) categories 

for children and adolescents younger than 20 years (all races, both sexes). Numbers adapted from (1-3). 

Cancer cases of the individual entities varies considerably between the age groups. Whereas the 

incidence of cancers such as leukemia, neuroblastoma (NB) and retinoblastoma significantly 

decreases with increasing age, lymphomas, malignant bone tumors and carcinomas are more likely 

to develop in older children and adolescents. In contrast, cancer entities such as soft tissue 

sarcomas display largely stable case counts throughout different age groups. The incidence of 
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tumors in the CNS, on the other hand, peaks in children between 5 and 9 years. Additionally, case 

numbers are reported to be dependent on sex and race (2). 

The 5-year survival of children suffering from cancer increased during recent years, from 63% in 

1975 - 1979 to 84% in 2008 - 2014 (1). Unfortunately, the cure rate is highly dependent on the 

country in which the diagnosed children reside. While ~80% of childhood cancers can be cured in 

high-income countries, the chances of a child to recover from cancer in low-and middle-income 

countries is only ~20%. Lack of diagnosis or late diagnosis as well as difficulties to access medical 

treatment are major causes for these numbers (4,5). Moreover, approximately two-thirds of patients 

surviving cancer in childhood will establish at least one secondary malignancy within 30 years upon 

recovery with one-third of these malignancies being severe or life-threatening (6,7). The chances 

of a childhood cancer survivor to present with a second neoplasm is 10- to 20-fold higher compared 

to the healthy population (7). Thus, constant improvement of treatment and surveillance is 

inevitable to further augment the quality of life for these patients.  

2.1.1 Rhabdomyosarcoma 

Rhabdomyosarcoma (RMS) accounts for ~3.5% of all cancer cases in children aged under 

14 years and ~2 - 3% of all cancer cases in adolescents (3). Although being a rare disease, 50% 

of all soft tissue sarcomas (ICCC category IX) in children between 0 - 14 years are classified as 

RMS (3). While RMS is the most frequent pediatric soft tissue sarcoma, the incidence in adults is 

low (8). Overall, RMS affects slightly more males than females and more Black than Caucasian 

people (3). This tumor entity arises presumably from mesenchymal progenitor cells of skeletal 

muscle that fail to differentiate (9). Even though the cell of origin is still debated, RMS histologically 

resembles fetal striated muscle cells (10). Generally, RMS can form at and metastasize to any 

anatomical site (11), but it is mostly found in the head and neck region (~40%), genitourinary tract 

(~25%) and in the extremities (~20%) (3). The Li-Fraumeni syndrome and neurofibromatosis type 

1 might be genetic risk factors, thus contributing to disease development (12,13).  

Over 70 years after the first closer examination of skeletal muscle tumors by Stoudt et al. (14), the 

characterization and classification of RMS into different subtypes has evolved. Today, most RMS 

cases are identified as embryonal RMS (ERMS) (~60 - 70% of all cases) and alveolar RMS (ARMS) 

(~20% of all cases) (3). Moreover, two rarer subtypes are recognized, namely pleomorphic RMS, 

which typically appears in adults, and spindle cell/sclerosing RMS (15). While ERMS occurs more 

frequently in younger children (1 - 4 years), the number of ARMS cases is relatively equal 

throughout the distinct age groups (3). Differences between these two subtypes can also be 

observed concerning their localization. Head/neck region (~30% of all ERMS cases) and 

genitourinary area (~30% of all ERMS cases) are prominent sites for ERMS development, whereas 

ARMS frequently presents at the extremities (~40% of all ARMS cases) (3). Histological features 

such as growing of the cells around open central spaces for ARMS and the resemblance to 
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undifferentiated muscle cells in ERMS cases are characteristics supporting the diagnosis (16,17). 

Moreover, ARMS and ERMS exhibit distinct genetic alterations. Prominently, ERMS frequently 

harbors copy number variations due to gains and losses of chromosomes with the loss of 

heterozygosity at chromosome 11 (locus 11p15.5) being present in more than two-thirds of all 

ERMS cases (18). This results in an increase of insulin-like growth factor II (IGFII) which inhibits 

myogenic differentiation and mediates tumor progression (19). Further frequent genetic aberrations 

in ERMS are mutations in the genes coding for rat sarcoma (RAS), tumor protein P53 (TP53), 

fibroblast growth factor receptor 4 (FGFR4) and amplifications of myelocytomatosis (MYC), all 

being crucial players of tumor development (20-22). In contrast to ERMS, ~60% of the ARMS 

subtypes exhibit chromosomal translocations between chromosomes 2 and 13 producing a gene 

product of the transcriptional activation domain of forkhead box (FOXO) transcription factor FKHR 

and the DNA binding domain of Paired Box 3 (PAX3) (t(2;13)(q35;q14) (23-25). Beside the 

PAX3/FOXO1 fusion protein, also PAX7/FOXO1 fusion proteins occur (t(1;13)(q36;q14), albeit in 

a low number of ARMS cases (~20%) and being associated with younger patients whose tumors 

are localized in their extremities (26). However, not all alveolar patients present the fusion protein. 

A low amount of ARMS cases (~20%) is described to be fusion-negative but displays mutations 

typical for embryonal tumors (27-29). Moreover, some ERMS cases were discovered to be fusion-

positive as well, although this is very rare (~5% of all RMS cases) (27,30). The question whether 

ARMS and ERMS share common molecular disease-driving events cannot conclusively be 

answered yet, although it was shown that genes typically mutated in ERMS overlap with the ones 

that are influenced by the PAX7/FOXO1 or PAX3/FOXO1 fusion protein (21,31).  

Treatment of RMS patients is multimodal and classically comprises surgery, radiotherapy and 

chemotherapy. Naturally, the procedure and kind of treatment is dependent on critical features such 

as tumor localization, stage and severity of the disease as well as the patient´s age. Even after 

years of research, the gold standard therapy for the RMS intermediate risk group still consists of 

repetitive cycles of vincristine, actinomycin-D and cyclophosphamide (VAC). Extensive trials of the 

Intergroup Rhabdomyosarcoma Study Group and the Children´s Oncology Group including other 

chemotherapeutics, i.e. doxorubicin, ifosfamide or irinotecan did not reveal any beneficial effect of 

these agents (11,32). Concerning RMS, younger patients generally exhibit a more favorable 

prognosis than adolescents or adults (11). Overall, the 5-year survival rate of RMS has increased 

to ~60% over the last decades (33). This seems promising at the first view, however, mostly ERMS 

cases, having a 5-year survival rate of ~70%, attribute to these numbers (33). The chances of 

patients suffering from the more aggressive ARMS to survive 5 years upon disease onset amounts 

to only ~50% (33). Treatment of metastasizing RMS is highly challenging, though ~12% of all RMS 

and ~24% of all ARMS patients already exhibit metastases upon diagnosis (34). Alarmingly, the 

3-year overall survival of patients presenting with metastasizing RMS drops to ~25% (34). In 

addition, ~30% of all RMS patients experience a relapse, which decreases the 5-year survival rate 
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to only ~17% (35). Consequently, this calls for novel treatment regimens with potent antitumor 

effects. 

2.1.2 Osteosarcoma 

Osteosarcoma (OS) accounts for ~3 - 4% of all cancer cases in children and adolescents (1,3). 

Representing ~56% of all malignant bone tumors in patients under 20 years of age it is the most 

abundant cancer entity in this ICCC category (VIII) (3). Adolescents from 12 to 19 years of age 

display the highest OS incidence rates (3). Notably, Black children and adolescents have higher 

incidence rates than Whites (3). Likewise, boys with tall body stature have a slightly increased risk 

to develop OS in comparison to females (3,36). OS originates from mesenchymal cells destined to 

mature to bone cells (37) and can mainly be found at the metaphysis of quickly growing bones such 

as the long bones of the lower limbs (~80%), the central axis (trunk) (~5%) and the long bones of 

the upper limbs (~10%) (3). 

The molecular background of OS is characterized by an overall complex heterogenic genomic 

instability including structural variations and copy number variations (CNV) (38). For instance, a 

study by Stephens et al. demonstrated that 3 out of 9 primary OS samples exhibited signs of a 

process they dubbed “chromothripsis” in which a single event might be able to cause a plethora of 

chromosomal rearrangements (39). Moreover, localized hypermutations termed “kataegis” are 

evident in half of OS tumors (38). Common somatic mutations in OS often affect the tumor 

suppressors TP53 and retinoblastoma protein (RB1) (38).  

OS is treated by a combination of surgical removal and repetitive cycles of chemotherapy. Standard 

therapy comprises the chemotherapeutics methotrexate, doxorubicin (adriamycin) and cisplatin 

(MAP) which are still the agents of choice, even after years of research (40). The 5-year survival 

rate for children and adolescents suffering from OS is ~68% (1). Nevertheless, this rate drops to 

~30% for patients harboring metastases (41). Given that 15 - 20% of patients have already 

developed metastases at the time of diagnosis, mostly in the lungs, these numbers are alarming 

and call for further research in order to investigate novel treatment regimens (42). Additionally, 

patients with OS might develop micrometastases that are challenging to detect in common 

screenings (42). The survival rates for patients with recurrent disease is even poorer with only 

~17% of patients surviving 10 years upon relapse (43). 

2.1.3 Ewing sarcoma 

Ewing sarcoma (ES) was first described by James Ewing almost 100 years ago and represents 

~2 - 3% of all cancer cases in children and adolescents (1,3,44). After OS, it is the second most 

frequently occurring malignant bone tumor (ICCC category VIII) in patients younger than 20 years, 

accounting for ~34% of all cases (3). Similar to OS, the incidence rate of ES peaks in the second 

decade of life between 10 and 19 years (3). Males are slightly more likely to develop ES than 
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females and strikingly White children have a 6-fold increased incidence rate than Black children (3). 

In contrast, Asians and African-Americans are rarely affected by this tumor entity (45). ES consists 

of small, round poorly differentiated cells and the cell of origin is still highly debated (46). Potential 

candidates are bone marrow-derived mesenchymal stem cells as well as neural-crest derived stem 

cells (46). ES often presents at bones of the central axis (trunk) (~45%) such as the pelvis, ribs, 

clavicle and sternum. Additionally, it can also develop at the long bones of the lower limbs (~30%) 

and upper limbs (~15%) (3). Besides the bones, ES rarely grows in soft tissue including the buttock 

or the chest wall (45,47).  

Chromosomal translocations are the prevalent molecular characteristic of ES, while other genomic 

events, which mostly involve cyclin-dependent kinase inhibitor 2A (CDKN2) and TP53, are scarce 

(46). Fusion genes frequently emerge between Ewing sarcoma breakpoint region 1 (EWSR1) on 

chromosome 22 and one of the members of the E-twenty six (ETS) transcription factors. In ~ 85% 

of the cases, EWSR1 fuses with the ETS family member friend leukemia 1 transcription factor 

(FLI1) on chromosome 11 resulting in the t(11;22)(q24;12) fusion gene (46,48). Depending on the 

breakpoint of FLI1 on exon 6 or exon 5 these fusions are called type 1 or type 2, respectively (49).  

Translocations with the ETS members ETS-related gene (ERG) creating a t(21;22)(q22;12) fusion 

are rare (~10%), as are fusions with other ETS members (46,50). Importantly, chimeric fusions are 

described to deregulate the involved transcription factor thus causing malignant transformation by 

i.e. a block in differentiation, escape from cell death and increased proliferation (46,51). 

Furthermore, ~95% of ES cells express CD99 on their surface, a cell surface glycoprotein that is 

not exclusive for ES, but can be a helpful marker regarding its diagnosis (52).  

As many other cancers, ES is treated in a multimodal way by surgery, radiotherapy and irradiation. 

In most cases, chemotherapy consists of combinations of DNA damaging agents, such as 

doxorubicin, etoposide, ifosphamide, cyclophosphamide and irinotecan and microtubule-interfering 

agents such as vincristine that are administered in cyclic treatment schedules. VIDE (vincristine, 

irinotecan, doxorubicin and etoposide) is the treatment most frequently applied, albeit choice of 

chemotherapeutic agents varies depending on disease stage and metastatic state of the cancer 

(46,53). The prognosis to recover from ES is relatively promising as the overall 5-year survival rate 

in children and adolescents is ~70% (1). However, the survival rates for relapsed and metastatic 

ES remain low with ~4 - 23% (depending on the time of the relapse) and ~20 - 30%, respectively 

(54-56). ES shows a relatively high rate of relapse (~25% for those with localized disease) (57) and 

an early spread resulting in ~25% of the patients presenting with metastases already at the time of 

diagnosis (56). Metastases are mainly detected in the lung, bone and bone marrow (45,58,59). 

Similar to OS, ES was suggested to develop micrometastases (60-62), a circumstance that 

exacerbates a comprehensive detection of all metastatic events. The still dismal prognosis for 

patients suffering from relapsed and metastasizing ES as well as the ability of ES to quickly evolve 

therapy resistance (62) demonstrate an urgent need for further treatment options.  
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2.2 Apoptosis 

Programmed cell death (PCD) is a basic cellular process that was first introduced in 1964 to 

describe a form of cell death during development which follows a sequence of defined events 

culminating into a controlled disassembly of the cell (63). There exist several distinct types of PCD, 

such as necroptosis, ferroptosis, autophagic cell death and apoptosis (64-66). Carl Vogt was the 

first to observe cells undergoing apoptosis in 1842 during his studies on tadpoles (67), however, it 

was not until 1972 when Kerr et al. dubbed this form of cell death “apoptosis” being derived from 

the Greek meaning “falling leaf” (68). Today, apoptosis is the mode of PCD that is most thoroughly 

investigated. Since its discovery, research has made remarkable progress to understand this 

extremely structured and indeed highly conserved process as homologues of the central proteins 

of apoptosis, the BCL-2 family proteins, could be determined already in C.elegans (69). Apoptosis 

plays vital roles both in development and (patho)physiology. The most popular example is the 

removal of interdigital webs during embryogenesis, but also lymphocyte selection and the shaping 

of organs, e.g. the chambers of the heart, are dependent on this form of PCD (70-72). Apoptosis 

generally ensures cellular homeostasis by removing irreparably damaged cells (73). Nevertheless 

its aberrant regulation can lead to diseases, such as Alzheimer’s disease, cardiovascular disease, 

cancer and many other (74). Importantly, the ability to evade apoptosis due to accumulation of 

mutations and/or DNA damage is a hallmark of cancer (75). Apoptotic cells display a row of 

biochemical characteristics, namely caspase activation, DNA and protein fragmentation as well as 

mitochondrial outer membrane permeabilization (MOMP) (73,76). The externalization of 

phosphatidylserine (PS) is another characteristic of apoptosis, even though its presence has also 

been reported in necroptotic cells (77,78). These features lead to numerous morphological 

alterations, which are cell shrinkage, pyknosis (due to chromatin condensation), plasma membrane 

blebbing/budding and the fragmentation of cellular components into so-called “apoptotic bodies” 

(73,76). These are eventually engulfed by macrophages or other immune cells, thus resulting in an 

ordered demolition and recycling process which hinders an immune response (79).  

2.2.1 The extrinsic apoptotic pathway 

There are two major apoptotic pathways: extrinsic and intrinsic apoptosis (Figure 2.2) (65). They 

have been exploited in cancer therapy for many years as various chemotherapeutics mediate their 

effects via these pathways (80). Extrinsic apoptosis is triggered by ligands of the tumor necrosis 

factor (TNF) family such as CD95 ligand (FAS ligand), TNF-related apoptosis-inducing ligand 

(TRAIL) and tumor necrosis factor α (TNFα) that bind their respective receptors (CD95 (FAS), 

TRAIL receptor 1/2 and TNFα receptor 1/2) (81,82). Upon receptor activation and oligomerization, 

the FAS-associated death domain (FADD) or TNF-receptor associated death domain (TRADD) is 

recruited to the receptors via their intracellular death domain (DD). Specifically, FADD interacts 

with CD95 and TRAIL whereas TRADD is required to bind to the TNF receptors (81). The respective 

receptors together with FADD/TRADD and pro-caspase-8 build a complex called death-inducing 
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signaling complex (DISC) (83). DISC formation activates caspase-8 by autoproteolytic cleavage, 

which in turn can directly activate the executioner caspases-3 and -7 (73). Furthermore, caspase-8 

can cleave the BH3-only protein BH3-interacting-domain death agonist (BID) to produce tBID 

thereby providing a crosstalk to the intrinsic apoptotic pathway (65).  

2.2.2 The intrinsic apoptotic pathway 

Growth factor deprivation, intracellular stress such as mutations and DNA damage as well as other 

stressors are able to initiate the pathway of intrinsic apoptosis (73). It is frequently engaged by 

activation, mobilization or upregulation of BCL-2 homology 3 (BH3)-only proteins, which are pro-

apoptotic members of the B-cell lymphoma 2 (BCL-2) protein family. BCL-2 proteins interact with 

and inhibit each other in a complex way that is explained in detail in section 2.2.3. In brief, the fine 

balance between these proteins is tipped towards a pro-death fate if the pro-apoptotic BCL-2 

proteins overcome the inhibition by the anti-apoptotic BCL-2 members (84,85). Finally, this results 

in the activation of the pro-apoptotic BCL-2 proteins BCL-2-associated X protein (BAX) and BCL-2 

antagonist killer (BAK) that form pores in the outer mitochondrial membrane (described in detail in 

section 2.2.3) (86). Pore assembly permeates the outer mitochondrial membrane and leads to 

breakdown of the mitochondrial membrane potential (MOMP) (87). Importantly, complete MOMP 

is a prerequisite to execute intrinsic apoptosis, however also two partial forms of MOMP have been 

described. One is incomplete MOMP, which occurs when the majority, but not all mitochondria of 

a cell undergo MOMP and inhibited caspase activation prevents apoptosis (87,88). The second 

one is minority MOMP (i.e. when only a minor amount of mitochondria undergo MOMP in response 

to sublethal stress) that causes slight caspase activation which does not induce apoptosis, but can 

potentially result in malignant transformation (87,89). Permeabilization of the mitochondrial 

membrane liberates effector molecules such as Cytochrome c (Cyt c) and second mitochondrial 

activator of caspases (SMAC) from the mitochondrial intermembrane space into the cytosol (87). 

SMAC contributes to caspase activation by binding inhibitor of apoptosis (IAPs) proteins, which 

usually sequester caspases and thereby block their activation (90,91). Another way to facilitate 

activation of caspases is performed by Cyt c and the apoptosome assembly. The apoptosome 

complex consists of Cyt c, pro-forms of the initiator caspase-9 and heptamers of apoptotic protease 

activating factor-1 (APAF1) molecules that bind each other via their caspase activation and 

recruitment domains (CARD) (92). Caspase-9 is activated by autoproteolytic cleavage, in turn 

cleaves, and hence activates executioner caspases (e.g. caspase-3 and -7) (93). Initiation of this 

caspase cascade, which might further be enhanced by caspase-8, culminates into a structured 

dismantling of the cell (see also 2.2.4) (73). A publication by McArthur et al. in 2018 suggested that 

during MOMP additionally also the inner mitochondrial membrane (including mitochondrial DNA 

(mtDNA)) herniates into the cytosol. This can then activate an innate immune response via 

interferon signaling, an indicator that apoptosis might not be as immunologically silent as first 

thought (94).  



Introduction 

10 
 

 

 

Figure 2.2: Apoptosis signaling pathways. 

Apoptosis can be engaged by the intrinsic and the extrinsic apoptotic pathway. The extrinsic pathway is initiated 

when death receptors are bound by their respective ligands, which culminates in activation of caspase-8. Further, 

caspase-8 can activate executioner caspases such as caspase-3 and -7, which directly leads to apoptosis 

execution, or it can cleave the BH3-only protein BID to tBID providing a crosstalk to the intrinsic apoptotic 

pathway. Intracellular stressors, but also growth factor withdrawal and chemotherapy are triggers for the intrinsic 

apoptotic pathway. BH3-only proteins that are upregulated or activated by these stressors either inhibit anti-

apoptotic BCL-2 family proteins or directly activate the pro-apoptotic effector proteins BAX and BAK. Pore 

formation by BAX and BAK in the outer mitochondrial membrane results in a loss of mitochondrial membrane 

potential and releases proteins residing in the intermitochondrial space. One of these is SMAC that reverses the 

inhibitory effect of IAPs on caspases, hence leading to caspase activation. Another one is Cyt c which forms a 

complex with APAF-1 and mediates the activation of caspase-9 in a complex termed apoptosome. Eventually, 

caspase-9 (and depending on the cellular context and trigger also caspase-8) activate further caspases which in 

turn accomplish apoptosis by cleaving their target proteins. Scheme modified from (84). 
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2.2.3 BCL-2 family proteins: regulators of apoptosis 

2.2.3.1 Members, structure and subcellular localization 

BCL-2 proteins are the gatekeepers of the intrinsic apoptotic pathway (95). The BCL-2 protein 

family is founded on BCL-2 that was first discovered in follicular B-cell lymphoma at the t(14;18) 

translocation breakpoint. Due to this translocation, BCL-2 is controlled by the enhancer and 

promoter of the immunoglobulin heavy chain and is thus overexpressed (96,97). In 1988 Vaux, 

Cory and Adams revealed that BCL-2, in contrast to other oncogenes, does not promote cellular 

proliferation, but instead acts as an inhibitor of cell death (98). Since then more and more BCL-2 

relatives have been discovered and their affiliation to the BCL-2 family is grounded on their 

sequence homology regarding four distinct BH domains (84). It must be noted that the respective 

sequences are not clearly defined and partly shared by other proteins that do not have any impact 

on pore formation nor affinity to other BCL-2 relatives (99). Nevertheless, all BCL-2 family proteins 

harbor the amphipatic BH3 domain characterized by a 7-13 amino acid long sequence including 

an aspartate four residues C-terminal to a leucine (99,100). The BH3 domain is indispensable for 

the binding of other BCL-2 family members to build homo-or heterodimers as the aspartate interacts 

with a conserved arginine in the BH1 domain (101). 

Based on the presence of distinct BH domains, BCL-2 family proteins can be classified into three 

different subgroups (Figure 2.3). The first group are the multi-domain anti-apoptotic BCL-2 proteins 

that comprise all four BH domains and consist of BCL-2, B-cell lymphoma extra-large (BCL-XL), 

BCL-2 like 2 (BCL-w), Myeloid cell leukemia-1 (MCL-1), BCL-2-related protein A1 (BCL2A1) and 

BCL-2-like protein 10 (BCL-B). Secondly, BAX, BAK and BCL-2 related ovarian killer (BOK) belong 

to the multi-domain pro-apoptotic effector BCL-2 proteins lacking the BH4 domain. The last 

subgroup only harbors the BH3 domain and are thus referred to as (pro-apoptotic) BH3-only 

proteins. BCL-2 family members belonging to this subset include BCL-2 interacting killer (BIK), 

Harakiri (HRK), BCL-2-interacting mediator of cell death (BIM), BCL-2-associated agonist of cell 

death (BAD), BID, P53-upregulated modulator of apoptosis (PUMA), Phorbol-12-myristate-13-

acetate-induced protein 1 (NOXA) and BCL-2-modifying factor (BMF). In addition to the 

BH domains, most BCL-2 family members contain a transmembrane domain (TM) which is 

necessary to attach to the membranes of cell organelles (84,102-105).  

Mitochondria are the central platform for apoptosis mediation (87). Consequently, almost all of the 

BCL-2 family proteins can be localized at the mitochondria, either by anchoring in the membrane 

via their TM domain or by heterodimerization with another BCL-2 relative (106). Moreover, MCL-1 

fulfills a crucial role in the mitochondrial matrix by supporting mitochondrial bioenergetics (107). 

Not only can BCL-2 proteins be found at the mitochondria, but they also have important functions 

in other compartments such as the endoplasmatic reticulum (ER), the nucleus and the cytosol 

(106). Anti-apoptotic (MCL-1, BCL-XL and BCL-2), pro-apoptotic effectors (BAX, BAK, BOK) as well 
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as BH3-only proteins (BIK, BIM) are ER-residents and vital regulators of Ca2+ release from the ER 

(106). The biological relevance of BCL-2 family members in the nucleus is yet less investigated. 

However, Wu and colleagues revealed in 2017 that BCL-2, BCL-XL and MCL-1 could promote their 

expression in a feedforward mechanism by binding to suppressor of fused homolog (SUFU) thus 

impeding its interaction with glioma-associated oncogene (GLI). Consequently, this leads to 

expression of GLI target genes (including BCL-2, BCL-XL and MCL-1) (108). BCL-XL is most 

commonly localized in the cytosol and shuttles BAX from the mitochondria to the cytosol to prevent 

it from pore formation. In addition, BCL-2 and MCL-1 have also been described to mediate this 

process termed “retrotranslocation”, albeit it is best investigated for BCL-XL (109). BAK, which is 

mostly bound to the mitochondria, gets retrotranslocated as well, however to a lesser extent (110). 

In contrast to the other BCL-2 family proteins, BAX and BAK are additionally implicated in 

peroxisome/lysosome pathways as e.g. BAX was shown to affect lysosome permeability (106,111).  
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Figure 2.3: Members, structure and subcellular localization of the BCL-2 family proteins. 

All BCL-2 family members share the BH3 domain. The pro-apoptotic effector proteins additionally harbor the BH1 

and BH2 domain, but lack the BH4 domain which is exclusive for the anti-apoptotic BCL-2 family members. A TM 

domain to anchor in membranes can be found in the majority of the BCL-2 relatives. The hydrophobic binding 

group with which the anti-apoptotic BCL-2 proteins sequester the BH3 domain of their other members, stretches 

from the α2 to α7 helix. Location of helices within the protein structure are exemplary illustrated for BCL-2. BCL-2 

family proteins are commonly located at the mitochondria, but also in the cytosol, the ER, the nucleus and the 

nuclear outer membrane (NOM). BAX, BAK and BOK are the only BCL-2 members that additionally exert 

functions at the Golgi and the peroxisomes. Image depicting BCL-2 family protein structures is modified from 

(73,84,112). Overview on the subcellular localization of BCL-2 family proteins is modified from (106). 
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2.2.3.2 Interaction pattern and BAX/BAK activation models 

The interplay of the BCL-2 family proteins is complex (Figure 2.4A). In general, anti-apoptotic 

BCL-2 family members sequester BH3-only proteins as well as BAX and BAK, consequently 

impeding mitochondrial pore formation (85,113,114). BH3-only proteins can be divided into 

sensitizers and activators (115). The activator BH3-only proteins were shown to be able to activate 

BAX and BAK by directly binding to them in a way termed “hit and run” (116). This short interaction 

is sufficient to promote BAX/BAK integration into the mitochondrial membrane and the immediate 

detachment of the activator prevents a hindrance of the pore formation (117). PUMA, BIM and BID 

are activator BH3-only proteins (116,118-120). While some publications present data that NOXA 

exerts BAX/BAK activation as well, others could not confirm this finding (121-124). Hence, the 

activator function of NOXA remains to be more closely investigated and might be context- or cell 

line-dependent. In contrast to the activator BH3-only proteins, the sensitizers (BIK, BMF, HRK and 

BAD) are incapable to bind and activate BAX or BAK (115). They execute their pro-apoptotic 

function by sequestering the anti-apoptotic members, preventing their binding to BAX and BAK. 

Furthermore, sensitizer BH3-only proteins can also release activator BH3-only proteins by 

displacing them from anti-apoptotic BCL-2 family proteins, and thereby enable BAX/BAK activation 

(85,115). Of note, displacement within the BCL-2 family members is dependent on their cellular 

abundance and their respective affinities (85).  

Importantly, the BCL-2 family binding pattern is highly selective. While BIM, PUMA and BID bind to 

all anti-apoptotic BCL-2 members, BAD is only sequestered by BCL-2, BCL-XL and BCL-w 

(113,125,126). The sensitizer BH3-only proteins BIK and BMF are commonly bound by BCL-2, 

BCL-w, BCL-XL and MCL-1 (125). HRK and NOXA are the most selective BH3-only proteins since 

they display high affinities only for BCL-XL or MCL-1 and BCL-2A1, respectively (125,127). Finally, 

BAX can be bound and thus antagonized by all anti-apoptotic BCL-2 members, whereas BAK is 

not interacting with BCL-2 or BCL-w (128,129).  

Regarding the regulatory mechanisms leading to the activation of BAX/BAK, several models have 

evolved during the last years (Figure 2.4B). According to the “direct activation” model, the activator 

BH3-only proteins induce a conformational alteration in the effector proteins BAX and BAK. In 

contrast, the sensitizers interrupt the interactions of anti-apoptotic members with activator BH3-only 

proteins, in turn enabling their action (115,124,130). The “indirect activation” model implies that the 

BH3-only proteins do not directly interact with BAX/BAK, but rather that BAX/BAK are constitutively 

active and sequestered by the anti-apoptotic BCL-2 proteins preventing them from pore formation. 

In order to liberate active BAX/BAK they have to be replaced by BH3-only proteins. This was for 

instance demonstrated by Willis and colleagues who showed that the interaction of BAK with 

BCL-XL and MCL-1 can be impeded by BAD and NOXA. These proteins displace BAK from its 

binding to the anti-apoptotic proteins (128,131,132). 
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Figure 2.4: Models of selective interactions of the BCL-2 family proteins. 

Color code: light blue: BH3-only activator proteins; green: BH3-only sensitizer proteins; red: anti-apoptotic BCL-2 

family proteins, dark blue: pro-apoptotic effector proteins. (A): BCL-2 family proteins interact in a selective manner 

based on their respective affinities. The role of NOXA as an activator is debated. (B): Direct activation model: 

Sensitizer BH3-only proteins prevent their anti-apoptotic relatives from binding activator BH3-only proteins thus 

enabling the activator BH3-only proteins to directly facilitate activation of BAX/BAK. Indirect activation: Sensitizer 

and activator BH3-only proteins do not directly interact with the pro-apoptotic effector proteins, but only with the 

anti-apoptotic members. Thereby, they displace BAX/BAK, which are sequestered in their active conformation to 

the anti-apoptotic BCL-2 proteins. Embedded together/Unified model: The indirect and direct activation model act 

side by side to mediate BAX/BAK activation. Anti-apoptotic BCL-2 proteins fulfill a dual role by interacting with 

activator BH3-only proteins (Mode 1) and BAX/BAK (Mode 2). A special form of this sequestration is Mode 0 that 

refers to the retrotranslocation of BAX by BCL-XL from the mitochondria to the cytosol. Schemes are modified 

from (95,133-135). 

The “embedded together” model unites the statements made in the previous models and 

additionally highlights the necessity of the mitochondrial membrane as a platform of interaction 

(136,137). Hence, activator BH3-only proteins can directly facilitate BAX/BAK activation whereas 

sensitizers only interact with their anti-apoptotic relatives. These play a dual role by sequestering 

BAX/BAK as well as the activators. Both function prevent the activation and pore formation of the 
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effector proteins (114,137). BAX and BAK need to be in their active conformation to be bound by 

the anti-apoptotic BCL-2 proteins. This step is mediated by the BH3-only proteins, further 

supporting the complex interplay of the BCL-2 proteins described in the embedded together model 

(138). In 2011 Llambi et al., additionally introduced different modes of sequestration summarized 

as “unified model”. Mode 1 refers to the binding of the anti-apoptotic BCL-2 proteins to activator 

BH3-only proteins, while the interaction of anti-apoptotic members with BAX/BAK was termed 

Mode 2. Interestingly, Mode 2 sequestration was found to be more efficient than Mode 1 to inhibit 

apoptosis initiation (134). Mode 0 specifically relates to the retrotranslocation of BAX by BCL-XL 

(139). Recently, evidence emerged that an allosteric activation and liberation of tBID by BAD is 

possible if both are bound together in a complex with BCL-XL and that released tBID in turn 

activates BAX (140). The fact that BAX and BAK are also capable to achieve their active 

conformation in a manner independent of BH3-only proteins further complicates the regulatory 

mechanisms between them (141). Indeed, BAX and BAK have been reported to autoactivate each 

other (121). Moreover, cells still undergo BAX/BAK dependent apoptosis if they lack all BH3-only 

proteins (Octa-KO) and if the anti-apoptotic BCL-2 family proteins are simultaneously inhibited 

(142). 

2.2.3.3 Activation of the pore-forming proteins BAX and BAK 

The integration of BAX and BAK into the mitochondrial membrane follows a defined sequence of 

conformational changes (Figure 2.5) (105). The majority of BAK molecules anchors at the 

mitochondrial membrane. In contrast, BAX is mainly present in the cytosol due to its 

retrotranslocation by the anti-apoptotic BCL-2 members and its more polar C-terminal α9 TM 

domain compared to the one of BAK (109,143,144). However, upon apoptotic signaling, BAX 

translocates to the mitochondria where voltage-dependent anion-selective channel protein 2 

(VDAC2) can function as a receptor for BAX and BAK (145,146). Interestingly, a non-canonical 

“rear pocket” formed by the α1 and α6 helices of BAX, but not BAK, was shown to provide a docking 

site for BH3-only proteins. Sequestration of BAX by BH3-only proteins at this rear pocket causes a 

release of the TM domain from its surface groove, thus facilitating the insertion of the TM domain 

into the mitochondrial membrane (147,148). Of note, this interaction is not mandatory for the 

activation of BAX since its spontaneous activation in the presence of a lipid membrane has also 

been reported (142). In a second step, activator BH3-only proteins bind to the hydrophobic groove 

of membrane-inserted BAX or BAK and induce the exposure of the N-terminus including the α1 

domain (134,149). Subsequently, BAX and BAK protein structure alters from a globular to a 

membrane-spanning form by separation of the core (helices α2 - α5) from the highly flexible latch 

domain (helices α6 - α8; also called piercing domain) (138,150). This conformational change 

eventually liberates the activator BH3-only proteins from BAX and BAK (138). The transience of 

the “hit and run” interaction of BH3-only proteins and BAX/BAK is crucial for apoptosis as it has 
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been demonstrated that the structural alterations cannot be induced in BAK in case the BH3-only 

proteins stay bound (151).  

 

Figure 2.5: Model of the activation processes of BAX and BAK that lead to survival or apoptosis. 

Step1: BAX is retrotranslocated from the mitochondria to the cytosol by BCL-XL. BAK is mainly bound to the 

mitochondrial membrane in association with VDAC2, which is also vital for BAX-mediated apoptosis. BH3-only 

proteins (exemplified by BIM) can bind a rear pocket in BAX helices α1 and α6, which releases the TM domain of 

BAX enabling its anchorage in the mitochondrial membrane. Step 2: BH3-only activator proteins bind the 

hydrophobic groove of BAX or BAK resulting in the exposure of the N-terminus including helix α1. Step 3: The 

globular fold of BAX or BAK stretches into core and latch domain. Step 4: This conformational change ejects the 

activator BH3-only protein and exposes the BH3 domain of BAX or BAK. Step 5a: In case anti-apoptotic BCL-2 

family proteins are available and not inhibited by their relatives, they sequester activated BAX or BAK, which 

causes survival of the cell. Step 5b: If anti-apoptotic BCL-2 members are not present in abundance or inhibited, 

BAX or BAK form dimers by engaging the other´s BH3 domain. Step 6: This is followed by organization into 

higher order oligomers that accomplish membrane permeabilization and apoptosis. Image taken from (103). 

A consequence of the departure of the BH3-only proteins is an exposure of the α2 helix harboring 

the BH3 domain, which can result in two possible scenarios (117,134). Firstly, the BH3 domain is 

accessible to anti-apoptotic BCL-2 members that, if they are not occupied themselves, might 

sequester and thereby block BAX/BAK pore formation (128,134). Secondly, BAX or BAK 

monomers build homodimers by engaging each other’s BH3 domain (117,138,150). At this step, 

BAX/BAK can also autoactivate each other (121). Further, pore formation is enabled by the 

assembly of higher order oligomers of BAX and BAK (105,152). Many details about the pore 

association remain to be elucidated and are subject to intense research. For instance, it is not clear 

whether BAX/BAK heterodimers might exist and how many BAX or BAK molecules it takes to 

achieve mitochondrial permeabilization (117,153,154). Arch-like and ring-like structures as well as 

lines have been observed as pores form, however the exact composition of the pores is uncertain 

(154). Most likely is a toroidal lipidic pore whose interface comprises both lipids and proteins (155). 

Moreover, there exist several models explaining how the dimers might insert into the membrane, 
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e.g. like a hairpin, in plane or like a clamp (156). Additionally, BAX and BAK can also switch to their 

active conformation when they are exposed to heat or non-ionic detergents (149,157). 

2.2.3.4 Levels of regulation 

Mechanisms finely regulating the activation status of the individual BCL-2 family members range 

from a transcriptional level to posttranslational modifications (PTM) and the subcellular localization 

(84). The following section gives a brief insight into some of the most relevant ones. Since BH3-

only proteins are stress sensors, their expression can frequently be induced by transcription factors 

(104). For instance, this is the case for PUMA and NOXA, both being transcriptionally upregulated 

by TP53 upon DNA damage, and BIM whose expression is induced by the class O forkhead box 

transcription factor-3A (FOXO3A) upon growth factor withdrawal (158-160). BCL-XL, on the other 

hand, can be transcriptionally upregulated by growth factors via the janus kinase - signal transducer 

and activators of transcription (JAK-STAT) pathway (161). Furthermore, the subcellular localization 

of the BCL-2 members can negatively regulate their activation status as it is best exemplified for 

the BH3-only proteins BMF and BIM that are kept in an inactive state by binding to the myosin V 

motor complex and microtubule-associated dynein motor complex, respectively. Upon apoptotic 

signaling, they traffic to the mitochondria (104,162). The most commonly occurring PTM with regard 

to BCL-2 proteins is their phosphorylation with BCL-2, MCL-1, BAD, BIM and BAX being the ones 

most frequently affected (163). Phosphorylations can either be activating or inactivating. Whereas 

phosphorylation by Jun N-terminal kinase (JNK) increases the pro-apoptotic activity of BIM, its 

phosphorylation by extracellular signal-regulated kinase (ERK) targets it for proteasomal 

degradation (164). An anti-apoptotic member with a short half-life, and thus a particularly fast 

turnover, is MCL-1 as it is rapidly ubiquitinated and degraded upon pro-death signaling (165). 

2.2.3.5 Roles of anti-apoptotic BCL-2 proteins in development and tissue 

homeostasis 

Regulated execution of apoptosis is necessary for normal tissue homeostasis and especially in 

developing cells (72). The following section highlights some key roles of the most relevant anti-

apoptotic BCL-2 family proteins in developing as well as in differentiated cells. Remarkably, BCL-2 

proteins exert their function in a plethora of distinct cell types, above all in cells of the hematopoietic 

system (72) (Table 2.1). Few roles have been implied for BCL-w and BCL-2A1. The absence of 

BCL-w leads to male sterility, suggesting a function in spermatogenesis (166,167). Moreover, 

BCL-w was found to play a role in B cell survival and lymphomagenesis (168). BCL-2A1 was 

reported to be involved in neutrophil and B cell development (169). BCL-2 deficient mice are 

generally viable, however they die early due to polycystic kidney disease and massive apoptosis 

in B and T lymphocytes. Additionally, these mice present with grey hair since BCL-2 is crucial for 

melanocyte survival (170,171). Together with MCL-1 and BCL-XL, BCL-2 promotes neuronal 
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development. Particularly, it is connected to the early phase of development and BCL-2 expression 

declines once the formation of the neural tube is completed (172,173). In 2018, a publication by 

Fogarty et al. explored the roles of MCL-1 and BCL-XL in the developing nervous system and 

revealed that these two proteins can have compensatory roles. However, MCL-1 had an overall 

stronger contribution to the survival of neuronal progenitor cells, while the importance of BCL-XL 

was increasing with the neuronal maturation status (174). MCL-1 is the member amongst the 

anti-apoptotic BCL-2 proteins with an impact on the greatest variety of cell types (72). Its knockout 

(KO) is embryonic lethal on day E3.5 and MCL-1 is a key player for survival of virtually all cell types 

of the hematopoietic system during all developmental stages including the hematopoietic stem cell 

(72,175). Interestingly, MCL-1 has additionally been demonstrated to maintain mature 

cardiomyocyte survival (176). Additionally, also the genetic ablation of BCL-XL is embryonic lethal, 

albeit to a later time point (E13), resulting from massive apoptosis in the brain and in a range of 

lymphocyte/erythrocyte precursors (177). Further, MCL-1 and BCL-XL act together to sustain 

hepatocyte survival (178,179) and loss of a single allele of either gene is sufficient to produce 

craniofacial defects (180). Recently, a publication showed that combined loss of MCL-1 and BCL-2 

decreased the overall size of mice while leaving the individual tissue development unaffected (181). 

It is of utmost importance to keep the respective functions of the anti-apoptotic BCL-2 family 

proteins in mind when it comes to their pharmacological targeting. This could explicitly be seen 

from clinical studies with the BH3 mimetic ABT-263 that inhibits BCL-2, BCL-XL and BCL-w. 

Thrombocytopenia, a side effect related to the role of BCL-XL in the maintenance of platelet 

survival, was the most common adverse event (182-184). Thus, the physiological roles of the anti-

apoptotic BCL-2 family members can be revealing about potential side effects that should be 

focused on in clinical and preclinical studies. 

Table 2.1: Functions of anti-apoptotic BCL-2 family proteins in development and tissue maintenance. 

 (modified from (185)) 

 

BCL-w BCL2A1 BCL-2 BCL-XL MCL-1

Lymphocytes
X X X X X

Erythrocytes X X

Neutrophils X X

Platelets X

Cardiomyocytes X

Neurons X X X

Spermatocytes X

Melanocytes X

Kidney cells X

Hepatocytes X X
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2.2.4 Caspases: executioners of apoptosis 

Caspases are cysteine proteases that perform the task to dissect the cellular constituents in a 

coordinated manner during cell death. Both the intrinsic and the extrinsic apoptotic pathway 

culminate in caspase activation. Distinct caspases have been identified and depending on their 

cellular roles, they can be divided into inflammatory (e.g. caspase-1,-4,-5,-11), initiator (e.g. 

caspase-8,-9,-10) and executioner (effector) caspases (e.g. caspase-3,-6,-7). Caspases cleave 

their targets via a cysteine in their active site that cuts the respective protein after an aspartic acid 

residue. A range from a few up to several hundred target proteins have been described depending 

on the individual caspase and the cellular context (186-188). 

A crucial caspase target is the inhibitor caspase-activated DNAse (ICAD) that is cleaved to CAD, 

which in turn facilitates DNA fragmentation (189). Moreover, PS is commonly located in the inner 

and outer cell membrane adhering to a certain ratio. Enzymes called flippases and scramblases 

control its distribution. The latter are cleaved by caspases causing an augmented exposure of PS 

that is recognized as an “eat-me” signal by macrophages (77). Furthermore, caspases mediate the 

inactivation of poly(ADP-ribose)-polymerase (PARP), a central player of the DNA repair machinery. 

Another prominent example of caspase targets are components of the cytoskeleton and also BCL-2 

family proteins such as MCL-1 (190,191).  

2.3 Therapeutic intervention of the intrinsic apoptotic pathway by BH3 

mimetics 

2.3.1 BCL-2 family proteins in cancer 

As guardians of apoptosis, a hallmark of cancer, BCL-2 family proteins contribute strongly to 

malignant transformation (75,192). Cells that become cancerous have to cope with an increased 

amount of stressors originating from DNA damage, cell cycle checkpoint evasion, the unfolded 

protein response or oxidative stress. Intracellular stressors result in the activation or upregulation 

of pro-apoptotic BH3-only proteins, which is a potential fatal process for the cancer cell. Hence, the 

selection pressure is in favor of cells that compensate apoptotic signaling by an upregulation of 

anti-apoptotic family members, resulting in cell survival (75,103,125,192,193). The increasing 

number of complex formations between the BH3-only proteins and their anti-apoptotic relatives 

create a situation termed “primed for death” (194,195). This concept was especially coined by the 

group of Tony Letai and postulates that, compared to healthy cells, cancer cells are closer to the 

threshold towards apoptosis and thus are highly dependent on maintaining the inhibition of 

apoptosis initiation (193,195). Anti-apoptotic BCL-2 family proteins are overexpressed in many 

cancer types, especially in the ones being refractory to chemotherapy (196). The pro-survival 

protein BCL-XL is particularly connected to chemoresistance (197). Notably, the expression of and 

the dependency on distinct anti-apoptotic BCL-2 members varies significantly among cancer 

entities. For instance, BCL-2 is amplified in diffuse large B-cell lymphoma (DLBCL) and small cell 
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lung cancer (SCLC) (198,199). Further, BCL-2 is overexpressed in breast cancer, ovarian cancer 

and chronic lymphocytic leukemia (CLL) and many more (102,200-202). BCL-XL is most notably 

associated with solid tumors as it plays, for example, a role in the survival of colorectal cancer, 

neuronal tumors, subsets of breast cancer, bladder cancer and gastric cancer (102,203-205). In 

line with its physiological functions in the hematopoietic system, MCL-1 is frequently implied in 

multiple myeloma (MM), acute myeloid leukemia (AML), subtypes of lymphoma, but also solid 

tumors such as NB as well as lung and breast cancer (206-212). 

Additionally, BCL-2 proteins were reported to play a role in soft tissue and bone sarcomas. 

For instance, the presence of BAX in RMS tissue samples has been connected with a prolonged 

median survival and its expression in RMS and other pediatric solid tumor cell lines was associated 

with higher resistance to doxorubicin and actinomycin D (213,214). Further, the PAX3/FOXO1 

fusion gene, a common hallmark of ARMS, was demonstrated to transcriptionally induce BCL2L1 

(coding for BCL-XL) and NOXA expression (215,216). Excessive FGFR4 signaling and continuous 

STAT3 activation are further typical features of RMS (23). They have been demonstrated to 

mediate BIM degradation and induction of BCL-2 and BCL-2L1 genes, respectively (217,218). 

Moreover, enhanced hedgehog (hh) signaling, as present in RMS, can regulate expression levels 

of BCL-2, BCL-XL and MCL-1 (108,219). Indeed, gene expression analysis reveals an upregulation 

of the majority of pro- and anti-apoptotic BCL-2 members, amongst them also MCL-1, BCL2L1, 

BCL2L11, PMAIP1 (coding for NOXA) and BAX (Table 2.2) (220). Consistently, MCL-1 has also 

been described by other publications to be frequently upregulated in RMS (196,221). Interestingly, 

BAK1 (coding for BAK) as well as BCL-2 were found to be underexpressed in RMS (220). 

Importantly, diminished BCL-2 levels suggest a more vital role of MCL-1 and BCL-XL for RMS 

survival compared to BCL-2. The role of BCL-2 proteins in bone sarcomas, such as OS, is still 

debated since it was found that BCL2L1 expression did not correlate with patient survival in OS. 

Nevertheless, a selective BCL-XL inhibitor sensitized OS cells to doxorubicin treatment (222,223). 

Concerning ES, its characteristic EWS-FLI1 fusion gene was reported to induce BCL-2 expression 

and interestingly inhibition of BCL-2 and BCL-XL increases the susceptibility of ES cells to olaparib 

(224).  

Since TP53 is mutated, non-functional or lost in ~90% of all cancers, transcriptional induction of 

NOXA and PUMA are often impaired (225). Moreover, epigenetic silencing or deletions of BH3-only 

proteins commonly develop during oncogenic transformation, additionally contributing to an overall 

surplus of anti-apoptotic BCL-2 family proteins (102). In fact, Soderquist and colleagues revealed 

that the majority of 78 tested cancer cell lines, representing a wide range of cancer entities, depend 

on at least one combination of the anti-apoptotic BCL-2 family proteins and some of them even on 

a single member (226). Besides their expression levels, it is the complex interplay of the BCL-2 

relatives that define the cell’s dependency on respective members. Co-dependencies frequently 

occur due to the partially redundant functions of anti-apoptotic BCL-2 proteins (85,226). For 

instance, BCL-XL can compensate for the loss of MCL-1 to sequester BIM thereby rescuing MM 
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cells from cell death (212). Consistently, the MCL-1:BCL2L1 ratio was reported to be indicative of 

the response rate to pharmacological inhibition of MCL-1 (227). Consequently, this calls for 

treatment regimens tailored to the specific interaction patterns of the BCL-2 family proteins. By 

using synthetic BH3 peptides on digitonin-permeabilized cells, a method dubbed “BH3 profiling”, 

the “priming” status and susceptibility of cancer cells to a certain stimulus can be predicted (125). 

All in all, BCL-2 family proteins provide an Achilles heel for the targeting of cancer cells for 

apoptosis.  

Table 2.2: BCL-2 family gene expression in RMS. 

Gene expression analysis performed with “R2: Genomics Analysis and Visualization Platform” (samples (n=58, 33 

fusion-positive and 25 fusion-negative RMS samples, Sun and Barr (228)) compared to normal healthy skeletal 

muscle samples (n=40, Assmann et al. (229) using MegaSampler). Significances were calculated using One Way 

ANOVA (220). ↑↑: strong overexpression (p<10-11); ↑: overexpression (p=0.05-10-11); ↓: underexpression (p=0.05-

10-11); ↓↓: strong underexpression (p<10-11); →: no significant changes in expression. 

 

2.3.2 BH3 mimetics 

BH3 mimetics are small molecules that sequester and thereby inhibit their anti-apoptotic relatives. 

They do not directly engage BAX or BAK, but displace BH3-only proteins from their binding to the 

anti-apoptotic members and prevent novel interactions. Liberated BH3-only proteins can further 

inhibit anti-apoptotic BCL-2 members (in case they are sensitizers) or directly activate BAX/BAK 

(in case they are activators). Altogether, BH3 mimetics tip the balance between the BCL-2 

members in favor at the pro-death signal (194,230,231). Due to their function as stress sensors, 

BH3-only proteins acted as a model to design drugs, which literally mimic the BH3 domain of these 

proteins (103,230). In detail, the hydrophobic amino acids of the BH3 mimetic molecule commonly 

target the hydrophobic pockets (P1-P4) of the anti-apoptotic BCL-2 family protein’s surface groove 

Gene

Expression 

(RMS)

MCL-1 ↑

BCL-2 ↓↓

BCL2L1 ↑↑

BCL-2A1 ↑

BBC3 →

PMAIP1 ↑↑

BCL2L11 ↑↑

BMF ↑

BAD →

BAX ↑↑

BAK1 ↓

BOK ↑↑
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(232). Several characteristics have been defined that need to be met to call an agent a BH3 

mimetic. Firstly, the molecule has to imitate the BH3 domain of the BH3-only proteins in their 

function to bind the hydrophobic groove of their anti-apoptotic relatives. Secondly, they have to 

bind their target protein with high affinity. Thirdly, apoptosis initiated by a BH3 mimetic has to be 

executed in a BAX/BAK dependent manner. Fourthly, the expression levels of the target protein 

must correlate with the response of the cells to the respective BH3 mimetic (112). A number of 

agents that were designed with the aim to create a BH3 mimetic, but which do not fulfill these 

criteria are frequently referred to as “putative” BH3 mimetics (e.g. Obatoclax) (230,233). 

Compared to other chemotherapeutic agents, BH3 mimetics present several advantages. First and 

foremost, their mechanism of action is well understood whereas for many chemotherapeutics it 

remains elusive as they have multiple cellular effects. As a consequence of their highly “primed” 

state, most cancer cells are specifically vulnerable to BH3 mimetic treatment and a wide range of 

cancer entities are predicted to display susceptibility. Moreover, in contrast to other treatments such 

as radiotherapy and DNA-damaging agents, BH3 mimetics are no mutagens, which might play a 

role in long-term patient survival. Finally, these agents directly access the apoptotic pathway 

instead of acting upstream, providing an explicitly targeted approach. In this context, BH3 mimetics 

act independently of the TP53 status of the cells, a favorable feature with regard to the high 

inactivation rate of TP53 in cancer (103,225,234).  

In 2000, Wang et al., were the first to attempt a small molecule (HA14-1) to inhibit BCL-2 (235). 

Since then, various agents have been discovered that target anti-apoptotic BCL-2 family proteins 

in a more or less selective manner (194). The BH3 mimetic ABT-737 is equipped to target BCL-2, 

BCL-XL and BCL-w, but not MCL-1, in a BAD-like way (236). It triggered BAX/BAK dependent 

apoptosis as single agent or in combination with other agents (236,237). For clinical application, 

ABT-737 was refined to create the orally bioavailable compound ABT-263 (Navitoclax) that shares 

the target affinities with ABT-737 (238,239). ABT-263 showed potentially promising results in 

clinical studies, however, due to its targeting of BCL-XL, thrombocytopenia was a major and limiting 

side effect (240). Importantly, alterations in dosing could markedly reduce thrombocytopenia in later 

studies (241). Unlike its predecessors, ABT-199 (Venetoclax) is a highly selective BCL-2-targeting 

BH3 mimetic (242) and founded the era of further selective BH3 mimetics for BCL-2, MCL-1 and 

BCL-XL (194). The following three sections introduce the selective inhibitors utilized in this thesis.  
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2.3.2.1 The selective BCL-2 inhibitor ABT-199 (Venetoclax) 

Using ABT-263 as a template, the orally bioavailable BCL-2 inhibitor ABT-199 was created by 

structure-based design. ABT-199 is highly selective for BCL-2 with a Ki < 0.01 nM and a 100-fold 

increased affinity for BCL-2 compared to BCL-XL (242). ABT-199 sequesters BCL-2 by occupation 

of the hydrophobic pocket P2 with its 4-chlorophenyl residue and insertion into P4 via its azaindole 

residue. It binds in close proximity to the conserved Arg146 of the hydrophobic binding groove 

without directly interacting with it (Figure 2.6) (243). In contrast to ABT-263, ABT-199 does not 

interfere with platelet function and exerts promising anti-tumor effects in various BCL-2 dependent 

cancer entities, above all CLL. It potently induces intrinsic apoptosis and disrupts BCL-2:BIM 

interactions (242). Generally, ABT-199 seems to display especially marked effects in hematological 

cancers, however, also solid tumors such as breast cancer are susceptible to ABT-199 treatment 

(244,245). During recent years, a plethora of publications have explored the potential of ABT-199 

as single agent or in combination with e.g. other BH3 mimetics, chemotherapeutics, histone 

acetylase (HDAC) inhibitors, CDK9 inhibitors, and many other drugs in numerous cancer entities 

such as Non-Hodgkin lymphoma (NHL), RMS, MM, various lymphomas and leukemias as well as 

other hematological cancers (242,246-253). ABT-199 was the first BH3 mimetic to be approved for 

cancer treatment and is the most advanced one in clinical trials (see section 2.3.3) (254). 

 

Figure 2.6: Chemical structure and binding of ABT-199 to BCL-2. 

(A): Chemical structure of ABT-199 (242). (B): Crystal structure of ABT-199 binding to BCL-2 (PDB ID: 6O0K). 

BCL-2 is shown as surface model. The two possible conformations of ABT-199 inserting in the BH3 binding 

groove of BCL-2 are depicted. ABT-199 particularly interacts with the hydrophobic pockets P2 and P4 and binds 

in close proximity to the conserved Arg146 (purple) (243). Color code: BCL-2: grey - carbon, blue - nitrogen, red - 

oxygen. ABT-199: green - carbon, blue - nitrogen, red - oxygen, yellow - sulfur, cyan - chlorine. Illustration was 

created using PyMOL. 
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2.3.2.2 The selective MCL-1 inhibitors A-1210477 and S63845 

Due to the relatively large, rigid BH3 binding groove of MCL-1, the development of selective 

inhibitors was lagging behind for a long time and progress was eagerly awaited (194,232). The 

selective MCL-1 inhibitor A-1210477 was designed in a structure-based manner and first published 

by Leverson et al. in 2015 (Figure 2.7A) (255). This inhibitor was described to induce cell death in 

MM, breast cancer and NSCLC in a BAX/BAK dependent manner and to exert its pro-apoptotic 

effect by disrupting BIM and/or NOXA from MCL-1 (207,255). Furthermore, it synergizes with 

Navitoclax to induce apoptosis in several cancer cell lines and sensitizes NHL to ABT-199 

treatment (255,256). 

 

Figure 2.7: Chemical structure of A-1201477 and S63845 and binding of S63845 to MCL-1. 

(A): Chemical structure of A-1201477 (255). (B): Chemical structure of S63845 (227). (C): Crystal structure of 

S63845 binding to MCL-1 (PDB ID: 5LOF). MCL-1 is shown as surface model. S63845 particularly interacts with 

the hydrophobic pockets P2 and P4 and the conserved Arg263 (purple) (227).  Color code: MCL-1: grey - carbon, 

blue - nitrogen, red – oxygen, yellow - sulfur. S63845: green - carbon, blue - nitrogen, red - oxygen, 

yellow - sulfur, cyan - fluor. Illustration was created using PyMOL. 

Using an NMR-based fragment screen followed by structure-guided drug discovery, Kotschy and 

colleagues designed the MCL-1 inhibitor S63845, which displays ~20-fold higher affinity to MCL-1 

compared to A-1210477 (Ki S63845: <1.2 nM; A-1210477: 28 nM) (Figure 2.7B). A-1210477 was 

found to bind to serum proteins, whereas S63845 does not. Consequently, S63845 is 1000-fold 

more potent in killing H929 cells than A-1210477 (227). S63845 binds MCL-1 via a salt bridge 

between the carboxylic acid and the conserved Arg263, via the trifluoromethyl group in the 

hydrophobic pocket P4 and deep insertion of 2-fluorofuran into P2 (Figure 2.7C) (257). It mediates 

apoptosis in a BAX/BAK dependent manner by their displacement from MCL-1. Remarkably, 

S63845 achieves effects in all tested AML cell lines, almost all MM cell lines and the majority of 

lymphoma cells lines. Although it is significantly more effective in hematological cancers, S63845 

additionally induces cell death in some solid cancer entities as a single agent or combined with 
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other chemotherapeutic agents. Interestingly, high BCL2L1 (coding for BCL-XL) levels and loss of 

BAK were described to be potential causes for resistance. Despite the multifaceted functions of 

MCL-1 in tissue homeostasis and development, S63845 shows a tolerable in vivo treatment profile. 

Paradoxically, A-1210477 and S63845 increase MCL-1 levels by prolonging protein half-life, 

probably due to an interference with ubiquitination and proteasomal degradation of MCL-1 

(227,255,258). Currently, S63845 demonstrates potent anti-tumor effects either alone or in 

combination with other BH3 mimetics (mainly ABT-199), chemotherapeutics, kinase inhibitors or 

bromodomain and extraterminal (BET) inhibitors in numerous cancer entities. Amongst them are: 

breast cancer, a subset of NSCLC, AML, T-ALL, Mantle cell lymphoma (MCL), pancreatic 

adenocarcinoma, MM, melanoma, lung squamous cell carcinoma and NB (258-269). 

2.3.2.3 The selective BCL-XL inhibitor A-1331852 

The BH3 mimetic A-1331852 was first described by Leverson et al. in 2015 and is a highly potent 

inhibitor of BCL-XL (Ki: <0.01 nM) (Figure 2.8). It was created using structure based design and can 

be orally administered. Furthermore, it is 10 - 50-fold more potent than its close relative A-1155463 

(270). So far, no crystal structure of A-1331852 binding to BCL-XL has been published. However, 

A-1331852 binds presumably to BCL-XL in a similar way as A-1155463 by engaging the 

hydrophobic pockets P2 and P4 and building a salt bridge interaction with the conserved Arg139 

of BCL-XL. Notably, A-1331852 harbors a bulky adamantane ring, which inserts into the P4 

hydrophobic pocket (232,271).  

 

Figure 2.8: Chemical structure of A-1331852. 

Obtained from (272). 

A-1331852 acts in concert with docetaxel to inhibit tumor growth of NSCLC, breast and ovarian 

cancer xenografts. In Molt-4 cells, it was found to exert its effect by impairing the interaction 

between BCL-XL and BIM (270). Furthermore, A-1331852 demonstrates efficacy both in chronic 

myelogenous leukemia (CML) in combination with imatinib, dasatinib and nilotinib and in lung 

squamous cell carcinoma when concomitantly applied with an FGFR inhibitor (269,273). In RMS, 

A-1331852 potently induces apoptosis together with etoposide or vincristine (274). Moreover, in 

several soft-tissue sarcoma cell lines, A-1331852 enhances cell death induction of dinaciclib and 

other conventional chemotherapeutics (275). A recent publication from our group utilizing 
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A-1331852 provides evidence that BCL-XL could be a promising target in NB (267). Importantly, 

S63845 and A-1331852 act together to trigger cell death in pancreatic and colon cancer, NSCLC, 

melanoma and in squamous cell carcinoma of the head and neck (259,276,277). It has to be noted 

that, similar to ABT-263, A-1331852 shows senolytic activity, e.g. in cholangiocytes (278). 

2.3.3 Application of BH3 mimetics as cancer treatment 

The most clinically advanced BH3 mimetics are ABT-199 and ABT-263 (279). In clinical trials, 

ABT-199 demonstrates powerful effects, especially in relapsed CLL, with response rates of 80% 

and relatively minor side effects with neutropenia, nausea, diarrhea and upper respiratory tract 

infection being the most common ones. Its high potency even causes tumor lysis syndrome in some 

of the patients, which led to a dose escalation treatment schedule (280). Achieving a response rate 

of ~70%, ABT-199 shows promising effects in elderly AML patients when combined with 

hypomethylating agents and low-dose cytarabine (281,282). The Food and Drug Administration 

(FDA) granted ABT-199 the status of a major breakthrough therapy in certain types of relapsed and 

refractory (R/R) CLL and untreated AML in 2016. It received approval by the FDA and the European 

Medicines Agency (EMA) for CLL with a 17p chromosomal deletion or TP53 loss and previous 

unsuccessful therapy as well as for certain types of AML in the elderly (283,284). At present, 

ABT-199 is evaluated in more than 200 clinical trials as single agent or in combination therapies. 

Although it is mainly investigated for the treatment of hematological cancers, ABT-199 is getting 

more and more in the focus for the treatment of solid tumors (e.g. to treat solid tumors in pediatrics 

and young adults: NCT04029688) (279). However, preclinical data suggests that ABT-199 as a 

single agent is unlikely to be effective in solid cancers and highlights the requirement of combination 

therapies (285). Of note, other BCL-2 inhibitors such as S55746 have proceeded into clinical trials 

for CLL and NHL as well (NCT02920697). ABT-263 demonstrates especially promising effects in 

combination with rituximab for R/R CLL (286). Like ABT-199, it is now increasingly evaluated for 

the treatment of solid tumors, e.g. in combination with erlotinib and irinotecan in advanced solid 

tumors (287,288). Currently, there are no selective BCL-XL inhibitors utilized in clinical trials (279). 

During recent years, there has been a boom in clinical trials investigating the effect of MCL-1 

inhibitors as cancer regimens. So far, the four MCL-1 inhibitors S64315 (MIK665), AMG176, 

AZD6991 and ABBV-467 are evaluated in total in seven phase I and/or II clinical trials 

(NCT03797261, NCT02992483, NCT02979366, NCT0367295 NCT02675452, NCT04178902 and 

NCT03218683). Studies are conducted exclusively in hematological cancers (mainly MM, R/R 

lymphoma, DLBCL, AML, myeloplastic syndrome, NHL) and results are eagerly awaited. All of 

them, except ABBV-467, are investigated as combination therapies with ABT-199 in AML, NHL, 

DLBCL and other R/R hematological malignancies (NCT03797261, NCT0367295 and 

NCT03218683). Importantly, the MCL-1 inhibitor S63845 used in this thesis has not yet been 

evaluated in clinical studies (279). 
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3 Aim of Study  

BH3 mimetics directly activate the apoptotic machinery by targeting anti-apoptotic BCL-2 family 

proteins. These agents demonstrate encouraging results in early clinical trials. Expression of BCL-2 

family members is described to be modified in RMS (Table 2.2) and BCL-2 proteins are critical 

regulators in the pediatric sarcomas OS and ES (196,213,214,219,222-224). However, compared 

to other cancer entities, the functional relevance of BCL-2 family proteins in these tumors is not 

thoroughly investigated.  

The overall aim of this study was to assess whether BCL-2 proteins represent promising therapeutic 

targets in pediatric solid tumors such as RMS, OS and ES. Previous work from our group provided 

first evidence that treatment with BH3 mimetics might be an efficient strategy to sensitize RMS cells 

to chemotherapeutics or HDAC inhibitors, respectively (246,274). In this dissertation, we aimed at 

providing a comprehensive evaluation of the potential of BH3 mimetics as a novel treatment option 

in pediatric solid tumors with a focus on RMS.  

To begin with, we wanted to determine target expression in RMS, OS and ES and additionally 

investigate whether these cancer entities express the most relevant BCL-2 family members. Next, 

we were interested whether RMS, OS and ES are sensitive to selective BH3 mimetic treatment as 

single agents or combined regimens. Using Bliss synergy scoring, we wanted to explore if 

BH3 mimetics act together to mediate cell death in a synergistic manner. In this context, we sought 

to determine which BH3 mimetic combination might be most effective in pediatric cancer. Moreover, 

we intended to utilize available primary samples to confirm our findings in clinically relevant tissues.  

In order to unravel the molecular mechanisms behind BH3 mimetic-stimulated cell death, we 

wanted to elucidate the involvement of the mitochondrial apoptotic pathway. Further, we intended 

to dissect the respective roles of BAX, BAK and the individual BH3-only proteins. We were 

particularly interested in alterations in the mutual sequestration patterns of BCL-2 family relatives 

that might occur upon BH3 mimetic treatment. 

Finally, we wanted to provide insights into the translational relevance of BH3 mimetics in RMS. 

Therefore, we sought to investigate the response of RMS cells arranged as multicellular spheroids 

and in an in vivo embryonic chicken model to BH3 mimetics. Additionally, we wanted to explore if 

a future clinical application of BH3 mimetic treatment in patients is achievable without undesired 

toxicity on non-malignant cells by testing the effectiveness of a sequential BH3 mimetic treatment 

schedule. 
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4 Material and Methods 

4.1 Material 

4.1.1 Characteristics of cell lines 

In this thesis, we conducted our investigations with commercially available established RMS, OS 

and ES cell lines (Tables 4.1-4.4). We intended to work with a balanced selection of cells 

concerning features such as ethnicity, sex, tumor location (primary site vs. metastases) and the 

underlying molecular background. Importantly, we included cell lines belonging to the embryonal 

and alveolar subtype of RMS, i.e. fusion-positive and fusion-negative cell lines. Moreover, chosen 

cell lines harbor mutations and genetic aberrations typical for the respective tumor entity. These 

are, for instance, overexpression of FGFR4, GLI and MYC as well as mutations in RAS and TP53 

for RMS, the presence of EWSR1/FLI1 fusion protein for ES, underexpression of CDKN2A and 

mutations in TP53 for ES and OS (see Tables 4.1-4.4 for details). It should be noted that RD and 

TE381.T cells as well as RH30 and RMS13 cells are described to be derived from the same tumor 

sample, respectively (289,290). Currently, the subtype of the Kym-1 cell line has not been 

conclusively determined. In the literature, Kym-1 cells have mainly been described as embryonal, 

however, publications exist claiming them to be alveolar or suggesting to classify them as a 

malignant rhabdoid tumor instead of RMS (291-295). The fact that they originate from an infant and 

are negative for the PAX3/FOXO1 fusion gene rather indicates an embryonal subtype. 

Nevertheless, there is the possibility that they are PAX7/FOXO1 fusion-positive or fusion-negative 

ARMS, thus their subtype remains controversial. In addition to the established cell lines, we also 

utilized the primary-derived fusion-positive ARMS cell line CP1, which we cultivated using 

conventional cell culture and a primary malignant epithelioid mesothelioma that was directly 

investigated upon surgical resection.  
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Table 4.1: Characteristics of RMS cell lines. 

Cell line 
Sub-

type 

Fusion 

protein status 

Translocation 

type 

TP53 

status 

Aberrant 

gene 

expression 

(selection) 

Origin of 

the primary 

tumor 

sample 

Chemotherapy 

prior to cell line 

establishment 

RH30 ARMS 

(290) 

PAX3/FOXO1 

(296)a 

t(2;13)(p35;q14) 

(296) 

mutated, 

but 

functional 

(297,298) 

CDK4↑ (299-

301) 

FGFR4↑ 

(302) 

GLI1↑ (302) 

IGF2R↑ 

(302) 

MYCN↑ 

(302) 

 

16 - 17 years, 

Caucasian 

male, bone 

marrow 

metastasis 

(289,290,303) 

untreated 

(290) 

RMS13 ARMS 

(290) 

PAX3/FOXO1 

(304)a 

t(2;13)(p35;q14) 

(304) 

mutated, 

but 

functional 

(290,297,

298) 

CDK4↑ (305) 

GLI1↑ (306) 

 

16 - 17 years, 

Caucasian 

male, bone 

marrow 

metastasis 

(289,290,303) 

untreated 

(290) 

RH41 ARMS 

(290) 

PAX3/FOXO1 

(304)a 

t(2;13)(p35;q14) 

(304) 

deletion 

(307) 

BAD↓ (302) 

FGFR4↑ 

(302) 

 

7 years, 

female, lung 

metastasis 

(290) 

treated (290) 

Kym-1 contro-

versial 

(291-

295) 

negativea NA WT (308) BID↓ (302) 

CDK4↓ (302) 

FGFR1↑ 

(302) 

GLI1↑ (302) 

GLI2↑ (302) 

PMAIP1↓ 

(302) 

9 month, 

Japanese, 

neck (309,310) 

unknown 

RD ERMS 

(311) 

negative (311) NA mutated 

(297,298) 

FGFR1↑ 

(302) 

MYC↑ (312) 

NRAS 

mutated (20) 

7 years, 

Caucasian 

female, pelvic 

mass (311) 

treated 

(Cyclophos-

phamide and 

radiation) 

(311) 

TE381.T ERMS 

(289) 

ND ND ND NRAS 

mutated (20)  

RD passaged 

through fetal 

cat (289) 

treated 

(Cyclophos-

phamide and 

radiation) 

(311) 
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T174 ERMS 

(20) 

ND ND ND NRAS 

mutated (20) 

44 years, male 

(313) 

unknown 

RH36 ERMS 

(290) 

negativea NA WT (303) HRAS 

mutated (20) 

15 years, 

male, 

paratesticular 

relapse (303) 

unknown 

RH18 ERMS 

(290,3

14) 

negativea NA WT (303) CDK4↑ (302) 

FGFR4↑ 

(302) 

GLI1↑ (302) 

GLI2↑ (302) 

MDM2↑ 

(302,315) 

2 years, 

perineal mass 

(316) 

untreated 

(316) 

TE441.T ERMS 

(317) 

negativea NA ND BID↑ (302) 

BOK↑ (302) 

IGF2R↑ 

(302) 

PMAIP1↓ 

(302) 

14 years, 

Black female, 

buttock (317) 

untreated 

(317) 

a tested for PAX3/FOXO1 by AG Beat Schäfer (Zurich) by qPCR (2018); NA: not applicable; ND: not determined; 

↑: amplification, overexpression; ↓: underexpression 

 

Table 4.2: Characteristics of OS cell lines. 

Cell line TP53 status 

Aberrant gene 

expression 

(selection) 

Origin of the primary tumor 

sample 

Chemotherapy prior to 

cell line establishment 

U2OS WT (318,319) CDKN2A↓ (318) 15 years, Caucasian female, 

tibia (318) 

unknown 

MG-63 mutated (319) CDKN2A↓ (302) 

FGFR4↑ (302) 

PDGFRA↑ (302) 

14 years, Caucasian male, 

bone (319) 

unknown 

NA: not applicable; ND: not determined; ↑: amplification, overexpression; ↓: underexpression 
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Table 4.3: Characteristics of ES cell lines. 

Cell line 

Fusion 

protein 

status 

Translocation 

type 

TP53 

status 

Aberrant gene 

expression 

(selection) 

Origin of the 

primary tumor 

sample 

Chemotherapy 

prior to cell line 

establishment 

SK-ES-1 EWSR1/FLI1 

(320) 

t(11;22)(p24;q12) 

(318) 

mutated 

(320-

324) 

BCL2L11↓ 

(302) 

CDKN2A↓ 

(318) 

18 years, male, bone 

(318) 

unknown 

A4573 EWSR1/FLI1 

(325) 

t(11;22)(p24;q12) 

(325,326) 

WT 

(327) 

ND 17 years, female, 

clavicle (321) 

unknown 

ND: not determined; ↓: underexpression 

 

Table 4.4: Characteristics of primary (-derived) cell lines. 

Cell line Cancer type 
Fusion protein 

status 

Translocation 

type 

Aberrant 

gene 

expression 

(selection) 

Origin of 

the primary 

tumor 

sample 

Chemotherapy 

prior to cell line 

establishment 

CP1 ARMS (246)b PAX7/FOXO1 

(246)b 

t(1;13)(p36;q14) ND ND ND 

RY240806_4 malignant 

epithelioid 

meso-

theliomab 

NA NA ND pediatric, 

pelvisb 

ND 

b University Clinic Frankfurt am Main, Germany (Sibylle Wehner); NA: not applicable; ND: not determined 
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4.1.2 Origin of cell lines 

All cell lines were authenticated by STR profiling at the Leibnitz Institute, German Collection of 

Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(DSMZ)). 

4.1.2.1 Cancer cell lines  

Table 4.5: Origin of cancer cell lines. 

Cell line Entity Source 

CP1 Primary-derived human ARMS University Hospital Frankfurt am 

Main, Germany 

RY240806_4 Primary malignant epithelioid mesothelioma University Hospital Frankfurt am 

Main, Germany 

RH30 Human ARMS DSMZ 

RH30-GFP Human ARMS AG Ullrich (University Hospital 

Frankfurt am Main, Germany) 

RH41 Human ARMS DSMZ 

RMS13 Human ARMS ATCC 

Kym-1 Human RMS JCRB 

RD Human ERMS ATCC 

RD-GFP Human ERMS AG Ullrich (University Hospital 

Frankfurt am Main, Germany) 

RH18 Human ERMS ATCC 

RH36 Human ERMS ATCC 

T174 Human ERMS unknown origin 

TE381.T Human ERMS ATCC 

TE441.T Human ERMS ATCC 

A4573 Human ES AG Roessig (WWU Münster, 

Germany) 

SK-ES-1 Human ES ATCC 

MG63 Human OS AG Nathrath (TUM München, 

Germany) 

U2OS Human OS AG Nathrath (TUM München, 

Germany) 

American Type Culture Collection (ATCC); Japanese Collection of Research Bioresources Cell Bank (JCRB) 
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4.1.2.2 Non-malignant cell lines 

Table 4.6: Origin of non-malignant cell lines. 

Cell line Entity/Species Source 

HEK293T 2nd generation retrovirus producer cell 

line 

ATCC 

MRC5 Human fibroblasts DSMZ 

C2C12 Murine myoblasts ATCC 

Peripheral blood 

mononuclear 

cells (PBMCs) 

Human  DRK Blutspendedienst Baden-

Württemberg-Hessen gGmbH 

(Frankfurt am Main, Germany) 

 

4.1.3 Cell culture reagents 

Table 4.7: Cell culture reagents. 

Reagent Supplier 

Dimethyl sulfoxide (DMSO) Sigma Aldrich, Darmstadt, Germany 

Doxycyclin hydrochloride Sigma Aldrich, Darmstadt, Germany 

Dulbecco’s Modified Eagle Medium (DMEM) 

GlutaMAX™-I 

Life Technologies, Darmstadt, Germany 

Dulbecco’s Phosphate-Buffered Saline (PBS) Life Technologies, Darmstadt, Germany 

Fetal Calf Serum (FCS) Life Technologies, Darmstadt, Germany/ 

Biochrom, Berlin, Germany 

4-(2-hydroxyehtyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Life Technologies, Darmstadt, Germany 

Histopaque®-1077 Sigma Aldrich, Darmstadt, Germany 

McCoy’s 5A Medium GlutaMAX™-I Life Technologies, Darmstadt, Germany 

Opti-MEM® Transfection Medium  Life Technologies, Darmstadt, Germany 

Penicillin/Streptomycin (10,000 U/ml) Life Technologies, Darmstadt, Germany 

Puromycin Clontech Laboratories, Mountain View, CA, 

USA 

Roswell Park Memorial Institute Medium (RPMI) 

1640 GlutaMAX™-I 

Life Technologies, Darmstadt, Germany 

Sodium Pyruvate (100 mM) Life Technologies, Darmstadt, Germany 

Trypan Blue Solution, 0.4% Life Technologies, Darmstadt, Germany 

Trypsin/EDTA (0.05%), phenol red Life Technologies, Darmstadt, Germany 
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4.1.4 Drugs and inhibitors 

Table 4.8: Drugs and inhibitors. 

Drug Mode of Action Supplier 

A-1210477 MCL-1 inhibitor Active Biochem, Bonn, Germany 

A-1331852 BCL-XL inhibitor Selleck Chemicals, Houston, TX, USA 

ABT-199 

(Venetoclax) 

BCL-2 inhibitor Selleck Chemicals, Houston, TX, USA 

S63845 MCL-1 inhibitor Apexbio, Houston, TX, USA 

zVAD.fmk Pan-caspase inhibitor Bachem, Heidelberg, Germany 

 

4.1.5 Antibodies 

4.1.5.1 Primary antibodies for Western blotting 

Primary antibodies were diluted in 2% BSA in PBS. 

Table 4.9: Primary antibodies for Western blotting. 

Antibody Species Dilution Supplier 

anti--Tubulin Mouse 1:10,000 Calbiochem, Darmstadt, Germany 

anti--Actin Mouse 1:10,000 Sigma Aldrich, Darmstadt, Germany 

anti-BAK Rabbit 1:1000 Merck Millipore, Darmstadt, Germany 

anti-BAX Rabbit 1:1000 Cell Signaling, Beverly, MA, USA 

anti-BCL-2 Mouse 1:1000 Dako, Santa Clara, CA, USA 

anti-BCL-XL Rabbit 1:1000 Cell Signaling, Beverly, MA, USA 

anti-BIM Rabbit 1:500 Cell Signaling, Beverly, MA, USA 

anti-BMF Rat 1:500 Enzo, Lörrach, Germany 

anti-Caspase-3 Rabbit 1:1000 Cell Signaling, Beverly, MA, USA 

anti-Caspase-8 Mouse 1:1000 Enzo, Lörrach, Germany 

anti-Caspase-9 Rabbit 1:1000 Cell Signaling, Beverly, MA, USA 

anti-GAPDH Mouse 1:5000 HyTest, Turku, Finland 

anti-MCL-1 Rabbit 1:1000 Enzo, Lörrach, Germany 

anti-NOXA Mouse 1:1000 Enzo, Lörrach, Germany 

anti-PARP cleaved Mouse 1:1000 Cell Signaling, Beverly, MA, USA 

anti-PUMA Rabbit 1:500 Cell Signaling, Beverly, MA, USA 
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4.1.5.2 Secondary antibodies for Western blotting 

Secondary horse radish peroxidase (HRP)-conjugated antibodies were diluted in 5% milk in PBS-T. 

Secondary infrared (IR)Dye-conjugated antibodies were diluted in 2% BSA in PBS. 

Table 4.10: Secondary antibodies for Western blotting. 

Antibody Species Dilution Supplier 

HRP-conjugated anti-mouse IgG Goat 1:5000 Abcam, Cambridge, UK 

HRP-conjugated anti-rabbit IgG Goat 1:10,000 Abcam, Cambridge, UK 

HRP-conjugated anti-rat IgG Goat 1:5000 Abcam, Cambridge, UK 

IRDye800-conjugated anti-rabbit IgG Donkey 1:10,000 LI-COR, Bad Homburg, 

Germany 

IRDye680-conjugated anti-mouse IgG Donkey 1:10,000 LI-COR, Bad Homburg, 

Germany 

 

4.1.5.3 Primary antibodies for immunoprecipitation 

Table 4.11: Primary antibodies for immunoprecipitation. 

Antibody Species Supplier 

anti-BAK clone AB-1 Mouse Calbiochem, Darmstadt, Germany 

anti-BAK Rabbit Abcam, Cambridge, UK 

anti-BAX clone 6A7 Mouse  Sigma Aldrich, Darmstadt, Germany 

anti-BAX Rabbit BD Biosciences, Heidelberg, Germany 

anti-BCL-2 Hamster BD Biosciences, Heidelberg, Germany 

anti-BCL-XL Rabbit Abcam, Cambridge, UK 

anti-MCL-1 Rabbit Enzo, Lörrach, Germany 

 

4.1.5.4 Fluorescent dyes 

Table 4.12: Fluorescent dyes. 

 Antibody Working 

dilution 

Supplier 

Annexin V-FITC 0.1 µl/sample University of Leicester/ In-house production 

CellEvent™ Caspase-3/7 

Activity Green Detection Kit  

2 µM Life Technologies, Darmstadt, Germany 

Hoechst 33342 1 µg/ml Sigma Aldrich, Darmstadt, Germany 

Propidium iodide (PI) 1 µg/ml Sigma-Aldrich, Darmstadt, Germany 

Tetramethylrhodamine 

methylester (TMRM) 

100 ng/ml Sigma-Aldrich, Darmstadt, Germany 
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4.1.5.5 Primary antibodies for immunohistochemistry 

Table 4.13: Secondary antibodies for immunohistochemistry. 

Antibody Working dilution Species Supplier 

Anti-cleaved caspase-3 

(Asp175) 

1:300 in SignalStain 

antibody diluent 

Rabbit Cell Signaling, Danvers, 

MA, USA 

 

4.1.6 Plasmids 

Table 4.14: List of plasmids. 

Vector backbone Origin 

pLentiCRISPRv2 Addgene #52961 

pMD2.G Addgene #12259 

psPAX2 Addgene #12260 

 

4.1.7 Guide RNAs (gRNA) 

Table 4.15: List of gRNAs. 

gRNA Target Sequence code 

BAK #1 BAK CACCGGTAGACGTGTAGGGCCAGA 

BAK #2 BAK CACCGCTCACCTGCTAGGTTGCAG 

BAK #3 BAK CACCGAAGACCCTTACCAGAAGCAG 

Non-human target (NHT) #1 eGFP GGAGCGCACCATCTTCTTCA 

Non-human target (NHT) #2 eGFP GGCCACAAGTTCAGCGTGTC 

Non-human target (NHT) #3 eGFP GGGCGAGGAGCTGTTCACCG 

 

4.1.8 Small-interfering RNA (siRNA) 

All siRNAs were purchased from Thermo Fisher Scientific as Silencer® Select siRNA and prepared 

to a stock solution of 20 µM. 

Table 4.16: List of siRNAs. 

siRNA Target Sequence 

code 

siRNA 

concentration 

used in RD 

cells 

siRNA 

concentration 

used in Kym-1 

cells 

siBAK#1  BAK s1880 20 nM 50 nM 

siBAK#2 BAK s1881 20 nM 50 nM 

siBAX#1 BAX s1888 20 nM 50 nM 

siBAX#2 BAX s1890 20 nM 50 nM 
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siBCL-X#1 BCL-XL s1920 20 nM 50 nM 

siBCL-X#2 BCL-XL s1921 20 nM 50 nM 

siBIM#1 BIM s195011 10 nM 50 nM 

siBIM#2 BIM s195012 10 nM 50 nM 

siBIM#3 BIM s223065 10 nM 50 nM 

siBMF#1 BMF s40385 10 nM 50 nM 

siBMF#2 BMF s40387 10 nM 50 nM 

siCtrl non-targeting control 4390843 10-40 nM 50-100 nM 

siMCL-1#1 MCL-1 s8383 20 nM 50 nM 

siMCL-1#2 MCL-1 s8385 20 nM 50 nM 

siNOXA#1 NOXA s10708 10 nM 50 nM 

siNOXA#2 NOXA s10709 10 nM 50 nM 

siPUMA#1 PUMA s25840 10 nM 50 nM 

siPUMA#2 PUMA s25842 10 nM 50 nM 

siPUMA#3 PUMA s25841 10 nM 50 nM 

 

4.1.9 Primer sequences for qPCR 

Table 4.17: List of Primer sequences. 

Target Primer sequence forward Primer sequence reverse 

28S TTGAAAATCCGGGGGAGAG ACATTGTTCCAACATGCCAG 

BMF GAGACTCTCTCCTGGAGTCACC CTGGTTGGAACACATCATCCT 

GAPDH CAAGGTCATCCATGACAATTTG GGGTCCAAGTTGTCCAGAATGC 

 

4.1.10 Chemicals and compounds 

Table 4.18: List of chemicals and compounds. 

Chemical/Compound Supplier 

2-propanol Carl Roth, Karlsruhe, Germany 

Acetic acid Carl Roth, Karlsruhe, Germany 

Acrylamide mix, 30% (Rotiphorese) Carl Roth, Karlsruhe, Germany 

Albumin fraction V (BSA) Carl Roth, Karlsruhe, Germany 

Ammonia solution, 32% Carl Roth, Karlsruhe, Germany 

Ammonium persulfate (APS) Carl Roth, Karlsruhe, Germany 

-Glycerophosphate Sigma-Aldrich, Darmstadt, Germany 

Bromophenolblue Carl Roth, Karlsruhe, Germany 

Calcium chloride (CaCl2) Carl Roth, Karlsruhe, Germany 
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Cholamidopropyldimethyl ammonio propane sulfonate 

(CHAPS) 

Sigma-Aldrich, Darmstadt, Germany 

Citric acid, anhydrous Carl Roth, Karlsruhe, Germany 

Dihydro threitol (DTT) Millipore, Darmstadt, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Darmstadt, Germany 

Disodium phosphate (Na2HPO4) Carl Roth, Karlsruhe, Germany 

Eosin Y Sigma-Aldrich, Darmstadt, Germany 

Ethanol Carl Roth, Karlsruhe, Germany 

Ethylene diamine tetraacetic acid (EDTA) Carl Roth, Karlsruhe, Germany 

Formaldehyde Carl Roth, Karlsruhe, Germany 

Glycerol Carl Roth, Karlsruhe, Germany 

Glycine Carl Roth, Karlsruhe, Germany 

Hematoxylin solution Carl Roth, Karlsruhe, Germany 

Hexadimethrine bromide (polybrene) Carl Roth, Karlsruhe, Germany 

Hydrochlorid acid (HCl) Carl Roth, Karlsruhe, Germany 

Hydrogen peroxide (H2O2, 30%) Carl Roth, Karlsruhe, Germany 

Hydroxyethyl piperazinylethane sulfonic acid (HEPES) Carl Roth, Karlsruhe, Germany 

Magnesium chloride (MgCl2) Carl Roth, Karlsruhe, Germany 

Methanol Carl Roth, Karlsruhe, Germany 

Milk powder Carl Roth, Karlsruhe, Germany 

Paraffin Carl Roth, Karlsruhe, Germany 

Paraformaldehyde Carl Roth, Karlsruhe, Germany 

Phenylmethylsulfonyl fluoride (PMSF) Carl Roth, Karlsruhe, Germany 

Potassium chloride (KCl) Carl Roth, Karlsruhe, Germany 

Potassium dihydrogen phosphate (KH2PO4) Carl Roth, Karlsruhe, Germany 

Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany 

Sodium fluoride  Sigma-Aldrich, Darmstadt, Germany 

Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, Germany 

Sodium orthovanadate Sigma-Aldrich, Darmstadt, Germany 

Tetramethylethylenediamine (TEMED) Carl Roth, Karlsruhe, Germany 

TrisBase Carl Roth, Karlsruhe, Germany 

TrisHCl Carl Roth, Karlsruhe, Germany 

Trisodium citrate dihydrate (Na3C6H5O7) Carl Roth, Karlsruhe, Germany 

Triton X-100 Carl Roth, Karlsruhe, Germany 

Tween 20 Carl Roth, Karlsruhe, Germany 

Xylol Carl Roth, Karlsruhe, Germany 
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4.1.11 Buffers 

Table 4.19: List of buffers. 

Buffer Ingredients  

Annexin V binding buffer 10 mM HEPES pH 7.4, 150 mM NaCl, 5 mM KCl, 

1 mM MgCl2, 1.8 mM CaCl2 

Blocking buffer (5% milk powder in 

PBS-T) 

5 g milk powder in 100 ml PBS-T 

Blotting buffer, 1x  5.8 g/l TrisBase, 2.9 g/l Glycine, 0.04% SDS, 

20% Methanol 

CHAPS lysis buffer 10 mM HEPES, 150 mM NaCl, 1% CHAPS, pH 7.4 

Citrate buffer 10 mM citric acid, 0.05% Tween 20, pH 6.0 

Nicoletti buffer 0.05% Trisodium citrate dehydrate pH 7.4, 0.05% Triton 

X-100, 10% Glycerol, 50 mg/ml Propidium iodide 

Peroxidase quenching solution 1 ml 30% H2O2 in 9 ml methanol 

Phosphate-buffered saline (PBS), 

10x 

80 g/l NaCl, 2 g/l KCl, 2 g/l KH2PO4, 14.4 g/l Na2HPO4, 

pH 7.4 

PBS-T 1x PBS, 0.1% Tween20 

SDS Running buffer, 5x 15.1 g/l TrisBase, 94 g/l Glycin, 0.5% SDS 

SDS Loading Dye, 6x 360 mM TrisBase pH 6.8, 30% Glycerol, 10% SDS, 

93 mg/ml DTT, 0.12 mg/ml Bromophenol blue   

Triethanolamine (TEA) buffer 0.2 M Triethanolamine in ddH20, pH 8.2 

Tris buffer 50 mM TrisBase in ddH20, pH 7.5 

Triton X-100 lysis buffer 30 mM TrisHCl, 150 mM NaCl, 10% Glycerol, 0.5 mM 

PMSF, 2 mM DTT, 1% Triton X-100, 1x cOmplete (Roche) 

 

4.1.12 Reagents and kits  

Table 4.20: List of reagents and kits. 

Reagent/Kit Supplier 

10% normal goat serum, ready-to-use Life Technologies, Darmstadt, Germany 

CellTiter-Glo® Luminescent Cell Viability Assay Promega, Mannheim, Germany 

cOmplete Protease Inhibitor Cocktail (PIC), 25x Roche Diagnostics, Mannheim, Germany 

Dynabeads™ anti-mouse IgG Life Technologies, Darmstadt, Germany 

Dynabeads™ Protein G Life Technologies, Darmstadt, Germany 

Entellan, mounting medium Merck, Darmstadt, Germany 

FACS Clean/Rinse solution BD Bioscience, Heidelberg, Germany 

FACS Flow sheath fluid BD Bioscience, Heidelberg, Germany 

FACS Shutdown solution BD Bioscience, Heidelberg, Germany 
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FuGENE® HD Transfection Reagent Promega, Mannheim, Germany 

Histostain-Plus IHC Kit, AEC, broad spectrum Life Technologies, Darmstadt, Germany 

Lipofectamine RNAiMAX Life Technologies, Darmstadt, Germany 

Matrigel, phenol-red free BD Bioscience, Heidelberg, Germany 

Neon® Transfection System 100 µl Kit  Thermo Fisher Scientific, Roskilde, 

Denmark 

PageRuler™ Plus Prestained Protein Ladder Thermo Fisher Scientific, Roskilde, 

Denmark 

PEQ-Gold total RNA kit PEQLAB, Erlangen, Germany 

Pierce BCA Protein Assay Thermo Fisher Scientific, Roskilde, 

Denmark 

Pierce ECL Western Blotting Substrate Thermo Fisher Scientific, Roskilde, 

Denmark 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific, Roskilde, 

Denmark 

ROENTOROLL HC X-Ray Developer TETENAL, Norderstedt, Germany 

SignalStain antibody diluent Cell Signaling, Danvers, MA, USA 

SUPERFIX MRP X-Ray Fixer TETENAL, Norderstedt, Germany 

SYBR Green Master Mix Thermo Fisher Scientific, Roskilde, 

Denmark 

 

4.1.13 Consumables 

Table 4.21: List of consumables. 

Material Supplier 

Aluminum foil  Carl Roth, Karlsruhe, Germany 

Cell culture dishes (6 cm, 10 cm or 14.5 cm) Greiner Bio-One, Frickenhausen, Germany 

Cell culture flasks (25 cm2, 75 cm2, 175 cm2) Greiner Bio-One, Frickenhausen, Germany 

Cell culture plates (96-well (transparent and 

white), 24-well, 6-well) 

Greiner Bio-One, Frickenhausen, Germany 

Cell scraper BD Bioscience, Heidelberg, Germany 

Combitips (all sizes, (un)sterile) Eppendorf, Hamburg, Germany 

Centrifuge tubes (15 ml, 50 ml) Greiner Bio-One, Frickenhausen, Germany 

Corning® Costar® Ultra-low attachment 

96-well plate (round bottom) 

Sigma-Aldrich, Darmstadt, Germany 

Cover glass (24x50 mm) VWR, Deisenhofen, Germany 

Cover slips (15 mm in diameter) VWR, Deisenhofen, Germany 

Cryogenic vials (1.8 ml) Starlab, Hamburg, Germany 
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Disposal bags Carl Roth, Karlsruhe, Germany 

Filter tips (10 µl, 200 µl, 1000 µl) Starlab, Hamburg, Germany 

Filter paper Carl Roth, Karlsruhe, Germany 

Hybond ECL nitrocellulose membrane GE Healthcare, Buckinghamshire, UK 

Hyperfilm ECL GE Healthcare, Buckinghamshire, UK 

Leukosilk® tape  BSN Medical, Hamburg, Germany 

MicroAMPTM optical reaction plate (96-well) Thermo Fisher Scientific, Roskilde, Denmark 

Microcentrifuge tubes (all sizes, (un)sterile) Starlab, Hamburg, Germany 

Nitrile gloves, sterile, powder-free Starlab, Hamburg, Germany 

Parafilm VWR, Deisenhofen, Germany 

Pasteur pipettes (15 cm, 30 cm) Carl Roth, Karlsruhe, Germany 

PCR tubes Starlab, Hamburg, Germany 

Pipette tips (all sizes, (un)sterile) Starlab, Hamburg, Germany 

Round-bottom tubes  BD Bioscience, Heidelberg, Germany 

Scalpels B. Braun, Melsungen, Germany 

Slides, X-tra adhesive/positive charged Leica Biosystems, Wetzlar, Germany 

Sterile filters (0.22 µm, 0.45 µm) Merck Millipore, Darmstadt, Germany 

Sterile pipettes (2 ml, 5 ml, 10 ml, 25 ml) Greiner Bio-One, Frickenhausen, Germany 

Syringes (5 ml) BD Bioscience, Heidelberg, Germany 

Whatman paper Thermo Fisher Scientific, Roskilde, Denmark 

 

4.1.14 Equipment and instruments 

Table 4.22: List of equipment and instruments. 

Equipment/Instrument Supplier 

Airflow-Control ARGE Labor, Wathlingen, Germany 

ARE heating magnetic stirrer VELP Scientifica, Usmate, Italy 

Avanti J-26 XP ultracentrifuge Beckman Coulter, Krefeld, Germany 

Centrifuge MIKRO 200 R Hettich, Baden-Baden, Germany 

Centrifuge ROTIXA 50 RS Hettich, Baden-Baden, Germany 

Centrifuge ROTANTA 460 R Hettich, Baden-Baden, Germany 

CO2 incubator SANYO, Wehr, Germany 

Dispenser Eppendorf, Hamburg, Germany 

Easypet® (3) Eppendorf, Hamburg, Germany 

Electronic analytical balance EW Kern, Balingen, Germany 

Electronic precision balance 770 Kern, Balingen, Germany 

FACSCanto II BD Bioscience, Heidelberg, Germany 
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Freezer (-20°C) EWALD Innovationstechnik, Bad Nenndorf, 

Germany 

Freezer (-80°C) SANYO, Wehr, Germany 

Fridge (+4°C) EWALD Innovationstechnik, Bad Nenndorf, 

Germany 

Food Steamer Braun (P&G Germany), Schwalbach am 

Taunus, Germany 

Gel chambers, glass plates and additional 

chamber material 

Bio-Rad Laboratories, München, Germany 

Heating block Eppendorf, Hamburg, Germany 

HeraSafe class II biological safety cabinet Kendro, Langenselbold, Germany 

Humidified staining chamber Simport Scientific, Saint-Mathieu-de-Beloeil, 

Canada 

ImageXpress Micro XLS system Molecular Devices, Sunnyvale, CA, USA 

Infinite M100 microplate reader Tecan, Crailsheim, Germany 

Inolab© pH7310 pH meter WTW, Weilheim, Germany 

Leica confocal laser scanning microscope Leica Biosystems, Wetzlar, Germany 

Magnetic rack AMS Biotechnology Ltd, Abington, UK 

Mastercycler® pro Eppendorf, Hamburg, Germany 

Microcentrifuge Benning, Bocholt, Germany 

Microscope CK X41, cell culture Olympus, Hamburg, Germany 

Microscope CK 41, histology Olympus, Hamburg, Germany 

Microscope IX71, fluorescence Olympus, Hamburg, Germany 

Mini-PROTEAN Tetra cell electrophoresis 

system 

Bio-Rad Laboratories, München, Germany 

Multipette® plus Eppendorf, Hamburg, Germany 

Nalgene® Mr Frosty freezing container Sigma-Aldrich, Darmstadt, Germany 

NanoDrop 1000 sprectrophotometer PEQLAB, Erlangen, Germany 

Neon Transfection System Thermo Fisher Scientific, Roskilde, Denmark 

Neubauer improved counting chamber Carl Roth, Karlsruhe, Germany 

Odyssey infrared imaging system LI-COR, Bad Homburg, Germany 

PerfectBlue™ Dual Gel Twin L electrophoresis 

system 

PEQLAB, Erlangen, Germany 

Pipettes Research plus (2.5 µl, 10 µl, 20 µl, 

100 µl, 200 µl, 1000 µl) 

Eppendorf, Hamburg, Germany 

Power Pac™ HC high-current power supply Bio-Rad Laboratories, München, Germany 

QuantStudio 7 Flex Real-time PCR system Applied Biosystems, Darmstadt, Germany 

Rocking shaker MS-L, Wiesloch, Germany 
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Roller mixer Ratek, Victoria, Australia 

SANYO incubator MIR-262 New Brunswick Scientific, Edison, NJ, USA 

Spinning wheel MS-L, Wiesloch, Germany 

Sunrise microplate reader Tecan, Crailsheim, Germany 

Thermomixer comfort Eppendorf, Hamburg, Germany 

Trans-Blot® SD semi-dry transfer cell Bio-Rad Laboratories, München, Germany 

V-15 autoclave SysTec, Bergheim-Glessen, Germany 

Vacuum pump HLC Ditabis, Pforzheim, Germany 

Vortex mixer (ZX classic, wizard X) VELP Scientifica, Usmate, Italy 

Water bath SWB20 Medingen, Arnsdorf, Germany 

X-Ray cassette type G Rego X-Ray, Augsburg, Germany 

 

4.1.15 Software 

Table 4.23: List of software. 

Software Version Company 

Applied Biosystems Quantstudio™ 1.3 Thermo Fisher Scientific, Roskilde, 

Denmark 

EndNote X7.4 Thomson Reuters, Toronto, Canada 

FACSDiva™ 6.1.3 BD Bioscience, Heidelberg, Germany 

GraphPad Prism® 5.02 GraphPad Software, San Diego, CA, USA 

Tecan i-control 1.10 Tecan, Crailsheim, Germany 

ImageJ 1.52e National Institute of Health, USA 

Image Studio 3.1.4 LI-COR, Bad Homburg, Germany 

Magellan™ Data Analysis Software 7.2 Tecan, Crailsheim, Germany  

MetaXpress® 5.1.0.41 Molecular Devices, Sunnyvale, CA, USA 

MS-Office  2013, 2016 Microsoft Deutschland GmbH 

NanoDrop Software 3.8.1 PEQLAB, Erlangen, Germany 

PyMOL 2.3.4 Schrödinger LLC, Germany 

SynergyFinder 1.0 Institute for Molecular Medicine Finland 

(FIMM), Helsinki, Finland 

 

4.1.16 Fertilized chicken eggs 

Fertilized chicken eggs that were utilized in the chorioallantoic membrane (CAM) assay were 

supplied by LSL Rhein-Main Geflügelvermehrungsbetriebe GmbH & Co.KG, Dieburg, Germany. 
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4.2 Methods 

4.2.1 Cell culture 

All cell lines and primary cells were cultivated at 37 °C in a humidified atmosphere containing 

5% CO2. All cell lines were authenticated by STR profiling. Absence of mycoplasma contamination 

was confirmed by regular PCR testing. 

4.2.1.1 Cultivation of cells 

RH30, RMS13, Kym-1, RH41, A4573 cells, PBMCs and primary-derived CP1 cells were cultivated 

in RPMI 1640 GlutaMAXTM-I supplemented with 10% fetal calf serum (FCS), 

1% Penicillin/Streptomycin and 1 mM sodium pyruvate. Kym-1 cells were additionally 

supplemented with 1% HEPES. RD, TE381.T, RH36, TE441.T, RH18, T174, SK-ES-1, U2OS, MG-

63, MRC5, C2C12 and HEK293T cells were cultured in DMEM GlutaMAXTM-I supplemented with 

10% fetal calf serum (FCS), 1% Penicillin/Streptomycin and 1 mM sodium pyruvate. RH18 cells 

were additionally supplemented with 20% FCS. Cells were passaged twice a week when they were 

80 - 90% confluent. Therefore, medium was aspirated, cells were washed with pre-warmed PBS 

and were then detached by use of Trypsin/EDTA dissociation reagent for 5 min at 37°C and 

5% CO2 atmosphere. Subsequently, trypsination was inhibited by addition of culture medium and 

cells were split at a ratio of 1:3 to 1:12, depending on the cell line and confluency, into a new cell 

culture flask for further culturing. Cell culture was terminated when cells reached passage 30 - 35. 

The primary sample RY240806_4 was not cultivated as conventional cell culture but cells were 

seeded in RPMI 1640 GlutaMAXTM-I supplemented with 10% fetal calf serum (FCS), 1% 

Penicillin/Streptomycin and 1 mM sodium pyruvate directly upon resection. Similarly, pellets for 

Western blotting were frozen directly upon resection. This was done to instantaneously investigate 

the effect of BH3 mimetics using as freshly isolated cells as possible. 

4.2.1.2 Freezing and thawing of cells 

For long-term storage, cells were centrifuged at 1800 rpm for 5 min at room temperature (RT). The 

cell pellet was resuspended in medium supplemented with 10% DMSO and aliquoted into 

cryogenic vials. Cryogenic vials were cooled down to -80°C in a Mr.FrostyTM containing isopropanol 

overnight and were stored at -80°C for long-term preservation. To defrost cryopreserved cells, a 

previously frozen cryogenic vial was heated to 37°C in a water bath and the cell suspension was 

added to 10 ml of pre-warmed culture medium. After centrifugation at 1800 rpm for 5 min at RT 

cells were resuspended in culture medium and cultivated in culture flasks as described above. 

4.2.1.3 Isolation of PBMCs 

PBMCs were isolated from buffy coats of healthy donors by separation by Histopaque®-1077. 

Therefore, whole blood from the buffy coat was carefully added on top of 15 ml of 

Histopaque®-1077 and the solution was centrifuged for 30 min at 1200 rpm at 20°C (centrifuge 
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acceleration=1; centrifuge break=1). The layer containing PBMCs was diluted in pre-warmed 

medium, centrifuged for 10 min at 200 rpm at 20°C and the pellet was resuspended in medium. 

PBMCs were immediately seeded and treated for experiments.  

4.2.1.4 Plating of cells in vitro 

To prevent overgrowth of cells during experiments, cells were seeded at an appropriate density. 

Generally, all cell lines were seeded at a density of 30,000 cells/cm2 for 24 h of treatment, 

20,000 cells/cm2 for 48 h of treatment and 10,000 cells/cm2 for 72 h of treatment. RH18 cells were 

seeded at a density of 50,000 cells/cm2, TE441.T at a density of 60,000 cells/cm2, C2C12 cells at 

a density of 1000 cells/cm2 and CP1 cells at a density of 500 cells/cm2 for 48 h of treatment. 

For immunoprecipitation experiments, cells were seeded at a density of 30,000 cells/cm2. 

For protein and RNA analysis, cells were seeded at a density of 30,000 - 40,000 cells/cm2 for 24 h 

until harvesting of cells and at 20,000 cells/cm2 for later time points. For plating of cells, medium 

was aspirated and the remaining medium was removed by washing the cells with pre-warmed PBS. 

Subsequently, cells were detached using pre-warmed Trypsin/EDTA dissociation reagent for 5 min 

at 37°C and 5% CO2-atmosphere. Fresh pre-warmed medium was added to the detached cells in 

order to block the trypsination and the number of viable cells per ml was counted by a Neubauer 

improved cell counting chamber. Dead cells were excluded by the use of Trypan Blue. 

Subsequently, an appropriate volume of the cell suspension was diluted in fresh medium to yield 

the desired cell density for seeding depending on the experimental design and time point of 

treatment. Cells were incubated for approximately 24 h before treatment was applied. 

4.2.1.5 Generation of multicellular spheroids 

For spheroid generation cells were counted as described in 4.2.1.4 and, depending on the 

experimental setting and cell line, 1000 - 10,000 cells/well were seeded in a round bottom ultra-low 

attachment 96-well plate. Cells were centrifuged for 10 min at 2020 rpm at 37°C (break=1). 

Spheroids were allowed to form for 3 days before treatment was applied. Cautious medium change 

was achieved by replacing half of the medium or adding fresh medium on top of the consumed 

medium every 3 - 4 days.  

4.2.1.6 Treatment of cells in vitro 

In order to treat cells with drugs and/or inhibitors, medium was aspirated and fresh pre-warmed 

medium containing the indicated drug and/or inhibitor concentration was applied to the respective 

cell culture plates or dishes for indicated time points. For pre-treatment of the cells or for treatment 

of spheroids, substances were added in definite higher concentrations to the medium. This ensured 

that the desired final concentration of the treatment was achieved.  
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4.2.2 Transfection techniques 

In order to transiently knockdown proteins, cells were transfected with siRNA either by reverse 

RNAiMAX transfection (RD cells) or by electroporation (Kym-1 cells). As the transfection procedure 

increases cell death, RD cells were seeded at a density of 30,000 cells/cm2 and Kym-1 cells were 

seeded at a density of 40,000 cells/cm2. 

4.2.2.1 Reverse RNAiMAX® transfection 

For reverse transfection of cells, Opti-MEM® and Lipofectamine RNAiMAX® were utilized in 

amounts as indicated by the manufacturer. Lipofectamine RNAiMAX® or Silencer® Select siRNA 

at indicated concentrations (see 4.1.7) were prediluted in Opti-MEM®. The Lipofectamine 

RNAiMAX® mix and the Silencer® Select siRNA mix were merged by pipetting up and down 

thoroughly. After incubation for 10 - 15 min at RT the transfection mix was distributed in culture 

dishes or plates depending on the experimental design. Subsequently, cells suspended in culture 

medium were added at the appropriate density to the transfection mix. Medium change was 

conducted 6 h later in order to minimize toxic effects mediated by Lipofectamine RNAiMAX®. 

Knockdown efficiency was confirmed by Western Blotting or qRT-PCR (for BMF).  

4.2.2.2 Electroporation 

In order to transfect cells with siRNA by electroporation, an appropriate amount of cells to achieve 

the desired final cell density of 40,000 cells/cm2 were washed with pre-warmed PBS. Next, cells 

were resuspended in Resuspension buffer R (from Neon® Transfection System 100 µl Kit) and for 

each individual sequence of Silencer® Select siRNA 100 µl of the cell suspension was added to 

the respective Silencer® Select siRNA at indicated concentrations (see 4.1.7). After the suspension 

was thoroughly mixed, electroporation was performed utilizing a Neon® transfection system with 

1200 V, 20 ms and 2 pulses. Subsequently, cells were transferred into pre-warmed medium without 

Penicillin/Streptomycin and, depending on the experimental setting, further diluted to achieve the 

desired final cell density before they were seeded in culture dishes or plates. Knockdown efficiency 

was confirmed by Western Blotting or qRT-PCR (for BMF). 

4.2.2.3 Transfection with FuGENE® HD Transfection Reagent 

Transfections with FuGENE® HD Transfection Reagent were performed to produce virus 

supernatant and generate BAK KO cells utilizing Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) associated protein 9 (CAS9) (4.2.3.1). 
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4.2.3 Generation of genetically modified cell lines  

4.2.3.1 CRISPR/CAS9 

CRISPR/CAS9 was utilized to generate BAK KO cells. Therefore, virus was produced to enable 

lentiviral transduction of target cells. First, HEK293T cells were seeded in 6-well plates (4.2.1.4) in 

DMEM without Penicillin/Streptomycin. On the next day, cells were co-transfected with 1.1 µg of 

each pLentiCRISPRv2-BAKgRNA #1-3 or NHT#1-3 (4.1.6 and 4.1.7) as well as with 1 µg pMD2.G 

and 2.7 µg psPAX2 in a total volume of 200 µl Opti-MEM®. FuGENE® HD Transfection Reagent 

was added to the Opti-MEM®/plasmid mix in a ratio of 1:3. After 15 min incubation at RT the 

transfection mix was added dropwise to the HEK293T cells. On day 3 medium was discarded and 

fresh Penicillin/Streptomycin containing medium was added to the cells. Viral particle containing 

supernatant was collected on day 4 and 5, pooled and filtered through a 0.45 µm filter. Until further 

use virus supernatant was snap-frozen in liquid nitrogen and stored at -80°C.  

The above described procedure was performed by Lisa Kowald and Meike Vogler. 

For target cell transduction, RD and Kym-1 cells were seeded in 6-well plates at a density of 

10,000 cells/cm2. On the next day, 8 µg/ml polybrene followed by 500 µl virus-containing 

supernatant were added per well and the cells were incubated with the virus-containing supernatant 

for 72 h. Then transduction medium was discarded and replaced by fresh DMEM containing 

puromycin (RD cells: 1 µg/ml puromycin, Kym-1 cells: 10 µg/ml puromycin) serving as selection 

medium. Cells were selected using puromycin until all cells of the untreated control were dead. 

Single clones were seeded in conditioned media (10% sterile-filtered medium from a dense grown 

RD or Kym-1 cell culture, respectively, and 90% fresh medium) and were expanded. KO efficacy 

was determined by Western blotting and Sanger DNA sequencing conducted by LGC Genomics 

GmbH, Berlin. 

4.2.4 Cell death and cell viability measurements 

4.2.4.1 Determination of cell death using PI staining 

Loss of cell membrane integrity is a characteristic feature of cell death and can be displayed by the 

uptake of propidium iodide (PI) which is a DNA intercalating dye unable to pass intact cell 

membranes. PI/Hoechst-33342 co-staining was used to assess cell membrane integrity and 

thereby to determine cell death. Therefore, cells were seeded in 96-well plates (4.2.1.4 and 4.2.1.5) 

and treated as indicated (4.2.1.6). In order to co-stain cells, PI and Hoechst-33342 were pre-diluted 

in PBS and administered to the cells at a final concentration of 1 µg/ml each for 5 - 10 min at 37°C 

in a 5% CO2-atmosphere. ImageXpress® Micro XLS System (4x objective) was utilized to measure 

PI positive cells (using tetramethylrhodamine (TRITC) channel) and Hoechst-33342 positive cells 

(using 4′,6-Diamidin-2-phenylindol (DAPI) channel) according to the manufacturer‘s instructions. 

“Cell Scoring” application of MetaXpress® analysis software was used to quantify the frequency of 
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PI positive cells related to Hoechst-33342 positive cells. To determine cell death in spheroids, 

treatment was applied for 48 h on day 3 upon seeding. Then, PI and/or Hoechst-33342 were utilized 

at a final concentration of 2 µg/ml and an incubation time of 30 – 60 min. Imaging and analysis was 

performed as described in 4.2.5. 

4.2.4.2 Determination of cell death using DNA fragmentation 

In order to measure DNA fragmentation as a characteristic apoptosis marker, cells were seeded in 

24-well plates (4.2.1.4) and treated as indicated (4.2.1.6). Cells were harvested at indicated time 

points upon treatment by transferring the supernatant containing detached cells into round-bottom 

tubes. Further, attached cells were incubated with Trypsin/EDTA dissociation solution for 5 min at 

37°C in a 5% CO2-atmosphere, rinsed with ice-cold PBS and added to the corresponding 

supernatant. After cells were centrifuged at 1800 rpm for 5 min at 4°C the supernatant was 

discarded and the pellet was washed with ice-cold PBS followed again by centrifugation at 

1800 rpm for 5 min at 4°C. Next, the supernatant was decanted and the pellet was resuspended in 

50 - 100 µl Nicoletti buffer containing Triton X to allow whole DNA staining by PI in cells with still 

intact cell membranes. Cells were incubated in Nicoletti buffer for 30 - 60 min at 4°C in the dark 

and then subjected to flow cytometry. Forward scatter (FSC)/ side scatter (SSC) pre-gating was 

utilized to exclude cell debris. The amount of nuclear DNA fragmented cells was quantified by 

analysis of the hypodiploid (SubG1) cell population in a histogram of the PE channel (328). 

4.2.4.3 Determination of cell death using Annexin V/ PI co-staining 

The exposure of PS on the cell membrane is a feature of early apoptosis and can be measured by 

the binding of fluorescein isothiocyanate (FITC)-conjugated Annexin V to PS in flow cytometry 

(329). To this end, cells were seeded in 24-well plates (4.2.1.4) and treated as indicated (4.2.1.6). 

Next, cells were harvested as described in 4.2.4.2 and each sample was resuspended in 50 - 100 μl 

of Annexin V/PI master mix (100 μl Annexin V binding buffer, 0.03 μl Annexin V-FITC, 5 μl 

50 μg/ml PI). After 10 min incubation at RT, cells were analyzed by flow cytometry. FSC/SSC pre-

gating was utilized to exclude cell debris. Early-apoptotic (Annexin V+/PI-) and late-apoptotic 

(Annexin V+/PI+) cell populations were summarized as Annexin V+ cells. 

4.2.4.4 Determination of cell viability using CellTiter-Glo® (CTG) 

To determine cell viability, we utilized a CellTiter-Glo® Luminescent Cell Viability Assay according 

to the manufacturer‘s instructions. The luciferase reaction in this assay is dependent on the cell‘s 

ATP level. Therefore, emerging luminescence is proportional to the cell‘s ATP levels and thereby 

to its viability. In detail, cells were seeded in white flat bottom 96-well plates (4.2.1.4 or 4.2.1.5) and 

treated as indicated (4.2.1.6). Then, 5 µl of CellTiter-Glo® Luminescent Cell Viability Assay solution 

was applied per well, samples were incubated for 10 min - 3 h at 37°C in a 5% CO2-atmosphere 

and luminescence was measured by a microplate reader. In order to measure cell viability of 
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multicellular spheroids, CTG was performed as described above with the exceptions that ultra-low 

attachment 96-well plates were utilized and cells were incubated for 20 min on a rocking shaker at 

RT. 

4.2.4.5 Determination of mitochondrial membrane potential (MMP) 

Loss of MMP is an indicator of the mitochondrial apoptotic pathway and was assessed by TMRM 

staining. TMRM is a fluorescent dye accumulating in negatively charged mitochondria. Loss of 

MMP leads to leakage of TMRM from the mitochondria which can be determined by flow cytometry. 

Hence, cells were seeded in 24-well plates (4.2.1.4) and treated as indicated (4.2.1.6). 20 min 

before harvesting of cells, 50 nM TMRM dye was added to each well and incubated at 37°C in a 

5% CO2-atmosphere. Cells were harvested as described in 4.2.4.2 without last washing step. 

Instead, cells were directly resuspended in 50 - 100 µl PBS and analyzed by flow cytometry 

immediately. FSC/SSC pre-gating was utilized to exclude cell debris and loss of MMP was 

quantified by analysis of the PI intensity in a histogram of the PE channel. To ensure appropriate 

gating the mitochondrial uncoupling reagent FCCP (100 µM) was used as a positive control and an 

unstained sample was used as a negative control. 

4.2.4.6 Determination of caspase activity using CellEvent™ Caspase-3/7 activity assay 

For assessment of caspase-3/7 activity we performed a CellEvent™ Caspase-3/7 activity assay 

according to the manufacturer‘s instructions. CellEvent™ Caspase-3/7 Green Detection Reagent 

is a peptide harboring a DEVD (“Asp-Glu-Val-Asp”) domain which is conjugated to a DNA-binding 

dye. The DEVD domain inhibits the DNA binding as well as the fluorescent properties of the peptide 

until it is cleaved by caspase-3/7 resulting in a fluorescent signal. Cells were seeded in 96-well 

plates (4.2.1.4) and treated as indicated (4.2.1.6). CellEvent™ Caspase-3/7 Green Detection 

Reagent (2 µM) was added to the cells together with the treatment. At the time point of 

measurement, cells were stained with 1 µg/ml Hoechst-33342 and were incubated for 5 - 10 min 

at 37°C in a 5% CO2-atmosphere. ImageXpress® Micro XLS System (4x objective) was utilized to 

measure Caspase-3/7 active cells (using FITC channel) and Hoechst-33342 positive cells (using 

DAPI channel) according to the manufacturer‘s instructions. “Cell Scoring” application of 

MetaXpress® analysis software was used to quantify the frequency of Caspase-3/7 active cells 

related to Hoechst-33342 positive cells. 

4.2.5 Imaging and analysis of spheroids  

ImageXpress® Micro XLS System (4x or 10x objective) was utilized to record 40 horizontal z-stacks 

per spheroid with 20 m step size, respectively. To obtain representative images, z-stacks were 

merged to a best focus image. PI signal was measured using the TRITC channel, GFP signal 

utilizing the FITC channel and Hoechst-33342 using the DAPI channel according to the 

manufacturer‘s instructions. During measurement, spheroids were continuously exposed to a 

5% CO2-atmosphere and 37°C.  Analysis was performed with the MetaXpress® analysis software. 
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Either the “Find Blob” application (analyzing the best focus images) or the “Find Spherical Object” 

application (analyzing the individual z-stacks) was used. In detail, the average spheroid diameter 

was determined by the “Find Spherical Object” application on GFP or Hoechst-33342 while the 

average intensities of the individual signals and the average spheroid are was assessed by the 

“Find Blob” application. 

4.2.6 RNA analysis 

4.2.6.1 RNA isolation 

Isolation of RNA was performed by peqGold total RNA kit according to the manufacturer‘s 

instructions. In detail, cells were seeded in 10 cm dishes (4.2.1.4) and treated as indicated (4.2.1.6). 

At indicated time points medium was discarded and 350 µl RT lysis buffer was added to the cells. 

Next, cells were transferred to a DNA-removing column and 70% ethanol was added to the 

remaining solution (ratio 1:1). After subjecting the solution to an RNA-binding column and washing 

of the resulting RNA extract with provided buffers, purified RNA was eluted in nuclease-free water. 

RNA concentration and purity was determined by a NanoDrop 1000 spectrophotometer by 

absorbance analysis at 260 nm, 260/280 nm and 260/230 nm. RNA was stored at -20°C or -80°C 

for long-term storage.     

4.2.6.2 cDNA synthesis 

For transcription of RNA to cDNA 1 µg RNA was used as a template and the RevertAid H Minus 

First Strand cDNA Synthesis Kit with random primers was used according to the manufacturer‘s 

instructions. cDNA was diluted 1:10 in nuclease-free water.  

4.2.6.3 Quantitative Real-Time PCR (qRT-PCR) 

In order to assess relative mRNA levels, qRT-PCR was performed using QuantStudio 7 Flex Real-

Time PCR System with the following program: initial heating to 95°C for 10 min, 40 cycles of 95°C 

for 15 sec followed by 60°C for 1 min, and finally cooling down to 4°C. For this purpose, 1 µl cDNA 

was applied to a MicroAMPTM optical reaction 96-well plate and 20 µl of SYBR-Green PCR Master 

Mix (10 pmol/µl forward or reverse primer of the genes of interest (listed in 4.1.8.), nuclease-free 

water, SYBR-Green PCR Master Mix (final concentration 1x)) was added. Nuclease-free water was 

utilized as a negative control. Melting curves were inspected to ensure the specificity of the 

amplified product. Relative levels of RNA expression were calculated with the ∆∆Ct method and 

normalized using 28S RNA and GAPDH RNA as housekeeping genes. 

4.2.7 Western Blot analysis 

4.2.7.1 Protein extraction 

For the extraction of proteins cells were seeded in 10 cm or 15 cm dishes (4.2.1.4) and treated as 

indicated (4.2.1.6). Subsequently, cells were harvested by scratching in ice-cold PBS using a cell 
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scraper. Dishes were rinsed once with ice-cold PBS and detached cells and their supernatant were 

collected in a 50 ml reaction tube. The cell suspension was centrifuged for 5 min at 1800 rpm at 

4°C and the supernatant was decanted. After pellets were washed once with ice-cold PBS (5 min 

at 1800 rpm at 4°C), they were lysed in Triton X lysis buffer supplemented with phosphatase 

inhibitors (1 mM sodium orthovanadate, 1 mM β-glycerophosphate and 5 mM sodium fluoride). 

Volume of lysis buffer used was corresponding to the pellet size. Pellets lysed with Triton X were 

incubated for 25 min on ice and pellets lysed with CHAPS buffer were incubated for 30 – 60 min 

on ice. Afterwards, cell debris was removed by centrifugation for 25 min at 14,000 rpm at 4°C. 

Protein-containing supernatant was transferred into a new Eppendorf reaction tube and stored at -

20°C or at -80°C for long-term storage. 

4.2.7.2 Determination of protein concentration 

Determination of protein concentration was performed using BCA Protein Assay Kit according to 

the manufacturer‘s instructions. In brief, the amount of protein per sample was assessed by 

measuring absorbance at 550 nm with a microplate reader. A protein standard (BSA in ddH2O) was 

used for calculation of protein concentration. 

4.2.7.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting 

In order to separate proteins according to their size SDS-PAGE was performed. Therefore, stacking 

and resolving gels were cast consisting of the following ingredients: stacking gel (5%): 

5% acrylamide, 125 mM TrisHCl (pH 6.8), 0.1% SDS, 0.1% APS, 0.1% TEMED; resolving gel (12% 

or 15%): 12% or 15% acrylamide, 250 mM TrisHCl (pH 8.8), 0.1% SDS, 0.1% APS, 0.04% TEMED. 

Whether a 12% or a 15% resolving gel was used was dependent on the molecular weight of the 

proteins of interest. For preparation of lysates for electrophoresis, 50 µg of protein were diluted in 

1x loading dye. Samples were adjusted to an equal volume using ddH2O. Then, samples were 

denatured for 5 min at 96°C on a shaker and loaded onto a polyacrylamide gel. Electrophoresis 

was carried out in 1x running buffer with 100 - 120 mV to collect proteins in the stacking gel and 

120 - 160 mV to separate proteins in the resolving gel. A protein size ladder was utilized to monitor 

the separation process and electrophoresis was aborted when an appropriate state of separation 

was reached. Subsequently, proteins were transferred to a nitrocellulose membrane using a semi-

dry blotting system. Whatman paper, gel and membrane were soaked in 1x blotting buffer and 

stacked in the following order: 2x Whatman paper, membrane, gel, 2x Whatman paper. Then, 

protein transfer was performed with a constant current of 1 mA per cm2 of gel area for 70 – 105 min, 

depending on the molecular weight of the proteins of interest.  
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4.2.7.4 Protein detection  

To avert unspecific binding of antibodies, the nitrocellulose membrane was washed in 

5% milk/PBS-T for 1 h. Subsequently, the membrane was washed three times for 10 min with 

PBS-T before it was incubated with primary antibodies (4.1.5.1) overnight at 4°C under constant 

rotation. After the membrane was washed three times for 10 min with PBS-T, secondary antibodies 

conjugated to HRP or IRDye (4.1.5.2) were applied and incubated for at least 1 h at RT followed 

by another three washing steps for 10 min with PBS-T. Secondary antibodies were detected by 

ECL with PierceTM ECL Western Blot Substrate and developing solutions (ratio 1:1) according to 

the manufacturer‘s protocol or by infrared detection according to the manufacturer‘s instructions. 

For detection with ECL, membranes were positioned into an X-ray developer cassette and X-ray 

films were placed on the membrane for a timeframe between a few seconds and 2 h in a darkroom. 

Films were developed with the appropriate solutions according to the manufacturer‘s instructions. 

For infrared detection IRDye-conjugated secondary antibodies were detected at 680 nm or 800 nm 

utilizing an Odyssey imaging system. In case another protein was to be detected which has a similar 

molecular weight as the previous one, the membrane was stripped. Therefore, the membrane was 

incubated with 0.4 M NaOH for 10 min at RT, washed three times for 10 min in PBS-T and blocked 

in 5% milk/PBS-T as described above before new primary antibodies were applied. If not indicated 

otherwise, a representative blot from at least two independent experiments is shown.   

4.2.7.5 Quantification of Western blots 

Quantifications of protein expression levels were performed by ImageJ software. Therefore, high 

resolution digital scans of the Western blot bands were analyzed according to the software‘s 

instructions. The area under the curve was utilized to determine the signal intensity of each band. 

Calculated protein expression levels were normalized to their individual loading control, 

respectively, and are displayed relative to one of the cell lines. For quantification at least three 

independent experiments were used.  

4.2.8 Immunoprecipitation (IP) 

4.2.8.1 BAK/BAX activation IP 

BAX and BAK are undergoing a conformational change when they are activated (154). Hence, this 

structural alteration can be utilized to determine the activation status of BAX and BAK. Antibodies 

binding an epitope on helix α1 which is only exposed in activated BAX or BAK (149,330), 

respectively, can be employed to determine their activation status. Thus, we performed 

immunoprecipitations with antibodies recognizing activated BAX or BAK, respectively. Therefore, 

cells were seeded in 15 cm dishes (4.2.1.4), were treated as indicated (4.2.1.6) and then harvested 

and lysed in CHAPS buffer (4.2.7.1). 500 µg protein lysate was incubated with 10 µl Dynabeads™ 

anti-mouse IgG and 2 µl anti-BAX or anti-BAK antibody (4.1.5.3), respectively, in a total volume of 

400 µl CHAPS buffer overnight at 4°C on a spinning wheel. On the next day, precipitates were 
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washed with CHAPS buffer for at least three times. Loading dye (2x) was added and samples were 

processed for Western blotting as described in 4.2.7.3. 50 µg protein lysate was used for the input. 

Interactions between activated BAX and BAK or activated BAK and BAX were detected by Western 

blotting.  

4.2.8.2 MCL-1, BCL-XL, BCL-2, BAK and BAX Co-IP 

To investigate interactions between MCL-1 or BCL-XL and pro-apoptotic BCL-2 family proteins 

Co-IPs were performed. To this end, cells were seeded in 15 cm dishes (4.2.1.4), were treated as 

indicated (4.2.1.6) and then harvested and lysed in Triton X buffer (MCL-1 or BCL-XL Co-IPs) or 

CHAPS buffer (BAX or BAK Co-IPs) (4.2.7.1). 1000 - 1500 µg protein lysate was incubated with 

Dynabeads™ Protein G crosslinked to either 5 µl rabbit anti-MCL-1 antibody, 5 µl rabbit anti-

BCL-XL antibody, 5 µl hamster anti-BCL-2 antibody, 5 µl rabbit anti-BAK antibody or 10 µl rabbit 

anti-BAX antibody (see 4.1.5.3). For all washing steps a magnetic rack was used. To perform 

crosslinking, Dynabeads™ Protein G were washed with PBS + 0.05% Tween-20 three times and 

incubated with the respective antibody for 1 h at 4°C on a spinning wheel. Next, antibodies were 

crosslinked to Dynabeads™ Protein G utilizing 20 mM DMP freshly prepared in 0.2 M TEA buffer 

(pH 8.2). After incubation for 30 min at RT crosslinking reaction was quenched by 50 mM Tris buffer 

(pH 7.5) for 15 min at RT. Protein lysates were incubated with crosslinked antibodies in a total 

volume of 400 µl CHAPS or Triton X buffer overnight at 4°C on a spinning wheel. Precipitates were 

washed with Triton X buffer (MCL-1, BCL-XL IP) or CHAPS buffer (BAK, BAX IP) at least five times 

on the next day. Loading dye (2x) was added and samples were processed for Western blotting as 

described in 4.2.7.3. For the input 50 µg protein lysate was used. Interactions of BCL-XL or MCL-1 

with BIM, NOXA, BAX and BAK were analyzed by Western blotting. 

4.2.9 CAM assay 

In order to test the in vivo efficacy of drugs, a CAM assay, being a well established in vivo tumor 

model, was performed. To this end, fertilized chicken eggs were incubated at 37.5°C for four days 

with the blunt end up. On day four eggs were turned upside down and a tiny part of the egg shell 

on the pointed end of the egg was removed by drilling a hole and cutting out a small piece of the 

egg shell. The remaining egg shell was stabilized using Leukosilk® tape. On day 8 upon fertilization 

2x106 Kym-1 cells suspended in 0.9% NaCl were mixed with matrigel in a ratio of 1:1. Cells were 

applied onto the CAM within a silicon ring. On the next day, tumor formation was checked 

macroscopically and tumors were treated with 0.25 µM A-1331852 and/or 0.3 µM S63845 for three 

consecutive days (day 9 - 11). DMSO treated tumors served as untreated controls. Subsequently, 

on day 12, tumors were resected from the CAM and were fixed in 4% paraformaldehyde for at least 

one day. Tumors were embedded in paraffin, cut into 3 µm sections and were further processed by 

immunohistochemistry (4.2.10). 



Material and Methods 

55 
 

4.2.10 Active caspase-3 and hematoxylin and eosin (HE) staining 

Before staining, tumor sections were deparaffinized and rehydrated by incubation in xylol (2 x 

10 min), 100% ethanol (2 x 10 min), 96% ethanol (2 x 10 min), 70% ethanol (2 x 10 min) and short-

time in ddH2O. In order to stain tumor sections for active caspase-3, slides were boiled for 10 min 

in citrate buffer using a food steamer. After slides were cooled down to RT they were washed with 

PBS-T (2 x 5 min) and put into a humidified staining chamber. Next, unspecific antibody binding 

was blocked by peroxidase quenching solution for 10 min and slides were again washed with 

PBS-T (2 x 5 min) followed by incubation with ready-to-use 10% goat serum for 30 min at RT. Anti-

cleaved caspase-3 antibody was applied in SignalStain antibody diluent (1:300) either for 1 h or 

overnight at 4°C. Histostain-Plus IHC AEC broad-spectrum kit was utilized in order to detect 

cleaved caspase-3 positive cells according to the manufacturer’s instructions. Further, tumor 

sections were counterstained with ready-to-use hematoxylin solution (10 min) and then washed 

with tap water (3 times). Next, slides were immersed in ammoniac water (500 µl ammonia solution 

in 250 ml tap water) for 10 sec, and washed once in tap water. Afterwards, tumor sections were 

incubated in 1% eosin solution (1 g eosin Y in 100 ml 70% ethanol, 1 drop acetic acid) for 10 min 

and dehydrated by washing in 2 x 70% ethanol, 2 x 96% ethanol, 2 x 100% ethanol, and 2 x xylol. 

Eventually, tumor slides were covered with Entellan mounting medium followed by a cover glass. 

Digital images of stained tumor sections were used for quantification of caspase-3 positive area 

per tumor area by Image J. In brief, tumor tissue area was marked and the color deconvolution 

function was utilized to create a diaminobenzidine (DAB) image. The area of stained cells in the 

DAB image was quantified. 

4.2.11 Determination of Bliss synergy scores 

Drug synergy was assessed by Bliss synergy scores using SynergyFinder (331). The Bliss 

independence model is a stochastic approach with the basic assumption that two individual drugs 

mediate their effects independent of each other. It is expressed by the following equation: 

𝐵 (𝐵𝑙𝑖𝑠𝑠 𝑒𝑥𝑝𝑒𝑐𝑡𝑎𝑡𝑖𝑜𝑛) = (𝑋 + 𝑌) − (𝑋 ∗ 𝑌) 

with X and Y representing the fractional effects of the single compounds at the same dose 

(331,332). The Bliss score displays the difference between the predicted effect if two compounds 

act independently (Bliss expectation) and the measured combined effect at the same dose (Bliss 

excess) (332,333). Positive values (indicated by red color in the heat maps) imply synergism, 

0 (indicated by white color in the heat maps) signifies additivity and negative values (indicated by 

green color in the heat maps) show antagonism.  
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4.2.12 Statistical analysis   

In order to determine whether there is a significant statistical difference between two groups of 

data, a Student´s t-test (equal variance, two-sample, two-sided) was performed in Microsoft Excel. 

A one-way ANOVA followed by a Tukey´s multiple comparison post-hoc test was performed in 

GraphPad Prism® to compare more than two groups. Data are shown as mean + standard 

deviation of at least three independent experiments performed in triplicate if not indicated 

otherwise. Data of the CAM assay are shown as mean + SEM. Level of significance was indicated 

by p-values as followed: p-value ≤ 0.05 (significant, *), p-value ≤ 0.01 (very significant, **) and 

p-value ≤ 0.001 (highly significant, ***). 
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5 Results 

Large parts of this work were published in the peer-reviewed journal Cancer Letters in 2020 with 

the title: 

“Targeting BCL-2 proteins in pediatric cancer: Dual inhibition of BCL-XL and MCL-1 leads to rapid 

induction of intrinsic apoptosis” (334). 

5.1 Targeting anti-apoptotic BCL-2 family proteins in pediatric cancer 

Parts of the experiments with OS and ES cells were performed by the M.Sc. student Barnabas 

Irmer during his research internship, which is indicated in the figure legends accordingly.  

5.1.1 BCL-2 family proteins are expressed in a panel of RMS cell lines 

BCL-2 family proteins are differentially expressed in RMS in comparison to normal skeletal muscle 

tissue (220). Significantly, MCL-1 was reported to be frequently upregulated in RMS (196,221) and 

the expression of BAX in primary tissue samples has been connected to longer median overall 

survival in RMS (213). Thus, we initially assessed the expression levels of the most relevant anti- 

and pro-apoptotic BCL-2 family proteins in ten different established RMS cell lines by Western 

blotting (Figure 5.1A). These cell lines included the ARMS as well as the ERMS subtype and are 

frequently used in RMS research (for characteristic features of these cell lines see Table 4.1 and 

Table 4.4). Moreover, to confirm the clinical relevance of our screen, we included a primary ARMS 

sample (CP1) (Figure 5.1B). Importantly, all investigated RMS cell lines expressed the anti-

apoptotic proteins MCL-1, BCL-XL and BCL-2, except Kym-1 cells, which lack BCL-2. Further, the 

pro-apoptotic BCL-2 family proteins BIM, NOXA, BAX and BAK were detected in all of the RMS 

cell lines apart from TE441.T and Kym-1 cells, which did not display NOXA expression. The primary 

ARMS cell line CP1 expressed all anti-and pro-apoptotic BCL-2 family proteins. To account for 

loading differences, we additionally quantified the protein levels by calculating the expression levels 

in relation to the loading control and a reference cell line (RH30) (Table 5.1). Due to limited material 

size of the primary ARMS sample CP1, we performed Western blotting experiments only twice here 

and therefore refrained from quantification. All in all, the quantification confirmed that a large part 

of the RMS cell lines express all pro-and anti-apoptotic BCL-2 family proteins, albeit to different 

extents.  
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Figure 5.1: BCL-2 family proteins are expressed in a panel of RMS cell lines. 

 Basal expression levels of anti-and pro-apoptotic BCL-2 family proteins in established RMS cell lines (A) and the 

primary-derived cell line CP1 (B). Protein expression levels were analyzed by Western blotting with -Actin or 

GAPDH serving as a loading control. Representative blots of at least two independent experiments are shown.  

Table 5.1: Quantification of BCL-2 family protein expression levels in RMS cell lines. 

Individual protein expression levels were normalized to the loading control and are shown relative to the reference 

cell line RH30. At least three independent experiments were utilized for quantification. 

Cell Line BCL-2 BCL-X
L
 MCL-1 BAX BAK BIM NOXA 

RH30 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

RMS13 13.95 1.03 1.28 0.20 3.34 1.48 0.45 

RH41 16.80 0.28 1.23 1.04 0.91 0.60 2.63 

Kym-1 0.00 1.11 0.96 1.19 0.43 0.23 0.00 

RD 12.47 1.03 0.99 0.26 0.55 0.53 3.61 

TE381.T 18.43 0.97 1.56 0.44 1.28 1.49 3.91 

T174 14.17 1.75 1.44 0.45 1.10 0.13 4.90 

RH36 16.44 1.61 1.15 1.06 0.40 0.14 0.85 

RH18 12.61 1.01 0.22 0.52 2.42 0.44 1.59 

TE441.T 46.68 0.45 0.97 0.79 1.98 1.14 0.00 
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5.1.2 A panel of RMS cell lines is largely insensitive towards pharmacological 

inhibition of BCL-2, MCL-1 or BCL-XL 

Since we observed that RMS cell lines widely express anti-apoptotic BCL-2 family proteins, we 

aimed to investigate the overall efficacy of their individual pharmacological inhibition. To this end, 

we utilized BH3 mimetics selectively targeting MCL-1 (S63845, A-1210477), BCL-2 (ABT-199) or 

BCL-XL (A-1331852) and screened a panel of ten RMS cell lines with regard to their cell viability. 

Cell viability was determined by CellTiterGlo® viability assay upon treatment with subtoxic 

increasing concentrations of BH3 mimetics (Figure 5.2). To quantify the effect, IC50 values were 

assessed. 

 

Figure 5.2: RMS cell lines are largely insensitive to single treatment with A-1331852, ABT-199, A-1210477 

or S63845. 

 RMS cell lines were treated with indicated concentrations of A-1331852 (A), ABT-199 (B), A-1210477 (C) or 

S63845 (D) for 48 h. CellTiter-Glo® Luminescent Cell Viability Assay was used to determine ATP levels and 

thereby cell viability. Mean and SD of at least three independent experiments performed in triplicates are shown. 

Notably, RMS cell lines demonstrated limited responsiveness to A-1331852 treatment since cell 

viability only markedly decreased at higher concentrations (Figure 5.2A) as evidenced by high 

IC50 values (>3 µM; RH41: 2.1 µM) (Table 5.2). RH18 cells constitute an exception showing distinct 

sensitivity to BCL-XL inhibition (IC50: 0.006 µM). Moreover, all RMS cell lines were resistant to 

BCL-2 blockade by ABT-199 (Figure 5.2B) and to MCL-1 inhibition by A-1201477 (Figure 5.2C) as 
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all IC50 values were above 3 µM (Table 5.2). Inhibition of MCL-1 by S63845, on the other hand, 

revealed a more pronounced, yet moderate, decrease of cell viability for some cell lines such as 

RMS13 (IC50: 2.6 µM), RH41 (IC50: 0.7 µM) and TE441.T (IC50: 0.05 µM)  (Figure 5.2D), while all 

other RMS cell lines displayed an IC50 value above 3 µM (Table 5.2). Due to the higher potency of 

the novel MCL-1 inhibitor S63845 compared to A-1214077, which is in line with a previous report 

(227), we thus focused on S63845 for further experiments.   

Table 5.2: Effect of BH3 mimetics on the viability of RMS cell lines. 

IC50 values were determined for the treatment with A-1331852, ABT-199, A-1210477 and S63845 based on data 

shown in Fig.5.3. Calculations were performed with at least three independent experiments performed in triplicates.  

Cell Line 

IC50 [µM] 

A-1331852 

IC50 [µM] 

ABT-199 

IC50 [µM] 

A-1210477 

IC50 [µM] 

S63845 

CP1 >3 >3 >3 >3 

RH30 >3 >3 >3 >3 

RMS13 >3 >3 >3 2.6 

RH41 2.1 >3 >3 0.7 

Kym-1 >3 >3 >3 >3 

RD >3 >3 >3 >3 

TE381.T >3 >3 >3 >3 

T174 >3 >3 >3 >3 

RH36 >3 >3 >3 >3 

RH18 0.006 >3 >3 >3 

TE441.T >3 >3 >3 0.05 

 

5.1.3 A-1331852/S63845 co-treatment induces highly synergistic cell death in a panel 

of RMS cell lines 

As the majority of RMS cell lines were insensitive to single BH3 mimetic treatment, we hypothesized 

that BCL-2, MCL-1 and BCL-XL might be able to compensate each other‘s loss. Hence, we tested 

whether combinatorial application of BH3 mimetics triggered cell death in the panel of previously 

tested RMS cell lines. Due to the fact that inhibition of MCL-1 and BCL-XL seemed to be most 

promising, whereas none of the RMS cell lines displayed sensitivity to BCL-2 blockade (Figure 5.2), 

we chose to start with investigating the effect of A-1331852/S63845 co-treatment. To this end, we 

measured cell death by PI uptake to assess loss of cell membrane integrity, a typical feature of cell 

death (Figure 5.3). 

Interestingly, combined inhibition of MCL-1 and BCL-XL resulted in massive dose-dependent 

induction of cell death in all tested RMS cell lines. This effect could already be observed at 

nanomolar concentrations. Similar to our findings concerning cell viability (Figure 5.2), rising doses 

of S63845 or A-1331852 alone caused none or only minor increases in cell death. Notably, cell 

lines found to be particularly sensitive to A-1331852 (RH18) or S63845 (TE441.T) in the cell viability 

screen, consistently demonstrated higher rates of cell death upon single A-1331852 or S63845 

treatment, respectively. 
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To determine whether the interaction of drugs is synergistic, we calculated Bliss synergy scores for 

all drug combinations and their corresponding effect on cell death from Figure 5.3 according to 

Ianevski et al. (331). Importantly, A-1331852/S63845 co-treatment proved to be highly synergistic 

in all RMS cell lines as evidenced by positive Bliss synergy scores (Table 5.3). Of note, 

A-1331852/S63845-mediated cell death was also synergistic in the single sensitive RH18 (Bliss 

score: 21.8) and TE441.T cells (Bliss score: 3).  

 

Figure 5.3: A-1331852/S63845 co-treatment synergistically induces cell death in RMS cell lines. 

 (A-K): RMS cell lines were treated with indicated concentrations of A-1331852 and/or S63845 for 48 h. Cell death 

was determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI co-staining. Mean and 

SD of at least three independent experiments performed in triplicates are shown.  
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Table 5.3: Bliss synergy scores of combined A-1331852/S63845 treatment in RMS cell lines. 

Calculations are based on data shown in Figure 5.3 and were conducted with at least three independent 

experiments performed in triplicates.  

Cell Line 

Bliss score  

A-1331852 

+ S63845 

RH30 66.4 

RMS13 50.3 

RH41 49.2 

Kym-1 61.0 

RD 40.4 

TE381.T 55.7 

T174 10.9 

RH36 51.8 

RH18 21.8 

TE441.T 3.0 

 

Figure 5.4 depicts Bliss synergy score maps illustrating synergism (indicated in red color) at 

individual combinatorial doses as well as the average Bliss score. Interestingly, TE441.T was the 

only cell line for which we observed antagonistic drug interaction (indicated in green color) at some 

concentrations.  
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Figure legend on next page 
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Figure 5.4: Bliss synergy score maps of A-1331852/S63845 co-treatment-induced cell death in RMS cell 

lines. 

 (A-K): Bliss synergy scores are illustrated as heat maps at different concentrations of A-1331852/S63845 

co-treatment in RMS cell lines. Red indicates “synergy”, white “additivity” and green “antagonism”. Average Bliss 

synergy score of the respective cell line is shown on top of the heat map. Calculations were based on results 

presented in Figure 5.3. 

5.1.4 A-1331852/ABT-199 or S63845/ABT-199 co-treatments are less effective than 

co-treatment with A-1331852/S63845 in RMS cell lines 

To explore whether dual blockade of BCL-2/MCL-1 or BCL-2/BCL-XL exerts an equally strong 

induction of cell death as MCL-1/BCL-XL co-inhibition, we selected three representative RMS cell 

lines for testing. RD and RH30 were chosen as they are frequently used ERMS and ARMS cell 

lines and Kym-1 cells due to their lack of BCL-2, thus serving as a control for the on-target specificity 

of ABT-199 (Figure 5.5). Intriguingly, increasing doses of ABT-199/A-1331852 and 

ABT-199/S63845 co-treatment resulted in mostly minor enhancement of cell death induction 

demonstrating that A-1331852/S63845 co-treatment was vastly superior in inducing cell death in 

all tested RMS cell lines. This notion was confirmed by calculation of Bliss synergy scores proving 

that synergism was higher for A-1331852/S63845 co-treatment compared to combinations with 

ABT-199 (RD: 40.4 vs. 10.3 and 3.9; RH30: 66.4 vs. 5.7 and 13.1; Kym-1: 61 vs. -0.7 and 3.9) 

(Table 5.3 and Table 5.4). Expectedly, co-application of ABT-199 with A-1331852 or S63845 in 

Kym-1 cells did not enhance cell death compared to treatment with either inhibitor alone. These 

results confirm the specificity of ABT-199 as a selective BCL-2 inhibitor as there are no cell death 

inducing off-target effects in the absence of BCL-2. 
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Figure 5.5: Effect of combination treatments with ABT-199 and A-1331852 or S63845 on RMS cell lines. 

 RD (A), RH30 (B) and Kym-1 (C) cells were treated with indicated concentrations of ABT-199 in combination with 

increasing concentrations of A-1331852 or S63845 for 48 h. Cell death was determined by fluorescence 

microscope analysis of PI uptake using Hoechst 33342/PI co-staining. Mean and SD of at least three independent 

experiments performed in triplicates are shown.  
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Table 5.4: Bliss synergy scores of combination treatments with ABT-199 and A-1331852 or S63845 in RMS cell 

lines. 

Calculations are based on data shown in Figure 5.5 and were conducted with at least three independent 

experiments performed in triplicates.  

Cell Line 

Bliss score 

ABT-199 + 

A-1331852 

Bliss score 

ABT-199 + 

S63845 

RD 10.3 3.9 

RH30 5.7 13.1 

Kym-1 -0.7 3.9 

 

5.1.5 BCL-2 family proteins are expressed in a selection of OS and ES cell lines 

BCL-2 family proteins might not only be relevant in RMS pathogenesis, but also in other pediatric 

cancers, such as OS and ES (223,224). Hence, we extended our study to frequently utilized OS 

and ES cell lines (for characteristic features of these cell lines see Table 4.2 and Table 4.3) and 

assessed the expression levels of anti- and pro-apoptotic BCL-2 family proteins (Figure 5.6). 

 

Figure 5.6: BCL-2 family proteins are expressed in a selection of OS and ES cell lines. 

Basal expression levels of anti-and pro-apoptotic BCL-2 family proteins in established OS and ES cell lines. 

Protein expression levels were analyzed by Western blotting with -Actin serving as a loading control. 

Representative blots of at least two independent experiments are shown. Experiments were partly performed by 

Barnabas Irmer. 
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Similar to RMS cell lines, we observed that all screened OS and ES cell lines expressed the 

analyzed anti- and pro-apoptotic BCL-2 family proteins to variable amounts as evidenced by 

Western blotting. Expression levels were further quantified by determining the protein expression 

levels in relation to the loading control and a reference cell line (U2OS) (Table 5.5). These 

experiments revealed that MG-63 cells consistently showed lower levels of all BCL-2 family protein 

members compared to U2OS and ES cells.  

Table 5.5: Quantification of BCL-2 family protein expression levels in OS and ES cell lines. 

Individual protein expression levels were normalized to the loading control and are shown relative to the reference 

cell line U2OS. At least three independent experiments were utilized for quantification. 

Cell Line BCL-2 BCL-X
L
 MCL-1 BAX BAK BIM NOXA 

U2OS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

MG-63 0.77 0.34 0.70 0.57 0.41 0.06 0.33 

SK-ES-1 1.30 0.39 1.33 1.01 0.71 1.89 1.45 

A4573 1.69 0.59 1.39 0.59 0.81 2.37 1.72 

 

5.1.6 A selection of ES cell lines displays reduced cell viability upon pharmacological 

inhibition of MCL-1 or BCL-XL while OS cell lines show no or limited 

responsiveness 

In order to examine whether individual inhibition of BCL-2, MCL-1 or BCL-XL might be effective in 

OS and ES cell lines, we monitored cell viability upon subtoxic rising doses of S63845, ABT-199 or 

A-1331852 (Figure 5.7).   
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Figure 5.7: A selection of ES cell lines displays reduced cell viability treatment with A-1331852 or S63845 

while OS cell lines show no or limited responsiveness. 

 OS and ES cell lines were treated with indicated concentrations of A-1331852 (A), ABT-199 (B), or S63845 (C) 

for 48 h. CellTiter-Glo® Luminescent Cell Viability Assay was used to determine ATP levels and thereby cell 

viability. Mean and SD of at least three independent experiments performed in triplicates are shown. Experiments 

were performed by Barnabas Irmer. 

Remarkably, treatment with A-1331852 (Figure 5.7A) led to profound decrease of cell viability 

especially in ES cell lines as evidenced by low IC50 values (Table 5.6). Inhibition of BCL-2 by 

ABT-199, on the contrary, left cell viability largely unaffected (IC50 >3 µM) (Figure 5.7B). Further, 

only ES, but not OS cell lines demonstrated a marked decrease in cell viability upon S63845 

treatment (IC50 (SK-ES-1): 1.3 µM; IC50 (A4573): 1.8 µM) (Figure 5.7C). 

Table 5.6: Effect of BH3 mimetics on the viability of OS and ES cell lines. 

IC50 values were determined for the treatment with A-1331852, ABT-199 and S63845 based on data shown in 

Figure 5.7. Calculations were performed with at least three independent experiments performed in triplicates.  

Cell Line 

IC50 [µM] 

A-1331852 

IC50 [µM] 

ABT-199 

IC50 [µM] 

S63845 

U2OS >3 >3 >3 

MG-63 2.4 >3 >3 

SK-ES-1 1.6 >3 1.3 

A4573 0.8 >3 1.8 
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5.1.7 A-1331852/S63845 co-treatment triggers highly synergistic cell death in OS and 

ES cell lines 

As A-1331852/S63845 co-treatment showed promising results in RMS, we checked whether this 

holds true also for OS and ES cell lines. Thus, we assessed cell death by PI uptake utilizing 

ImageXpress® Micro XLS System for OS cell lines upon A-1331852/S63845 co-treatment. 

Previous experiments from our group by Dr. Lilly Weiß showed an ineffective PI uptake of ES cell 

lines in the context of Hoechst 33342/PI co-staining using ImageXpress® Micro XLS System. 

Hence, we resorted to another classical hallmark of cell death and quantified the amount of DNA 

fragmentation in ES cell lines upon A-1331852/S63845 co-treatment. Indeed, inhibition of both 

MCL-1 and BCL-XL exerted high efficacy in OS (Figure 5.8A+B) and ES cell lines (Figure 5.8C+D). 

Moreover, a dose-dependent moderate increase of cell death upon A-1331852 or S63845 single 

treatment in ES cell lines was observed, in line with the results of the cell viability screen (Figure 

5.7).  

 

Figure 5.8: A-1331852/S63845 co-treatment synergistically induces cell death in OS and ES cell lines. 

 OS (A+B) and ES (C+D) cell lines were treated with indicated concentrations of A-1331852 and/or S63845 for 

48 h. Cell death was determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI 

co-staining or analysis of DNA fragmentation of PI-stained nuclei. Mean and SD of at least three independent 

experiments performed in triplicates are shown. Experiments were partly performed by Barnabas Irmer. 
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Determination of Bliss synergy scores (Table 5.7) clearly proved a synergistic interaction of 

A-1331852 and S63845 underlining the high potency of this combination not only in RMS, but also 

in OS and ES cell lines.  

Table 5.7: Bliss synergy scores of combination treatments with ABT-199 and A-1331852 or S63845 in OS and ES 

cell lines. 

Calculations are based on data shown in Figure 5.8 and were conducted with at least three independent 

experiments performed in triplicates.  

Cell Line 

Bliss score  

A-1331852 

+ S63845 

U2OS 70.8 

MG-63 22.9 

SK-ES-1 36.6 

A4573 32.9 

 

5.1.8 A-1331852/ABT-199 or S63845/ABT-199 co-treatments are less effective than 

co-treatment with A-1331852/S63845 in OS and ES cell lines 

Next, we aimed at evaluating whether A-1331852/S63845 co-treatment is more effective than 

combinations of either inhibitor with ABT-199 in OS and ES cells. To this end, we performed a side-

by-side comparison of the different combination treatments. Subsequent determination of cell death 

showed that dual inhibition of MCL-1/BCL-XL was significantly more powerful in causing cell death 

than single or dual blockade of BCL-2/MCL-1 or BCL-2/BCL-XL in all tested OS and ES cell lines 

(Figure 5.9). Furthermore, in the OS cell line MG-63 A-1331852/ABT-199 co-treatment led to 

significantly higher percentage of cell death than single ABT-199 application (Figure 5.9A). 

However, this effect could largely be attributed to cell death induction by A-1331852 alone. 

Similarly, A-1331852/ABT-199 co-treatment induced a significantly higher amount of cell death 

compared to single ABT-199 treatment and/or the untreated control in both ES cell lines which was 

mainly mediated by A-1331852 alone (Figure 5.9B). Additionally, in the ES cell line A4573 

A-1331852/ABT-199 co-treatment was more efficient to induce cell death than dual treatment with 

S63845/ABT-199, which showed almost no enhancing impact on cell death.  
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Figure 5.9: A-1331852/ABT-199 or S63845/ABT-199 co-treatments are less effective than co-treatment with 

A-1331852/S63845 in OS and ES cell lines. 

(A+B): OS and ES cell lines were treated with indicated concentrations of ABT-199 and/or A-1331852 and/or 

S63845 for 48 h. Cell death was determined by fluorescence microscope analysis of PI uptake using Hoechst 

33342/PI co-staining or analysis of DNA fragmentation of PI-stained nuclei. Mean and SD of at least three 

independent experiments performed in triplicates are shown. *P < 0.05, ***P < 0.001. Experiments were 

performed by Barnabas Irmer. 
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5.1.9 A-1331852/S63845 co-treatment causes synergistic cell death in a primary 

pediatric sample of a malignant epithelioid mesothelioma 

Mesothelioma is described to be provoked by contact with asbestos and thus to be rare in children 

(335,336). Nevertheless, especially these particularly rare pediatric solid tumors require broad 

research to ensure future treatment options for such cases. On this account, we explored the 

potential of inhibiting anti-apoptotic BCL-2 family proteins in a primary sample of pediatric malignant 

epithelioid mesothelioma (RY240806_4). First, expression levels of anti- and pro-apoptotic BCL-2 

family members in comparison to RMS cell lines were determined by Western blotting (Figure 

5.10A). Importantly, the pediatric malignant epithelioid mesothelioma sample RY240806_4 

expressed similar levels of MCL-1 and BCL-XL as all tested RMS cell lines and BCL-2 levels 

comparable to RD cells. Concerning pro-apoptotic BCL-2 family proteins, RY240806_4 showed 

BIM expression in similar amounts as for RH30 cells, while NOXA was undetectable. Additionally, 

expression levels of BAX in RY240806_4 were lower compared to all tested RMS cell lines, 

whereas BAK levels were observed to be equal. We refrained from quantification of BCL-2 family 

protein expression levels for reasons of limited sample size. Thus, as Western blotting results 

revealed that the primary pediatric malignant epithelioid mesothelioma sample RY240806_4 was 

equipped with the expression of BCL-2 family proteins, we proceeded to elucidate whether it was 

sensitive to BH3 mimetic treatment. To this end, we assessed the impact of individual ABT-199, 

S63845 or A-1331852 treatment on the cell viability of RY240806_4 (Figure 5.10B). Clearly, 

individual treatment with increasing doses of BH3 mimetics had largely no effect on cell viability of 

RY240806_4 cells (IC50 >3 µM) (Table 5.8). Evaluating the response of RY240806_4 cells to co-

inhibition of BH3 mimetics (Figure 5.10C), we noticed no increase of cell death upon 

ABT-199/A-1331852 application (Table 5.8). In contrast, combinations of S63845 with either 

A-1331852 or ABT-199 triggered minor induction of cell death, which was determined to be 

moderately synergistic (11.7 and 2.4). Importantly, similar to RMS, OS and ES cells, dual inhibition 

of MCL-1 and BCL-XL tended to be the most powerful BH3 mimetic combination also for the primary 

pediatric malignant epithelioid mesothelioma sample investigated in the study at hand. 
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Figure 5.10: A-1331852/S63845 co-treatment causes synergistic cell death in a primary pediatric sample of 

a malignant epithelioid mesothelioma. 

(A): Basal expression levels of anti- and pro-apoptotic BCL-2 family proteins in a primary pediatric sample of a 

malignant epithelioid mesothelioma (RY240806_4) compared to established RMS cell lines. Protein expression 

levels were analyzed by Western blotting with -Actin serving as a loading control. Western blotting was 

performed once. (B): RY240806_4 cells were treated with indicated concentrations of A-1331852, ABT-199, or 

S63845 for 48 h. CellTiter-Glo® Luminescent Cell Viability Assay was used to determine ATP levels and thereby 

cell viability. (C): RY240806_4  cells were treated with indicated concentrations of ABT-199 and/or A-1331852 

and/or S63845 for 48 h. Cell death was determined by fluorescence microscope analysis of PI uptake using 

Hoechst 33342/PI co-staining. Mean and SD of one experiment performed in triplicates are shown.  

Table 5.8: Effect of BH3 mimetics on the viability of RY240806_4 cells and Bliss synergy scores of combined 

BH3 mimetic treatment in RY240806_4 cells. 

IC50 values and Bliss synergy scores were determined for the treatment with A-1331852, ABT-199 and S63845 

based on data presented in Figure 5.10. Calculations were conducted with one experiment performed in triplicates.  
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In summary, this set of experiments demonstrated that i) BCL-2 family proteins were expressed in 

pediatric solid cancers such as (primary) RMS, OS, ES and a primary sample of malignant 

epithelioid mesothelioma, thus providing a promising drug target; ii) cell death induced by  

A-1331852/S63845 co-treatment was highly synergistic in the above mentioned entities and 

iii) A-1331852/S63845 co-treatment was vastly superior to combinations of ABT-199 with either 

inhibitor. 
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5.2 Exploring the cell death mechanism induced by A-1331852/S63845 

co-treatment in RMS cells 

With the goal to elucidate the molecular mechanism of cell death mediated by A-1331852/S63845 

co-treatment, we focused on RMS and selected two RMS cell lines for further studies. These were 

the Kym-1 cell line, which lacks BCL-2, and RD cells, a well-established and frequently utilized 

RMS cell line, which expresses BCL-2 (Figure 5.1A). 

5.2.1 Combination of genetic silencing and pharmacological inhibition of MCL-1 or 

BCL-XL leads to cell death in RMS cells 

In order to verify that A-1331852/S63845 co-treatment-induced cell death was specifically due to 

dual MCL-1 and BCL-XL inhibition and thereby exclude off-target effects of the pharmacological 

inhibitors, we genetically silenced MCL-1 and/or BCL-XL via two siRNA constructs, respectively 

(Figure 5.11). Efficient knockdown (KD) was confirmed by Western blotting. 

 

Figure legend on next page 
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Figure 5.11: Combination of genetic silencing and pharmacological inhibition of MCL-1 or BCL-XL leads to 

cell death in RMS cells. 

MCL-1 and/or BCL-XL were transiently silenced in RD (A) and Kym-1 (B) cells by utilizing siRNA. Non-targeting 

siRNA was used as a control (siCtrl). Reduction of MCL-1 and/or BCL-XL protein levels was determined by 

Western blotting 48 h (RD) or 72 h (Kym-1) upon transfection with -Actin or -Tubulin serving as a loading 

control. Representative blots of at least two independent experiments are shown. RD and Kym-1 cells were 

treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845 where indicated and cell death 

was determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI co-staining or analysis 

of DNA fragmentation of PI-stained nuclei 48 h (RD) or 72 h (Kym-1) after KD. Mean and SD of at least three 

independent experiments performed in triplicates are shown. ***P < 0.001. 

Importantly, only transient silencing of MCL-1 and BCL-XL caused a significant increase in cell 

death in RMS cell lines, while their individual KDs had no effect. Additionally, by combining 

pharmacological and genetic interference, we observed that only approaches targeting both MCL-1 

and BCL-XL significantly enhanced cell death, being fully in line with our previous findings. 

Consequently, we provide a proof of principle of the functional relevance of MCL-1 and BCL-XL 

with regard to A-1331852/S63845-triggered cell death.  

5.2.2 A-1331852 and S63845 act in concert to trigger rapid apoptosis in RMS cells 

Next, we aimed to elucidate the type of cell death induced by A-1331852/S63845 co-treatment and 

to ascertain the kinetics with which it is accomplished. BH3 mimetics are reported to induce rapid 

intrinsic apoptosis (337). In order to assess whether this holds true also in the present work, 

exposure of phosphatidylserine, being a classical feature of apoptosis (77), was determined 

together with PI uptake by flow cytometry at 1, 2, 3, 6 and 24 h upon A-1331852/S63845 

co-treatment (Figure 5.12).  

 

Figure 5.12: A-1331852 and S63845 act in concert to trigger rapid apoptosis in RMS cells. 

RD (A) and Kym-1 (B) cells were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845. 

Cell death was assessed at indicated time points by determining PS exposure as an apoptotic marker using PI 

and Annexin/V-FITC co-staining. Mean and SD of at least three independent experiments performed in triplicates 

are shown. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Remarkably, ~40% of RD cells exhibited apoptosis as soon as 2 h upon dual treatment with 

A-1331852 and S63845 (Figure 5.12A). The amount of apoptotic RD cells increased further from 

~70% at 3 h to ~80% at 24 h. Apoptosis in Kym-1 cells started slightly later with ~50% of apoptotic 

cells at 3 h while no induction of apoptosis could be measured at 2 h upon treatment (Figure 5.12B). 

Moreover, apoptosis rate in Kym-1 cells rose further over time and peaked at 24 h with ~80% of 

apoptotic cells.  

5.2.3 A-1331852/S63845 co-treatment-mediated apoptosis in RMS cells is dependent 

on swift caspase activation 

Apoptosis is largely dependent on caspases, the executioners of apoptosis (187). To question 

whether caspase activation plays a role in A-1331852/S63845 co-treatment-mediated cell death, 

we conducted experiments using the broad range caspase inhibitor zVAD.fmk. Initially, cleavage 

and hence activation of caspases was assessed by Western blotting 1, 2 and 3 h upon 

A-1331852/S63845 co-treatment in RD and Kym-1 cells (Figure 5.13A). 

 

Figure 5.13: A-1331852/S63845 co-treatment-induced apoptosis in RMS cells is dependent on swift 

caspase activation. 

(A+B): RD and Kym-1 cells were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845 

either with or without 50 M zVAD.fmk pre-treatment for 1 h where indicated. (A): Cells were analyzed for the 

cleavage of caspase-3, -8, -9 and PARP at indicated time points by Western blotting with -Actin or GAPDH 

serving as a loading control. Representative blots of at least two independent experiments are shown. (B): Cell 

death was determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI co-staining 48 h 

upon treatment. Mean and SD of at least three independent experiments performed in triplicates are shown. 

**P < 0.01, ***P < 0.001. 
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Intriguingly, cleavage of caspase-3, -8, -9 and PARP, being a prominent caspase target, were 

detected already 1 h upon treatment and increased over time. Of note, caspase-3 cleavage occurs 

in two subsequent steps. The first one splits the 32 kDa mature enzyme into 12 kDa and 20 kDa 

subunits. In the following, second step, the 20 kDa subunit is further cleaved into a 17 kDa and 3 

kDa subunit (338). Importantly, A-1331852/S63845 co-treatment led to full cleavage of caspase-3 

into 17 kDa and 12 kDa fragments. Pre-treatment with zVAD.fmk partially rescued 

A-1331852/S63845-stimulated cleavage of caspase-3 since only the 20 kDa fragment resulting 

from the first cleavage step of caspase-3 was detected. This points to a block in the last hydrolysis 

step which is in line with the described mechanism of action of zVAD.fmk (338). Similarly, also 

A-1331852/S63845-mediated cleavage of caspase-9 was partially rescued by the addition of 

zVAD.fmk as evidenced by the presence of both the uncleaved caspase-9 pro-form as well as the 

cleaved caspase-9 subunits at 35 kDa and 37 kDa. In contrast to caspase-3 and -9, cleavage of 

caspase-8 upon A-1331852/S63845 co-treatment was completely inhibited by zVAD.fmk indicating 

that caspase-8 is activated downstream of caspase-3 and -9. Consistently, zVAD.fmk significantly 

prevented cell death triggered by A-1331852/S63845 co-treatment as well as the low percentage 

of cell death induced by A-1331852 single treatment in RD cells (Figure 5.13B), thus confirming 

the functional relevance of caspase activation upon treatment with A-1331852/S63845. 

5.2.4 A-1331852/S63845 co-treatment of RMS cells induces a caspase-dependent loss 

of MCL-1 while leaving other BCL-2 family proteins unaffected 

In order to monitor the impact of caspase activation on BCL-2 family proteins, we assessed their 

expression levels upon A-1331852/S63845 co-treatment. Significantly, treatment did not alter the 

expression levels of the anti-apoptotic BCL-2 family proteins BCL-XL and BCL-2, or the 

pro-apoptotic members BIM and NOXA. This was evidenced by protein detection at 1, 2 and 3 h 

upon treatment (Figure 5.14). Interestingly, loss of MCL-1, which started at 2 h upon 

A-1331852/S63845 co-treatment, was observed for both RMS cell lines. Rescue of MCL-1 protein 

levels by zVAD.fmk unveiled that this decrease was caspase-dependent.  
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Figure 5.14: A-1331852/S63845 co-treatment of RMS cells induces a caspase-dependent loss of MCL-1 

while leaving other BCL-2 family proteins unaffected. 

RD and Kym-1 cells were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845 either 

with or without 50 M zVAD.fmk pre-treatment for 1 h where indicated. Protein expression levels were analyzed at 

indicated time points by Western blotting with -Actin serving as a loading control. Representative blots of at least 

two independent experiments are shown.  

5.2.5 A-1331852 and S63845 act together to trigger rapid loss of MMP in RMS cells 

Loss of MMP is a characteristic hallmark of the mitochondrial intrinsic apoptosis pathway (87). 

To elucidate whether concomitant inhibition of MCL-1 and BCL-XL resulted in loss of MMP, we 

stained cells with the positively-charged fluorescent dye TMRM, which accumulates in active 

negatively-charged mitochondria and leaks out during loss of MMP. Analysis by flow cytometry at 

1, 2, 3, 6 and 24 h upon A-1331852/S63845 co-treatment showed a marked and rapid loss of MMP 

in both RMS cell lines (Figure 5.15).  
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Figure 5.15:  A-1331852 and S63845 act together to trigger rapid loss of MMP in RMS cells. 

RD (A) and Kym-1 (B) cells were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845. 

Loss of MMP was assessed at indicated time points by TMRM staining and flow cytometry. Mean and SD of at 

least three independent experiments performed in triplicates are shown. *P < 0.05, **P < 0.01, ***P < 0.001. 

After 3 h of A-1331852/S63845 co-treatment ~60% of RD cells showed loss of MMP. This 

percentage further increased over time and plateaued at ~80% after 6 h. (Figure 5.15A). In 

comparison to RD cells, Kym-1 cells followed a faster kinetic. A significant increase in loss of MMP 

was already measured 1 h after A-1331852/S63845 co-treatment (Figure 5.15B) rising in a time-

dependent manner to its highest value of ~90% after 6 h.  

Overall, this set of experiments showed that concomitant inhibition of BCL-XL and MCL-1, either by 

a genetic or pharmacological approach, resulted in a marked induction of cell death. Furthermore, 

they shed light on the A-1331852/S63845-stimulated type of cell death mechanism, which i) was 

defined to be caspase-dependent apoptosis; ii) followed rapid kinetics; iii) led to caspase-

dependent loss of MCL-1 and iv) engaged the mitochondrial apoptotic pathway. 
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5.3 The role of BAX and BAK in A-1331852/S63845-induced cell death in RMS 

cells 

As A-1331852/S63845 co-treatment activated the mitochondrial apoptotic pathway, we further 

pursued to characterize the involved molecular players. BAX and BAK are key regulators of 

mitochondrial apoptosis (105) leading us to hypothesize that they might be involved in 

A-1331852/S63845-mediated apoptosis.  

5.3.1 A-1331852/S63845 co-treatment causes BAX and BAK activation in RMS cells 

The pro-apoptotic proteins BAX and BAK are crucial for pore formation in the mitochondrial 

membrane to facilitate intrinsic apoptosis (154). In order to do so, they undergo a conformational 

change, which can be determined by immunoprecipitation (149,330). To elucidate whether BAX 

and BAK were functionally relevant in A-1331852/S63845-induced apoptosis, we monitored their 

activation status upon treatment (Figure 5.16). 

 

Figure 5.16:  A-1331852/S63845 co-treatment causes an activation of BAX and BAK in RMS cells. 

RD (A) and Kym-1 cells (B) were treated with 0.25 M A-1331852 and/or 0.3 M (RD) or 0.03 M (Kym-1) 

S63845 for 3 h. Utilizing an active conformation-specific anti-BAK or anti-BAX antibody, activated BAK or BAX 

was immunoprecipitated. Presence of active BAX and BAK was analyzed by Western blotting together with total 

BAX and BAK expression levels and -Actin. Representative blots of at least two independent experiments are 

shown.  

Interestingly, we observed pronounced BAK and BAX activation upon A-1331852/S63845 

co-treatment in both RMS cell lines. In addition, detection of co-immunoprecipitated BAX or BAK, 

being bound to the activated immunoprecipitated BAK or BAX, respectively, points to BAX/BAK 

complex formation upon treatment. Further, faint activation of BAK and BAX was noticed already 

upon A-1331852 single treatment in RD cells (Figure 5.16A). On the other hand, in Kym-1 cells, 
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BAX, but not BAK, was slightly activated by S63845 treatment alone (Figure 5.16B). 

5.3.2 Individual or combined knockdown of BAX or BAK protects RMS cells from 

A-1331852/S63845-mediated cell death 

To determine whether the presence of BAX and BAK was necessary for A-1331852/S63845-

mediated apoptosis, BAX and/or BAK were genetically silenced in RD and Kym-1 cells via two 

siRNA constructs, respectively. KD efficiency was confirmed by Western blotting (Figure 5.17).  

 

Figure 5.17: Individual or combined knockdown of BAX or BAK rescues RMS cells from 

A-1331852/S63845-mediated cell death. 

BAX and/or BAK were transiently silenced in RD (A) and Kym-1 (B) cells by siRNA. Non-targeting siRNA was 

used as a control (siCtrl). Reduction of BAX and/or BAK protein levels was determined by Western blotting 48 h 

upon transfection with -Actin or GAPDH serving as a loading control. Representative blots of at least two 

independent experiments are shown. RD and Kym-1 cells were treated with 0.25 M A-1331852 and 0.3 M (RD) 

or 0.03 M (Kym-1) S63845 and cell death was determined by fluorescence microscope analysis of PI uptake 

using Hoechst 33342/PI co-staining (RD) or analysis of DNA fragmentation of PI-stained nuclei (Kym-1) 24 h 

upon treatment. Mean and SD of at least three independent experiments performed in triplicates are shown. 

*P < 0.05, **P < 0.01, ***P < 0.001. 

Indeed, KD of BAK alone as well as BAK/BAX double KD completely rescued cell death triggered 

by A-1331852/S63845 co-treatment in RD cells (Figure 5.17A). In addition, single silencing of BAX 

led to a significant, albeit partial rescue of apoptosis in RD cells. Of note, reduction of BAK alone 

caused a significant, however minor decrease of cell death in Kym-1 cells (Figure 5.17B), while 

BAX single KD prevented A-1331852/S63845-induced apoptosis in this cell line more effectively. 

In line with this, the protective effect of BAK/BAX double KD in Kym-1 cells was mainly attributed 

to the effect of BAX KD alone.  
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5.3.3 BAX knockdown in BAK knockout RD cells, but not BAK knockout alone, rescues 

from A-1331852/S63845 co-treatment-induced cell death   

Silencing of BAX and BAK by siRNA as performed in the previous section does not produce a 

complete lack of these proteins. Therefore, we aimed at a system in which these proteins were fully 

absent and possibly be able to provide a proof of principle concerning the previous results. To this 

end, we exploited the CRISPR/CAS9 system to generate RD and Kym-1 cells with genetic deletion 

of BAK (Figure 5.18).  

 

Figure legend on next page 
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Figure 5.18: BAX knockdown in BAK knockout RD cells, but not BAK knockout alone, rescues from 

A-1331852/S63845 co-treatment-induced cell death. 

(A-C): Parental, BAK KO and BAK NHT Kym-1 cells (A) and parental, BAK KO clone #4 and BAK NHT RD cells 

(C) were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845. Treatment with 15 nM 

JNJ and 5 M ABT-199 was utilized as a control for BAK dependent apoptosis in RD cells. Cell death was 

determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI co-staining 24 h upon 

treatment. (A+B): Protein expression levels were analyzed by Western blotting with -Actin serving as a loading 

control. Representative blots of at least two independent experiments are shown. (D): BAX was transiently 

silenced in RD NHT cells, RD BAK KO bulk cells and RD BAK KO clone #4 by utilizing siRNA. Non-targeting 

siRNA was used as a control (siCtrl). Reduction of BAX protein levels was determined by Western blotting 48 h 

upon transfection. Protein expression levels were analyzed by Western blotting with -Actin serving as a loading 

control. Representative blots of at least two independent experiments are shown. Cells were treated and cell 

death was assessed as described in (A-C). Mean and SD of at least three independent experiments (two 

independent experiments in RD cells treated with JNJ+ABT) performed in triplicates are shown. **P < 0.01, 

***P < 0.001. 

After single cell clones were expanded, Western blotting analysis of BAK was performed to test the 

KO efficacy. Importantly, BAK was completely absent in the generated single cell clones 

(exemplarily clone #20 is shown for Kym-1 cells and clone #4 is shown for RD cells; other clones 

not shown), while BAK was still expressed in non-human target (NHT) control cells (Figure 

5.18A+B). In addition, Sanger sequencing confirmed successful cutting of CAS9 at gRNA specific 

DNA sequences (data not shown). Unexpectedly, Kym-1 BAK KO clone #20 and RD BAK KO clone 

#4 were not significantly protected from A-1331852/S63845-induced cell death (Figure 5.18A+C). 

Of note, all other tested clones displayed the same inability to rescue cell death upon 

A-1331852/S63845 co-treatment (data not shown). Heinicke and Haydn et al. showed that BAK 

KD rescued JNJ/ABT-199-induced cell death from ~40% to ~15 - 20% (246), thereby providing a 

positive control for BAK-dependent cell death in RD cells. However, RD BAK KO clone #4 failed to 

rescue from JNJ/ABT-199-triggered cell death and even enhanced cell death (Figure 5.18C). To 

our best knowledge, there was no established, profound positive control for BAK-dependent cell 

death in Kym-1 cells determined in the literature.  

After obtaining these surprising results, we hypothesized that KO of BAK could lead to alterations 

of BCL-2 family proteins that could compensate for the loss of BAK. However, Western blotting 

analysis performed in RD BAK clone #4 demonstrated neither increase nor decrease of BCL-2 

family members (Figure 5.18B). Of note, the expression levels of NOXA were inconsistent in RD 

NHT cells throughout the replicates compared to parental RD cells. Nevertheless, there was no 

difference monitored in the NOXA expression levels of parental and RD BAK KO clone #4. 

Since the observed findings could not be explained by changes in the investigated BCL-2 family 

expression levels, we questioned whether BAX might compensate for the loss of BAK in RD BAK 

KO cells. This might serve as an adaptation process evolving as a means to circumvent apoptosis 

initiation. To test this hypothesis, we silenced BAX by two siRNA constructs in RD BAK KO cells 
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(Figure 5.18D). Besides the RD BAK KO clone #4, we further included the RD BAK KO bulk culture 

in our study to account for alterations that might have developed throughout the single clone 

selection process. KD efficacy was confirmed by Western blotting and BAK KO was also present 

in the RD BAK KO bulk culture. In contrast to the data obtained in parental cells (Figure 5.17A), 

BAX KD almost completely prevented A-1331852/S63845-induced cell death in RD BAK KO clone 

#4 as well as in the RD BAK KO bulk culture. This suggests a differential function of BAX in RD 

BAK KO cells compared to parental RD cells. A partial rescue was also expected in RD NHT cells 

comparable to the one in parental RD cells presented in the previous figure (Figure 5.17A), this 

was, however, not observed.  

Experiments with RD BAK KO cells led to unclear results regarding the reliability of the system 

when it comes to unaltered functional relevance of BCL-2 family proteins and their interaction 

patterns compared to parental RMS cells. For this reason, no BAX KO RMS cell lines were created. 

5.3.4 Co-treatment with A-1331852/S63845 displaces BAK from MCL-1 and 

BCL-XL in RMS cells          

MCL-1 and BCL-XL were reported to interact with BAK in order to prevent apoptosis (Mode 2 of 

sequestration) (128,134). Therefore, A-1331852/S63845 co-treatment might influence the 

interactions between BAK and MCL-1 and/or BCL-XL thus leading to activation and complex 

formation of BAK and BAX resulting in apoptosis initiation. With the aim to investigate whether there 

was a change in the binding pattern of MCL-1/BCL-XL with BAK, Co-IPs of BAK were performed 

(Figure 5.19). 

 

Figure 5.19: A-1331852/S63845 co-treatment displaces BAK from MCL-1 and BCL-XL in RMS cells. 

RD (A) and Kym-1 cells (B) were pre-treated with zVAD.fmk for 1 h and afterwards treated with 0.25 M 

A-1331852 and/or 0.3 M (RD) or 0.03 M (Kym-1) S63845 for 3 h. Subsequently, a BAK IP was performed and 

precipitates were analyzed for interactions with BCL-XL and MCL-1. -Actin served as a loading control. 

Representative blots of at least two independent experiments are shown. An asterisk indicates an unspecific 

band. 
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Strikingly, BAK was endogenously bound to BCL-XL in RD cells, while it was strongly sequestered 

by MCL-1 in Kym-1 cells. Furthermore, in RD cells A-1331852 treatment alone disrupted the 

interaction between BAK and BCL-XL and shifted BAK to MCL-1 (Figure 5.19A). Of note, additional 

treatment with S63845 markedly blocked this shift. Likewise, we detected a faint interaction 

between BAK and BCL-XL in Kym-1 cells that was presumably disrupted by A-1331852 single 

treatment or A-1331852/S63845 co-treatment (Figure 5.19B). Moreover, we observed that S63845 

single treatment and A-1331852/S63845 co-treatment displaced BAK from MCL-1 in Kym-1 cells. 

5.3.5 BAX does not interact with MCL-1 or BCL-XL in untreated or A-1331852/S63845 

co-treated Kym-1 cells 

Similar to BAK, also BAX is described to be bound to MCL-1 and BCL-XL, which prevents it to exert 

its pro-apoptotic action (Mode 0 / Mode 2 of sequestration) (109,110,134). In order to check 

whether A-1331852/S63845 co-treatment had comparable effects on BAX as on BAK interactions 

(Figure 5.19), we analyzed the interaction pattern of BAX with MCL-1/BCL-XL by conducting BAX 

Co-IPs. However, we did not detect any interactions of BAX with MCL-1 or BCL-XL, neither in 

A-1331852/S63845-treated, nor in untreated Kym-1 cells (Figure 5.20). Additionally, in BCL-XL and 

MCL-1 Co-IPs no interactions of MCL-1 or BCL-XL with BAX were detected (data not shown), which 

confirms the observations in the vice versa BAX Co-IPs. 

 

Figure 5.20: BAX does not interact with MCL-1 or BCL-XL in untreated or A-1331852/S63845 co-treated 

Kym-1 cells. 

Kym-1 cells were pre-treated with zVAD.fmk for 1 h and afterwards treated with 0.25 M A-1331852 and 0.03 M 

S63845 for 3 h. Subsequently, a BAX IP was performed and  precipitates were analyzed for interactions with 

BCL-XL and MCL-1. -Actin served as a loading control. Representative blots of at least two independent 

experiments are shown.  

With regard to the BAX Co-IP, we initially focused on the Kym-1 cell line for two reasons: Firstly, 

BAX protein levels were higher in Kym-1 cells compared to RD cells (Table 5.1). Secondly, KD 

experiments of BAX and BAK in Kym-1 cells demonstrated a higher relevance of BAX than BAK in 

this cell line (Figure 5.17). Since the BAX Co-IP required extensive optimization and BAX was found 
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to be less relevant in RD cells for A-1331852/S63845-mediated cell death (Figure 5.16 and Figure 

5.17), we decided to not follow this up further.  
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In this subpart of the study, we demonstrated the importance and functional relevance of the 

pro-apoptotic BCL-2 family proteins BAX and BAK in executing apoptosis induced by 

A-1331852/S63845-co-treatment. In conclusion, i) BAX and/or BAK were (partially) necessary to 

mediate A-1331852/S63845-triggered apoptosis in a cell line-dependent manner; 

ii) A-1331852/S63845 co-treatment facilitated the activation and complex formation of BAX and 

BAK; iii) A-1331852 and/or S63845 released BAK from MCL-1 and BCL-XL; iv) the results from our 

experiments lead us to hypothesize that in Kym-1 cells BAX is not endogenously bound to BCL-XL 

or MCL-1 and thereby cannot be displaced by A-1331852/S63845 co-treatment.  
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5.4 The role of BH3-only proteins in A-1331852/S63845-caused cell death in 

RMS cells 

Not only BAX and BAK, but also BH3-only proteins such as BIM, NOXA, PUMA and BMF are crucial 

performers in intrinsic apoptosis (121). Since it is known that BH3 mimetics are able to disrupt 

pro-apoptotic BH3-only proteins from their binding with MCL-1 and BCL-XL (227,270), we 

speculated that this might also be the case for A-1331852/S63845-induced apoptosis.  

5.4.1 The BH3-only proteins BIM and NOXA contribute to A-1331852/S63845-induced 

cell death in a cell line-dependent manner 

To begin with, we aimed at determining whether the presence of BIM, NOXA, PUMA and BMF was 

critical for apoptosis caused by A-1331852/S63845-co-treatment. To this end, these proteins were 

transiently silenced utilizing two or three siRNA constructs in RD (Figure 5.21) and Kym-1 cells 

(Figure 5.22). Western blotting evidenced KD efficacy. Interestingly, BIM KD resulted in a slight, 

however statistically significant, prevention of A-1331852/S63845-mediated cell death in RD, but 

not in Kym-1 cells (Figure 5.21 and Figure 5.22A). Furthermore, KD of NOXA alone or combined 

NOXA/BIM KD markedly rescued A-1331852/S63845-induced cell death in RD cells from ~60% to 

~25 - 40% (Figure 5.21B+C). Due to the lack of NOXA expression in Kym-1 cells (Figure 5.1), we 

refrained from conducting a NOXA KD in this cell line. Moreover, transient silencing of PUMA failed 

to protect both RD and Kym-1 cells from cell death mediated by concomitant A-1331852/S63845 

treatment (Figure 5.21D and Figure 5.22B). Finally, we examined a potential role of BMF in this 

context. However, similar to PUMA, reduction of BMF by siRNA was incapable to decrease cell 

death induced by A-1331852/S63845 co-treatment (Figure 5.21E and Figure 5.22C). RMS cell lines 

display only minor expression of BMF, thus making it challenging to prove the reduction of BMF 

expression upon KD by Western blotting. Consequently, we performed qPCR and confirmed a 

tendency towards a decrease of BMF mRNA levels upon KD, which was statistically significant at 

least in Kym-1 cells (Figure 5.21E and Figure 5.22C). 
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Figure legend on next page 
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Figure 5.21: The BH3-only proteins BIM and NOXA contribute to A-1331852/S63845-mediated cell death in 

RD cells. 

BIM and/or NOXA (A-C), PUMA (D) or BMF (E) were transiently silenced in RD cells by siRNA. Non-targeting 

siRNA was used as a control (siCtrl). Reduction of respective protein levels was determined by Western blotting 

48 h after transfection with -Actin serving as a loading control. Representative blots of at least two independent 

experiments are shown. (A-D). Reduction of BMF mRNA levels was assessed 48 h after transfection by q-PCR 

(at least three independent experiments were performed) (E). RD cells were treated with 0.25 M A-1331852 and 

0.3 M S63845 and cell death was determined by fluorescence microscope analysis of PI uptake using Hoechst 

33342/PI co-staining 24 h upon treatment. Mean and SD of at least three independent experiments performed in 

triplicates are shown. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Figure 5.22: The BH3-only proteins BIM, PUMA and BMF do not contribute to A-1331852/S63845-mediated 

cell death in Kym-1 cells. 

BIM (A), PUMA (B) or BMF (C) were transiently silenced in Kym-1 cells by siRNA. Non-targeting siRNA was used 

as a control (siCtrl). Reduction of respective protein levels was determined by Western blotting 48 h after 

transfection with -Actin serving as a loading control. Representative blots of at least two independent 

experiments are shown (A+B). Reduction of BMF mRNA levels was assessed 48 h after transfection by q-PCR (at 

least three independent experiments were performed) (C). Kym-1 cells were treated with 0.25 M A-1331852 and 

0.03 M S63845 and cell death was determined by analysis of DNA fragmentation of PI-stained nuclei 24 h upon 

treatment. Mean and SD of at least three independent experiments performed in triplicates are shown. **P < 0.01, 

***P < 0.001. 
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5.4.2 A-1331852/S63845 co-treatment leads to a shift in the interaction pattern of 

BH3-only and anti-apoptotic BCL-2 family proteins in RD, but not in Kym-1 cells 

As BIM and NOXA played a role in implementing A-1331852/S63845-induced cell death in RD 

cells, the question inevitably arose how BIM and NOXA performed their function. Therefore, we 

analyzed the interaction pattern of the anti-apoptotic BCL-2 family proteins MCL-1, BCL-XL and 

BCL-2 with the BH3-only proteins NOXA and BIM by performing Co-IPs of MCL-1, BCL-XL and 

BCL-2 (Figure 5.23).  

 

Figure legend on next page 
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Figure 5.23: A-1331852/S63845 co-treatment leads to a shift in the interaction pattern of BH3-only and 

anti-apoptotic BCL-2 family proteins in RD, but not in Kym-1 cells. 

RD (A) and Kym-1 (B) cells were pre-treated with zVAD.fmk for 1 h and afterwards treated with 0.25 M 

A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845 for 3 h. Subsequently, MCL-1, BCL-XL and BCL-2 IPs 

were performed and precipitates were analyzed for interactions with BIM and NOXA. -Actin served as a loading 

control. Representative blots of at least two independent experiments are shown.  

In RD cells, BIM was endogenously sequestered by BCL-XL and MCL-1 (Figure 5.23A). Strikingly, 

A-1331852 single treatment shuttled BIM from BCL-XL to MCL-1, a process that could partly be 

averted by concomitant treatment with S63845. Furthermore, endogenous binding of NOXA with 

MCL-1 in RD cells was disrupted by S63845 alone and A-1331852/S63845 co-treatment. Neither 

was BIM endogenously interacting with BCL-2, nor was it shuttled from MCL-1 or BCL-XL to BCL-2 

upon A-1331852/S63845 co-treatment. 

Next, we investigated the binding pattern of BCL-2 family proteins in Kym-1 cells as well. Even 

though BIM was endogenously interacting with MCL-1, S63845 as single agent or in combination 

with A-1331852 did not provoke any alteration of this binding (Figure 5.23B), thus providing 

additional evidence that BIM is not involved in A-1331852/S63845-stimulated cell death in Kym-1 

cells. In contrast to RD cells, BIM was not endogenously sequestered by BCL-XL in this cell line. 

As Kym-1 cells did not express NOXA (Figure 5.1), we did not probe for any interactions with this 

protein.  

In summary, this set of experiments highlighted the role of BIM and NOXA in A-1331852/S63845-

induced cell death in RD cells and showed that i) the BH3-only proteins BIM and NOXA contributed 

to execute apoptosis triggered by A-1331852/S63845 co-treatment in RD, but not in Kym-1 cells; 

ii) the BH3-only proteins PUMA and BMF did not contribute to A-1331852/S63845-mediated 

apoptosis in RMS cells; iii) A-1331852/S63845 co-treatment influenced the interaction pattern of 

BIM and NOXA with BCL-XL and MCL-1 in RD, but not in Kym-1 cells. 
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5.5 Investigating A-1331852/S63845 co-treatment with regard to future clinical 

applications in RMS cells 

In the previous parts of the thesis, we explored the potency of A-1331852/S63845 co-treatment in 

pediatric solid tumor cells and shed light on its molecular mechanism in RMS. In order to pave the 

way for this highly effective combination treatment to the clinic, additional studies focusing on its 

application are indispensable. Therefore, we evaluated different treatment schedules as well as the 

effect of A-1331852/S63845-co-treatment on non-malignant cells, in a spheroid-based 3D 

approach and in an in vivo CAM model.  

Experiments with RMS spheroids were performed in cooperation with the Ph.D. student Vinzenz 

Särchen (indicated in the Figure legends), who contributed equally to the establishment of spheroid 

cell culture. 

5.5.1 Non-malignant cells are largely spared by A-1331852/S63845 co-treatment 

It is of utmost importance that cancer treatment is selectively targeting cancer cells while sparing 

healthy cells. As A-1331852/S63845 co-treatment was found to be the most effective BH3 mimetic 

combination in all tested pediatric solid cancers, we proceeded to study its effect on non-malignant 

tissue. To this aim, we used A-1331852 and/or S63845 at concentrations relevant for further 

studies. 

First, we checked whether the human fibroblast cell line MRC5 was susceptible to dual blockade 

of MCL-1 and BCL-XL. Remarkably, A-1331852/S63845 co-treatment caused no or only a slight 

increase in cell death or activation of caspase-3 and -7 (Figure 5.24A+B). This faint rise was mainly 

mediated by A-1331852 alone. Since the MCL-1 inhibitor S63845 is administered intravenously 

(i.v.) (227), we extended our study to human peripheral blood mononuclear cells (PBMCs). After 

isolation of PBMCs from Buffy coats of three individual human healthy donors, their response 

towards A-1331852/S63845 co-treatment was monitored (Figure 5.24C). In line with MRC5 cells, 

PBMCs did not display a marked increase in cell death upon treatment.  

In this context, Western blotting analysis was performed to assess the presence of BCL-2 family 

proteins in MRC5 cells and PBMCs in direct comparison to RMS cell lines. In general, MRC5 cells 

as well as all three individual PBMCs samples showed the expression of all BCL-2 family proteins 

(Figure 5.24D). Exceptionally, expression of NOXA was unclear in PBMCs as the detected signal 

for this protein was faint or absent. BCL-2 family proteins were expressed to slightly variable, 

however similar extents throughout PBMCs, MRC5 and RMS cells. Two outstanding differences 

were apparent: Firstly, MCL-1 expression levels were lower in PBMCs compared to MRC5 and 

RMS cells. Secondly, BIM expression was decreased in MRC5 cells in comparison to RMS cell 

lines. 
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To account for the fact that RMS cells, which were mainly used throughout this thesis, presumably 

originate from mesenchymal muscle progenitor cells (9), we explored the vulnerability of the murine 

myoblast cell line C2C12 towards A-1331852/S63845 co-treatment. Strikingly, A-1331852/S63845 

co-treatment induced no or only a slight increase in cell death or activation of caspase-3 and -7 

which was primarily attributed to A-1331852 treatment alone (Figure 5.24D). Since C2C12 cells are 

of murine origin and the antibodies used throughout the study were not suitable to detect murine 

proteins, BCL-2 family protein expression levels in C2C12 cells were not included in the Western 

blotting analysis.  
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Figure 5.24: Non-malignant cells are largely spared by A-1331852/S63845 co treatment. 

MRC5 cells (A,B), human PBMCs isolated from three individual buffy coats of healthy donors (C)  and C2C12 

cells (E,F)  were treated with indicated concentrations of A-1331852 and/or S63845 for 48 h. Cell death was 

determined by fluorescence microscope analysis of PI uptake using Hoechst 33342/PI co-staining (A,C,E). 

CellEventTM Caspase 3/7 assay was utilized to assess caspase activity (B,F). Mean and SD of at least three 

independent experiments performed in triplicates are shown. (D): Basal expression levels of anti- and pro-

apoptotic BCL-2 family proteins in RMS cell lines were compared to non-malignant cells. Protein expression 

levels were analyzed by Western blotting with -Actin serving as a loading control. Representative blots of at least 

two independent experiments (MRC5 and RMS cell lines) or one experiment (PBMCs of three individual donors) 

are shown. 

5.5.2 A treatment schedule including BH3 mimetic pre-treatment is feasible to induce 

cell death in RMS cells 

Administering A-1331852 and S63845 at the same time might present a challenge to clinical studies 

concerning side effects in the patients since inhibition of MCL-1 and/or BCL-XL provokes apoptosis 

in hepatocytes (178,179). However, cancer treatments exercised in the clinic frequently include 

repetitive treatment schedules with consecutive drug administration. In order to examine whether 

successive treatment of BH3 mimetics led to similar amounts of cell death as simultaneous 

application of the drugs, pre-treatment with either one of the BH3 mimetics was performed before 

the second drug was added 24 h later. Cell death was determined after another 24 h (Figure 5.25). 

Of note, BH3 mimetics pre-treatment significantly decreased the percentage of cell death compared 

to concomitant drug treatment in both RMS cell lines. Nevertheless, A-1331852 and S63845 

pre-treatment still yielded ~45 - 50% and ~25 - 30% cell death, respectively. Interestingly, pre-

treatment with A-1331852 resulted in a stronger effect than S63845 pre-treatment in both Kym-1 

and RD cells.  
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Figure 5.25: A treatment schedule including BH3 mimetic pre-treatment is feasible to induce cell death in 

RMS cells. 

RD (A) and Kym-1 (B) cells were treated with 0.25 M A-1331852 and 0.3 M (RD) or 0.03 M (Kym-1) S63845 

in a sequential manner: Cells were pre-treated with one of the agents and 24 h later the second BH3 mimetic was 

added. Cell death was determined by fluorescence microscope analysis of PI uptake using Hoechst 

33342/PI co-staining 24 h upon treatment with the second agent. Mean and SD of at least three independent 

experiments performed in triplicates are shown. *P < 0.05, **P < 0.01, ***P < 0.001. 

5.5.3 RMS spheroids are sensitive to A-1331852/S63845 co-treatment  

Cells naturally grow in a three-dimensional (3D) environment. Therefore, two-dimensional (2D) 

conventional cell culture has only limited validity regarding the response of tumor cells to a certain 

treatment. 3D multicellular spheroids can enable a more realistic prediction of drug sensitivity (339-

341). Hence, we sought to generate multicellular RMS spheroids with the aim to explore their 

vulnerability to A-1331852/S63845 co-treatment. To start with, we chose GFP-labelled RD and 

RH30 cells (RD-GFP and RH30-GFP) to facilitate fluorescence microscope imaging. In addition, 

we utilized Kym-1 cells that are not yet available with GFP expression. Depending on the cell line, 

spheroids were prepared with cell numbers ranging from 1000 – 10,000 and their growth was 

monitored for seven days upon seeding (Figures 5.26-5.28). Long-term culture of spheroids was 

possible 13 – 17 days after seeding (data not shown).  

Importantly, all three cell lines were capable to build spheroids that increased in size over time in a 

cell number-dependent manner. Interestingly, the spheroid phenotype varied between the different 

RMS cell lines as RD-GFP cells formed particularly compact and round spheroids with a sharp 

border to its environment (Figure 5.26A). On the other hand, Kym-1 spheroids were characterized 

by a more loose assembly, but still displayed defined borders (Figure 5.27A). RH30-GFP spheroids 

displayed a denser phenotype than Kym-1 cells, however they were not as compact as RD-GFP 

spheroids and developed a dense boundary only at later stages (d7) (Figure 5.28A). Strikingly, 

RD-GFP cells showed an outstanding ability to generate especially tight aggregations within 24 h 

upon seeding while this was not apparent for RH30-GFP and Kym-1 spheroids to this extent. 

Moreover, depending on the day of acquisition and cell numbers seeded, RD-GFP spheroids had 

an average diameter of 600 – 800 m (Figure 5.26B). Kym-1 and RH30-GFP cells built larger 

spheroids ranging from 1300 – 2200 m and 700 – 1600 m, respectively (Figure 5.27B and 

Figure 5.28B).  This is in line with the degree of spheroid compaction reflecting that, compared to 

RH30-GFP and Kym-1, RD-GFP spheroids had the lowest average diameter while being seeded 

with the highest cell number. 

For further experiments, we chose cell numbers of 5000 cells for RD-GFP spheroids and 2500 cells 

for RH30-GFP and Kym-1 spheroids. This ensured appropriate spheroid compaction and size 

(RD-GFP: ~600 m, Kym-1: ~1600 m and RH30-GFP: ~800 m) at the time-point of treatment 

with BH3 mimetics (d3).  
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Figure 5.26: RD cells form spheroids in a cell number dependent size that grow over time. 

(A): Spheroid growth was monitored using fluorescence microscopy on indicated days. GFP signal was assessed 

by 40 horizontal stacks through the spheroids with 20 m step size. Representative best focus images are shown. 

Experiments were conducted one-two times in at least triplicates. Scale bar = 500 m. (B): Quantification of the 

average spheroid diameter from data shown in (A) (n=7 spheroids) on day 3-5. Mean and SD are shown. 

Experiments were performed in cooperation with Vinzenz Särchen. 
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Figure 5.27: Kym-1 cells form spheroids in a cell number dependent size that grow over time. 

(A): Spheroid growth was monitored using fluorescence microscopy on indicated days. Hoechst-33342 signal was 

assessed by 40 horizontal stacks through the spheroids with 20 m step size. Representative best focus images 

are shown. Experiments were conducted one-two times in at least triplicates. Scale bar = 500 m. 

(B): Quantification of the average spheroid diameter from data shown in (A) (n=5-6 spheroids) on day 3-5. Mean 

and SD are shown. 
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Figure 5.28: RH30 cells form spheroids in a cell number dependent size that grow over time. 

(A): Spheroid growth was monitored using fluorescence microscopy on indicated days. GFP signal was assessed 

by 40 horizontal stacks through the spheroids with 20 m step size. Representative best focus images are shown. 

Experiments were conducted one-three times in at least triplicates. Scale bar = 500 m. (B): Quantification of the 

average spheroid diameter from data shown in (A) (n=4-7 spheroids) on day 3-5. Mean and SD are shown. 

Experiments were performed in cooperation with Vinzenz Särchen. 

In order to evaluate whether RMS spheroids were similarly responsive to combined 

A-1331852/S63845 treatment as RMS cells in monolayer 2D cell culture, we exposed spheroid and 

conventional RD-GFP, Kym-1 and RH30-GFP cell cultures to increasing concentrations of 

A-1331852 and/or S63845. Determination of cell viability demonstrated a strong dose-dependent 

decrease in both spheroid and monolayer cell cultures already at nanomolar concentrations (Figure 

5.29). Furthermore, assessment of Bliss synergy scores revealed a highly synergistic interaction of 

A-1331852 and S63845 to diminish cell viability in spheroid and monolayer cell cultures (Table 5.9). 

Interestingly, Bliss synergy scores were consistently lower for spheroids compared to monolayer 
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Figure 5.29: RMS spheroids display decreased cell viability upon A-1331852/S63845 co-treatment. 

RMS cells (A: 2D) and RMS spheroids (B: 3D) were treated with indicated concentrations of A-1331852 and 

S63845 for 48 h. CellTiter-Glo® Luminescent Cell Viability Assay was used to determine ATP levels and thereby 

cell viability. Mean and SD of at least three independent experiments performed in triplicates are shown. 

Table 5.9: Bliss synergy scores of combined A-1331852/S63845 treatment in RMS conventional (2D) vs. spheroid 

(3D) culture. 

Cell Line Bliss score  2D Bliss score  3D 

RD-GFP 66.3 48.6 

Kym-1 93.6 86.8 

RH30-GFP 89.5 54.7 

 

Next, we wanted to investigate whether A-1331852/S63845 co-treatment induces cell death in 

RD-GFP and Kym-1 spheroids at concentrations used throughout the study. To this end, we 

administered the respective doses to RD-GFP and Kym-1 spheroids followed by measurement of 

cell death. PI staining was utilized to determine the amount of dead cells, Hoechst-33342 to stain 

all cells and GFP as a marker for alive cells, since dead cells lose the expression of GFP. Clearly, 

dual A-1331852/S63845 treatment triggered cell death in RD-GFP and Kym-1 spheroids as 

evidenced by a significant increase of the average PI/GFP or PI/Hoechst-33342 ratio upon co-

treatment, but not upon single administration of the BH3 mimetics (Figure 5.30A+B and Figure 

5.31A+B). Interestingly, RD-GFP spheroids displayed PI-positive cells mainly at its outer layer 

whereas the core remained viable (Figure 5.30A). In contrast, Kym-1 spheroids showed uniform 

PI-stained cells throughout its complete area (Figure 5.31A). This might be attributed to the 
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differential compaction and thereby diffusion barrier of RD-GFP and Kym-1 spheroids. Additionally, 

RD and Kym-1 spheroid size decreased markedly upon concomitant A-1331852/S63845 treatment 

(Figure 5.30C and Figure 5.31C). 

 

Figure 5.30: A-1331852/S63845 co-treatment induces cell death in RD spheroids. 

RD spheroids were treated with 0.25 M A-1331852 and 0.3 M S63845 for 48 h followed by staining with PI, 

Hoechst-33342 and fluorescence microscope imaging. (A): GFP and PI signals were assessed by 40 horizontal 

stacks through the spheroids with 20 m step size. Representative best focus images are shown. Scale 

bar = 500 m. Quantification of the average PI/GFP intensity (B) and average area (utilizing Hoechst-33342 

staining) (C) from data shown in (A). Mean and SD of at least three independent experiments performed in 

triplicates are shown. *P < 0.05, **P < 0.01. 
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Figure 5.31: A 1331852/S63845 co-treatment induces cell death in Kym-1 spheroids. 

Kym-1 spheroids were treated with 0.25 M A-1331852 and 0.03 M S63845 for 48 h followed by staining with PI, 

Hoechst-33342 and fluorescence microscope imaging. (A): Hoechst-33342 and PI signals were assessed by 

40 horizontal stacks through the spheroids with 20 m step size, respectively. Representative best focus images 

are shown. Scale bar = 500 m. Quantification of the average PI/Hoe intensity (B) and average area (utilizing 

Hoechst-33342 staining) (C) from data shown in (A). Mean and SD of at least three independent experiments 

performed in triplicates are shown. **P < 0.01. 

Furthermore, treatment with rising concentrations of A-1331852 and/or S63845 revealed that cell 

death in RMS spheroids increased in a dose-dependent way (Figure 5.32). Similar to observations 

made in conventional monolayer cell culture (Figure 5.3), RH30-GFP and Kym-1 cells were more 
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cultured as multicellular spheroids and that the response to BH3 mimetics might differ between 2D 

and 3D culture. 

 

Figure 5.32: A-1331852/S63845-triggered cell death in RMS spheroids is dose-dependent. 

RMS spheroids were treated with indicated concentrations of A-1331852 and/or S63845 for 48 h followed by 

staining with PI and/or Hoechst 33324. Cell death was determined by fluorescence microscope analysis of PI 

uptake using GFP/PI or Hoechst 33342/PI co-staining. Mean and SD of at least three independent experiments 

performed in triplicates are shown. 

5.5.4 A-1331852/S63845 co-treatment significantly causes caspase-3 activation in a 

CAM model with Kym-1 cells 

Concomitant inhibition of MCL-1 and BCL-XL by A-1331852 and S63845 was reported to be 

challenging at “therapeutic doses” (269) as it resulted in acute liver toxicity in mice. For this reason, 

we exploited a less complex model, an in vivo embryonic chicken model (CAM assay), utilizing 

RMS cell lines. Figure 5.33A illustrates the CAM assay procedure and treatment schedule. Kym-1 

cells were added on top of the CAM of chicken eggs 8 days upon fertilization. A-1331852 and/or 

S63845 were applied on the three following days (day 9 - 11). One day later (day 12), tumors were 

extracted and immunohistochemically evaluated for active caspase-3. Indeed, A-1331852/S63845 

co-treatment led to a significant rise in active caspase-3-positive cells per tumor area in comparison 

to the DMSO control and A-1331852 treatment as single agent (Figure 5.33B+C). Additionally, 

A-1331852/S63845 co-treatment increased caspase-3 cleavage when compared to S63845 single 

treatment, albeit this tendency was not statistically significant. Instead, S63845 treatment alone 

already exhibited an enhanced cleavage of caspase-3 in comparison to the DMSO control.  
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Figure 5.33: A-1331852/S63845 co-treatment significantly causes caspase-3 activation in a CAM model 

with Kym-1 cells. 

(A): Scheme of in vivo study design of the CAM model: On day 8 upon fertilization of the chicken egg Kym-1 cells 

were implanted on the CAM. The grown tumor was treated with 0.25 M A-1331852 and/or 0.3 M S63845 for 

three consecutive days (day 9-11). Tumors were extracted from the CAM and fixed for immunohistochemistry in 

order to prepare sections on day 12. (B): Tumor sections were stained with an antibody specific for cleaved 

caspase-3. Representative images of the sections are shown. Scale bar = 1000 m. (C): Quantification of 

caspase-3 positive area per tumor area of 18 - 23 tumors. Mean and SEM of at least three independent 

experiments performed in triplicates are shown. *P < 0.05, **P < 0.01, ***P < 0.001. 

Overall, this set of experiments showed that A-1331852/S63845 co-treatment i) was highly powerful 

in pediatric solid cancer cells but spared non-malignant control cells, hence pointing to some tumor 

selectivity; ii) achieved a significant induction of cell death when applied as a sequential treatment, 

albeit to a lower extent than in its concomitant administration; iii) decreased cell viability and 

triggered cell death in a dose-dependent manner in RMS spheroids; iv) demonstrated efficacy in 

an in vivo embryonic chicken model of RMS. Hence, these findings highlight the huge potential of 

dual MCL-1/BCL-XL inhibition as a future treatment option for pediatric solid tumors such as RMS.
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6 Discussion 

This dissertation explores the potential of anti-apoptotic BCL-2 family proteins as therapeutic 

targets in pediatric solid cancers. BH3 mimetics have shown encouraging achievements especially 

in hematological cancers and might provide an interesting option for solid cancer treatment as well 

(194). Here, we investigate the response of different pediatric solid cancer cell lines to selective 

BH3 mimetics. Moreover, we unveil the underlying molecular mechanisms behind the highly 

synergistic interaction of A-1338152 and S63845 co-treatment to induce cell death in RMS. Finally, 

we underline the translational relevance of this co-treatment suggesting its evaluation in further 

preclinical and clinical studies.  

6.1 Pediatric solid cancers are susceptible to combined inhibition of 

anti-apoptotic BCL-2 family proteins 

6.1.1 Expression of BCL-2 family proteins: Predictors of response? 

In the first section of the study, we demonstrate that a panel of RMS, OS and ES cell lines 

expresses pro- and anti-apoptotic BCL-2 family members. Hence, these cancer cells are equipped 

with anti-apoptotic target proteins enabling successful BH3 mimetic treatment. The expression of 

pro-apoptotic members is of equal importance since it is a prerequisite to “prime” the cells for 

apoptosis (193). Though expression levels of BCL-2 family proteins vary between the tested cell 

lines, the majority of the pediatric solid cancer cells expresses all BCL-2 members that were 

investigated in this study. Moreover, we cannot identify BCL-2 family protein expression patterns 

typical for the ARMS or ERMS subtype of RMS. However, our sample size (especially concerning 

the ARMS subtype that only included three cell lines) is likely too small to draw a reliable conclusion. 

In the current thesis, we observe that the examined RMS cell lines are almost exclusively 

insensitive to BH3 mimetic single treatment and this is independent of the BCL-2 family expression 

status. The question whether BCL-2 family expression levels commonly correlate with the cell’s 

response to BH3 mimetics, thus serving as a predictive biomarker, has not yet been conclusively 

answered. On the one hand, there are reports stating that there is no correlation between MCL-1, 

BCL-XL or BCL-2 protein expression and the susceptibility to BH3 mimetics as it is e.g. the case 

for lung squamous cell carcinoma (269). On the other hand, for instance, BCL-2 protein expression 

was connected to ABT-199 sensitivity in MM and SCLC cells, implicating cell type-dependent 

differences (342-344). Interestingly, MCL-1 and BCL-XL mRNA ratios were frequently reported to 

be indicative of the cell’s vulnerability to BH3 mimetics in various cancer entities (207,210,227,345). 

In our screen, two cell lines, namely RH18 and TE441.T cells, are outstanding since they 

demonstrate a single sensitivity to BCL-XL or MCL-1 inhibition, respectively. RH18 cells express 

lower levels of MCL-1 compared to other RMS cell lines, whereas their BCL-XL levels are 

comparatively high. In contrast, the MCL-1 dependent TE441.T cells show comparably low 

expression of MCL-1, however, they express massive amounts of BCL-2. Since RH18 and TE441.T 



Discussion 

108 
 

cells are the only cell lines in our screen that display single sensitivity together with this distinct 

expression pattern, our observations cannot be generalized and it remains unclear whether it is the 

reason for their response. Several publications suggested that the differential interaction pattern 

and thus the “priming” status rather than the expression levels might be able to predict a cancer’s 

susceptibility to BH3 mimetics (125,212,346). Although RMS cells are largely insensitive to single 

agent BH3 mimetics, we find that they are “primed” for apoptosis since the anti-apoptotic proteins 

BCL-XL and MCL-1 are occupied by their pro-apoptotic relatives. Consistently, we observe that in 

RD cells BIM and BAK sequester BCL-XL while they interact with MCL-1 in Kym-1 cells, which 

might explain why RD cells are more responsive to BCL-XL inhibition and Kym-1 cells more 

susceptible to blockade of MCL-1. Interestingly, especially ES cells demonstrate an increased 

sensitivity to single agent A-1331852 or S63845. However, further investigations are required to 

determine whether this can be explained by the “priming” status of these cells. Collectively, our 

results imply that the complex interplay between the BCL-2 family proteins determines the 

sensitivity to BCL-2 inhibitors irrespective of their expression levels. 

6.1.2 A-1331852/S63845 co-treatment synergistically induces cell death in all 

investigated pediatric solid tumor cell lines 

As the vast majority of investigated pediatric solid cancer cell lines are resistant to treatment with 

selective BH3 mimetics as single agents, we assessed the potential of BH3 mimetics in 

combinations. Anti-apoptotic BCL-2 family proteins were described to be able to compensate each 

other’s loss providing the underlying rationale to investigate combinatorial regimens (212). Indeed, 

dual administration of A-1331852 and S63845 strongly triggers dose-dependent cell death in all 

tested RMS, OS and ES cell lines. These agents act together in a highly synergistic manner and 

further potentiate cell death even in the single sensitive RMS cell lines RH18 and TE441.T. 

Moreover, in ES cell lines that display a certain response to A-1331852 or S63845 single treatment, 

their concomitant application additionally sensitizes these cells to cell death. Importantly, genetic 

silencing of MCL-1 and/or BCL-XL combined with their pharmacological inhibition confirmed the on-

target specificity of A-1331852 and S63845 in RMS. In addition, we do not observe ARMS- or 

ERMS-specific differences in the sensitivity to dual MCL-1 and BCL-XL blockade. Overexpression 

of FGFR4, MYC and GLI as well as mutations in TP53 and RAS are typical features of RMS cell 

lines. This is also the case for CDKN2A underexpression and TP53 mutations in OS and ES cells 

(refer to Tables 4.1-4.4). Clearly, combined inhibition of MCL-1 and BCL-XL is effective in both 

TP53 wildtype and mutant cancer cell lines, which was expected since BH3 mimetics act 

downstream of TP53 (103,234). Furthermore, a relation between the potency of 

A-1331852/S63845 co-treatment and the mutation or over/underexpression of a specific gene 

cannot distinctly be identified. All in all, this implicates that A-1331852/S63845 co-treatment 

provides an equally promising treatment option for RMS, OS and ES independent of their mutation 

status and histological subtypes. 
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6.1.3 MCL-1 and BCL-XL, but not BCL-2, are key therapeutic targets in RMS, OS as well 

as  ES 

It was reported that in solid tumors MCL-1 and BCL-XL play a more crucial role to sustain survival 

than BCL-2 (245,277,347). Consistently, in the current study A-1331852/S63845 co-treatment is 

superior in inducing cell death compared to combinations of either inhibitor with ABT-199. This was 

observed for all tested RMS, OS and ES cell lines. Since we do not investigate all RMS cell lines 

for their response to co-treatments with ABT-199, we cannot exclude the possibility that there are 

some in which BCL-2 might play a similar vital role as MCL-1 and BCL-XL. Moreover, in Kym-1 

cells that lack BCL-2 expression additional treatment with ABT-199 does not further potentiate cell 

death caused by A-1331852 or S63845. Hence, we provide a proof of principle for the specificity of 

ABT-199 to target BCL-2, but not MCL-1 or BCL-XL. Additionally, these results are in line with our 

finding that in RD cells BCL-2 does not have an active part in endogenously sequestering or taking 

over pro-apoptotic BCL-2 proteins upon their displacement from MCL-1 or BCL-XL by A-1331852 

and/or S63845. Importantly, this finding highlights the potency of A-1331852/S63845 co-treatment 

also in cell lines with high BCL-2 expression. Of note, in previous studies with RD cells, BCL-2 was 

shown to markedly sequester BIM. However, these Co-IP experiments were performed with 

CHAPS lysis buffer and not, as utilized in this study, Triton X lysis buffer. This might have an impact 

on the conformation of BCL-2 proteins and hence on the binding pattern, thus providing an 

explanation for the different results (246,348,349).  

6.1.4 Potential relevance of dual MCL-1 and BCL-XL inhibition as cancer treatment 

Given that apoptosis is a hallmark of cancer and BCL-2 proteins are implicated in a plethora of 

cancer entities, targeting of the pro-death proteins MCL-1 and BCL-XL is a compelling treatment 

strategy (75,226). In previous publications from our group, we have already highlighted the 

relevance of BCL-2 proteins in RMS in the context of co-treatments with the HDAC inhibitor 

JNJ-26481585 or chemotherapeutics (246,274). In this dissertation, we demonstrate a crucial role 

for MCL-1 and BCL-XL in the survival of RMS, OS and ES cells. Furthermore, another study by our 

group showed comparable results for NB (267,334). By investigating a primary sample of malignant 

epithelioid mesothelioma, we identify an additional cancer entity that seems to express most of the 

relevant BCL-2 family proteins in comparable levels as RMS and shows the tendency to mainly rely 

on both MCL-1 and BCL-XL. In line with this, Varin et al. demonstrated that malignant pleural 

mesothelioma cells are susceptible to combined genetic silencing of MCL-1 and BCL-XL (350) 

Unfortunately, our sample size is limited to one and can only provide a first hint for the sensitivity 

of malignant epithelioid mesothelioma to BH3 mimetic combinations. Further experiments are 

required to be able to draw a reasonable conclusion. Importantly, a large screen with ten diverse 

cancer entities revealed that a huge fraction is vulnerable to MCL-1 and BCL-XL co-inhibition. This 

was most significantly the case in AML, pancreatic ductal adenocarcinoma, melanoma and breast 

cancer (226). In fact, the approach to co-target MCL-1 and BCL-XL has already been investigated 
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in pancreatic cancer, colorectal carcinoma, melanoma, cervical cancer, squamous cell carcinoma 

of the head and neck (SCCHN), MCL and NSCLC – with encouraging results 

(259,263,269,276,277,337,347,351). Nevertheless, the current thesis is the first one to explore its 

effect in pediatric solid tumors. Concisely, concomitant MCL-1 and BCL-XL inhibition has an 

enormous potential for the treatment of various cancers that is waiting to be further explored in the 

future. 

6.2 Unraveling the mechanisms of A-1331852/S63845-induced cell death 

6.2.1 A-1331852/S63845 co-treatment leads to rapid intrinsic apoptosis 

In accordance with their mechanism of action to directly engage the apoptotic machinery, we 

determine A-1331852/S63845-mediated cell death to be intrinsic apoptosis (103,112). There are 

several typical hallmarks that we identify indicating this type of cell death. Firstly, a time-dependent 

increase of loss of MMP shows an involvement of the mitochondrial pathway. Secondly, cell death 

is completely caspase-dependent as evidenced by the use of the pan-caspase inhibitor zVAD.fmk. 

A-1331852/S63845 co-treatment causes vast cleavage of caspases-3 and -9 and, in a slightly 

time-delayed way, also massive cleavage of caspase-8. This leads us to speculate that caspase-8 

is presumably activated in a feedback loop. Thirdly, as a consequence of caspase activation, cells 

expose PS in a time-dependent manner. Additionally, A-1331852/S63845-mediated decline of 

MCL-1 levels might further enhance apoptosis. MCL-1 loss is clearly caspase-dependent, which is 

consistent with a report that highlights MCL-1 as a caspase target (190). Apoptosis in our system 

is executed with a particularly rapid kinetic. This is characteristic for BH3 mimetics as Leverson et 

al. stated that true BH3 mimetics exert their action within 2 - 4 h after application (255). In Kym-1 

cells, loss of MMP and caspase activation are detected already 1 - 2 h upon treatment, followed by 

a significant increase in PS exposure after 3 h. Similarly, caspases are activated 1 - 2 h upon 

treatment in RD cells, even though loss of MMP only significantly rises 2 - 3 h after BH3 mimetic 

administration in this cell line. This implicates that the minor, albeit not significant, onset of loss of 

MMP at 1 - 2 h in RD cells is sufficient to mediate caspase activation. 

6.2.2 A-1331852/S63845 co-treatment tips the balance of pro- and anti-apoptotic BCL-2 

members in favor for pro-death signaling 

Regarding the molecular mechanism, we elucidate that BAX and/or BAK are critically required for 

A-1331852/S63845-mediated apoptosis. BAK/BAX KD rescues cell death in a cell type-dependent 

manner. While RD cells show a prominent dependence on BAK, in Kym-1 cells the presence of 

BAX is more relevant. We hypothesize that the expression levels of these proteins might be 

responsible for this finding as BAK is expressed at higher levels in RD cells in comparison to Kym-1 

cells and vice versa BAX is expressed in greater amounts in Kym-1 cells than in RD cells. 

Therefore, the relative abundance of BAX and BAK might contribute to the observation that RD 

cells rely more on BAK and Kym-1 cells more on BAX. Since siRNA mediated KD only reduces 
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protein levels, but does not lead to its complete absence, we utilize CRISPR/CAS9 to generate 

BAK KO RD and Kym-1 cells to further evaluate the role of BAK in A-1331852/S63845-induced 

apoptosis. Unexpectedly, KO of BAK does not rescue RD or Kym-1 cells from cell death. Given 

that concomitant KD of BAX achieves a profound decrease in cell death while there are no overt 

alterations in BCL-2 family protein levels, we speculate that BAX might compensate for the role of 

BAK. Interestingly, also other members of our lab found indications that the process of knocking 

out a BCL-2 family protein, especially in connection with single clone selection over a longer period 

of time, might have an impact on the expression levels or functional relevance of other BCL-2 family 

proteins (unpublished data). This is in line with findings showing that BAX and BAK have redundant 

roles in tissue development and were described to compensate for the other’s absence (352-354). 

Consequently, this might explain why the BAK KO experiments do not confirm our previous findings 

obtained by performing BAX/BAK KD experiments. However, the exact underlying molecular 

processes require additional investigations.  

Analyzing BCL-2 family interactions, we show that BAK and BIM are endogenously bound to 

BCL-XL in RD cells. Treatment with A-1331852 impairs these interactions and shifts BAK and BIM 

to MCL-1. Even single administration of A-1331852 causes slight BAX/BAK activation and minor 

cell death in RD cells suggesting that treatment exhausts the capacity of MCL-1 to sequester 

anti-apoptotic members. Additional application of S63845 displaces NOXA from MCL-1 and results 

in marked BAX/BAK activation and in massive cell death. On the contrary, BAK mainly interacts 

with MCL-1, and only to a lesser extent with BCL-XL, in untreated Kym-1 cells. Liberation of BAK 

from MCL-1 by S63845 leads to faint activation of BAX. This is consistent with the major role of 

BAX in A-1331852/S63845-caused apoptosis in Kym-1 cells as evidenced in BAX/BAK KD 

experiments. Nevertheless, concomitant inhibition of MCL-1 and BCL-XL is necessary to efficiently 

kill this cell line, possibly by an additional release of BAK from BCL-XL. Although MCL-1 sequesters 

BIM in Kym-1 cells, S63845 treatment does not interfere with this interaction. This is in line with the 

finding that KD of BIM does not rescue Kym-1 cells from cell death. KD of BIM and/or NOXA in RD 

cells implicates that their involvement in A-1331852/S63845-triggered apoptosis is only partial. 

Furthermore, PUMA and BMF are not involved in mediating cell death in neither RD nor Kym-1 

cells. Therefore, the contribution of BH3-only proteins to A-1331852/S63845-induced apoptosis, 

for instance by direct activation of BAX and BAK, seems to be relevant to only marginal extents. 

Importantly, these findings lead us to propose a key role for BAX and BAK in 

A-1331852/S63845-stimulated apoptosis. In accordance, O’Neill and colleagues discovered that 

cells deficient for the eight BH3-only proteins BID, HRK, PUMA, BIM, NOXA, BIK, BMF and BAD 

(OctaKO) exert BAX/BAK dependent apoptosis when BCL-XL and MCL-1 are transiently silenced. 

BAX and BAK could even spontaneously associate with the mitochondrial membrane leading to 

their oligomerization in cells that lack all relevant BCL-2 members (142). Follow-up work from the 

same group presented additional evidence that BH3-only proteins rather mediate their pro-death 

effect by impeding BCL-XL and MCL-1 than by directly activating BAX and BAK (132). Interestingly, 
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A-1331852/S63845 co-treatment was shown to elicit cell death in OctaKO cells (259). This points 

to a prevalent role of the indirect instead of the direct activation model in 

A-1331852/S63845-induced cell death, which is in line with the findings in our study. Strikingly, 

recent work by Bogner et al. suggested that the BH3-only sensitizer BAD activates BID in an 

allosteric way when both interact with BCL-XL. Subsequently, BID can function as a direct activator 

of BAX (140). As we did not investigate the role of BID or BAD upon BH3 mimetic treatment in our 

study, it remains elusive whether BAX might be additionally activated by an allosteric mechanism.  

Compellingly, treatment with A-1331852 and S63845 liberates BAK in RMS cells and causes the 

formation of BAX/BAK heterocomplexes. For this reason, we hypothesize that released BAK 

subsequently activates BAX and additional BAK molecules. Autoactivation of BAK and BAX has 

been reported as a BH3 independent mechanism acting as a feed-forward amplification loop to 

result in mitochondrial apoptosis. Of note, BAX/BAK autoactivation occurred upon downregulation 

of anti-apoptotic proteins, especially MCL-1 and BCL-XL, which strengthens the hypothesis of a 

similar mechanism for A-1331852/S63845-triggered apoptosis (121,141). In this context, our data 

highlights a predominant role for BAK since, unlike BAX, it endogenously interacts with MCL-1 and 

BCL-XL. This is consistent with a recent publication indicating that BAK more potently performs 

autoactivation than BAX (355). Moreover, we do not detect any interactions between BAX and 

MCL-1 or BCL-XL in RMS cells. Additionally, vice versa in BCL-XL and MCL-1 Co-IPs, BAX is not 

sequestered by these proteins confirming the observations made in the BAX Co-IP (data not 

shown). Naturally, a lack of interactions assessed by only one type of assay does not unequivocally 

proof that an interaction is indeed not present. However, the results from our experiments lead us 

to propose that, at least in Kym-1 cells, BAX is not endogenously bound to BCL-XL or MCL-1 and 

thereby cannot be displaced by A-1331852/S63845 co-treatment. Collectively, we intriguingly 

demonstrate how the interplay between MCL-1 or BCL-XL with their pro-apoptotic relatives, 

respectively, fine-tunes A-1331852/S63845-induced apoptosis in a cell type-specific manner. 

Figure 6.1 illustrates the molecular mechanism behind A-1331852/S63845-mediated cell death  

that we propose on the basis of our findings. 
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Figure 6.1: Proposed mechanism of A-1331852/S63845-mediated apoptosis 

A-1331852 and S63845 act in concert to trigger intrinsic apoptosis in a cell line-dependent manner: A-1331852 

displaces BAK and BIM from BCL-XL and S63845 impedes interactions between MCL-1 and BAK, NOXA or BIM. 

Thereupon, released BAK presumably initiates an autoactivation of BAX/BAK leading to the formation of 

BAX/BAK heterocomplexes. Pore formation facilitates MOMP and downstream activation of caspase-3, -8 and -9 

that can be prevented by the pan-caspase inhibitor zVAD.fmk. Concomitant genetic silencing of MCL-1 and 

BCL-XL confirms on-target specificity of the pharmacological inhibitors. A-1331852/S63845-induced apoptosis can 

be partially rescued by KD of BIM, NOXA, BAX and/or BAK depending on the cell line.  
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6.3 Is concomitant MCL-1 and BCL-XL inhibition feasible for clinical 

applications? 

6.3.1 Low vulnerability of non-malignant cells might provide a therapeutic window for 

A-1331852/S63845 co-treatment in vivo 

So far, we could demonstrate that MCL-1 and BCL-XL constitute attractive targets for the treatment 

of pediatric solid cancers. Nevertheless, these proteins have vital roles not only in cancer cells, but 

also in healthy tissue development and homeostasis (72). Hence, this raises concerns about the 

sensitivity of non-malignant cells to dual inhibition of MCL-1 and BCL-XL. Fortunately, 

A-1331852/S63845 co-treatment acts in a highly synergistic way implicating that relatively low 

doses of each drug can be utilized to achieve effective killing of cancer cells. Remarkably, the 

concentrations used throughout the study in RD and Kym-1 cells do not induce profound cell death 

nor marked caspase activation in human fibroblasts, human PBMCs and murine myoblasts. These 

cells express BCL-2 family proteins in similar levels as RMS cells. However, we observe a tendency 

for decreased MCL-1 expression in PBMCs compared to RMS cells and cannot exclude the 

possibility that this contributes to A-1331852/S63845 co-treatment resistance. On the other hand, 

the predictive value of the detected BCL-2 family expression levels is debatable especially in the 

view of our previous finding that sensitivity to BH3 mimetics is independent of BCL-2 family 

expression levels. Furthermore, a limitation to our study in murine myoblasts refers to the finding 

that S63845 targets human MCL-1 with a 6-fold higher affinity in comparison to murine MCL-1 

(356). Therefore, it is likely that myoblasts of human origin display a higher susceptibility to 

A-1331852/S63845 co-treatment. Still, our findings underline that additional research might unveil 

a therapeutic window in which RMS cells are vulnerable while non-malignant cells are spared. 

6.3.2 A-1331852/S63845 co-treatment shows encouraging results for future 

pre-clinical evaluations 

In order to appropriately analyze the drug response of cancer cells, in vitro models should mimic 

the in vivo environment as best as possible. Multicellular spheroids bridge the gap between 

conventional cell culture and animal models (341,357). Monolayer culture differs considerably from 

3D culture. Gene expression comparable to solid tumors, cellular heterogeneity and extracellular 

matrix (ECM) decomposition are amongst the characteristics of a spheroid. Moreover, various 

gradients concerning for instance nutrients, pH and oxygen promote the formation of different 

layers. Proliferating cells are commonly associated with the spheroid outer layer, whereas cells 

acquire a senescent phenotype in the middle layer. Acidification and the lack of oxygen leads to a 

necrotic core (339,357,358). We utilized spheroids with a size between 600 - 1600 m at the 

time-point of treatment. Of note, the development of a layered structure within these spheroids is 
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not investigated in the current work. Nevertheless, the reported diffusion limit for oxygen and 

nutrients is 150 – 200 m and spheroids ranging from 150 – 300 m were described to display 

layers as mentioned above (359-361). Therefore, we assume that the spheroids used throughout 

the study meet the requirements to form layers, at least with regards to their size. Sarcoma 

spheroids including RMS and ES have been published earlier, however, not in connection with 

BH3 mimetics (362-364). Significantly, A-1331852/S63845 co-treatment triggers cell death and 

decreases cell viability of RMS spheroids in a dose-dependent manner. Moreover, treatment 

reduces spheroid size at concentrations used in our previous experiments, emphasizing its potency 

also in a more complex in vitro system. Comparison of cell viability in 2D and 3D culture reveals a 

diminished response of 3D culture upon dual A-1331852/S63845 treatment. In addition, 

A-1331852/S63845 co-treatment induces cell death only in the outer layer of RD spheroids, which 

is likely due to their tight cellular aggregation and lack of drug penetration into the spheroid. This 

evidently illustrates a common challenge of drug application, namely to reach the core of a tumor. 

Consequently, this might explain the elevated resistance of 3D compared to conventional culture. 

Further experiments are necessary to assess whether this holds also true concerning cell death. 

The response of spheroids to BH3 mimetics has been investigated before and intriguingly 

A-1331852/S63845 co-treatment demonstrated clear effects in cervical cancer, melanoma and 

SCCHN (276,277,347). Overall, these results strengthen the potential of A-1331852/S63845 

co-treatment as a cancer regimen. Yet, RMS spheroids require intense further characterization to 

determine their actual resemblance to solid tumors.  

Administration of A-1331852 and/or S63845 on the CAM of fertilized chicken eggs enables first 

insights into their in vivo effects. A-1331852/S63845 co-application potently demonstrates 

anti-tumor activity in the CAM assay emphasizing the translational relevance of this treatment. 

Unlike predicted by the in vitro experiments, also single agent BH3 mimetic treatment induces 

substantial caspase-3 cleavage giving a first hint that response can differ in vitro and in vivo. Dual 

inhibition of MCL-1 and BCL-XL in mice appears to be challenging as mice co-treated with 

A-1331852/S63845 were described to suffer from acute liver toxicity (269). This observation can 

be explained by the finding that loss of one allele of either MCL-1 or BCL-XL results in hepatocyte 

apoptosis (179). Moreover, loss of MCL-1 in the liver causes hepatotoxicity (178). Since a CAM 

assay comprises a less complex system compared to mouse experiments, we consider it as an 

ideal pre-step. Albeit this assay provides certain advantages such as easy handling and the rapid 

generation of results, it comes with a number of limitations. Firstly, in the CAM assay drugs are 

applied directly onto the grown tumor. In contrast, BH3 mimetics are administered orally or injected 

i.v. in mice (227,269). Thus, concerning its complexity, the CAM model is inferior to mouse 

xenograft models and cannot adequately mimic drug application. Secondly, non-malignant cells 

are less exposed to A-1331852/S63845 co-treatment, which aggravates the evaluation of its effect 

in healthy tissue. Thirdly, long-term effects of the treatment cannot be assessed since the 

experimental procedure of the CAM assay is restricted to a few days. Due to the above named 
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reasons, it is indispensable to address the effect of A-1331852/S63845 co-treatment in additional 

pre-clinical models. A zebrafish xenograft model has already confirmed the anti-tumor capacity of 

A-1331852/S63845 co-treatment in SCCHN (276). Mouse experiments are the necessary next step 

to evaluate the potency and caveats of concomitant MCL-1 and BCL-XL repression for the 

treatment of cancer. These experiments could elucidate possible side effects that will presumably 

limit A-1331852/S63845 co-application in clinic. An addiction to MCL-1 and BCL-XL exists in a row 

of healthy cell types (see Table 2.1). Besides hepatic failure, as discussed above, major effects on 

cardiomyocytes as well as on the hematopoietic and neuronal system are predicted upon treatment 

with BH3 mimetics selectively targeting MCL-1 and BCL-XL (72,174,176,185). Strikingly, S63845 

was well tolerated in mice at concentrations effectively diminishing lymphoma tumor growth. 

S63845 exhibited largely no toxic effects on the heart, kidney, thymus, liver and spleen. Importantly, 

no histopathological alterations were detected in skeletal muscle, which is crucial in the context of 

RMS treatment. The only hematological cellular subset slightly affected by S63845 administration 

were immature B cells in the bone marrow (227). Caenepeel and colleagues discovered that the 

MCL-1 inhibitor AMG176 demonstrates similar effects on B cells and additionally on neutrophils 

and monocytes (345). This implicates that these findings might commonly arise for the class of 

MCL-1 selective BH3 mimetics independent of the respective inhibitor. Potential side effects of 

A-1331852 have not been as comprehensively studied yet. However, the initial evaluation of 

A-1331852 in various solid cancers showed neither apparent toxicities nor massive weight loss 

(270). Further, a recent publication investigating A-1331852 in liver cancer suggested that 

treatment does not damage non-tumorous tissue (365). On the other hand, efforts to combine 

A-1331852 with the cyclin-dependent kinase inhibitor dinaciclib in soft tissue sarcomas failed due 

to liver toxicities (275). Additionally, due to the crucial role of BCL-XL in platelet survival, 

thrombocytopenia is anticipated under A-1331852 treatment (182-184). Therefore, advanced in 

vivo studies are required to ascertain that future BH3 mimetic administration is safe in humans. 

Interestingly, recent work by Khan and colleagues demonstrated that the use of a BCL-XL 

proteolysis-targeting chimera (PROTAC) might be a promising strategy to eliminate BCL-XL without 

causing thrombocytopenia (366). Overall, BH3 mimetics present with less severe side effects as 

initially anticipated by KO studies. A likely explanation is that pharmacological inhibitions are 

transient and might not cause as detrimental effects as a KO. Moreover, complete loss of an 

anti-apoptotic BCL-2 protein presumably impairs non-apoptotic functions more strongly compared 

to inhibition by BH3 mimetics that is not enduring (194,227). This calls for a careful evaluation of 

adjusted doses to exploit the therapeutic potential of these drugs for cancer treatment.  

Additionally, treatment schedules might be helpful to identify a therapeutic window. In this context, 

we show that in vitro sequential BH3 mimetic treatment is still effective, albeit to lesser extents. 

Apparently, A-1331852 pre-treatment is more potent than pre-treatment with S63845 in both RMS 

cell lines. For RD cells, this is in line with their higher sensitivity to A-1331852 compared to S63845. 

However, in Kym-1 cells, MCL-1 seems to have a greater relevance than BCL-XL and a higher 
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vulnerability to S63845 pre-treatment would have been expected for this cell line. These findings 

might be explained by a superior capability of A-1331852 to induce a “primed” state in RMS cells. 

To answer the questions whether this is indeed the case and what the underlying molecular 

backgrounds are, further experiments have to be conducted. In summary, A-1331852/S63845 

co-treatment demonstrates efficacy in an RMS spheroid-based approach as well as in vivo in an 

embryonic chicken model of RMS. Our data provides promising implications that concomitant 

repression of MCL-1 and BCL-XL might indeed be feasible for advanced preclinical and clinical 

studies. These are urgently needed to establish this potent co-treatment in clinical practice.
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7 Outlook 

In the thesis at hand, we explore the potential of selective BH3 mimetics targeting MCL-1 and 

BCL-XL in pediatric solid cancer cells and elucidate the molecular mechanism leading to cell death 

in RMS. Nonetheless, various open questions remain. 

Therapeutically, it is of utmost importance to investigate the tolerability, safety and efficacy of 

A-1331852/S63845 co-treatment in subcutaneous mouse xenograft models of solid tumors such 

as RMS. The outcome will decisively contribute to the further strategy pursued to enable its 

application in cancer patients. To account for the fact that S63845 exhibits a 6-fold higher affinity 

for human than for murine MCL-1, Brennan and colleagues generated a mouse strain harboring 

humanized MCL-1 (huMCL-1). Accordingly, these mice display a higher sensitivity to S63845 

compared to wildtype mice (356). Preferentially, huMCL-1 mice should be utilized to conduct 

xenograft experiments evaluating A-1331852/S63845 co-treatment. The more accurate prediction 

might support the search for realistic dosing. However, these experiments are beyond the scope of 

this dissertation. 

Multicellular spheroids are a compelling model system to gain further insights into the effect of 

BH3 mimetics in a 3D cellular system. RMS spheroids require extensive characterization, not least 

to unveil the limitations of this model. In detail, stainings with the autofluorescent dye doxorubicin 

in short defined intervals could help to illustrate the process of drug penetration. Secondly, the 

presence of the proliferative, senescent and hypoxic spheroidal layers should be determined by 

stainings with Ki67, -galactosidase and HIF-1, respectively. Additionally, the decomposition of 

the ECM could be assessed by collagen stainings. Besides, Backes and colleagues elegantly 

demonstrated the successful use of a vector termed pCasper3-GR in spheroids in an NK cell 

co-culture. This vector harbors a DEVD domain, a caspase-3/-7 cleavage target, and switches from 

a mainly RFP to a GFP signal upon cellular caspase activation. Thus, this enables a real-time cell 

death monitoring without the addition of external dyes (367). The fact that pCasper3-GR expression 

can be introduced in each cell is advantageous since it circumvents the challenge for external dyes 

to diffuse to the spheroid core. For all these goals, confocal microscopy might prove helpful to 

receive precise high-resolution imaging. Moreover, we have generated preliminary data based on 

Western blotting showing that RMS spheroids express BCL-2 family proteins. These expression 

levels seem to be widely comparable between the different spheroids suggesting a high 

reproducibility – a favorable feature concerning drug screenings. Nevertheless, our Western 

blotting experiments require further optimization with regards to effective protein lysis. Generally, 

RD cells might be the cell line of choice for further investigations since they impressively form very 

condensed spheroids compared to the other RMS cell lines. Finally, establishing a co-culture with 

RMS and human skeletal muscle cells would be beneficial to mimic an environment resembling in 

vivo conditions.  
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In this work, we screened a range of established RMS, OS and ES cell lines for their response to 

BH3 mimetics. These cancer entities are infrequent and primary samples accordingly rare. As we 

investigated only one primary-derived ARMS sample and one primary pediatric malignant 

epithelioid mesothelioma, drawing a comprehensive conclusion concerning the effect of 

A-1331852/S63845 in primary samples is difficult. Therefore, further examinations of primary 

pediatric samples are critically required. 

Furthermore, it would be interesting to understand potential resistance mechanisms that might lead 

to failure of A-1331852/S63845 co-treatment in patients. To address this question, a pooled 

genome-wide CRISPR/CAS lentiviral library could be exploited to identify proteins or whole 

pathways responsible for the development of resistance. Such a screen has been employed in the 

breast cancer cell line SK-BR-3 and identified BAK as a major resistance factor to S63845 

treatment (258). Since BAK proved to play an essential role in A-1331852/S63845-induced cell 

death as well, similar results are to be expected in RMS cells.  

We observe hints that RD BAK KO cells generated by CRISPR/CAS develop a compensatory 

mechanism by relying on BAX to avoid cell death. It would be interesting to analyze via Co-IPs 

whether this might be due to an altered interaction pattern between the different BCL-2 family 

members. A long single clone selection process after the KO might have led to the mentioned 

compensation. In order to avoid this, the use of doxycycline-inducible BAK and BAX KO cells 

represents a reasonable alternative. Moreover, the finding that BAX does not interact with its 

anti-apoptotic BCL-2 relatives in Kym-1 cells should be experimentally confirmed using another 

assay such as a label transfer protein interaction assay. These experiments could help to further 

dissect and confirm the involvement of BAX and BAK in A-1331852/S63845-triggered cell death.  

Eventually, the single addiction of RH18 and TE441.T cells on BCL-XL and MCL-1, respectively, 

could be further investigated. Importantly, their dependency should be genetically verified by siRNA 

or CRISPR/CAS9. Co-IPs might unravel an explanation for the cell’s high susceptibility to single 

agent A-1331852 or S63845. Finding and including additional cell lines that display a similar single 

sensitivity would be valuable to understand the underlying molecular mechanisms. 

Despite the mentioned limitations and pending questions, the current thesis underpins the potential 

of the selective BH3 mimetics A-1331852 and S63845 as a concomitant treatment, especially in, 

but not limited to, RMS. Moreover, we acquire detailed insight into the underlying molecular 

background. Collectively, this work provides a profound basis to qualify A-1331852/S63845 

co-treatment for further preclinical and clinical evaluations. 
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8 Summary (Deutsche Zusammenfassung) 

Obwohl nur etwa 1% aller Krebserkrankungen Kinder betreffen, ist Krebs eine der häufigsten 

Todesursachen während der Kindheit. Leukämien (~25%), Lymphome (~16%) und Tumore des 

Zentralnervensystems (~17%) machen den Großteil der in Kindern auftretenden Tumorentitäten 

aus. Die verbleibenden ~42% der pädiatrischen Krebserkrankungen sind solide Tumore, die in 

Organen, Knochen oder Muskeln lokalisiert sind. Aufgrund optimierter Behandlungsmöglichkeiten, 

stieg die 5-Jahres Überlebensrate für krebserkrankte Kinder von 63% (1975 - 1979) auf 84% 

(2008 - 2014) an. Allerdings schwankt dieser Wert in Abhängigkeit von Art und 

Metastasierungsgrad des Tumors, sowie des Alters des Kindes.  

Das Rhabdomyosarkom (RMS) ist der häufigste maligne Weichgewebstumor in Kindern und 

Jugendlichen. Er entsteht vermutlich aus mesenchymalen Vorläuferzellen des Skelettmuskels, die 

nicht vollständig ausdifferenziert sind. RMS kann in verschiedensten Bereichen des Körpers 

Tumore und Metastasen bilden, am häufigsten sind jedoch die Extremitäten, der Urogenitaltrakt 

und die Hals/Nacken-Region betroffen. Die meisten RMS Fälle lassen sich dem embryonalen 

(ERMS) oder alveolären (ARMS) Subtyp dieses Tumors zuordnen. ERMS und ARMS 

unterscheiden sich nicht nur histologisch, sondern auch genetisch voneinander. Der ARMS Subtyp 

zeichnet sich im Großteil der Fälle durch eine chromosomale Translokation zwischen Chromosom 

2 und 3 bzw. zwischen Chromosom 1 und 3 aus, welche zur Bildung des Fusionsproteins 

PAX3/FOXO1 bzw. PAX7/FOXO1 führt. Zu den charakteristischen genetischen Merkmalen des 

ERMS Subtyps gehört eine Deletion auf Chromosom 11, sowie Mutationen von TP53, RAS und 

MYC Amplifikationen. Im Allgemeinen hat ERMS eine bessere Prognose als ARMS, welches 

häufiger metastasiert. Die Behandlung von RMS ist multimodal und umfasst Bestrahlung, 

Chemotherapie und chirurgische Eingriffe. Der Goldstandard in der Chemotherapie stellt seit 

Jahren die sogenannte VAC Therapie dar, die aus Vincristin, Actinomycin-D und Cyclophosphamid 

besteht. 

Beim Osteosarkom (OS) und Ewing Sarkom (ES) handelt es sich um die beiden häufigsten 

malignen Knochenkrebserkrankungen in Kindern und Jugendlichen. Das OS ist eine genetisch 

komplexe Erkrankung, die durch eine hohe genomische Instabilität charakterisiert ist. Dazu gehört 

beispielsweise eine hohe Anzahl an Variationen der Kopienzahl von genomischen Abschnitten. Die 

Ausbildung von Fusionsproteinen, vor allem die des EWSR1/FLI1 Fusionsproteins, zählt zu den 

typischen molekularen Merkmalen des ES. Ähnlich wie beim RMS werden OS und ES mit einer 

multimodalen Therapie behandelt.  

Obwohl die Überlebenschancen für Kinder mit RMS, ES und OS in den letzten Jahren gestiegen 

sind, bleibt die Prognose für Patienten, die Metastasen ausbilden oder einen Rückfall erleiden, 

weiterhin schlecht. Nach wie vor besteht daher ein hoher Bedarf an verbesserten 
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Behandlungsmöglichkeiten dieser Tumore. Diese sollten eine hohe Ansprechrate erzielen und 

gleichzeitig Nebenwirkungen minimieren. 

Die Apoptose, der bisher am besten untersuchte Zelltodmechanismus, ist in Krebszellen häufig 

inhibiert. Extrinsische und intrinsische Apoptose, die beiden Signalwege, welche zum 

apoptotischen Zelltod führen können, werden durch verschiedene Faktoren reguliert. Externe 

Stimuli, vermittelt durch Liganden von Zelltodrezeptoren, aktivieren den extrinischen Apoptose 

Signalweg, während Stressoren innerhalb der Zelle, wie zum Beispiel DNA Brüche, den 

intrinsischen Signalweg stimulieren. Bei Letzterem spielt das Mitochondrium eine entscheidende 

Rolle, da die Permeabilisierung der äußeren Mitochondrienmembran schlussendlich eine 

Aktivierung von Caspasen auslöst. Caspasen sind Cysteinproteasen, welche eine Vielzahl von 

zellulären Proteinen spalten und somit deren geordneten Abbau im Rahmen der Apoptose sichern. 

BCL-2 Proteine sind die zentralen Akteure, welche die Initiierung der Apoptose regulieren. Sie 

lassen sich in die Untergruppen der anti-apoptotischen Proteine (z.B. MCL-1, BCL-XL, BCL-2), der 

pro-apoptotischen Effektorproteine (z.B. BAX, BAK) und der pro-apoptotischen BH3-only Proteine 

(z.B. BIM, NOXA) unterteilen. Diese Subgruppen interagieren untereinander in komplexer Weise 

und mit unterschiedlichen Affinitäten. Die Expression der einzelnen Proteine und die Art ihrer 

Interaktionen bilden eine Balance, die je nach Stimulus, die Apoptose begünstigt oder hemmt. In 

den letzten Jahren haben sich verschiedene Modelle bezüglich der Interaktionen und 

gegenseitigen Aktivierungen der BCL-2 Proteine herausgebildet, bei denen allerdings in jedem Fall 

die Aktivierung von BAX und BAK am Ende steht. BAX und BAK Homodimere bilden Poren in der 

äußeren Membran des Mitochondriums, was zu dessen Permeabilisierung führt. BCL-2 Proteine 

können auf transkriptioneller sowie (post)translationaler Ebene durch eine Reihe von 

Modifikationen reguliert werden. Aufgrund ihrer fundamentalen Relevanz für die Apoptoseinduktion 

spielen sie eine wichtige Rolle in der Entstehung und Homöostase verschiedenster Zelltypen.  

Anti-apoptotische BCL-2 Proteine sind für eine Vielzahl von Krebszellen von essentieller 

Bedeutung. Krebszellen unterschiedlichster Tumorentitäten weisen eine Abhängigkeit von MCL-1, 

BCL-XL, BCL-2 oder Kombinationen dieser Proteine auf. Es wurde gezeigt, dass BCL-2 Proteine 

auch im RMS, OS und ES wichtige Regulatoren zur Apoptoseinduktion darstellen. Stressoren, die 

im Rahmen einer malignen Transformation in der Zelle auftreten, begünstigen eine Aktivierung 

und/oder Hochregulation von pro-apoptotischen sowie anti-apoptotischen BCL-2 Proteinen. Im 

Folgenden bilden sich vermehrt Komplexe zwischen pro-und anti-apoptotischen Proteinen. In 

diesem Zustand ist die Zelle „primed for apoptosis“, da ein apoptotischer Stimulus rasch die 

gebundenen pro-apoptotischen Proteine freisetzen und somit den Zelltod einleiten kann. Daher 

sind Krebszellen besonders anfällig für Substanzen, welche solch einen Effekt vermitteln. Die 

unterschiedlichen Interaktionsmuster innerhalb der BCL-2 Proteine können maßgeblich dafür 

entscheidend sein, ob eine Zelle auf einen bestimmten apoptotischen Stimulus anspricht oder 

nicht.  
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BH3 mimetics sind kleine Moleküle, die gezielt anti-apoptotische BCL-2 Proteine binden und sie 

somit inhibieren. Die Bindung erfolgt an einer hydrophoben Grube auf dem anti-apoptotischen 

BCL-2 Protein, welche normalerweise der Sequestration der BH3 Domäne pro-apoptotischer 

BCL-2 Proteine dient. Auf diese Weise imitieren BH3 mimetics pro-apoptotische BCL-2 Proteine in 

ihrer Apoptose-vermittelnden Funktion. BH3 mimetics bieten einige Vorteile gegenüber 

herkömmlichen Chemotherapeutika. Beispielsweise ist ihr Wirkmechanismus genau bekannt und 

sie haben keinen mutagenen Effekt auf den Patienten. Durch kontinuierliche Forschung konnten 

während der letzten Jahre immer selektivere BH3 mimetics entwickelt werden, welche mit hoher 

Affinität an ein bestimmtes BCL-2 Protein binden. Die Substanzen A-1331852, S63845 und 

ABT-199 inhibieren jeweils BCL-XL, MCL-1 und BCL-2. In Studien mit unterschiedlichen 

hämatologischen sowie soliden Krebsentitäten demonstrierten die oben genannten BH3 mimetics 

bereits vielversprechende Ergebnisse. Mit der Zulassung von ABT-199 zur Behandlung von 

bestimmten Subgruppen der CLL und AML, hielten BH3 mimetics Einzug in die klinische Praxis. 

Aktuell wird der Effekt von einigen BH3 mimetics als Einzel- oder Kombinationstherapie in 

klinischen Studien weiter untersucht.  

Ziel dieser Arbeit war eine umfassende Evaluation der anti-apoptotischen BCL-2 Proteine MCL-1, 

BCL-2 und BCL-XL als therapeutischen Angriffspunkt in der Behandlung von pädiatrischen soliden 

Tumoren wie beispielsweise RMS, OS und ES. Es sollte bestimmt werden, ob eine Einzel- oder 

Kombinationstherapie mit BH3 mimetics am effizientesten Zelltod in diesen Entitäten auslöst. 

Außerdem war die Entschlüsselung des dem Zelltod zu Grunde liegenden molekularen 

Mechanismus im RMS ein wichtiger Bestandteil der Arbeit. Abschließend sollte mithilfe von Studien 

an nicht-malignen Zellen und der Evaluation einer sequenziell erfolgenden Behandlung die 

Eignung einer BH3 mimetics Kombinationstherapie für weitere (prä)klinische Studien erfolgen. 

Außerdem sollte anhand eines multizellulären Spheroidmodells und eines in vivo Versuchs am 

embryonalen Huhn die translationale Relevanz der Kombinationstherapie bestimmt werden. 

Zunächst untersuchten wir die basale Expression der BCL-2 Proteine in einer Reihe von RMS 

Zelllinien, sowie einer primären Zelllinie, welche aus einem ARMS Patienten stammt. Wir stellten 

fest, dass fast die gesamten getesteten RMS Zelllinien alle relevanten BCL-2 Proteine in 

unterschiedlichen Mengen exprimierten. Ausnahmen bildeten die Kym-1 Zellen, welche keine 

Expression von BCL-2 und NOXA zeigten, und die TE441.T Zellen, die ebenfalls kein NOXA 

exprimierten. Da RMS Zellen somit die nötigen Zielproteine exprimierten, adressierten wir die 

Frage, ob eine pharmakologische Inhibition mit selektiven BH3 mimetics die Viabilität der RMS 

Zellen senken kann. Der Großteil der RMS Zelllinien war resistent gegenüber der Behandlung mit 

diesen Agenzien. Allerdings zeigten die RH18 Zellen eine ausgeprägte Sensitivität gegenüber dem 

BCL-XL-Inhibitor A-1331852 und der MCL-1-Inhibitor S63845 demonstrierte eine deutliche 

Abnahme der Zellviabilität in den TE441.T Zellen. Insgesamt schien die Sensitivität der RMS 

Zelllinien unabhängig von deren Expression der BCL-2 Proteinfamilie zu sein.  
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Da die Inhibierung von MCL-1 und BCL-XL am vielversprechendsten war, untersuchten wir, ob eine 

Kombinationstherapie mit A-1331852 und S63845 Zelltod in RMS Zelllinien auslösen kann. 

Interessanterweise führte die kombinierte Blockade von MCL-1 und BCL-XL zu einer massiven 

dosis-abhängigen Induktion des Zelltods in allen RMS Zelllinien. Die Berechnung der Bliss Synergy 

Scores demonstrierte, dass die Interaktion zwischen den beiden BH3 mimetics, mit der der Zelltod 

hervorgerufen wurde, höchst synergistisch war. Des Weiteren stellten wir fest, dass die 

ABT-199/A-1331852 und ABT-199/S63845 Kombinationstherapien weniger effizient waren als eine 

Behandlung mit A-1331852/S63845. Dies konnten wir ebenfalls durch die Bestimmung der Bliss 

Synergy Scores bestätigen.  

Ähnliche Ergebnisse erzielten wir in Experimenten mit OS und ES Zelllinien. Hierbei zeigte sich, 

dass diese alle getesteten BCL-2 Proteine exprimierten. Außerdem bewirkte eine 

Einzelbehandlung mit A-1331852 oder S63845 eine Reduktion der ES Zellviabilität, während OS 

Zellen nur wenig oder keine erhöhte Sensitivität gegenüber diesen Substanzen aufwiesen. 

Vergleichbar mit den Effekten im RMS, führte eine A-1331852/S63845 Kombinationstherapie auch 

in OS und ES zu einer synergistischen Zelltodinduktion. Gleichermaßen war die Effizienz der 

ABT-199/A-1331852 und ABT-199/S63845 Kombinationstherapien Zelltod auszulösen geringer als 

die einer A-1331852/S63845 Behandlung. Beides konnten wir mit der Berechnung der Bliss 

Synergy Scores belegen. Ferner demonstrierten wir, dass die A-1331852/S63845 

Kombinationstherapie ebenfalls in einer klinischen Probe eines pädiatrischen malignen 

epitheloiden Mesotheliom Wirkung zeigte. Auch frühere Studien beschrieben bereits eine 

besondere Bedeutung für MCL-1 und BCL-XL in verschiedenen Tumorentitäten als Faktoren, die 

maßgeblich an deren Überleben beteiligt sind. Eine gemeinsame Inhibition von MCL-1 und BCL-XL 

könnte daher ein großes Potential für die Behandlung von pädiatrischen soliden Tumoren bieten.  

Um Rückschlüsse über die Art des Zelltodes und den zugrunde liegenden molekularen 

Mechanismus ziehen zu können, widmeten wir uns im nächsten Teil der Arbeit dem 

Wirkmechanismus der A-1331852/S63845 Kombinationstherapie in den RMS Zelllinien RD und 

Kym-1. Zuerst beschäftigten wir uns mit der Frage, ob die vorherige pharmakologische Inhibition 

von MCL-1 und BCL-XL spezifisch war oder ob möglicherweise sogenannte „off-target“ Effekte zur 

beobachteten Zelltodinduktion geführt hatten. Hierfür induzierten wir eine transiente Reduktion der 

MCL-1- und/oder BCL-XL-Level mittels siRNA („Knockdown“). Wie erwartet starben die RMS Zellen 

nur in denjenigen experimentellen Ansätzen, in denen MCL-1 und BCL-XL beide durch 

pharmakologische und/oder genetische Inhibition blockiert waren. Somit konnten wir verifizieren, 

dass der Zelltod-induzierende Effekt der kombinierten A-1331852/S63845 Behandlung tatsächlich 

auf der Inhibition von MCL-1 und BCL-XL beruhte.  

Als nächstes bestimmten wir die Kinetik mit der der A-1331852/S63845-vermittelte Zelltod ablief. 

RMS Zellen zeigten schon nach 1 - 2 h eine geringe Präsentation von Phosphatidylserin auf ihrer 

äußeren Membran, ein Marker für Apoptose, und die Zellen starben innerhalb von 3 – 6 h. Des 

Weiteren detektierten wir die Spaltung und somit Aktivierung der Caspasen-3, -8 und -9 bereits 
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1 - 2 h nach Behandlung mit A-1331852/S63845. Eine Vorbehandlung mit dem pan-Caspase 

Inhibitor zVAD.fmk verhinderte größtenteils eine Caspasenaktivierung sowie den Zelltod. Darüber 

hinaus löste die A-1331852/S63845 Kombinationstherapie einen Caspasen-abhängigen Verlust 

von MCL-1 aus, der vermutlich das durch die Behandlung ausgelöste pro-apoptotische Signal 

weiter verstärkte. Um festzustellen, ob das Mitochondrium eine wesentliche Rolle im 

A-1331852/S63845-induzierten Zelltod spielt, analysierten wir das Potential der äußeren 

mitochondrialen Membran, welches durch eine intakte Mitochondrienmembran aufrecht erhalten 

wird. In der Tat wurde bereits 1 – 3 h nach kombinierter A-1331852/S63845 Behandlung ein 

ausgeprägter Abfall des Potentials detektiert. Zusammenfassend konnte der Zelltod als 

Caspasen-abhängige, mitochondriale intrinsische Apoptose identifiziert werden.  

Die Tatsache, dass BCL-2 Proteine wichtige Regulatoren der Apoptose an den Mitochondrien 

darstellen, warf die Frage auf, inwieweit und auf welche Weise sie im 

A-1331852/S63845-vermittelten Zelltod involviert sein könnten. Daher analysierten wir, ob die 

pro-apoptotischen Effektorproteine BAX und BAK unter der A-1331852/S63845 Behandlung 

aktiviert werden, was tatsächlich der Fall war. Außerdem wurde eine Interaktion zwischen BAX- 

und BAK-Komplexen detektiert. Überdies untersuchten wir die Bedeutung von BAX und BAK im 

Kontext des A-1331852/S63845-stimulierten Zelltods. Hierfür bedienten wir uns der Reduktion der 

BAX und/oder BAK Expression mittels eines Knockdowns. Interessanterweise zeigte sich, dass in 

den RD Zellen vor allem BAK eine wichtige Rolle spielte, während ein BAX Knockdown den Zelltod 

nur partiell verhinderte. Die Kym-1 Zellen demonstrierten dagegen eine stärkere Abhängigkeit von 

BAX als von BAK. Da ein Knockdown nur eine Verminderung aber keinen vollständigen Verlust 

eines Proteins bewirkt, generierten wir RMS Zelllinien, die BAK nicht exprimieren („Knockout“). 

Allerdings konnten die Experimente mit den RD BAK Knockout Zellen unsere Ergebnisse aus den 

Knockdown Versuchen nicht bestätigen, da die BAK Deletion den A-1331852/S63845-induzierten 

Zelltod nicht hemmte. Wir beobachteten weiter, dass erst ein zusätzlicher BAX Knockdown Zelltod 

in den BAK Knockout RD Zellen induzierte. Das lässt vermuten, dass die BAK Knockout Zellen 

aufgrund des permanenten Verlusts von BAK eine verstärkte Abhängigkeit von BAX ausgebildet 

haben könnten. Um diese Hypothese zu testen sind jedoch weitere Untersuchungen notwendig. 

Weiterhin zeigten wir in Koimmunpräzipitationsexperimenten, dass in RMS Zellen BAK basal an 

BCL-XL oder MCL-1 gebunden ist. Durch die A-1331852/S63845 Kombinationsbehandlung werden 

diese Interaktionen inhibiert, was im Folgenden zu einer Freisetzung von BAK führte. Die 

Durchführung von BAX Koimmunpräzipitationen zeigte in der hier untersuchten Kym-1 Zelllinie 

keine Interaktion von BAX mit MCL-1 oder BCL-XL. Insgesamt haben BAX und BAK eine tragende 

Rolle im Mechanismus des A-1331852/S63845-induzierten Zelltods.  

Ferner untersuchten wir, ob einzelne Mitglieder der pro-apoptotischen BH3-only Proteine, wie 

beispielsweise BIM und NOXA, von Bedeutung für den A-1331852/S63845-stimulierten Zelltod 

sein könnten. In den RD Zellen resultierte der Knockdown von BIM und/oder NOXA in einer 

partiellen Blockade des Zelltods. Diese Ergebnisse passten zu der Beobachtung, dass die 
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A-1331852/S63845 Kombinationstherapie die jeweilige Bindung dieser beiden Proteine an BCL-XL 

und MCL-1 löste. In den Kym-1 Zellen führte die BH3 mimetic Behandlung nicht zu einer 

Beeinträchtigung der basal vorhandenen BIM:MCL-1 Bindung. Ebenso hatte auch der Knockdown 

von BIM keinen Effekt auf den A-1331852/S63845-induzierten Zelltod. Die BH3-only Proteine BMF 

und PUMA waren in beiden Zelllinien nicht in den A-1331852/S63845-vermittelten Zelltod 

involviert. Zusammenfassend kann daher festgehalten werden, dass die BH3-only Proteine keine 

oder nur eine untergeordnete Rolle in der Vermittlung des Zelltods durch A-1331852/S63845 

spielen.  

Abschließend stellte sich die Frage, ob die hier untersuchte A-1331852/S63845 

Kombinationstherapie klinisch relevant sein könnte. Deshalb führten wir Experimente mit 

nicht-malignen humanen Fibroblasten und mononukleären Zellen des peripheren Blutes, sowie 

murinen Myoblasten durch. Bemerkenswerterweise löste die Behandlung mit A-1331852/S63845 

in Konzentrationen, welche in Krebszellen den Zelltod bewirkte, weder eine nennenswerte 

Caspasenaktivierung, noch Zelltod aus. Diese Ergebnisse legen nahe, dass es ein therapeutisches 

Fenster geben könnte, in dessen Rahmen eine Behandlung mit diesen Agenzien möglich ist. 

Zudem konnten wir demonstrieren, dass auch eine sequenziell erfolgende A-1331852/S63845 

Behandlung signifikant Zelltod auslöste, obgleich der Effekt im Vergleich zur gleichzeitigen 

Behandlung schwächer war. Mithilfe eines multizellulären Spheroidmodells erforschten wir, ob und 

in welchem Ausmaß die A-1331852/S63845 Kombinationsbehandlung auch Zelltod in einer 

dreidimensionalen Zellkultur hervorrief. In der Tat führte die Behandlung mit den BH3 mimetics 

dosis-abhängig zur Reduktion der Zellviabilität sowie zu massivem Zelltod in drei verschiedenen 

RMS Zelllinien. Interessanterweise zeigte die Berechnung von Bliss Synergy Scores basierend auf 

Zellviabilitätsexperimenten, dass Zellen im Spheroidverband im Vergleich zu Zellen in 

konventioneller Zellkultur resistenter gegenüber der A-1331852/S63845 Kombinationsbehandlung 

waren. Schließlich konnte der Effekt einer gemeinsamen MCL-1- und BCL-XL-Inhibition mittels 

eines in vivo Versuchs am embryonalen Huhn belegt werden. Diese Ergebnisse unterstreichen die 

translationale Relevanz dieser Arbeit. 

Insgesamt konnten wir das große Potenzial einer A-1331852/S63845 Kombinationsbehandlung in 

pädiatrischen soliden Tumoren aufzeigen und die zugrunde liegenden molekularen Mechanismen 

im RMS entschlüsseln. Die Untersuchungen der vorliegenden Arbeit leisten einen wertvollen 

Beitrag im Hinblick auf eine weitere präklinische und klinische Evaluation von BH3 mimetics in 

pädiatrischen soliden Tumoren. 
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- Figure 5.26: RD cells form spheroids in a cell number dependent size that grow over time. 

und Figure 5.28: RH30 cells form spheroids in a cell number dependent size that grow over 
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