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Chapter 1 
 

Introduction 
 

Ewing sarcoma 
 

Incidence, pathology, and treatment 
 Ewing sarcoma is the second most common (~250 cases per year) 

malignant bone tumor of childhood (1). Ewing sarcoma has a peak incidence in the 

second decade of life, and is rarely diagnosed in patients over 30 years of age. While 

there has been 1 documented case of siblings with Ewing sarcoma, there is currently no 

published evidence to suggest that Ewing sarcoma is a heritable condition (2).  

Ewing sarcoma was initially characterized as “diffuse endothelioma of the bone” by 

Dr. James Ewing in 1921 based on astute clinical observations (3). Dr. Ewing noted that 

a subset of patients diagnosed with osteosarcoma responded particularly well to 

radiation therapy, even though osteosarcoma was known to be resistant to this 

treatment strategy. He also made important observations pertaining to the site of tumor 

formation and the histology of the tumor cells, which aided in the differential diagnosis of 

what eventually became known as Ewing sarcoma (3). Dr. Ewing noted common sites 

for tumor involvement are in the shaft of the long bones, but rarely the ends of the bone. 

In addition, he wrote that patients commonly present in the clinic because of persistent, 

intractable bone pain that is a consequence of the osteolytic nature of the lesions (4, 5).  

 Under the microscope, Ewing sarcoma cells appear as sheets of small round cells 

with a high nuclear to cytoplasmic ratio. The cytoplasm commonly contains glycogen 

and the nuclei are rounded with multiple nucleoli per nucleus. Unlike other small round 
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cell tumors, Ewing sarcoma tumors do not produce a desmoplastic or collagenous 

stroma (6, 7).  

 Due to the large number of tumor types that are described as small, round, blue 

cell tumors, immunohistochemical (IHC) staining is often employed to aid in diagnosis. 

While the exact cell of origin in Ewing sarcoma is currently unknown, the absence of 

definitive differentiation markers and the fact that tumors are often found in developing 

bone suggests Ewing sarcoma tumors arise from a poorly differentiated stem or 

progenitor cell. The current hypothesis is Ewing sarcoma tumors form from early 

neuroectodermal or mesenchymal stem cell (MSC) lineage (6). In silico and in vitro 

experiments have demonstrated that the genetic profile of Ewing sarcoma cells clusters 

with MSCs and provides an explanation for the observed adipogenic and osteogenic 

differentiation phenotypes seen in cell culture (8).  

CD99 is the most common IHC marker used in Ewing sarcoma and indicates a 

neuroectodermal origin; however, depending on the degree of differentiation, a panel of 

markers for a variety of lineages can be utilized (9). Aside form CD99 expression, Ewing 

sarcoma cells display additional features of cells originating from the neuroectodermal 

lineage including expression of key neurodevelopmental genes and a proclivity to 

migrate and invade numerous other tissues (10, 11).  

 Despite the classification of Ewing sarcoma as a unique disease entity and the 

advances in clinical diagnostics, survival rates before the introduction of chemotherapy 

remained low (approximately 10%) (12). Modern therapeutic regimens that include 

surgery, high-dose radiation therapy, and chemotherapy have achieved cure rates that 

approach 50% (13). However, the cure rate is dramatically affected by the presence of 
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unfavorable prognostic factors. The most unfavorable prognostic factor is the presence 

of metastatic disease at diagnosis, which affects 25% of patients (12). While lymph 

node and central nervous system metastases are very rare, patients who have 

pulmonary metastases, have a slightly more positive prognosis than patients with bone 

marrow metastases (12). In addition, younger patients tend to have a better prognosis 

than older patients (12).   

Patients with Ewing sarcoma are treated with a multidrug chemotherapy regimen 

that consists of alternating cycles of vincristine, doxorubicin, cyclophosphamide, and 

ifosfamide and etoposide (14). This regimen, when administered on a compressed 

schedule has dramatically improved survival for patients with small primary tumors to 

almost 80% (5 or 10 year overall survival) (15). However, there has been no 

improvement in survival for patients with metastatic disease. In addition, this therapeutic 

strategy is accompanied by local and systemic side effects including fatigue, hair loss, 

nausea, vomiting, myelosuppression, cardiotoxicity, nephrotoxicity, and difficult-to-treat 

second malignancies (16-18). Considering the side effects of the current standard of 

care and the lack of improved survival for patients with metastatic disease, there is an 

obvious need for more effective and less toxic therapies for Ewing sarcoma patients.  

 

The Ewing sarcoma genome 
 In order to develop better therapies for Ewing sarcoma patients, it is critical to 

understand the underlying cause and pathogenesis of the disease. Many groups have 

recently performed whole genome or transcriptome sequencing experiments (19-21). 

These studies examined Ewing sarcoma patient tumor samples paired with normal 

tissue as a control along with numerous Ewing sarcoma cell lines. Overall, the results of 
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these experiments revealed a very stable genome. Similar to many other pediatric 

malignancies, the somatic mutation frequency in Ewing sarcoma (0.15-0.65 mutations 

per Mb) is very low (22). Chromosomal gains and losses were identified in a number of 

patients, including gains of chr8, chr12, and the long arm of chr1 and loss of the long 

arms of chr9 and chr16. The chromosomal losses were less frequently identified than 

the chromosomal gains, and the chromosomal gains were associated with a much 

poorer prognosis (21). In particular, Ewing sarcoma tumors that gain the long arm of 

chromosome 1 over-express the DTL protein leading to defects in cell cycle regulation 

(23). 

 From these same sequencing studies, two genes were found to be recurrently 

mutated, TP53 and STAG2. TP53 loss of function has been identified as a common 

feature in the majority of human malignancies, and leads to increased genomic 

instability and metastatic potential (24). The spectrum of missense and frame-shift 

mutations identified in the TP53 gene in Ewing sarcoma patients cluster in the DNA-

binding domain and lead to decreased protein expression (19, 20).  

STAG2 was also identified as a recurrently mutated gene in Ewing sarcoma, but 

much less is known about the function of STAG2 as compared to TP53. STAG2 protein 

is an integral component of the cohesin complex and its inactivation by truncating 

mutations has been associated with aneuploidy in cancer (25). All identified STAG2 

variants identified in Ewing sarcoma tumors correlated with loss of protein expression or 

function (19, 20). In one study, STAG2 mutations were also correlated with a higher 

number of chromosome structural variants (21). Interestingly, both TP53 and STAG2 

genes displayed a higher mutation frequency after treatment. This implies that the 
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current standard of care, which includes a panel of generally cytotoxic chemotherapies 

and no targeted therapies, can increase the mutational burden of Ewing sarcoma 

patients (19). 

 The only genomic alteration identified in 100% of Ewing sarcoma patients is a 

balanced chromosomal translocation that fuses the N-terminal transactivation domain of 

the Ewing Sarcoma Breakpoint Region 1 (EWSR1) gene upstream of the C-terminal 

DNA-binding domain of an ETS (E26 transformation specific) transcription factor family 

member (26). The most common translocation is t(11;22)(q24;q12) which involves the 5’ 

portion of the EWSR1 gene and the 3’ portion of the friend leukemia virus integration 

site 1 (FLI1) gene (Figure 1) (26).  
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The function of FLI1 has been extensively researched as a member of the ETS 

family of transcription factors. FLI1 protein is considered to function as a classic 

transcription factor that regulates the expression of critical target genes for the proper 

development of blood vessels and platelets (27, 28). Much less is known about the 

function of EWSR1 protein. Wild-type EWSR1 is thought to function at the level of 

transcription and RNA processing as a consequence of its DNA-binding zinc finger 

domain and dual RNA-binding domains (29). The N-terminus of EWSR1 contains a very 

potent transcriptional activation domain that is highly unstructured and predicted to 

mediate important protein-protein interactions (30, 31). The fusion of these two genes 

by chromosomal translocation leads to the generation of an oncogenic transcription 

factor (26).   

While EWS/FLI1 is found in 85% of Ewing sarcoma tumors, 15% of Ewing 

sarcoma tumors are defined by fusion of EWSR1 to ETS family members that closely 

resemble FLI1, including ERG (10% of tumors), ETV4, ETV1, or FEV1 (32). Importantly, 

the discovery of EWS/ETS translocations has allowed for the definitive diagnosis of 

Ewing sarcoma by either fluorescence in-situ hybridization (FISH) or reverse 

transcriptase quantitative polymerase chain reaction (qRT-PCR). 	  

 
EWS/FLI1 function and activity  

EWS/FLI1 is the major oncogenic driver of disease in Ewing sarcoma (33). Similar 

to other driver oncogenes, EWS/FLI1 protein expression is only tolerated in a context 

specific manner (34). When EWS/FLI1 expression is enforced in non-transformed 

primary cells or mouse embryonic fibroblasts (MEFs), cells undergo apoptosis as 

detected by the presence of cleaved caspase 3 (35). However, when expressed in the 
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correct context EWS/FLI1 is oncogenic. Specifically, EWS/FLI1 can transform a variety 

of mesenchymal cell lines of both human and mouse origin thereby confirming its 

oncogenic potential (33, 34, 36-39). Oncogenesis induced by EWS/FLI1 has also been 

observed in a number of in vivo models. Upon the induction of EWS/FLI1 expression in 

mice under control of the Mxl-Cre promoter, 100% of mice developed leukemia, but not 

Ewing sarcoma (40). Additionally, mosaic expression of EWS/FLI1 in zebrafish resulted 

in the appearance of tumors that histologically resembled Ewing sarcoma (41). 

EWS/FLI1 enforces a transcriptional program that promotes proliferation and 

suppresses differentiation (42-44). The transcriptional activity of EWS/FLI1 is dependent 

upon the capacity of the fusion protein to bind DNA at GGAA repeat sequences called 

micro-satellites (45). Because GGAA sequences repeat 15-40 times, multiple EWS/FLI1 

proteins can bind DNA to form oligomers, create more accessible chromatin, and recruit 

transcriptional co-activators, such as p300 (46). As a consequence of this pioneering 

activity, EWS/FLI1 establishes novel enhancers that up-regulate a unique gene 

expression profile. As opposed to binding at GGAA microsatellites, EWS/FLI1 can also 

bind to DNA at single GGAA sequences (46). Upon EWS/FLI1 binding to single GGAA-

sequences, wild-type ETS transcription factors are competitively displaced and 

transcription at these sites is repressed (45, 47, 48). In addition, the EWS/FLI1 protein 

is considered to be constitutively activated due to the elimination of all known negative 

regulatory domains identified to date in wild type EWSR1 and FLI1 proteins (49, 50).  

In total, EWS/FLI1 dysregulates over 500 genes that carry out cellular processes 

integral to tumor initiation and disease progression (46, 51). The genes repressed by 

EWS/FLI1 binding are thought to be important for the differentiation potential of Ewing 
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sarcoma cells, cell cycle arrest, and apoptosis induction, such as TGFB2, IGFBP3, 

CDKN1A, and LOX (44, 52-54). EWS/FLI1-induced genes include genes that drive 

cellular proliferation, cell cycle progression, and maintain a de-differentiated state, such 

as IGF1, CCND1, EZH2, and SOX9 (55-58). Overall, the ability of EWS/FLI1 to 

suppress mesenchymal differentiation and promote cellular proliferation is critical in the 

pathogenesis of Ewing sarcoma.   

Importantly, Ewing sarcoma cells depend on the continued activity of EWS/FLI1 to 

remain viable. Multiple independent laboratories have shown, in vitro and in vivo, that 

knockdown of EWS/FLI1 expression is not compatible with cellular proliferation and 

leads to a more stem-like phenotype (8, 52, 59, 60). In addition, upon knockdown of 

EWS/FLI1 expression Ewing sarcoma cells can be manipulated to differentiate into 

numerous mesenchymal lineages including bone, cartilage, and adipose (8, 61). These 

data unambiguously define EWS/FLI1 as the dominant oncogene that molecularly 

defines and drives progression of Ewing sarcoma. Notably, expression of EWS/FLI1 

protein is an exclusive property of Ewing sarcoma cells, which provides a unique 

therapeutic target.    

 
Approaches to the therapeutic targeting of Ewing sarcoma  

Because of the specific expression of EWS/FLI1 in Ewing sarcoma cells and the 

known dependency of Ewing sarcoma cells on continued EWS/FLI1 activity, many 

groups have tried to target the fusion protein using a wide variety of approaches. In 

theory, this treatment strategy would be less toxic than the current standard of care that 

does not specifically target EWS/FLI1 expression or activity (14). Unfortunately, 
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EWS/FLI1 is a transcription factor that poses a number of problems when attempting to 

develop a small molecule inhibitor.  

 As previously mentioned, EWS/FLI1 is an aberrant transcription factor that is 

composed of a highly disordered N-terminal transactivation domain and a DNA-binding 

domain that is conserved among the 28 ETS transcription factor family members (62). 

The highly disordered nature of the N-terminal portion of EWS/FLI1 is proposed to 

mediate numerous protein-protein interactions, but has hampered the ability to obtain 

high-resolution crystal structures of the protein. Without a crystal structure, the 

development of compounds that could potentially bind to and interfere with the function 

of EWS/FLI1 has been unsuccessful (63-65). Compounds that interact with the C-

terminal ETS DNA-binding domain have been identified, but due to the conserved 

nature of this region with 27 other proteins that are expressed in every tissue, they are 

likely to cause significant off-target effects (66, 67). For these reasons, there are 

currently no small molecule compounds that directly bind to and block EWS/FLI1 

activity.  

 Another treatment option that has been pursued for Ewing sarcoma is the 

development of compounds that suppress the expression of EWS/FLI1. It is well known 

that with the loss of EWS/FLI1 protein expression, by siRNA, shRNA, or antisense 

oligonucleotides, Ewing sarcoma cells cannot proliferate (8, 52, 59, 60). Elimination of 

EWS/FLI1 protein using these methods is very effective in vitro; however, efficacy of 

siRNA therapy in vivo has been unsuccessful thus far due to problems associated with 

siRNA stability and delivery (68). While most laboratories have abandoned efforts to 
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target EWS/FLI1 expression by siRNA, many groups continue to search for small 

molecule compounds that lead to decreased EWS/FLI1 expression (69, 70).  

Stegmaier et al. performed an EWS/FLI1 gene signature based screen of over 

1,000 small molecules to identify compounds that reversed the genetic signature of 

EWS/FLI1 (71). Cytosine arabinoside (Ara-C) was identified as the top hit and was 

subsequently shown to function as an inhibitor of EWS/FLI1 protein expression. The 

decrease in EWS/FLI1 expression led to decreased Ewing sarcoma cell growth in vitro 

and in vivo (71). Unfortunately, Ara-C demonstrated minimal clinical benefit in patients 

in the Phase II setting due to off-target hematologic toxicities (13). In order to avoid the 

off-target toxicities associated with Ara-C administration, other groups have given the 

drug at lower concentrations for longer durations (72). Regrettably, this schedule of 

administration resulted in disease progression after less than 3 cycles of therapy.  

Another therapeutic avenue that has been explored in Ewing sarcoma is to target 

the downstream effectors induced by EWS/FLI1 activity rather than targeting the 

transcription factor specifically (73). Numerous genes whose expression are both driven 

by EWS/FLI1 and important for the pathogenesis of Ewing sarcoma have been 

identified including IGF1R, PRKCB1, ID2, and BCL11B (74-77). Additionally, many of 

the critical EWS/FLI1 target genes identified have inhibitors that are currently in clinical 

development for other indications. Unfortunately, these inhibitors and this therapeutic 

strategy have not translated into positive clinical outcomes in Ewing sarcoma.  

Because EWS/FLI1 has no known enzymatic function, it must directly interact and 

work in concert with many other proteins to elicit its oncogenic phenotype. EWS/FLI1 

has been shown to directly bind to proteins that are essential for all aspects of 
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transcription including chromatin remodeling complexes, the RNA Polymerase II 

complex, transcriptional elongation machinery, and the spliceosome (78). Disruption of 

EWS/FLI1 with its interacting partner proteins by small molecule therapy has been 

shown to decrease Ewing sarcoma cell viability, decrease invasive potential, and slow 

xenograft growth in mice (65, 79, 80). To date, these compounds have failed as single 

therapies or have been unable to achieve the therapeutic suppression of EWS/FLI1 in 

early clinical trials (81, 82).  

As opposed to the previously described approaches that assume EWS/FLI1 is an 

“undruggable” target, direct inhibition of EWS/FLI1 activity is a promising alternative to 

improve patient survival (83). To this end, our laboratory has taken on the challenge of 

identifying small molecule inhibitors of EWS/FLI1 activity. We have identified two lead 

compounds and second-generation analogs of mithramycin and trabectedin that are 

effective at reversing the gene signature of EWS/FLI1 at clinically relevant 

concentrations (84, 85). 

The first EWS/FLI1 inhibitor that we identified was mithramycin. Mithramycin was 

identified by a high-throughput screen that directly assayed EWS/FLI1 activity 

measured by a cell-based luciferase reporter linked to the well-characterized EWS/FLI1 

target gene promoter, NR0B1 (85). In order to rank the positive hits from the primary 

screen, a gene signature secondary screen was performed which measured the effect 

of drug treatment on multiple EWS/FLI1 target genes. Both the primary and secondary 

screens contained controls to ensure that general transcription was not affected by drug 

treatment. Mithramycin was the lead compound identified and treatment of Ewing 

sarcoma cells with mithramycin led to the reversal of EWS/FLI1 activity in vitro and in 
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vivo. This suppression translated into the suppression of tumor growth in two xenograft 

models of Ewing sarcoma.  

Unfortunately, mithramycin suffers from a narrow therapeutic window in patients 

(Grohar et al in press). Therefore, our laboratory has identified structural analogs that 

can be administered at higher concentrations without toxicity or can achieve the same 

inhibitory effect on EWS/FLI1 at lower concentrations (86). 

 

Trabectedin  

Trabectedin Activity and Structure 
Trabectedin is a marine natural product whose antitumor activity was first 

observed in the late 1960s when crude extracts from Ecteinascidia turbinate were found 

to have anti-proliferative properties (87). However, due to the low concentration 

(<0.002% wet weight) in turbinate extracts and the poor sensitivity of NMR protocols, 

isolation and structural characterization of trabectedin was not successfully performed 

until 1990 (88). Initial attempts to commercialize the compound were focused on 

aquaculture methodologies instead of synthetic processes because of the complex 

structure of trabectedin. As a consequence of environmental concerns, development of 

a protocol to synthetically produce trabectedin was pursued. These efforts resulted in 

the first total synthesis of trabectedin in 1996 (89).  

The three-ring (Rings A-C) structure of trabectedin is unique to ecteinascidins; 

however, structural similarities are shared with microbial saframycins (90). The A and B 

rings are composed of two fused tetrahydroisoquinoline rings, which are optimal for 

binding to the minor groove of DNA at GC-rich sequences. The C ring of trabectedin is 
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another tetrahydroisoquinoline ring structure that is uniquely positioned to extend away 

from the DNA (Figure 2). 

 

The ability of trabectedin to bind and alkylate DNA leads to the formation of stable 

DNA adducts, which are inefficiently repaired and generate DNA damage (91). 

Traditionally, alkylating agents bind DNA at guanine residues in the major groove at the 

N7 or O6 position. Unlike traditional alkylating agents, trabectedin reversibly binds the 

N2 position of guanines in the minor groove (92). The binding of trabectedin to DNA has 

been shown to cover 3-5 bases and is strongest when the central guanine residue is 

flanked on the 3’ side by another guanine. In addition, trabectedin bound to DNA 
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creates a unique bend towards the major groove that has not been identified for any 

other compound (93).  

After the mechanism of DNA sequence specific binding was elucidated, David-

Cordonnier et al. identified the specific hydroxyl group that dictates trabectedin binding 

to DNA (94). ET-745, a structural analog of trabectedin that is missing the critical A-ring 

C21 hydroxyl group, was used to demonstrate a complete loss of binding. In addition, 

they identified that DNA binding is necessary but not sufficient for peak anti-tumor 

activity of these compounds (94). The results of these studies demonstrate that the 

optimal activity of trabectedin, as defined by cytotoxicity, requires a ternary complex 

consisting of DNA, trabectedin, and an additional non-DNA target.  

While the A and B rings of trabectedin have been well studied with respect to the 

mechanism of DNA binding, the function of the C-ring is more complex and not 

completely understood (95). Surprisingly, structural analogs of trabectedin lacking the 

C-ring still have the potential to bind DNA leading to cell death (94). In fact, C-ring 

deficient analogs have been shown to be more potent in vitro suggesting that the C-ring 

functions to partially mitigate the cytotoxic effects of the A and B rings (96).  

Because the C-ring protrudes away from the DNA, it has been proposed to affect 

the function of DNA binding factors important for transcription or DNA damage repair. 

The most well characterized example of this phenomenon involves the ERCC5 (also 

known as XPG) protein, which is involved in the nucleotide excision repair (NER) 

pathway (97-101). ERCC5 is an endonuclease that plays a structural and catalytic role 

in the repair of DNA damage. ERCC5 forms a complex with the proteins XPA and RPA 

that stabilize the activated NER complex. This complex subsequently cleaves and 
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removes damaged DNA that is replaced by the DNA replication machinery (102). It has 

been hypothesized that the effect of trabectedin on the NER pathway is due to a 

trapping mechanism that creates a ternary complex involving trabectedin-DNA-NER 

protein, which cannot be efficiently repaired and leads to cell death (97). This 

mechanism requires an intact NER pathway and is unique to trabectedin treatment, as 

other DNA alkylating agents are hypersensitive to NER dysfunction. In agreement with 

this mechanism, NER-deficient cell lines are more than two-fold resistant to trabectedin 

treatment (97, 103).  

More recently, it has been demonstrated that the DNA lesions created by 

trabectedin are repaired through the homologous recombination (HR) pathway (91, 

104). These data demonstrate that the mechanism of cytotoxicity induced by 

trabectedin is dependent on proper recruitment of NER proteins, leading to NER 

poisoning and the creation of DNA single-strand breaks. Upon replication of DNA, 

single-strand breaks are converted into double stranded breaks that are more efficiently 

repaired by the HR machinery. This mechanism also explains why cells that are 

deficient in any aspect of HR are hypersensitive to trabectedin treatment (104). 

 

Trabectedin and Transcriptional Regulation 
In addition to DNA repair, transcription factor activity is affected by the C-ring of 

trabectedin. Activity of transcription factors, such as the E2F family, can be inhibited by 

trabectedin treatment (105). Additionally, many of the tumor types that routinely respond 

to trabectedin therapy depend on the activity of oncogenic transcription factors for 

survival (106-109). In support of a direct effect of trabectedin treatment on the activity of 

oncogenic transcription factors, Forni et al. demonstrated the loss of binding of the 
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FUS/CHOP transcription factor in myxoid liposarcoma (MLS) cells following trabectedin 

treatment (110). In agreement with this data and overwhelming in vitro, in vivo, and 

clinical trial data, trabectedin was approved as a second-line therapy for patients with 

myxoid liposarcoma in 2016 (111). 

Trabectedin has also demonstrated activity in other translocation-positive soft 

tissue sarcomas, including synovial sarcoma and Ewing sarcoma (107, 109, 112). Our 

laboratory has been particularly interested in the clinical activity of trabectedin in Ewing 

sarcoma because of the complete response of a patient with widely metastatic disease 

during Phase I testing (112). While the efficacy of trabectedin was not the primary 

endpoint of this clinical trial, it is noteworthy that two Ewing sarcoma patients responded 

to single agent therapy after failing the conventional chemotherapeutic regimen. In order 

to explain the extreme response, our laboratory initially demonstrated that trabectedin 

selectively blocks the function of EWS/FLI1 (84). The inhibition of EWS/FLI1 activity 

was evident at the promoter level and by gene set enrichment analysis. Unfortunately, a 

negative Phase II trial of trabectedin in Ewing sarcoma patients was reported shortly 

thereafter, which stalled further clinical development (113). In light of the positive Phase 

I trial and the negative Phase II trial, the goal of my research has been to provide an 

explanation of the disparate outcomes. 

Optimizing the Activity of Trabectedin in Ewing Sarcoma 
The goal of this research is to optimize the on-target (EWS/FLI1 inhibitory) activity 

of trabectedin treatment. We believe that this can be achieved by numerous approaches 

including determining the specific mechanism of action of trabectedin on EWS/FLI1, 

establishing the optimal scheduling of trabectedin, and by discovering novel structural 

analogs of trabectedin that maintain on-target activity with less off-target toxicity. An 
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additional method to optimize the effect of trabectedin is to define novel combination 

therapies to specifically target Ewing sarcoma cells. Our lab has subsequently identified 

a synergistic combination therapy with trabectedin and irinotecan that achieves 

prolonged EWS/FLI1 activity suppression (114). The synergy observed with this 

combination is focused around the ability of trabectedin to suppress EWS/FLI1 activity, 

which causes a specific gene expression change that sensitizes Ewing sarcoma cells to 

irinotecan treatment.    

This thesis will directly address our efforts to identify the specific mechanism of 

trabectedin-mediated EWS/FLI1 inhibition that we believe involves transient re-

localization of EWS/FLI1 to the nucleolus. In addition, we believe that contrasting 

clinical trial results can be explained by differences in the schedule of administration 

between Phase I and II clinical trials. We will show that the adjusted Phase II schedule 

led to serum concentrations (Cmax) of trabectedin that do not induce EWS/FLI1 re-

localization. Finally, we will establish a second-generation EWS/FLI1 inhibitor, 

lurbinectedin, which maintains suppression of EWS/FLI1 activity at similar 

concentrations to trabectedin in vitro. However, we believe that lurbinectedin is 

significantly less toxic in vivo based on the Cmax that can be achieved in patients before 

producing off-target toxicities. 
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Chapter 2 
 

Identifying the Trabectedin-mediated Mechanism of EWS/FLI1 Inhibition 
 

Introduction 
Trabectedin belongs to tetrahydroisoquinoline family of small molecules that 

display a wide range of biological activities, including antitumor and antimicrobial effects 

(115). The specific activity of each molecule is thought to be a result of the structural 

variations that are found in each sub-family classification. Trabectedin is a member of 

the Ecteinascidins sub-family and displays the most potent antitumor activity of any 

tetrahydroisoquinoline discovered to date (115).   

The first biological activity of trabectedin was reported in 1970. In these initial 

experiments, extracts from the Caribbean tunicate, Ecteinascidin turbinata, were used 

to treat mouse leukemia cells (87). Other groups confirmed the activity of these extracts 

in a large number of cancer types with limited mechanistic insights.  

The first hypothesis regarding the mechanism of action was not reported until the 

structure of trabectedin was characterized in 1990 (116). These studies demonstrated 

that trabectedin’s A-ring is strikingly similar to another tetrahydroisoquinoline, 

saframycin A. Saframycin A is a natural product that was first isolated from 

Streptomyces lavendulae in the late 1970s and studied due to its antimicrobial 

properties (117). Subsequently, saframycin A was shown to possess antitumor activity 

mediated by the ability to bind DNA in the minor groove (118). Because the purification 

of trabectedin was laborious and the final yield per extract was low (<0.002%), the 
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mechanistic studies of trabectedin were hampered until the total synthesis was 

published in 1996 (89).  

Soon after the published synthesis, the A and B rings of trabectedin were shown 

to alkylate DNA in the minor groove in a manner similar to saframycin A (92). The 

alkylation of DNA by trabectedin bends the minor groove towards the major groove, 

which is unique compared to other DNA alkylating agents. Trabectedin has also been 

shown to poison topoisomerase I, disassemble microtubule structures, and degrade 

RNA polymerase II leading to transcriptional and cell cycle perturbations (119-123). 

These mechanisms are assumed to be off-target effects of trabectedin treatment 

because the concentration of trabectedin necessary to elicit these phenotypes (1-5 

micromolar) in vitro is far beyond concentrations that are attainable in animal models or 

patients (10-20 nanomolar).  

In addition to the presumed off-target effects of trabectedin treatment referenced 

above, trabectedin has demonstrated striking activity at clinically relevant 

concentrations in select tumor types (111). The mechanism of action at these 

concentrations is likely due to more specific, targeted effects of trabectedin therapy on 

specific oncogenic driver mutations (124). Because saframycin A and trabectedin have 

nearly identical binding properties and saframycin A has not demonstrated activity in the 

clinic, the presence of the C-ring in trabectedin is probably responsible for the increase 

in activity. Interestingly, many of the tumor types that are responsive to trabectedin 

therapy are characterized by a chromosomal translocation that generates an oncogenic 

transcription factor including MLS and Ewing sarcoma. The implication from these 
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observations is that the C-ring of trabectedin is important for modulating the activity of 

select transcription factors such as FUS/CHOP in MLS or EWS/FLI1 in Ewing sarcoma.  

The oncogenic fusion protein in MLS, FUS/CHOP, functions analogously to 

EWS/FLI1 in Ewing sarcoma. FUS/CHOP regulates a unique transcriptional profile that 

drives proliferation and specifically blocks mesenchymal progenitor cells from 

progressing along the adipogenic pathway (125). When MLS cells are treated in vitro or 

in vivo with trabectedin, FUS/CHOP is displaced from DNA leading to FUS/CHOP 

transcriptional inhibition (110, 126). The trabectedin-mediated inhibition of FUS/CHOP 

resulted in terminal differentiation of tumor cells into adipocytes. Identification of a 

therapy that causes a differentiation phenotype is important because patient survival for 

tumor types that are treated with differentiation agents can be over 95% (127). 

Additionally, differentiation agents generally possess fewer cytotoxic, off-target effects. 

While response rates to trabectedin in MLS patients have not achieved 100%, 

trabectedin has progressed through Phase III clinical trials and is now approved for MLS 

patients who have failed conventional chemotherapy (111). 

Trabectedin has demonstrated efficacy in Ewing sarcoma patients and cell lines 

at concentrations similar to what was observed in MLS (112). Data from our lab first 

connected the anti-proliferative effect of trabectedin in Ewing sarcoma cells to inhibition 

of EWS/FLI1 activity (84). We established that trabectedin blocked EWS/FLI1 activity at 

the promoter of an important downstream target gene of EWS/FLI1 and that the 

inhibition correlated with decreased mRNA expression. EWS/FLI1 activity could also be 

inhibited in a fibrosarcoma cell line with forced EWS/FLI1 expression, which argues for 

specificity. In addition, we demonstrated that the inhibition of EWS/FLI1 correlated with 
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the generation of DNA damage as measured by the presence of histone H2AX 

phosphorylation. Unfortunately, these initial experiments did not identify the mechanism 

of EWS/FLI1 inhibition. 

The goal of this study was to elucidate the mechanism of EWS/FLI1 inhibition in 

response to trabectedin at clinically relevant concentrations. By identifying a specific 

mechanism of action, we will gain insight into the biology of EWS/FLI1 that we can use 

to maximize suppression. In addition, there are over 20 tumor types that are defined by 

oncogenic transcription factors containing the N-terminal portion of a FET family 

member protein, many of which are sensitive to trabectedin (128). Therefore, the 

mechanism of action identified in Ewing sarcoma cells may be applicable to a much 

larger population of pediatric patients. 

 

Results and Discussion 
In order to elucidate the mechanism of trabectedin-mediated EWS/FLI1 inhibition, 

we identified the concentration and duration of trabectedin treatment that led to maximal 

EWS/FLI1 activity inhibition. The system that our laboratory developed to measure 

EWS/FLI1 activity is a cell-based assay using a well-known EWS/FLI1 binding site 

found in the NR0B1 promoter linked to a luminescent luciferase gene (NR0B1-Luc). In 

Ewing sarcoma cells, EWS/FLI1 can bind to the NR0B1 promoter sequence and drive 

expression of luciferase that can be directly measured by detecting luminescence (84). 

In parallel, we measure a cytomegalovirus-driven (CMV) luciferase construct whose 

expression is not influenced by EWS/FLI1 expression to ensure that the off-target effect 

of generalized transcription inhibition is not occurring (CMV-Luc). Finally, we perform 
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cell viability assays under the same conditions as the luciferase experiments to 

guarantee that any decrease in luciferase signal is not a consequence of cell death.  

We treated the NR0B1-Luc and CMV-Luc cells at various concentrations of 

trabectedin for 8 hours and observed optimal EWS/FLI1 suppression with 5 nM 

trabectedin treatment (Figure 3A, black). At this specific time and concentration, there 

was no effect on the constitutively active CMV luciferase construct (Figure 3A, gray). In 

addition, no effects on cell viability were observed at this early time point (Data not 

shown). The inhibition of EWS/FLI1 activity observed in the luciferase experiments 

could be explained by a loss of EWS/FLI1 expression detected by qRT-PCR. For these 

experiments, we chose a time point that was prior to optimal suppression of luciferase 

because if the effect on activity is dominated by a change in expression, then EWS/FLI1 

expression should change before the observed decrease in luciferase. To test this 

theory we treated Ewing sarcoma cells with 5 nM trabectedin for 6 hours and found that 

mRNA expression of EWS/FLI1 is suppressed (Figure 3B).  
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Logically, the next experiment was to confirm that the inhibition of EWS/FLI1 

activity by luciferase assay and mRNA expression by qRT-PCR extended to the protein 

level by performing a western blot. Because EWS/FLI1 protein has a longer half-life 

than EWS/FLI1 mRNA, we treated Ewing sarcoma cells with 5 nM trabectedin for a 

longer period of time before interrogating the change in protein expression. We treated 

the cells with 5 nM trabectedin for 18 hours, which is long enough to observe EWS/FLI1 

target protein expression changes but short enough to avoid wide-scale apoptosis. 

Surprisingly, the expression of EWS/FLI1 protein is not affected by treatment with 

trabectedin (Figure 3C). These results suggest the mechanism of EWS/FLI1 inhibition is 

not a result of elimination of EWS/FLI1 expression from Ewing sarcoma cells.  

Contrary to a decrease in expression after trabectedin treatment, the protein band 

for EWS/FLI1 appears to be more intense and slightly shifted. This implies that the 

protein is post-translationally modified upon drug treatment, which could explain the 

disconnect between the decrease in EWS/FLI1 mRNA expression and unaltered 

EWS/FLI1 protein expression.  

Numerous EWS/FLI1 post-translational modifications have been characterized, 

which are thought to effect transactivation potential, protein-protein interactions, and 

stability of the fusion protein (129-132). Due to the shift of the EWS/FLI1 band upon 

drug treatment, we set out to confirm the presence and identity of a trabectedin-induced 

post-translational modification (PTM) by mass spectrometry. In order to obtain high 

quality mass spectrometry data, we optimized an immunoprecipitation (IP) protocol to 

purify endogenous EWS/FLI1 out of the TC32 cell line. To verify that the IP protocol 

worked, we ran a portion of the eluted protein on a poly-acrylamide gel (Figure 4, left).  
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Upon achieving conditions most advantageous for EWS/FLI1 immunoprecipitation, 

samples were submitted to the Vanderbilt mass spectrometry core for analysis.  

Our initial attempts to identify PTMs by mass spectrometry were unfavorably 

biased by the use of trypsin in the digestion protocol. Trypsin is a protease that 

enzymatically cleaves peptides immediately following a lysine or arginine residue (133). 

While the FLI1 portion of EWS/FLI1 contains a multitude of these residues, the EWSR1 

portion contains only 1 of each residue. This limitation forced us to digest the proteins 

using chymotrypsin, a protease that cleaves at more sites (134). Because chymotrypsin 

cleaves the protein at more sites yielding smaller peptides, we dramatically increased 

the amount of protein that we used for these experiments to achieve adequate 

EWS/FLI1 coverage. The change to chymotrypsin led to much better coverage of the 

EWSR1 portion of EWS/FLI1, however the assay was not robust enough to identify a 

drug-induced PTM.  

We did identify a phosphorylation event at Ser293 of EWS/FLI1 that corresponds 

to Ser241 of FLI1. This phosphorylation modification has been previously identified, but 
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not characterized, on FLI1 (135). Additionally, the phosphorylation of Ser293 is present 

in the control and trabectedin treated samples, so this PTM is unlikely to be related to 

drug treatment (Figure 4, right). Overall, we obtained high quality peptide reads on both 

the EWSR1 portion with chymotrypsin and the FLI1 portion with trypsin, but neither 

approach identified a PTM that was induced by trabectedin treatment.  

Another method that we used to identify the mechanism of action for trabectedin in 

Ewing sarcoma cells was to examine the genetic response of Ewing sarcoma cells to 

trabectedin at a gene signature level. We have previously shown that low nanomolar 

trabectedin treatment generates DNA damage and suppresses EWS/FLI1 activity 

without affecting global transcription (84). Paradoxically, this defines trabectedin as both 

a general cytotoxic drug and a molecularly targeted therapy (124). However, it is 

possible that the DNA damage induced by trabectedin treatment activates a cellular 

response that specifically poisons EWS/FLI1-mediated transcription.  

We examined previously published gene set enrichment analysis data from our 

laboratory to identify the genetic signatures that were activated following trabectedin 

treatment (84). We found Ewing sarcoma cells transcriptionally respond to trabectedin 

treatment in an identical manner that human embryonic kidney (HEK) cells respond to 

ultraviolet (UV) light treatment. This was perplexing because we believed the EWS/FLI1 

protein mediates the sensitivity of Ewing sarcoma cells to trabectedin, and HEK cells do 

not the express the EWS/FLI1 protein. However, HEK cells express wild-type EWSR1 

protein, which is ubiquitously expressed across most tissue types. Potentially, there is 

an inherent response of wild-type EWSR1 to UV light that is maintained in the 

EWS/FLI1 fusion protein’s response to trabectedin treatment.   
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While the exact functions of EWSR1 have not been elucidated, it is known to bind 

DNA and RNA, and it is important for proper transcriptional regulation, DNA damage 

repair, and RNA processing (136). These functions of EWSR1 require its localization in 

the nucleus, and improper localization of EWSR1 to the cytoplasm has been shown to 

alter the transcriptional landscape in cells (137, 138). EWSR1 can also re-localize in the 

nucleus to the nucleolus leading to loss of binding at target sequences and widespread 

changes in mRNA processing at the level of splicing (139). The reported nucleolar 

enrichment of EWSR1 protein was specifically observed after UV light treatment of HEK 

cells.  

We hypothesize the UV light induced re-localization of EWSR1 protein observed in 

HEK cells is maintained in Ewing sarcoma cells upon trabectedin treatment, which 

causes complete EWS/FLI1 inactivation. This phenomenon would explain the loss of 

EWS/FLI1 activity we have previously observed, even in the absence of a change in 

EWS/FLI1 protein expression. Both wild type EWSR1 and EWS/FLI1 proteins should re-

localize to the nucleolus and become inactive; however, because EWSR1 is a member 

of the FET family of proteins, there are two other proteins that could compensate for the 

loss of EWSR1 activity. Additionally, normal cells are not dependent on EWSR1 

function for cell survival and Ewing sarcoma cells absolutely depend on EWS/FLI1 

activity, so this mechanism would explain the selectivity of the effect of trabectedin on 

Ewing sarcoma cells.  

To investigate the localization of EWS/FLI1 in response to trabectedin treatment, 

we performed confocal microscopy experiments using a HA-tagged version of 

EWS/FLI1 (Figure 5). We treated cells with 5 nM trabectedin for 6 hours, and stained  
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the cells with a HA-tag antibody. Because the initial report of EWSR1 re-localization 

observed enrichment in the nucleolus, we co-stained with an antibody for Nucleolin 

(NCL), an established marker for nucleolar structures (Figure 5A). After 6 hours, we 

observed a dramatic re-distribution of EWS/FLI1 in the nucleus following trabectedin 

treatment. This effect was not due to the presence of the HA-tag because we observed 

nucleolar enrichment with a FLI1 antibody as well (Data not shown). The kinetics of 

EWS/FLI1 re-localization was similar to the reported re-localization of wild-type EWSR1 

protein in HEK cells in response to UV light. This implies that the two re-localization 

phenotypes are driven by the same mechanism. 
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We also confirmed the re-localization is dependent upon trabectedin binding to 

DNA. Treatment of Ewing sarcoma cells with a trabectedin analog that cannot bind DNA 

has no effect on EWS/FLI1 localization (Figure 5B). In addition, we confirmed the 

importance of the DNA damage response to EWS/FLI1 re-localization. Treatment of 

Ewing sarcoma cells with concentrations of trabectedin that do not induce DNA damage 

has no effect on EWS/FLI1 re-localization (Figure 5B). The re-localization phenotype is 

somewhat specific to the DNA damage response elicited by trabectedin because 

generalized DNA damage caused by high concentrations of other chemotherapeutic 

agents had no effect on EWS/FLI1 localization (Figure 5B).  

In order to correlate the re-localization phenotype with a blockade of EWS/FLI1 

activity, we first examined the ability of trabectedin to down-regulate a panel of well-

characterized EWS/FLI1 target genes, ID2, NR0B1, RCOR1, and WRN at the mRNA 

level by qRT-PCR (Figure 6A). We demonstrated EWS/FLI1 target gene expression is 

suppressed in a dose-dependent manner when Ewing sarcoma cells are treated at 

trabectedin concentrations that re-localize EWS/FLI1 to the nucleolus. More importantly, 

when EWS/FLI1 activity is monitored at the protein level by western blot, target protein 

expression is suppressed (Figure 6B). Incubation of Ewing sarcoma cells with lower 

concentrations (<2.5 nM) of trabectedin has no effect on EWS/FLI1 localization or target 

protein expression (images not shown). 

Finally, our hypothesis is predicated on the fact that the DNA damage generated 

by trabectedin elicits a cellular signal that leads to EWS/FLI1 re-localization and 

ultimately transcription factor inhibition. For this hypothesis to be valid, we needed to  
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demonstrate that DNA damage is generated under similar treatments that lead to 

EWS/FLI1 re-localization. A well-known and reliable marker of trabectedin-induced DNA 

damage is the presence of phosphorylated histone variant H2AX (γH2AX) (140). This 

post-translational modification is deposited at Ser139 and is thought to be important for 

the recruitment of DNA damage repair factors (141). 

After incubation of Ewing sarcoma cells with 5 nM trabectedin, we observed a 

significant increase in γH2AX foci formation as visualized by confocal microscopy 

(Figure 7A). In agreement with this, the presence of γH2AX mark is more abundant at 

the protein level (Figure 7B). γH2AX expression was not detectable by confocal 

microscopy or western blot, when Ewing sarcoma cells were treated with ET-745, the 

non-binding structural analog of trabectedin (data not shown).  
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These data, coupled with the results of the luciferase experiments previously 

discussed, unequivocally establish trabectedin as a specific EWS/FLI1 inhibitor (Figures 

3A, 5-7).  

 

Conclusions 
The results of these studies confirm the previously published trabectedin-

mediated inhibition of EWS/FLI1 activity. We demonstrate EWS/FLI1 inhibition at the 

target gene promoter, mRNA, and protein levels. In addition, we establish the inhibition 

of EWS/FLI1 activity is not a result of protein loss, but instead depends on altered 

EWS/FLI1 localization in the nucleus. We believe this is an inherent stress response of 

the N-terminal portion of the wild-type EWSR1 protein domain that remains in the 

EWS/FLI1 fusion protein after translocation. In addition, we show the specific DNA 

damage induced by trabectedin is required to elicit the re-localization phenotype.  

While wild-type EWSR1 re-localization is likely to occur in all cell types after 

trabectedin treatment, it has not been shown that inhibition of EWSR1 activity is 
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essential for cell viability in any cell type. This is probably due to the ubiquitous 

presence of other FET protein family members, FUS and TAF15, which function 

somewhat redundantly to EWSR1. Importantly, this provides rationale for the selectivity 

of Ewing sarcoma cells to the effects of trabectedin because Ewing sarcoma cells 

absolutely depend on the constitutive activity of EWS/FLI1 for cell survival.  

The immediate implications for this mechanism are substantial. The re-

localization phenotype provides a mechanism-based output to identify other EWS/FLI1 

inhibitors in a high-throughput fashion. In addition to trabectedin, we currently have a 

library of over 80 structural analogs of trabectedin that can now be rapidly screened for 

inhibition of EWS/FLI1 activity using microscopy. We can also re-examine previously 

identified EWS/FLI1 inhibitors to investigate whether this re-localization mechanism is 

specific to trabectedin or more widely applicable.  

More importantly, the re-localization of EWS/FLI1 may be used in the clinic as an 

endpoint to determine whether a therapeutic regimen is having an on-target effect. 

Because ES patients are not completely homogeneous, drug activity may be slightly 

altered from patient to patient. However, by examining the localization of EWS/FLI1 

following treatment, optimizing the activity of trabectedin by alterations in drug 

scheduling has the potential to become a reality. 
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Chapter 3 
 

Optimizing the Schedule of Administration of Trabectedin 
 

Introduction 
The purpose of this chapter is to determine the most effective approach to use 

trabectedin to suppress EWS/FLI1 activity in vivo and in patients. Now that we have 

characterized the mechanism of EWS/FLI1 suppression and determined that it occurred 

at clinically relevant concentrations of drug, we will optimize the exposure of Ewing 

sarcoma cells to trabectedin treatment. More precisely, we will model the exposure of 

Ewing sarcoma cells to trabectedin, administered as a 1-, 3- or 24-hour infusion. We will 

correlate these exposures with the loss of cell viability in vitro, induction of the re-

localization of EWS/FLI1, and examine the potential mechanism of sustained 

suppression of EWS/FLI1 activity. Ultimately, these data will be used to guide future 

clinical trial design. 

We have shown that Ewing sarcoma cells are particularly sensitive to trabectedin 

treatment. In the previous chapter, we linked this selectivity to trabectedin to the re-

localization of EWS/FLI1 protein and suppression of its activity. Because almost all 

Ewing sarcoma patients have EWS/FLI1, whose activity is required for tumor cell 

viability, we believe the trabectedin-induced suppression of EWS/FLI1 should translate 

in high response rates. However, the response of Ewing sarcoma patients to 

trabectedin therapy during clinical testing has not been consistent. With the mechanism 

of action elucidated, we can now model the achieved clinical exposures in vitro and 

model the optimal schedule of administration of trabectedin in Ewing sarcoma patients.  
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The schedule of administration for a particular chemotherapy is a critical aspect of 

drug activity. Optimal dosing and duration of treatment must be worked out in clinical 

trials in order to mitigate off-target effects while maximizing clinical benefit. It has been 

demonstrated that optimization of drug schedule can alter the observed dose limiting 

toxicities and positively affect response rates (142-144). For example, it was found in 

multiple clinical trials that the topoisomerase II inhibitor, etoposide, displays improved 

activity when total exposure is increased by administering a low dose of drug for a 

prolonged period of time (144, 145). This protracted schedule of administration 

significantly increased response rates. In contrast, other chemotherapies such as 

teniposide (VM-26) only demonstrated enhanced clinical activity after achieving a 

threshold concentration (12 mg/L) in patients (146).  

The schedule of administration of trabectedin has not been optimized for Ewing 

sarcoma patients. Trabectedin has completed Phase I and II clinical testing in pediatric 

cohorts containing Ewing sarcoma patients (112, 113). While the Phase I trial was only 

designed to evaluate the safety of trabectedin, clinical responses were also noted. 

Importantly, two out of three treatment-refractory Ewing sarcoma patients achieved a 

clinical response to single-agent trabectedin therapy. Following this schedule of 

administration, a durable and complete response was observed in a Ewing sarcoma 

patient with widely metastatic disease. This clinical trial administered trabectedin at 

doses of either 1.1 or 1.3 mg/m2 as a 3-hour infusion. With this schedule, patients 

achieved a maximum serum concentration (Cmax) of trabectedin of approximately 14 nM 

(112). The concentration of trabectedin in serum decreased rapidly following the 

infusion and led to reversible and non-cumulative toxicities.  
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An additional Phase I trial was performed to study the safety profile and 

pharmacokinetics of trabectedin administered as a 1–hour infusion every week for 3 

weeks (147).  No Ewing sarcoma patients were enrolled in this trial, but several soft 

tissue sarcoma patients demonstrated partial response or stable disease. The 

maximum tolerated dose was identified as 0.61 mg/m2 and led to serum concentrations 

above 15 nM.  

Based on these positive Phase I clinical trial results, trabectedin entered Phase II 

clinical testing (113). Drawing on observations from adult clinical trials, the schedule of 

administration for the phase II trial in Ewing sarcoma was adjusted from a 3-hour 

infusion to a 24-hour infusion. In this trial the dose of trabectedin was only slightly 

increased to 1.5 mg/m2, which led to trabectedin serum concentrations (Cmax) that were 

significantly lower (approximately 3 nM) than the Phase I trials. While this schedule of 

administration increased the overall exposure to trabectedin, only 1/10 Ewing sarcoma 

patients enrolled demonstrated stable disease. For this reason, trabectedin as a single 

agent did not show sufficient activity for continued clinical development in Ewing 

sarcoma. In agreement, we have demonstrated that EWS/FLI1 inhibition is negligible 

when Ewing sarcoma cells are treated with trabectedin at concentrations achieved in 

the Phase II trial (84).  

It is likely that the adjusted schedule of administration in the Phase II trial 

negatively affected the outcome by limiting the concentration of drug that reached the 

tumor cells. We believe, unlike other sarcoma subtypes that are responsive to 

trabectedin, the on-target effect in Ewing sarcoma is mediated by Cmax and not 

increased exposure (111). In agreement with this hypothesis, Beumer et al. 
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demonstrated that trabectedin administered as a 3-hour or 24-hour infusion obtained 

similar exposure levels as measured by total area under the curve (AUC) (148). The 

single parameter that varied significantly between the two schedules was Cmax, which 

was consistently higher following the 3-hour infusion relative to the 24-hour infusion.  

The goal of this study is to use the re-localization of EWS/FLI1 to investigate the 

effect of Cmax and exposure to trabectedin on Ewing sarcoma cells. We will show that 

the optimal suppression of EWS/FLI1 is dependent upon achieving a threshold Cmax that 

is more similar to the Phase I clinical trials. The cell culture models developed in these 

studies will help guide further clinical trial design and will provide insight into the 

disparate conclusions of the Phase I and II clinical trials.  

 

Results and Discussion 
In order to model the effects of Cmax versus exposure, we adjusted our cell 

culture models to mirror the pharmacokinetic data obtained from patients in the two 

clinical studies. To model the Phase I clinical trials, we treated Ewing sarcoma cells with 

high concentrations of trabectedin for a short amount of time followed by replacement 

with regular culture media. Using this model, we found that the half-life of the drug in 

cells is approximately 4 hours (Data not shown). To model the Phase II clinical trial, we 

treated Ewing sarcoma cells with a low dose of trabectedin for longer periods of time 

without replacing the culture media. Using this cell culture model, we can test numerous 

variables, including total exposure, concentration, or duration of treatment, and 

determine which factor maximizes the inhibition of EWS/FLI1.  

The first factor that we examined was total exposure. We incubated Ewing 

sarcoma cells with equivalent exposures of trabectedin at various concentrations. 
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Exposure in these experiments is defined as the concentration of drug multiplied by the 

duration of treatment and is measured in units of nM*min. We observed the cellular 

response by measuring the growth inhibition in real time using time-lapse microscopy. 

We have demonstrated that Ewing sarcoma cells respond to the same exposure of 

trabectedin differentially (Figure 8A). We showed that 10 nM treatment for 1-hour (600 

nM*min) resulted in a 75% decrease in cell growth, but 5 nM trabectedin for 2-hours  

(600 nM*min) demonstrated only a partial delay in growth kinetics. This data argues that 

the effect on Ewing sarcoma cell growth is not dependent on exposure, but is 

dependent on achieving a threshold concentration. 

 

In addition to trabectedin, we also tested the Cmax effect of mithramycin, an 

EWS/FLI1 inhibitor whose mechanism of inhibition has yet to be elucidated. We treated 

Ewing sarcoma cells with equivalent exposures (22,500 nM*min) to mithramycin at 
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various concentrations. Even when treated with physiologically irrelevant exposures to 

mithramycin, we observed no effect on Ewing sarcoma cell growth at any concentration 

tested (Figure 8B). On the contrary, we observed a significant effect on cell growth 

when mithramycin was administered continuously at a lower concentration (Data not 

shown). 

To test the effect of Cmax on Ewing sarcoma cell growth, we performed a classic 

pharmacology assay that is used to test the schedule dependency of drugs (149). To 

demonstrate the schedule-dependency of trabectedin, we analyzed the cytotoxicity of 

trabectedin at many concentrations and durations of treatment. This data is represented 

by plotting the effect of drug treatment (y-axis) as a function of total drug exposure (x-

axis) (149). This type of graph allows for the simultaneous measurement of effect 

across a wide range of exposures. In theory, this assay would be more meaningful 

performed in vivo; however, the solubility of trabectedin and effect of drug treatment on 

the health of the tail vein of the mouse forced us to perform this assay in cell culture. 

The assay described here is the currently accepted standard for establishing schedule-

dependency using in vitro cell culture models (149).  

To demonstrate schedule-dependency, we treated Ewing sarcoma cell lines with 

a wide variety of exposures to trabectedin followed by washout with regular cell culture 

medium. 48 hours after the initial drug treatment, cell number was measured by 

standard MTS assay. If the effect of trabectedin is dependent on schedule, then the 

exposure-effect curves should not overlap. We observed a schedule-dependent effect 

on growth of Ewing sarcoma cells following trabectedin treatment as shown by the 

leftward shift of the curves (Figure 9, left). The growth inhibitory effect seemed to be 
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dominated by the concentration of drug, which is supported by the fact that 25 nM 

trabectedin treatment resulted in the same phenotype whether the cells were treated for 

six minutes or 2,880 minutes. Additionally, these graphs imply that there is no added 

benefit of increasing exposure levels if an appropriate Cmax is achieved. 

As a control to ensure that the schedule-dependency was not a generalized 

effect of treatment with drugs that bind DNA in the minor groove, we treated Ewing 

sarcoma cells with mithramycin in a similar fashion as the previous trabectedin 

exposure experiments. The mithramycin experiments were carried out at much higher 

exposures as indicated on the x-axis in Figure 9.  We observed no schedule-dependent 

effect following treatment of Ewing sarcoma cells with low exposures of mithramycin 

(Figure 9, right). We did observe shifts in exposure curves for mithramycin treatments 

longer than eight hours; however, the concentration of drug required to establish these 

exposures exceed concentrations that are achievable in patients by 20X. 
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In order to correlate the growth inhibitory effect of Cmax with EWS/FLI1 inhibition, 

we investigated the effect of transient trabectedin treatment in our previously described 

luciferase system. By using a luciferase construct fused downstream of a well-known 

EWS/FLI1-driven promoter (NR0B1-luc), we identified maximum EWS/FLI1 inhibition 

and an absence of general transcriptional inhibition with conditions that reflect the 

Phase I clinical trial (Figure 10A, black bars). We show that transient treatment of Ewing 

sarcoma cells with trabectedin (24 nM for 1-hour) demonstrates improved inhibition of 

EWS/FLI1 when compared to continuous, 8-hour treatment with 5 nM trabectedin 

(transient inhibition = 54% of control; continuous inhibition = 39% of control) (Figure 

10A). Importantly, patients only achieved 3 nM trabectedin in serum in the Phase II trial, 

which under continuous treatment leads to a negligible effect on EWS/FLI1 activity (84). 

In addition, general transcription inhibition and cell viability were not affected at the 

highest concentration of drug washout (Figure 10A, gray bars and data not shown). 

These data suggest that the Cmax effect of trabectedin is on-target and leads to the 

inhibition of EWS/FLI1 activity. 

To verify that the inhibition of EWS/FLI1 observed at the promoter level is 

maintained at the protein level, we examined expression of the EWS/FLI1 down-stream 

target, NR0B1. We showed a suppression of NR0B1 in a panel of Ewing sarcoma cell 

lines following treatment with conditions modeling the high Cmax, similar to the Phase I 

clinical trial (Figure 10B, Cmax high). There is no effect on NR0B1 protein expression 

with the low dose, continuous cell culture model that is more representative of the 

Phase II clinical trial (Figure 10B, Cmax low). These experiments were performed with  
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equivalent exposures (1440 nM*min) and again suggest that the inhibitory effect on 

EWS/FLI1 activity is driven by treatment with higher concentrations of trabectedin.  

The schedule-dependency of trabectedin, but not mithramycin is likely linked to 

their respective mechanisms of action in Ewing sarcoma cells. The mechanism of 

EWS/FLI1 inhibition in response to mithramycin treatment is an ongoing area of 

research, but we know mithramycin does not induce re-distribution of EWS/FLI1 at any 

concentration (Data not shown). We previously linked the on-target suppression of 

EWS/FLI1 activity to the re-distribution of EWS/FLI1 following trabectedin treatment. 

These experiments were carried out under continuous drug treatment and do not reflect 

the clinical setting.   

Because of the sustained delay in cell growth observed following transient 

trabectedin treatment, we hypothesized that the effect was on-target. This means that 

the re-localization phenomenon should occur following short-term trabectedin treatment. 

Therefore, we treated Ewing sarcoma cells that stably express a HA-tagged version of  
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EWS/FLI1 were treated with trabectedin for 1-hour at which point the cell culture media 

was replaced with standard, drug free medium. By confocal microscopy, we observed 

EWS/FLI1 re-localization using HA-tag, FLI1, and EWSR1 antibodies (Figure 11A). The 

antigen used to make the EWSR1 antibody flanks the Gly174 residue and detects wild 

type EWSR1 and EWS/FLI1.  
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To further demonstrate an on-target effect driven by high Cmax treatment, we 

examined the expression of EWS/FLI1 target genes at the mRNA level 6-hours and 18-

hours after washout. At early time points that coincide with EWS/FLI1 re-localization the 

induced target genes of EWS/FLI1 (EZH2, NR0B1, and WRN) were all repressed; 

however, their expression recovers at the later, 18-hour time point (Figure 11B). 

Interestingly, there is no effect on repressed target genes (FOSL2 and NFIL3) of 

EWS/FLI1 at the 6-hour time point, but these genes are significantly induced at the 

later, 18-hour time point (Figure 11B). As previously mentioned, the repressed target 

genes of EWS/FLI1 have not been well characterized; therefore, FOSL2 and NFIL3 may 

represent indirectly repressed genes. The induction of gene expression following 

trabectedin treatment does argue against a general inhibition of transcription. 

Additionally, we demonstrated the suppression of EWS/FLI1 activity at the level of 

target protein expression. We treated a panel of Ewing sarcoma cell lines using our high 

Cmax or low Cmax model and examined the expression of EWS/FLI1 target proteins 

(Figure 12) 

One possible explanation for the sustained suppression of EWS/FLI1 target 

proteins is that the re-localization of EWS/FLI1 occurs concomitantly with a local change 

in chromatin that blocks further protein expression. It is well known that EWS/FLI1 

regulates the expression of important epigenetic readers, writers, and erasers, including 

EZH2 (see above data). EZH2 is an induced EWS/FLI1 target that is generally 

associated with the generation of H3K27me3 that leads to gene suppression (57). 

Because EZH2 expression is suppressed following trabectedin treatment, we do not  
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believe that the deposition of H3K27me3 is responsible for the sustained suppression of 

EWS/FLI1 activity. 

Another critical epigenetic mark that is associated with transcriptional 

suppression is H3K9me3 (150). H3K9me3 has been identified as an important 

epigenetic modification in satellite DNA sequences, similar to sequences bound by 

EWS/FLI1 (151). In cells, H3K9me3 is recognized by HP1 protein, which recruits the 

SUV39H/SETDB proteins that catalyzes the formation of H3K9me3 (152). This cycle 

leads to the propagation of a large amount of H3K9me3 mark, which can be seen as 

foci using confocal microscopy. We showed a significant increase in HP1, SUV39H2, 

and the H3K9me3 mark using our high Cmax model (Figure 13A). The up-regulation of 

HP1 and SUV39H2 proteins occur very early (within 1-hour) following treatment, and is 

followed by an increase in H3K9me3. The increase in H3K9me3 observed by western 

blot can also be seen using confocal microscopy (Figure 13B). The pattern of H3K9me3 
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foci formation appears to occur around the nucleolus, which matches the pattern of 

EWS/FLI1 localization following the same treatment conditions.  

 

 

Conclusions 
The results of these studies demonstrate the importance of optimizing the proper 

trabectedin schedule for Ewing sarcoma patients. We show that the on-target effect of 

trabectedin is not dependent on exposure to drug, and only occurs following transient 

treatment with high concentration of trabectedin. This schedule results in durable Ewing 

sarcoma cell growth inhibition in vitro, decreased EWS/FLI1 activity due to redistribution 

of the protein in the nucleus, and a change in expression of critical EWS/FLI1 target 

genes that we believe is mediated by an epigenetic switch. Conversely, we observe no 
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on-target effect of trabectedin when Ewing sarcoma cells are treated with low 

concentrations for prolonged periods of time.  

An important conclusion that can be drawn from these studies is that in vitro 

schedule of administration optimization may be clinically beneficial. These studies can 

be performed in cell lines, and provide meaningful insight into the potential clinical 

benefit and mechanism of action particularly for a well-defined target such as 

EWS/FLI1. From these studies we have learned that, unlike other sarcoma subtypes, 

maximum exposure to trabectedin (defined by maximum AUC) does not define clinical 

activity in Ewing sarcoma which instead depends on a high Cmax (111).  

Another clinically relevant observation that we have made from these 

experiments is the potential to identify subsets of patients that may be hypersensitive to 

trabectedin treatment. By screening a panel of Ewing sarcoma cell lines, we found that 

cell lines containing the variant Type III isoform of EWS/FLI1 respond to lower 

concentrations of trabectedin (Data not shown). This heightened sensitivity to 

trabectedin correlated with decreased EWS/FLI1 target protein expression in vitro and 

prolonged survival in two Ewing sarcoma xenografts. In agreement with an on-target 

effect of EWS/FLI1 inhibition in these xenografts, tumors appear to differentiate down 

various mesenchymal lineages (Data not shown). These data suggest that Ewing 

sarcoma patients should be sub-typed by qRT-PCR in the clinic to determine the variant 

isoform of EWS/FLI1 they express, which is currently not the standard.  

While we have made numerous findings regarding the effect of Cmax and 

schedule of administration, the mechanism of long-term EWS/FLI1 inhibition has not yet 

been fully elucidated. Our current working hypothesis is that the short term, high 



	  46	  

concentration of trabectedin treatment re-localizes EWS/FLI1 to the nucleolus. While 

EWS/FLI1 is enriched in the nucleolus, we believe that H3K9me3 is deposited on repeat 

sequences leading to long-term gene silencing. H3K9me3 has previously been shown 

to mark tandem repeat DNA sequences similar to the sequences that EWS/FLI1 

preferentially binds (153). In agreement with this hypothesis, we observe H3K9me3 foci 

around the nucleolus following transient trabectedin treatment. The formation of foci 

coincides with the accumulation of EWS/FLI1 in the nucleolus. It is likely that this 

apparent co-localization of EWS/FLI1 and H3K9me3 leads to sustained target gene 

suppression that triggers the cells to undergo apoptosis, senescence, or differentiation. 

We believe a majority of the cells eventually die, and the remaining cells differentiate 

down the mesenchymal lineage to form adipocytes or cartilage.  

Finally, the high concentration of trabectedin used in these studies to model the 

Cmax effect is slightly higher than the concentrations obtained in clinical trials. However, 

we needed to use these concentrations because all of the data shown here was 

performed as single agent studies. In the combination setting, we believe that clinically 

achievable concentrations of trabectedin can be used to obtain the same effect, which 

we have previously shown when trabectedin was combined with the topoisomerase I 

inhibitor, irinotecan (114, 154) 
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Chapter 4 
 

Identifying a Trabectedin Analog with an Improved Therapeutic Window 
 

Introduction 
The goal of this study was to identify structural analogs of trabectedin that 

maintain EWS/FLI1 activity and improved pharmacokinetic qualities. This should 

expand the therapeutic window of treatment, lead to fewer off-target effects, and allow 

patients to achieve a higher Cmax. Additionally, a small molecule that completely inhibits 

EWS/FLI1 activity should lead to a decrease in proliferative capacity and release the 

differentiation block of Ewing sarcoma cells causing the cells to differentiate down the 

mesenchymal lineage.  

Our laboratory has previously shown that one way to circumvent the pitfalls of a 

narrow therapeutic window is to identify structural analogs of the parent compound that 

maintain the on-target effect at concentrations that can be safely achieved in patients 

(86). This report characterized the effect of two novel mithramycin analogs on 

EWS/FLI1 inhibition, EC-8105 and EC-8042. EC-8105 demonstrated increased potency 

and was found to maintain EWS/FLI1 inhibition when administered at lower 

concentrations than mithramycin. EC-8042 maintained EWS/FLI1 activity inhibition 

when administered at concentrations similar to mithramycin, but was identified to be 

much less toxic as the maximum tolerated dose in animal models was nearly 10-times 

that of mithramycin. This decrease in toxicity allowed a higher concentration of EC-8042 

to be administered and these mice achieved a significantly higher Cmax. 
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We believe this optimization strategy can also be utilized to expand the 

therapeutic window of trabectedin, which was limited in the Phase I clinical trial (112). In 

an effort to improve this window in the clinic, trabectedin was administered as a 24-hour 

infusion (113). It has been shown in certain sarcoma subtypes that a longer infusion of 

trabectedin is better tolerated and results in improved rates of progression free survival 

and overall survival (155). While this was effective in liposarcomas and 

leiomyosarcomas, the extended schedule of trabectedin in Ewing sarcoma patients 

demonstrated no clinical benefit (113). An alternative approach that we employed was 

to identify structural analogs of trabectedin with an improved therapeutic window.        

While the antitumor effects of numerous structural analogs of trabectedin have 

been characterized in vitro, only zalypsis (PM00104) and lurbinectedin (PM01183) have 

advanced into the clinic for testing (96, 140, 156). Zalypsis is a member of the 

renieramycin family of compounds that contains a tetrahydroisoquinoline group (157). 

Similar to trabectedin, zalypsis has demonstrated in vitro antitumor activity in a wide 

variety of liquid and solid tumor cell lines at picomolar and low nanomolar 

concentrations (158, 159). The characterized mechanism of cytotoxicity for zalypsis is 

similar to trabectedin, however the binding properties and the nucleotide excision repair 

dependencies are slightly different (140). These differences in activity can be traced 

back to the structural variations between the two molecules.  

The A and B rings are of trabectedin and zalypsis are identical, but the C-rings 

are very distinct (Figure 14, left). The C-ring of trabectedin is rigid, while the C-ring of 

zalypsis is much more flexible. The flexibility in the C-ring of zalypsis does not affect 

activity in vitro, however it seems to negatively affect the antitumor activity in patients. 
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To date, zalypsis has not displayed any activity in clinical testing including a Phase II 

trial in Ewing sarcoma, likely due to the flexibility of the C-ring (160, 161). The defined 

C-ring of trabectedin is thought to interact with and inhibit the function of specific 

proteins, and thus the flexibility of the C-ring of zalypsis may actually inhibit its utility in 

the clinic. This observation underscores the fundamental contribution of the C-ring 

structure of trabectedin to antitumor activity, and implies DNA binding coordinated 

through the A and B rings is not responsible for the on-target mechanism of action.  

 

As opposed to zalypsis, lurbinectedin, a closely related structural analog of 

trabectedin, has demonstrated activity in early phase clinical trials (162). Unlike 

zalypsis, lurbinectedin has a rigid C-ring moiety that differs slightly in structure from 

trabectedin (Figure 14, right) (156). Importantly, decreased toxicity was observed in 

Phase I clinical testing in patients with solid tumors as a single agent and in the 

combination setting (162, 163). Patients enrolled in the dose-escalation trial were able 
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to be administered over three times the dose of trabectedin before reaching the 

maximum tolerated dose (162). Additionally, the recommended dose was administered 

as a 1-hour infusion leading to serum concentrations that were nearly 20-times higher 

than the Cmax achieved in the negative Phase II trial of trabectedin (113). Included in the 

Phase I trial of lurbinectedin were two soft tissue sarcoma patients with synovial 

sarcoma, who both displayed tumor shrinkage and long-term progression free survival. 

This clinical trial data suggests that lurbinectedin may be active in other soft tissue 

sarcoma including Ewing sarcoma.  

At the onset of these studies, the effect of lurbinectedin on EWS/FLI1 activity and 

Ewing sarcoma patients was unknown. The goal of this study was to determine if 

lurbinectedin is a more clinically relevant analog of trabectedin. By identifying a less 

toxic analog of trabectedin that maintains inhibition of EWS/FLI1 activity at similar 

concentrations, we will be able to expand the therapeutic window that limits the efficacy 

of trabectedin. 

 

Results and Discussion 
Due to the fact that lurbinectedin was found to be less toxic than trabectedin in 

clinical testing, we were surprised to observe almost identical effects on cell growth in 

vitro. Both drugs have picomolar GI50 values in Ewing sarcoma cells (Trabectedin GI50 

= 350 pM; Lurbinectedin GI50 = 340 pM), and long-term treatment leads to Ewing 

sarcoma cell death (Data not shown).  

Considering both trabectedin and lurbinectedin display nearly identical GI50 

values, it is likely that both drugs work through a similar mechanism of action. In order 

to determine if lurbinectedin inhibits the activity of EWS/FLI1, we initially interrogated 
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the nuclear localization of EWS/FLI1 after treatment. We performed confocal 

microscopy experiments with lurbinectedin at the same concentration and time that lead 

to EWS/FLI1 re-localization with trabectedin treatment. Similar to trabectedin, after 

treatment of Ewing sarcoma cells with 5 nM of lurbinectedin for six hours, EWS/FLI1 

accumulates in the nucleolus (Figure 15). Based on the clinical trial report, 5 nM of 

lurbinectedin should be easily achieved in patients since the maximum tolerated dose 

was approximately 215 nM (162).  

 

Seeing that trabectedin-mediated re-localization of EWS/FLI1 leads to inhibition, 

we next examined the functional status of EWS/FLI1 after lurbinectedin-mediated re-

localization at the target gene level. To demonstrate the re-localization of EWS/FLI1 

induced by lurbinectedin leads to abrogated EWS/FLI1 activity, we treated Ewing 

sarcoma cells with decreasing concentrations of lurbinectedin for 8 hours and showed 

specific suppression of luciferase signal driven by an EWS/FLI1-responsive promoter 

(NR0B1-Luc) (Figure16A, black bars). In parallel, we showed a negligible effect on a 

constitutively active promoter (CMV-Luc), whose suppression would indicate global 

transcription inhibition (Figure 16A, gray bars). The observed suppression of EWS/FLI1 

activity is dose-dependent and correlates with the concentrations that are required for 
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re-localization. Additionally, there is no effect of lurbinectedin on overall cell viability at 

these concentrations and time points as measured by standard MTS assay (Data not 

shown). 

 

While the above assay demonstrates the ability of lurbinectedin to block the 

transactivating activity of EWS/FLI1, EWS/FLI1 also represses expression of numerous 

target genes. Therefore, in order for a drug to be considered a bonafide EWS/FLI1 

inhibitor, it should lead to induction of EWS/FLI1-repressed genes and repression of 

EWS/FLI1-induced genes. To test the ability of lurbinectedin to completely block activity 

of EWS/FLI1, we treated Ewing sarcoma cells for 12 hours and measured the change in 

gene expression of a panel of well-defined EWS/FLI1 targets. Importantly, our gene 
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signature included genes that are induced by EWS/FLI1 and genes that are repressed 

by EWS/FLI1. To validate that the genes in the gene signature represent legitimate 

EWS/FLI1 targets, we eliminated expression of EWS/FLI1 by siRNA and measured the 

change in expression of each target gene by qRT-PCR (Figure 16B, left). As expected, 

upon knock down of EWS/FLI1 the induced target genes were repressed and the 

repressed target genes were induced (Figure 16B, right). We observed the same gene 

expression changes upon lurbinectedin treatment, supporting our hypothesis that 

lurbinectedin is an inhibitor of EWS/FLI1 activity. Additionally, the changes in mRNA 

level correlated with changes at the protein level (Figure 16C). 

We confirmed the inhibition of EWS/FLI1 activity across the genome by 

performing RNA-sequencing. For this experiment, we treated ES cells with lurbinectedin 

for either 6 or 12 hours and measured the change in expression of nearly 200 

EWS/FLI1 target genes. At 6 or 12 hours after treatment with lurbinectedin, we observe 

a marked repression of EWS/FLI1 induced target genes (80% of target genes are 

suppressed) (Figure 17). 

Intriguingly, the EWS/FLI1 repressed gene signature did not show clear induction 

of all of the targets. However, target genes repressed by EWS/FLI1 that have been well 

characterized were induced by lurbinectedin treatment (data not shown). The failure to 

show induction of the repressed genes could be the result of many factors. The most 

well-characterized and studied target genes of EWS/FLI1 are induced genes, and there 

are currently no exhaustive lists of repressed targets. Additionally, the EWS/FLI1-

repressed genes identified thus far were detected many days after EWS/FLI1 

elimination, and it is unclear if these targets are directly or indirectly linked to EWS/FLI1  
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expression (164). The induction of gene expression is thought to be a result of 

EWS/FLI1 oligomerization on GGAA microsatellite DNA sequences leading to the 

recruitment of transcriptional activators (46). The repression of gene expression by 

EWS/FLI1 is thought to occur when EWS/FLI1 competes wild-type ETS transcription 

factors off of chromatin, leading to a down-regulation of gene expression. It is possible 

that lurbinectedin differentially affects the ability of EWS/FLI1 to oligomerize at GGAA 

microsatellites more efficiently than it affects the competition with wild-type ETS 

transcription factors. 
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 In order to show that the transcriptional effects of lurbinectedin treatment are 

specific to cells expressing EWS/FLI1, we treated a panel of Ewing sarcoma and non-

Ewing sarcoma cell lines with lurbinectedin and examined the change in expression of 

NR0B1 mRNA. We only observed NR0B1 suppression in cell lines containing 

EWS/FLI1 (Figure 18). In all other cell lines tested, NR0B1 expression is unchanged or 

induced by lurbinectedin treatment.  

 

We next investigated the ability of lurbinectedin to synergize in vitro with SN38, the 

active metabolite of irinotecan. The mechanism of synergy between trabectedin and 

irinotecan is dependent upon the suppression of WRN by trabectedin.  Therefore, we 

showed that treatment of Ewing sarcoma cells with lurbinectedin led to a dose-

dependent suppression of WRN mRNA expression by qRT-PCR. Similar to trabectedin, 
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this suppression occurred at the identical concentration that caused re-localization of 

EWS/FLI1 and loss of activity (Figure 19A).  

 

Due to the fact that WRN expression is suppressed following lurbinectedin 

treatment, Ewing sarcoma cells should be hypersensitive to DNA damage induction 

using SN38. In order to show this hypersensitivity, we treated Ewing sarcoma cells with 

5 nM lurbinectedin, 5 nM SN38, or the combination therapy for 12 hours and measured 

the generation of γH2A.X foci by confocal microscopy. We showed that Ewing sarcoma 

cells treated with the combination of lurbinectedin and SN38 display a dramatic increase 

in γH2A.X foci (Figure 19B). 

By definition, synergy can only occur when two compounds affect activity in 

independent pathways. If the two compounds inhibit the same pathway, then their 

effects would be considered additive. However, our laboratory and other groups have 

previously demonstrated that SN38 treatment alone can inhibit EWS/FLI1 activity (114, 

165). Therefore, to demonstrate synergy between SN38 and lurbinectedin, we 

examined the localization of EWS/FLI1 after treatment with SN38. We showed the 
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minimal inhibition of EWS/FLI1 following treatment with SN38 is not due to EWS/FLI1 

re-localization (Figure 20A). Because SN38 does not cause re-distribution of EWS/FLI1 

in the nucleus, we believe that two independent mechanisms of action exist. Supporting 

this hypothesis, we demonstrate ES cells treated with sub-optimal concentrations of 

both drugs leads to a dramatic decrease of EWS/FLI1 target protein expression (Figure 

20B). 

 

As a result of the marked activity in vitro, we evaluated the combination therapy 

of lurbinectedin and irinotecan in vivo using two Ewing sarcoma xenograft models, 

TC71 and TC32. Mice were treated with 0.18 mg/kg of lurbinectedin intravenously on 

days 0 and 7 (TC32) or 0, 7, and 14 (TC71). The TC71 cohort was treated with 
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irinotecan on days 1-3, 8-10, and 15-17, while the TC32 cohort received irinotecan on 

days 3 and 10. Irinotecan was administered by intraperitoneal injection at a dose of 5 

mg/kg, which is well below the maximum tolerated dose. Using this schedule, we 

observed delayed tumor growth for both single agent therapies and sustained tumor 

regression in the combination setting for both xenografts (Figure 21A). We observed 

minimal toxicity and weight loss with any treatment regimen (data not shown).  

 

Importantly, decreased tumor burden in the combination setting lead to an increase in 

overall survival in both xenografts, including complete cures of 30% of the TC71 mice 

and 70% of the TC32 mice for more than 100 days after the end of therapy (Figure 

21B). 
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To demonstrate the on-target effect of EWS/FLI1 inhibition with lurbinectedin 

treatment in vivo, we developed an immunofluorescent assay that quantitatively 

measures the expression of NR0B1 protein in xenograft tumors during treatment. To 

validate this assay, we treated Ewing sarcoma cells in vitro with a siRNA to NR0B1. We 

showed decreased NR0B1 signal in the single agent lurbinectedin cohort relative to the 

mice treated with vehicle on day 3 (Figure 22). This proves that lurbinectedin acts as an 

EWS/FLI1 inhibitor in vitro as well as in vivo. 

 

In order to explain the durable effect of the combination therapy, we analyzed the 

morphology of the tumors over time. Surprisingly, we identified a time-dependent 

replacement of tumor tissue with benign adipocytes (Figures 23A). We identified zones 

of active differentiation, and showed these areas stain positive for two different markers 

of human origin, ALU-ish (human DNA marker) and a human-specific mitochondrial 

protein marker (Figure 23B). This is consistent with a complete block in EWS/FLI1 

activity that has been previously shown to result in differentiation of Ewing sarcoma 

cells (8, 61). 
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While the vast majority of adipocytes were mouse in origin, it appeared that the 

mouse fat gradually replaced the human fat in these xenografts. This is in agreement 

with known remodeling that occurs when human mammary xenografts are transferred 

into immunocompromised mice (166). Additionally, we identified these areas stain 

positive for Ki67, a proliferative marker, and do not stain for cleaved caspase 3, a 

marker of cell death (data not shown). This data argues that the combination therapy 

leads to a complete block in EWS/FLI1 activity, which suppresses the proliferation of the 

tumor and induces their ability to differentiation down the mesenchymal lineage. While 

the ability of Ewing sarcoma cells to differentiate in vitro has been observed by many 

laboratories, to our knowledge, this is the first time that a molecularly targeted 

combination therapy has been reported to effectively cure a proportion of well-

established Ewing sarcoma xenografts by differentiating the tumor into a mesenchymal 

tissue type (8, 61). This is clinically relevant because the introduction of differentiation 

therapies into the clinic in other tumor types, most notably acute promyelocytic 

leukemia, has seen the long-term overall survivor rate increase to over 90% (127).  
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Finally, we needed to ensure the differentiation phenotype observed in vivo was 

a result of the cell’s ability to differentiate in response to drug treatment. To this end, we 

developed an in vitro model of adipogenic differentiation that utilized transient (1-hour) 

treatment with 10 nM lurbinectedin followed by incubation with regular cell culture 

medium to re-capitulate the exposure to drug that the mice experienced. The 

lurbinectedin washout model lead to delayed cell growth as measured by percent 

confluence and distinct changes in cell morphology. In particular, a subset of cells 

appeared to accumulate large, round lipid droplets that are indicative of adipocytes 

(Figure 24A). 

In addition to the phenotypic changes, we examined the mRNA expression level 

of the well-characterized master regulator of terminal differentiation for adipose tissue, 

PPARG (167). We showed transient treatment of Ewing sarcoma cells with 

lurbinectedin followed by normal medium lead to a marked induction of PPARG (Figure 

24B). To prove that the up-regulation of PPARG and altered morphology were activating 

an adipogenic program, we stained the Ewing sarcoma cells with two distinct neutral 

lipid markers, BODIPY and Oil Red O. We were able to show two days after 

lurbinectedin washout treatment, nearly 100% of the cells remaining were producing 

and accumulating lipid (Figures 24C and D). 

These results re-capitulated what we observed in vivo and corroborated what 

other laboratories have demonstrated with EWS/FLI1 knockdown. Importantly, the in  
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vitro exposures after lurbinectedin washout are reflective of the exposures observed in 

the xenograft experiments, although higher concentrations and longer exposures should 

be feasible in patients because of the improved pharmacokinetic profile of lurbinectedin. 

These data prove that lurbinectedin is a bona fide EWS/FLI1 inhibitor that should be 

pursued for clinical testing in Ewing sarcoma patients.  

 

Conclusions 
We have identified a second-generation structural analog of trabectedin, 

lurbinectedin, that has an improved pharmacokinetic profile. Lurbinectedin can be 

administered to patients at a higher dose during a 1-hour infusion schedule before 
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reaching the dose limiting toxicities that hamper the drug’s efficacy. The schedule of 

administration and decreased toxicity profile significantly increase the concentration of 

drug that a patient can tolerate to nearly 20-times the maximum concentration of 

trabectedin.  

Prior to our studies, the ability of lurbinectedin to function as an EWS/FLI1 

inhibitor had not been addressed. We demonstrated that lurbinectedin treatment does 

inhibit EWS/FLI1 activity, and this inhibition is a result of the same EWS/FLI1 re-

localization mechanism that we previously characterized with trabectedin treatment. The 

fact that re-localization occurs at identical concentrations in vitro is promising, because 

lurbinectedin is far less toxic in patients and can achieve much higher serum 

concentrations. 

 We demonstrated that lurbinectedin-induced EWS/FLI1 re-localization correlated 

with target gene and protein suppression. Additionally, we showed that lurbinectedin 

treatment suppressed the expression of the WRN helicase, which sensitized Ewing 

sarcoma cells to treatment with SN38 (in vitro) or irinotecan (in vivo). The combination 

of the two drugs targeted DNA damage to ES cells and suppressed EWS/FLI1 activity 

by at least two independent mechanisms. When the combination is evaluated in Ewing 

sarcoma xenografts, we observed greatly improved survival and tumors that were 

gradually replaced by adipose tissue. We showed that a portion of the adipose tissue 

was human in origin, and re-capitulated the process of lurbinectedin-induced 

adipogenesis in vitro.  

The most important result from these studies is the observation that a block in 

EWS/FLI1 activity leads to the differentiation of tumor cells into adipose tissue. The 
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newly created adipose tissue contains the same DNA as Ewing sarcoma cells, and thus 

should continue to express the EWS/FLI1 protein; however, as we demonstrated, 

EWS/FLI1 protein is functionally inactivated following treatment. It is possible that the 

re-localization of EWS/FLI1 creates a window of time during which epigenetic changes 

can occur that permanently reshape the chromatin leading to sustained effects on gene 

expression. In support of this, we know that EWS/FLI1 activity affects the expression of 

important epigenetic readers and writers, and the nucleolar enrichment of EWS/FLI1 is 

transient following lurbinectedin treatment (Data not shown). Additionally, it is well 

known that the epigenetic landscape is significantly altered as early mesenchymal 

progenitor cells terminally differentiate (168-172).  

Considering the combination of lurbinectedin and irinotecan leads to the 

differentiation of adipose tissue, it will be important to re-consider the parameters used 

to detect drug activity in early phase clinical testing. Currently, the net change in solid 

tumor volume is the most widely utilized readout to measure the activity of a drug (173). 

While this system works well for most chemotherapy that is cytotoxic and lead to an 

overall reduction in tumor burden, a different endpoint needs to be developed for 

differentiation therapies that may not bring about reduced tumor volumes. Our 

laboratory has recently developed an imaging-based biomarker readout to detect 

changes in the activity of EWS/FLI1 (174).  

While we have characterized the mechanism of EWS/FLI1 inhibition in response 

to lurbinectedin treatment, it will be important in the future to more completely 

characterize the contribution of irinotecan to this synergistic combination therapy. 

Irinotecan has been well studied and clinically developed because of its capacity to 
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inhibit DNA topoisomerase I by generating cleavage complexes that result in DNA 

damage. It is unlikely that topoisomerase I inhibition is a dominant mechanism in this 

combination setting because of the low concentration of SN38 or irinotecan used in 

these studies. In fact, in vitro experiments that aim to inhibit topoisomerase I generally 

use much higher concentrations (micromolar) to create topoisomerase I cleavage 

complexes (175).  
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CHAPTER 5 
 

Materials and Methods 

Cell Lines and Culture Reagents 

 All Ewing sarcoma cell lines except TC252, TC253, and A4573 were obtained 

from Dr. Lee J. Helman (National Cancer Institute, Bethesda, MD). Dr Helman also 

gifted the RH30 and RD cell lines. All other Ewing sarcoma cell lines were the gift of Dr. 

Tim Triche (The Saban Research Hospital, Children’s Hospital of Los Angeles). MCF7 

cells were the gift of Dr. P. Steeg (National Cancer Institute, Bethesda, MD). A2058 

were purchased from ATCC. All cell lines were routinely screened to confirm 

mycoplasma negative status and to confirm the identity of the cells by STR profiling 

(DDC Medical). STR testing was performed on 11/30/14 for all the cells except A2058, 

which was tested 2/12/16.  EWS/FLI1 expression was confirmed by RT-PCR. Cells 

were grown at 37 °C with 5% CO2. RPMI-1640 (Gibco) was supplemented with 10% 

fetal bovine serum (Gemini Bio-Products), 2 mM L-glutamine, and 100 U/mL and 100 

µg/mL penicillin and streptomycin, respectively (Gibco). siRNA experiments were 

conducted in media without antibiotics.  

Small, Interfering RNA (siRNA) Treatment 
A custom-designed siRNA targeting the breakpoint of EWS/FLI1, Allstars 

Negative Control siRNA, and Allstars Hs Cell Death Control siRNA were purchased 

from Qiagen (Hilden, Germany). All siRNAs were purchased lyophilized and diluted with 

sterile water to a concentration of 20 µM. The final, working concentration of siRNA in 

each experiment was 20 nM. For experiments, individual siRNAs were incubated with 

Lipofectamine RNAiMAX Transfection Reagent from Invitrogen (Carlsbad, CA, USA) for 
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30 minutes. After 30 minutes, Ewing sarcoma cells were added to the 

siRNA/Lipofectamine mixture at a pre-determined density. Cells were allowed to grow in 

the presence of the siRNA for 24 hours before RNA was collected.   

Compounds 
Trabectedin, Lurbinectedin, and ET-745 were gifted from Pharmamar (Madrid, 

Spain). Lyophilized compound was dissolved in DMSO to a stock of 1 mg/mL, and 

working solutions were made up to 10 µM. Etoposide was purchased from Sigma-

Aldrich (St. Louis, MO, USA) and dissolved to a working solution of 1 mM in DMSO. 

SN38 was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved to a 

working solution of 50 µM in DMSO. For all experiments, stock solutions obtained from 

the -20oC freezer were thawed and diluted in cell culture medium prior to use.  

Confocal microscopy 
 TC32 cells were incubated with drug for 1 hour followed by incubation with 

regular media or 6 hours continuously in a Nunc Lab-Tek II Chamber Slide (Thermo 

Scientific), fixed in 4% paraformaldehyde in PBS, washed, lysed in 0.1% Triton-X100, 

and blocked in 10% goat serum (all in PBS). The cells were incubated with primary 

antibody (18 hours), secondary antibody (1 hour) and tertiary antibody for 30 min with 

washes in between followed by mounting in ProLong Gold with DAPI (Life 

Technologies);(Primary antibodies: nucleolin, Abcam – 1:1000; HA-tag, Abcam – 1:500; 

γH2AX, Millipore – 1:1000; FLI1, Abcam – 1:100; H3K9me3, Abcam – 

1:2000)(Secondary antibodies: biotin anti-mouse IgG: Vector – 1:1000)(Tertiary 

antibodies: Strep-635, Life Technologies – 1:400; FITC-Rabbit, Millipore – 1:200). All 

images were obtained with standardized settings on a Zeiss 510 confocal microscope. 

For BODIPY images, TC32 cells were treated as indicated. 1 hour prior to fixation in 4% 
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paraformaldehyde, BODIPY 493/503 (Invitrogen) and Hoechst 33342 (Invitrogen) were 

added to the culture medium.  The cells were washed, cover slips were placed on the 

slides, and the slides were subsequently imaged. 

Cell Proliferation Assays 
Cell viability IC50s were determined by non-linear regression (Prism GraphPad) 

as the average of three independent experiments using standard MTS assay CellTiter 

96 (Promega) following a 48 hour incubation with drug as previously described. (85) 

Real time proliferation assays were performed on the Incucyte ZoomTM as previously 

described. (86) 

Luciferase Assays 
Ewing sarcoma cell lines stably expressing an EWS/FLI1-driven NR0B1 

luciferase or constitutively active CMV-driven control were incubated with drug in 

opaque 96 well plates (BD Falcon) for 8 hours. (85) Cells were lysed in 100 µL of 

Steady-Glo (Promega) and bioluminescence was measured on a BioTek plate reader 

(Winooski, VT). 

Quantitative RT-PCR 
300,000 cells were incubated with drug in 6-well plates (BD Falcon, Franklin 

Lakes, NJ). RNA was collected using the RNeasy kit (Qiagen), and immediately 

reverse-transcribed using a high-capacity reverse transcriptase kit (Life Technologies) 

at 25 °C for 10 min, 37 °C for 120 min, and 85 °C for 10 min. We subsequently PCR 

amplified 100 ng of cDNA, 2X SYBR green (Bio-Rad), and the following program: 95 °C 

for 10 min, 95 °C for 15 s, 55 °C for 15 s, and 72 °C for 1 min, for 40 cycles. Expression 

was determined from three independent experiments relative to GAPDH and solvent 
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control using standard ddCt methods. Primers sequences can be found in the table 

below: 

 

All PCR products were validated by gel electrophoresis followed by standard Sanger 

sequencing. Data illustrated in heat map format were created using R v 3.2.2 (R 

Foundation for Statistical Computing, Vienna, Austria) and comprise delta-delta Ct 

scores truncated between -3 and 3 to prevent very large scores from oversaturating the 

color gradient.   

Western Blotting 
1.5 million cells were incubated with the indicated concentration of drug in 10 cm2 

dishes, scraped into cold PBS, washed in PBS and lysed in 4% LDS lysis buffer. 

Following dilution of detergent, the protein was quantitated using the bicinchoninic 

(BCA) colorimetric assay (Pierce, Thermo-Scientific). 30 µg of total protein were 

resolved on a NuPage 4% to 12% Bis-Tris gradient gel (Invitrogen) in 1X NuPage 

MOPS SDS Running Buffer (Invitrogen), transferred to nitrocellulose using 1X Tris-
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Glycine-SDS Buffer (Bio-Rad) supplemented with 20% methanol at 4 °C overnight at 20 

V. The membranes were subsequently blocked in 5% milk in TBS-T, and probed with 

Abcam (FLI1, NR0B1, and GAPDH) or Cell Signaling (EZH2 and ID2) antibodies. 

Alternatively, for nuclear extraction western blots cells were plated, treated, 

scraped and washed as stated above. TC32 cells were incubated in 500 µl of 

cytoplasmic lysis buffer (10 mM HEPES, pH=7.9, 50 mM KCl, 0.1 mM EDTA, 0.1% NP-

40 in PBS) for 5 minutes. After spinning at 1000 G for 5 minutes at 4oC, soluble nuclear 

extraction buffer (50 mM HEPES, pH=7.5, 150mM NaCl, 1mM EDTA, 0.5% NP-40) was 

added according to the size of the pellet and allowed to sit on ice for 30 minutes. 

Extracts were centrifuged at 4oC for 10 minutes at 15000 G. Following centrifugation, 

samples were boiled in 4% LDS sample buffer for 10 minutes to extract the insoluble 

nuclear fraction. 10 µg of insoluble nuclear protein were resolved and block as stated 

above. Abcam antibodies (SUV39H2, HP1α, and H3K9me3) were used for detection.  

Xenograft Experiments 
Two million cells were injected intramuscularly in the gastrocnemius of female 4-6-

week old female homozygous nude mice (Crl; Nu-Foxn1Nu)(Harlan Laboratories, SL) 

and established to a minimum diameter of 0.5 cm.  Four cohorts of 12 mice were 

treated with vehicle, lurbinectedin (0.18 mg/kg intravenously; TC32 days 0, 7; TC71 

days 0, 7, 14), irinotecan (5 mg/kg intraperitoneal; TC32 days 3, 10; TC71 days; 1 to 3, 

8 to 10; 15 to 17) or the combination (same dose route and schedule as the individual 

tumor types). Tumor volume was measured 3 times per week and determined using the 

equation (D x d2)/6 × 3.12 (where D is the maximum diameter and d is the minimum 

diameter).  Tissue was collected and fixed in 10% formalin. Mice were sacrificed when 

the tumor diameter reached 2 cm in any dimension. All experiments were performed in 
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accordance with the guidelines and regulation of, and approved by the animal care and 

use committee (PharmaMar). Investigators were not blinded to the treatment groups. 

Tissue Staining   
Paraffin embedded tissue was sectioned into 5-micrometer sections and mounted 

on colormark plus charged slides. Antigen retrieval was performed in Ventana CC1 or 

manually for IF using citrate buffer (Dako). Following blocking, the tissue was incubated 

with NR0B1 primary (Abcam, 1:50) washed and then secondary antibody (Anti-Rabbit 

Cy5 conjugated, Life Technologies).   

Oil Red O Staining  
TC32 cells were plated and treated in Nunc Lab-Tek II Chamber Slides (Thermo 

Scientific). Cells were washed with PBS, fixed for 30 minutes, and then washed with 

distilled water. Cells were incubated with isopropanol for 3 minutes and a working 

solution (filtered 3:2 Oil Red O (Sigma) to deionized water) of Oil Red O for 10 minutes. 

After aspirating the oil red o solution, the slides were briefly stained with hematoxylin 

solution (Sigma) and imaged using an Aperio scanning microscope (Leica, Buffalo 

Grove, IL). 

Immunofluorescence and Immunohistochemistry 
Paraffin embedded tissue was sectioned into 5-micrometer sections and mounted 

on colormark plus charged slides. Antigen retrieval was performed on Ventana 

Discovery Automated Stainer. Immunofluorescence staining was performed using 

NR0B1 primary (Abcam, 1:300), Ventana Ultramap Rb HRP and Ventana Discovery 

Cy5 amplification. Immunohistochemistry was performed using Ki67 (Spring Bioscience, 

1:100) and Cleaved Caspase-3 (Cell Signaling, 1:400) primary antibodies, 

VentanaUmap rb HRP and VentanaChromomap DAB. 
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Immunofluorescence Quantitation 
Fluorescent images were acquired at 20x magnification using the PE Vectra 

automated multispectral slide imager. Fluorescence was quantitated using Inform 

software.  Standard settings were used for across all treatments for image acquisition 

and quantitation.  

RNA-Sequencing 
RNA was extracted from three biological replicates for each experimental time 

point and samples were submitted for 1X 75 bp sequencing on the Illumina NextSeq 

500 at the Van Andel Research Institute. Sequencing libraries were prepared using the 

Illumina TruSeq HT kit. Read quality was assessed using FASTQC v. 0.11.3 and 

aligned to the hg19 genome using Subread v. 1.4.3. with default parameters (176). Raw 

read counts to known exons were obtained using FeatureCounts v 1.4.3 using strand 

specific read counting. Counts per million (CPM) were calculated and log2 transformed 

using voom (177). Transformation and differential expression analyses were conducted 

using the limma package v 3.28.7 in R (178). The EWS/FLI1 gene signature consists of 

all genes in common from two data sets: a meta-analysis and a list of differentially 

expressed genes obtained by expression profiling following silencing of EWS/FLI1 in 5 

cell lines (51, 164). 116 and 50 genes were identified as induced or repressed by 

EWS/FLI1, respectively. Significance testing for enrichment of EWS/FLI1 induced or 

repressed gene signatures from differentially expressed genes were performed using a 

hypergeometric test with the phyper function implemented in the R stats package (v 

3.3.0) (https://cran.r-project.org/). Heatmaps were generated using either the aheatmap 

function implemented in the NMF package (v 0.20.6) or the pheatmap package (v 1.0.8) 

in R (v 3.3.0).  
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