
ABSTRACT 
 

MCCALLA, AMY CLAIRE. Targeting and Characterization of Dysregulations of the 
Aurora Kinases A and B Family Members in Ewing Sarcoma Models. (Under the direction 
of Dr. John Cullen). 
 
 Ewing sarcoma (ES) is an aggressive small round cell tumor that primarily occurs in 

bones and is most prevalent in adolescents within the second decade of life. This tumor type 

has a poor prognosis and is currently managed by a therapeutic regimen that is detrimental to 

the long-term health of the patient. The work for this dissertation explored a new 

chemotherapeutic strategy using inhibitors of the Aurora kinase family. Through these 

studies, we identified innate cell division vulnerabilities within ES cell lines that rendered 

these models sensitive to Aurora kinase inhibition. This work reveals a potentially 

efficacious treatment strategy for ES and provides a mechanistic understanding of Aurora 

kinase function in ES models.
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CHAPTER 1 

REVIEW OF EWING SARCOMA, THE AURORA KINASE FAMILY                    

AND SPECIFIC AIMS
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INTRODUCTION TO EWING SARCOMA 

History of Discovery. Ewing sarcoma (ES) was first described nearly a century ago by the 

father of oncology, James R. Ewing. Therefore, a proper review of ES must first start with 

recognizing Dr. Ewing as a monumental figure in shaping the fields of both pathology and 

oncology. As a renowned pathologist at Cornell University, Dr. Ewing pioneered the 

individualized field of oncology with his publication of Neoplastic Disease: A Textbook on 

Tumors, which is a seminal work on tumor diagnostics. His contributions distinguished the 

field of oncology as a separate entity of medical science and research. In addition to his 

diagnostic contributions, he was founder and co-founder of two of the largest current cancer 

research organizations in the world, the American Cancer Society, and the American 

Association for Cancer Research. He founded the Journal for Cancer Research and paved the 

ground for what we now know as the Memorial Sloan-Kettering Cancer Center 1. His vision 

for large, multi-disciplined, collaborative research institutions, inspired the creation of 

institutions such as the National Cancer Institute and St. Jude Children’s Research Hospital 

that continue to drive the world’s research and treatment in the field of oncology. 

 

In 1921, Dr. Ewing reported on several new bone tumor cases that all occurred in patients 

ages 14-19 years of age 2. In this report, he distinguished the radiographic and clinical 

presentation of these cases from osteosarcoma. Osteosarcomas present radiographically with 

an osteolytic “moth-eaten” pattern to the ends of the bones and are non-responsive to 

radiation. In contrast, the new tumor type Dr. Ewing described expanded the shaft of the 

affected bones and was responsive to radiation treatment. The tumor-types also differed 

histologically, with the new cases exhibiting a round cell morphology as opposed to the more 
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mesenchymal appearance of osteosarcoma. Dr. Ewing was uncertain of the cell of origin of 

this new tumor type and determined that the tumor cells most resembled blood vessel cells of 

the bone and named this class of tumors “endothelioma of bone.” Researchers following on 

Dr. Ewing’s work ruled out a blood vessel origin for the tumor, however, since the precise 

cell of origin remains unclear, this tumor of bone is named Ewing’s Sarcoma (ES), in 

recognition of Dr. Ewing’s important contributions. 

 

Epidemiology and Clinical Presentation. The occurrence rate of ES has not changed in 30 

years with an estimated 225 diagnosed cases per year in the United States, representing a rate 

of 1 out of 1 million people 3. Strikingly, greater than 85-90% of ES cases occur in patients 

of European descent, as opposed to African or Asian descent 4-5. Given the low frequency of 

occurrence of ES along with its racial disparity, epidemiologic studies are limited to the 

United States and Europe. ES epidemiologic studies within the US have been carried out 

through the Surveillance, Epidemiology and End Results Program (SEER) of the National 

Cancer Institute (NCI), National Institutes of Health (NIH). Data provided by the SEER 

program represents population-based cancer incidence from approximately 14% of the 

United States population spanning the years of 1975-1995 6. The most current epidemiologic 

population-based data sets for ES in Europe come from the RARECARE project which 

represents cancer cases across 22 European countries from the years 1995-2002 7. The ES 

epidemiologic findings discussed in this chapter are from analysis reports of the SEER 

program and RARECARE project. 
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ES is the most lethal of pediatric bone tumors and is the second most common pediatric bone 

tumor, after osteosarcoma, accounting for 33% of primary bone tumor cases 8-9. The most 

commonly afflicted sites are the lower extremities (41%), pelvis (26%) and chest wall (16%), 

however skeletal ES can occur in any bone 10. In the US, greater than 50% of patients are 

adolescents within the second decade of life, 70% of cases are within patients less than 20 

years of age and 93% of cases are within patients less than 30 years of age; ES in adults older 

than 30 years of age is rare with an estimated occurrence of 1 in 200 million 4. Similar age-

related epidemiologic findings for ES were reported in Europe in 2013 7. In European and US 

data sets, an increased incidence in the 14-19-year-old age range also correlates with 

increased frequency in males over females with as high as a 65% male and 35% female 

variance in the RARECARE data sets 6, 11. 

 

An estimated 90% of ES cases are primary skeletal tumors. The remaining ~10% of ES cases 

are extraosseous with primary lesions developing within soft tissue 12. Extraosseous tumors 

are most frequently found in the trunk (32%), extremities (26%), head/neck (18%) and 

retroperitoneum (9%) 3. A higher rate of extraosseous tumors, 29% of ES cases, is seen in the 

European data sets 7. Twenty-five to thirty percent of ES cases have metastatic disease upon 

initial presentation with the primary metastatic sites being the lungs and bone marrow 4. 

Those patients with lung involvement seem to have a better prognostic outcome than those 

with secondary bone involvement however metastatic disease is considered the poorest 

prognostic indicator for ES 11, 13-15. 
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The clinical presentation of ES includes symptoms of pain, swelling (that may or may not be 

accompanied by a palpable mass), deficiencies in gait or movement and sometimes 

pathologic fractures in the weakened bone. In the incidence of spinal disease, there may be 

symptoms of sciatica or even partial paralysis. Those tumors that affect the skull may be 

accompanied by neurologic deficits, including vision deficits. Systemic signs such as fever 

and weight loss may also be present in the case of metastatic disease. 

 

Diagnosis, Current Treatment, and Prognosis. Initial diagnostic procedures for ES typically 

incorporate routine plain film radiographic imaging that reveals the features that Dr. Ewing 

described in 1921: diaphyseal expansion with diffuse loss of bone opacity, laminated 

periosteal reaction (onion skin), and frequently soft tissue expansion. Because ES is rare, 

several differentials are considered before a final diagnosis of ES is made and include 

osteomyelitis, osteosarcoma, chondrosarcoma, rhabdomyosarcoma, non-Hodgkin’s 

lymphoma, and rickets. Upon recognition of bone and/or soft tissue pathology on 

radiographic imaging, patients are usually referred to a pediatric oncologist where more 

thorough imaging is performed. Until recently, follow-up imaging has relied upon computed 

tomography (CT) and magnetic resonance imaging (MRI) for characterizing soft tissue and 

bone disease, respectively. However, plain radiographic films, CT and MRI imaging are 

limited in their descriptive detail of viable tumor, and so current recommended imaging 

modality adds positron-emission tomography to CT imaging (PET/CT) as this enables 

monitoring of the glycolytic metabolism of the tumor 16. An ultimate diagnosis of ES is made 

based upon the histologic evaluation of a biopsy sample revealing a small round cell 

population with scant cytoplasm and identification of a characteristic chromosomal 
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rearrangement. The histologic features and genetics of ES will be discussed in more detail in 

the next section. 

 

The standard treatment approach for primary ES in the US combines radiation therapy, 

surgical resection, and chemotherapy using alternating cycles of 

vincristine/doxorubicin/cyclophosphamide and ifosfamide/etoposide 17-18. While this 

aggressive treatment strategy has increased the survival rate, as compared to a decade ago, 

the prognosis in ES patients is still poor, especially in pediatric patients. The 5-year survival 

rate of ES patients is 78% in children younger than 15; 56% in adolescents aged 15 to 19 

years; and 30% in patients that have metastatic disease at the time of diagnosis 4, 19-20. In 

patients that do successfully respond to therapy, toxicity related disabilities are observed in 

half of the long-term survival patients 21-24. Overall the current survival rate for ES is around 

50% in all age groups 25. Clearly, new treatment approaches for ES are needed. 

 

Histopathology. Based upon histologic appearance, ES is classified as a small round cell 

tumor (SRCT). With hematoxylin and eosin staining, ES tumors appear as a dense population 

of small round cells that contain minimal cytoplasm, arranged in sheets and nests on a scant 

fibrous stroma 26. ES tumors typically have a uniform population of cells with a low mitotic 

index and minimal evidence of pleomorphism 27. Of the 100 tumor samples evaluated, the 

average proliferation index (PI) of an ES tumor is 14 (range 0-87) 28. Elevations of PI in ES 

correlate with poor overall outcome independent of location or presence of metastatic disease 

28. On EM, the cytoplasm of ES cells contains abundant vacuoles filled with glycogen that 

can be visualized using Periodic acid-Schiff (PAS) stain 29. By immunohistochemical (IHC) 
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analysis, ES can be distinguished from other small round cell types by positive cell surface 

expression of CD99 and nuclear FLI1 detection 30. 

 

GENETICS AND EPIGENETICS OF EWING SARCOMA 

Chromosomal Translocations. ES is one of the few solid tumors in which the primary driving 

genetic alteration is known. In 1983, Turc-Carel first identified that ES tumor-derived cell 

lines carried a t(11;22) (q24;q12) chromosomal translocation 31. The subsequent year, two 

publications were put forth by Turc-Carel et al. and Aurias et al. that validated the 

t(11;22)(q24;q12) translocation in ES tumors 32-33. Turc-Carel and Aurias collaboratively 

went on to show that in 85 analyzed ES tumors, 92% of these contained a breakpoint at 

chromosome 22q12 and 88% contain a breakpoint at chromosome 11q24 34. We now know 

that ES tumors carry an aberrant fusion oncogene that arises from a translocation event 

between EWSR1 on chromosome 22q24 and one of five ETS family members: FLI1, ERG, 

ETV1, ETV5, or FEV 34-36. As early studies predicted, the most common ES translocation, 

accounting for 85-90% of ES patients, is t(11;22)(q24;q12)and involves the FLI1 gene on 

chromosome 11q24 and the EWSR1 gene on chromosome 22q12 (Figure 1.1A) 37. The 

t(11;22)(q24;q12) translocation generates a fusion gene referred to as EWS-FLI1 that has 

several variants that differ in the breakpoint regions between the EWSR1 and FLI1 genes 38-

39. The most common variants, Type I and Type II, differ in the exclusion or presence, 

respectively, of exon 5 of FLI1 (Figure 1.1B). Type 1 and Type II EWS-FLI1 fusions occur 

at a frequency of about 65 and 20%, respectively, with similar prognosis seen in patients with 

tumors harboring either fusion type 40-41. Less common variants have been documented that 

consist of at least exons 1-7 of EWSR1 and occur at a frequency of less than 10% (Figure 
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1.1C). We can now definitively diagnose ES cases through identification of the fusion 

oncogene using real-time polymerase chain reaction (RTPCR) or fluorescent in-situ 

hybridization assays (FISH) 42-44. Of note, EWSR1 is involved in other translocation-

associated tumors such as desmoplastic small cell tumors (DSCT) and acute lymphatic 

leukemia (ALL) (Figure 1.2) 45-46. The EWSR1 translocation tumors will be discussed in 

further detail in a later section. 

 

With the technological advances that allow for identification of genomic translocations, 

tumor types that were previously diagnosed as unique entities have now been identified as 

genomically identical to ES. Peripheral neuroectodermal tumors (PNET) and Askin tumor, 

for example, are both found to have EWSR1/ETS fusions, identical to those found in ES, yet 

both tumor types have been diagnosed as separate entities for decades based upon their 

variable clinical and histological presentation 47-48. ES, along with PNET, Askin tumor and 

atypical ES-variants are now all classified within the family referred to as the Ewing 

Sarcoma Family of Tumors (ESFT) 49. The work described in this dissertation pertains to cell 

lines that were derived from tumors diagnosed as ES with typical histologic features of ES 

and the EWSR1/FLI1 translocation. Finally, in addition to the identification of previously 

misdiagnosed ESFT, several tumor types have been identified that are morphologically and 

clinically similar to ES yet carry translocations that are not EWSR1 or ETS associated. These 

tumors are currently referred to as Ewing-like sarcomas (ELS), and recently several have 

been identified to carry translocations involving the CIC or BCOR genes 50. A comprehensive 

overview of the known translocation events of ESFT and ELS are shown in Figure 1.2. In all 
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the translocation tumors, the resulting fusion gene produces an oncogenic protein that 

initiates and facilitates the neoplastic transformation of the permissible cell. 

 

Secondary Genetic Mutations. Promotion of neoplastic transformation through changes in 

gene expression or protein regulation is a universal feature of tumors yet how pediatric 

tumors, including ES, attain this feat differs significantly in comparison to adult tumors. In 

general, pediatric tumors tend to have more germline mutations and adult tumors more 

somatic mutations. Inherited or germline mutations, are identified in approximately 7.5% of 

adult cancers and 10% of pediatric 51-53. Recently 13.1% of ES patients have been identified 

as having germline mutations and the most commonly mutated genes are associated with 

DNA repair 54. Most ES and pediatric tumors, however, achieve neoplastic transformation 

with minimal germline or somatic mutational events. 

 

In adult tumors, tumorigenesis typically arises due to accumulation of somatic mutations or 

epigenetic alterations in proto-oncogenes and/or tumor suppressor genes that subsequently 

deregulate pathways that promote neoplastic potential. The compilation of these “driver 

mutations” eventually allows for neoplastic development, tumor heterogeneity, malignancy 

and therapeutic resistance 55-56. Fewer driver mutations are seen in pediatric tumors as 

compared to adult tumors, at least in part, because of the reduced time these progenitor cells 

have to acquire additional mutations through environmental stress or replication errors. 

Knudson described over four decades ago in his “two-hit hypothesis” how as few as two 

mutational events can initiate tumor development in pediatric tumors 57. Knudson’s 

pioneering work characterizing the genetic alterations in retinoblastoma described how 
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patients first maintain or acquire a germline or somatic mutation, respectively, and later 

acquisition of a somatic mutation allows for tumor development. Knudson’s model has 

carried over to other pediatric tumors such as Wilms and neuroblastoma as well as several 

adult tumors 57-58. Remarkably, ES can attain neoplastic transformation with a single somatic 

mutation. 

 

When mutations occur in tumors of pediatric patients, they often are within the same driver 

genes that accumulate mutations in tumors of adults 55, 59-60. For example, the tumor 

suppressor gene, TP53, is genetically altered in roughly 50% of all adult tumors 61. Overall, 

ES has the second lowest secondary somatic mutation rate of pediatric tumors, yet 7% of ES 

tumors harbor mutations in TP53 35, 62-63. The identified TP53 mutations in ES result in loss 

of expression or generation of non-functional truncated variants that have all been identified 

in adult tumor types 62. Of interest, no TP53 mutations were identified in ES patient tumors at 

the time of diagnosis, prior to treatment; alternatively, 25% of ES tumors evaluated after 

therapy contained TP53 mutations 35. This finding suggests TP53 mutations arise in 

subclonal populations that are resistant to treatment. 

 

The most common genetic mutations in ES occur in the cohesin member STAG2 (17%) and 

in CDKN2A (12%) which encodes the cyclin-dependent kinase p16INK4A and the TP53 

regulator p14ARF 62-63. STAG2 and CDKN2A are frequently mutated across several adult and 

pediatric tumor types 55, 64-69. STAG2 encodes a protein that forms part of the cohesion 

complex and is required for chromosomal segregation. The loss of STAG2 results in 

significant chromosomal structural variation due to segregation errors. In ES, some reports 
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indicate that loss of STAG2 coincides with a CDKN2A mutational status 35, 62-63. Loss of 

STAG2 is seen more frequently following treatment and in recurring disease and is associated 

with higher rates of structural variants (SV) 63. For example, analysis of primary ES tumors 

revealed subclonal populations of cells harboring STAG2 mutations, whereas recurring 

tumors more frequently reveal a uniform clonal population with mutation of STAG2, 

suggesting the loss of STAG2 may confer therapeutic resistance 63. 

 

Even in the absence of secondary driver mutations, the primary mutations in pediatric tumors 

are capable of altering the transcriptome in a manner akin to adult tumors so that key 

pathways involved in processes such as cell cycle, pluripotency and vasculogenesis are 

shifted to promote neoplastic development and malignancy. In summary, though there are 

marked etiological variances among pediatric and adult tumors and all tumors in general, 

there is a common convergence on the disruption of the same critical cell pathways for 

neoplastic transformation of the affected cell. Fascinatingly, ES achieve this through the 

generation of a single fusion oncogene. 

 

Epigenetic Deregulation. EWS-FLI1 achieves neoplastic transformation in large part by 

reprogramming the epigenome to favor cell survival. Through manipulation of methylation 

and acetylation pathways, EWS-FLI1 facilitates an epigenomic shift that alters the 

transcriptome. Permissible cells that tolerate EWS-FLI1-induced epigenetic and 

transcriptional reprogramming undergo what is referred to as oncogenic addiction. Since the 

identification of EWS-FLI1, many studies have shown that ES cells are addicted to EWS-
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FLI1 function, and inhibition of EWS-FLI1 expression in ES cells or xenograft models 

results in loss of cell viability 70-72. 

 

The primary epigenetic changes seen in ES cells are alterations in acetylation, methylation 

and nucleosome assembly. Through genome-scale DNA methylation sequencing of a large 

cohort of ES tumors, Sheffield et al. showed that ES carry a distinct methylation signature 

that differs from other tumor types 73. Within this signature, there is marked heterogeneity 

that mimics a transition between stem to mesenchymal-like profiles. This epigenetic 

heterogeneity may explain the clinical and histological variance that is seen in ES, as the 

genetic profile of ES shows little variability. EWS-FLI1 has also been found to have a 

marked effect on nucleosome assembly. Expression of EWS-FLI1 in HUVEC cells results in 

nucleosome disassembly, while depletion of EWS-FLI1 in ES cells results in nucleosome 

restoration 74. More recently, through evaluating long-range enhancer regions, it has been 

proposed that EWS-FLI1 facilitates nucleosome disassembly, histone remodeling and gene 

activation by binding de novo enhancer elements that are rich in GGAA repeats and often 

located several hundred megabases away from the target gene 75-76. Here-forth these GGAA-

rich microsatellite regions will be referred to as GGAA-MR. When four or more EWS-FLI1 

molecules are bound to GGAA-MR, p300 acetylase is recruited, and there is an increase in 

monomethylation of the fourth residue of histone H3 (H3K4me1) and acetylation of the 27th 

residue of H3 (H3K27ac). In general, H3K4me1 and H2K27ac histone modifications are 

associated with long-range enhancer activity that promotes gene expression 77-79. The 

H3K4me1 and H3K27ac modifications identified within ES cell lines are abundant at 

enhancer regions of genes that are activated by EWS-FLI1 and depleted at those genes which 
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are suppressed by EWS-FLI1 76, 80. Collectively, the epigenetic changes that are induced by 

EWS-FLI1 indicate that secondary driver mutations are not required in ES because EWS-

FLI1 augments its actions through the reprogramming of the epigenome. 

 

Copy Number Alterations. ES tumors have very low rates of single nucleotide changes or 

SV; however, they do frequently harbor copy number alterations (CNA) 63. The most 

common CNA in ES include chr1q-gains, trisomy of chr8 and chr12, or loss of chr16q or 

chr9p21, the CDKN2A locus 34, 62-63. The gain of chr1q or loss of chr9p21 occurs in 18% 

and 12% of ES cases, respectively, and both events correlated with a poor prognosis and 

decreased survival 63. Trisomy chr8 and/or chr12 is found in 47% of ES cases at diagnosis 

and in 83% of recurrent cases 81. The clinical significance of trisomy chr8 and/or chr12 is 

uncertain. However, the high frequency of CNA in ES indicates a propensity for 

chromosomal segregation errors in this tumor type. 

 

Genomic Polymorphisms. Numerous studies have screened ES tumors for the presence of 

genomic sequence variations to help understand the marked racial disparity among ES cases. 

Approximately 85-90% of ES cases occur in Caucasians, and there is nearly a ten-fold 

increase of ES incidence in the Caucasian population as opposed to individuals of African 

descent and a two-fold higher incidence than in the Asian population 82. One variation that 

occurs between races is the Alu element of EWSR1 intron 6. Intron 6 of EWSR1 is enriched 

with Alu repeat insertions; however, in 8% of the African population, this Alu repeat region 

is truncated 83. This finding, however, does not adequately account for the bias that is seen in 

ES for the Caucasian population over African. A more likely explanation for the racial bias 
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of ES may be a variance in GGAA-MR among races. Increased numbers of GGAA-MR in a 

particular genomic region correlates with an increase in EWS-FLI1 activation potential 76, 84. 

Beck et al. reported in 2012 that the GGAA-MR of the EWS-FLI1 target, NR0B1, was 

significantly larger in Caucasians as compared to the African population 85. The NR0B1 

promoter is one of the strongest-bound targets of EWS-FLI1, and NR0B1 expression is 

essential for EWS-FLI1 function 86. The findings within Beck’s study suggest that the high 

incidence of ES in Caucasians over African populations may be due to the increased ability 

of EWS-FLI1 to activate NR0B1 in Caucasians. 

 

Another possible genomic variation that would allow for racial disparities in gene activations 

is the presence of single nucleotide polymorphisms (SNPs). Through high-throughput 

genomic sequencing combined with integrative genomics, three potential loci with SNP 

variations have been identified on chromosomes 1, 10 and 15 when comparing Caucasians to 

populations of Asian or African descent 87. The locus on chromosome 10 is within a GGAA-

MR upstream of the transcription factor EGR2. EGR2 is a target gene of EWS-FLI1 that is 

overexpressed in ES relative to normal tissues. SNP analysis of the chromosome 10 

microsatellite reveals rare SNPs that when present facilitate the activation of the EGR2 gene. 

Interestingly, the presence of these SNPs occurs at a higher frequency in non-African patient 

samples 88. Initial screens for the presence of SNPs in EWSR1 did not reveal any significant 

variance among different populations 89. 

 

 

 



 

 15 

EWING SARCOMA MODELS AND IDENTIFICATION OF THE CELL TYPE OF ORIGIN 

Single-Cell and Xenograft Models. Several attempts have been made to generate a non-ES-

derived cell line model that recapitulates the features of ES; however, this development has 

proven difficult because EWS-FLI1 expression appears to be toxic to most cell lines and the 

natural cell of origin that can tolerate EWS-FLI1 is unknown. Only a handful of cell lines 

have been identified that support the ectopic expression of EWS-FLI1, including embryoid 

bodies (EB), mesenchymal stem cells (MSCs), neural-crest stem cells (NCSCs), and 

embryonic osteochondrogenic progenitor cells (OPC) 90-93. Various immortalized 

mesenchymal cell lines, including murine C3H10T1/2 and human IMR90 cells; and the 

human embryonic kidney cell HEK293 can also tolerate expression of EWS-FLI1 90, 94-98. 

The disparity of EWS-FLI1 tolerance among cell lines suggests that while EWS-FLI1 is the 

primary driver, it must require a specific transcriptome and/or epigenetic profile to facilitate 

neoplastic transformation. The primitive histologic features of ES further complicate accurate 

cell of origin identification. The lack of IHC biomarkers or histologic evidence of cellular 

differentiation in ES suggests that these tumors arise from a progenitor cell type. 

 

The current consensus is that ES arise from MSCs or NCSCs, however the literature is 

conflicting as to which stem cell ES most closely resembles 92, 97, 99-100. EWS-FLI1 expression 

in both human NCSC and MSC promotes ES-like genomic expression profile signatures 93, 

97. Expression of EWS-FLI1 via a tetracycline-inducible promoter in the human 

rhabdomyosarcoma cell line RD induced a neural crest-like expression profile 70. 

Alternatively, silencing of EWS-FLI1 expression in ES cell lines reveals an expression 

profile most like that seen in juvenile mesenchymal stem cells 100. 
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Initial attempts to transform primary human fibroblast cells through constitutive expression 

of EWS-FLI1 were unsuccessful and led to TP53-dependent cell arrest 101. EWS-FLI1-

induced toxicity can be overcome, however when expressed in fibroblasts that lack p16 or 

TP53 and these cell lines more closely mimic the ES cells in their expression profiles 102. 

IMR90 is a human fetal fibroblast cell line that can tolerate constitutive EWS-FLI1 

expression on a TP53 wildtype background and these cells are reported to undergo gene 

expression changes that are similar to ES 96. IMR90 cells that express EWS-FLI1 are also 

reported to undergo partial transformation as defined by the ability to overcome contact 

inhibition in culture and have anchorage independent growth. The human embryonic kidney 

line HEK293 can tolerate ectopic EWS-FLI1 expression, however EWS-FLI1 results in only 

partial induction of the ES expression signature in these cells 98. The fibrosarcoma cell line 

HT1080 has been utilized in one study evaluating the effect of EWS-FLI1 on drug sensitivity 

and is an established EWS-FLI1-line, however there are no expression profile studies of 

HT1080-EWS-FLI1 cells 103. 

 

Gordon et al. showed that expression of EWS-FLI1 in human embryoid bodies (EB), which 

contain collections of differentiating stem cells, can generate an SRCT model that more 

closely resembles ES than previously described models 90. EB-EWS-FLI1 cells exhibit 

anchorage-independent growth, upregulation of the EWS-FLI1 target genes NR0B1, NKX2-2 

and BCL11B and significant dysregulation of cell cycle proteins, as is seen in ES. 

Additionally, EB-EWS-FLI1 are the first EWS-FLI1 model reported to experience oncogenic 

addiction, and following the silencing of EWS-FLI1, EB-EWS-FLI1 cells undergo apoptosis. 

Overall the utility of these EWS-FLI1 human cell lines is diminished by the fact that they 
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have either not been tested in xenograft models or have failed to induce tumors in 

immunocompromised mice. 

 

Due to the lack of success in inducing an ES-like xenograft model with non-ES human cell 

lines, researchers have relied heavily on patient-derived ES cell lines for xenograft studies. 

Several well-established patient-derived lines are available and are reviewed in Table 1. 

Patient-derived ES lines are immortalized in culture, do not undergo contact inhibition, 

undergo apoptosis with silencing of EWS-FLI1 and many lines readily form xenograft tumors 

when injected into immunocompromised mice. ES lines are used extensively for drug 

inhibition studies and provide the basis for establishing what is identified as the EWS-FLI1 

expression signature. 

 

Murine cell lines, in general, seem to tolerate transfection more readily than human-derived 

lines and several EWS-FLI1 expressing lines that form xenograft tumors have been 

generated. For example, the murine cell lines 10T1/2 and NIH3T3 are immortalized 

mesenchymal and fibroblast cell lines, respectively, that are easily transfected and tolerate 

EWS-FLI1 expression 94, 104. In 10T1/2 cells, EWS-FLI1 is reported to induce a “neurite-like” 

phenotype 94. The NIH3T3 cell line can tolerate all EWSR1-ETS fusions (EWSR1-ERG, FLI1, 

ETV1, E1AF, and FEV) and all five EWSR1-ETS cell lines can form xenograft tumors in 

immunocompromised mice that exhibit histologic features of SRCT 105. The expression 

profiles of NIH3T3-EWSR1-ETS, however, differ from that of ES tumors, and therefore these 

cell lines are not considered to be completely representative models of ES. Development of 

histologic features of SRCT can also be obtained through EWS-FLI1 expression in OPC 92. 
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Tanaka et al. isolated progenitor cells from the embryonic superficial zone (eSZ) of long 

bones then induced EWS-FLI1 expression in this subset of OPC via transduction of a pMYs-

IRES-EWS-FLI1-GFP cassette. The eSZ-EWS-FLI1 transgenic cells have dysregulations in 

some ES target genes, and eSZ-EWS-FLI1 xenografts can form ES-like SRCT in 

immunocompromised mice. 

 

Relying upon any of the murine cell lines for ES studies is problematic for several reasons. 

While a few of the EWS-FLI1-murine cell lines exhibit expression changes that are similar to 

those seen in ES, the primary targets of EWS-FLI1 that are dysregulated in ES, such as 

NR0B1 and NKX2.2, do not seem to be affected in these models 106-107. Furthermore, the 

GGAA-MRs that facilitate EWS-FLI1 activation of NR0B1, CAV1 and GSTM4 are not found 

in the murine orthologues 106, 108-109. Murine models of ES examine the effects of EWS-FLI1 

with constitutive expression and do not take into consideration the true enhancer and 

promoter regulatory elements of EWS-FLI1 or its target genes. Murine models of ES also do 

not account for the possibility that haploinsufficiency of the fusion partners may contribute to 

ES pathogenesis. Because ES is a disease exclusive to humans, a true non-human ES model 

may be impossible to replicate as the compilation of regulatory elements and epigenomic 

changes cannot be fully replicated in non-human cells. However, with the development of the 

clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 gene editing 

system, researchers can more easily recreate an ES genomic rearrangement in cell lines. The 

CRISPR/Cas9 system allows for targeted DNA double-strand breaks at any desired region in 

the genome 110. This system is modeled after the natural prokaryotic biological process in 

which foreign viral elements are removed from an invaded genome. Using the CRISPR/Cas9 
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method, the t(11;22)(q24;q12) chromosomal translocation has been successfully generated in 

both HEK293 and hMSCs 111-112. Preliminary studies in the HEK293 line indicate that clones 

that have successful t(11;22)(q24;q12) formation can be expanded and have upregulation of 

several EWS-FLI target genes including NR0B1 111. 

 

Organism Models. Organism models of a neoplastic disease often include natural models that 

occur within veterinary species, such as osteosarcoma, lymphoma, or rhabdomyosarcoma in 

dogs. While other translocation tumors such as alveolar rhabdomyosarcoma, clear cell 

sarcoma, myxoid liposarcomas, and synovial sarcomas, in which experimental expression of 

the fusion oncogenes can be replicated in mouse models; no experimental or natural model 

for ES tumors exists 113-116. 

 

Initial attempts in generating ES organism models started with embryonic stem cell (ESC) 

transfection-targeting with an EWS-FLI1 expressing vector, however, clones could never be 

isolated, due presumably to toxicity. To circumvent toxicity, strategies have been attempted 

to drive EWS-FLI1 expression within certain cell types with the use of cell-line specific 

promoters or at specific developmental time points with Cre-Lox systems or inducible 

promoters. The reported models have a broad array of phenotypes, but none to date have 

resulted in spontaneous tumors representative of ES. Targeting EWS-FLI1 expression in 

MSC under the Prx1 promoter in mice resulted in skeletal malformations and when crossed 

with TP53 mutants the mice developed sarcomagenesis 117. Targeting of EWS-FLI1 

expression to bone marrow progenitor cells under the Mrx1 promoter resulted in myeloid and 
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erythroid leukemia 118. Attempts to replicate the genomic translocation under a Cre-Lox 

system resulted in no tumor development and cardiomyopathy with subsequent death 119. 

 

More recently, an aggressive effort was made by six collaborating labs to generate an ES 

model using transgenic or non-transgenic approaches 120. The collaborating labs created 16 

different models, none of which showed an ES-like phenotype. Three models targeted 

expression to osteoblast precursors. The first model looked at effects on EWS-FLI1 

expression in osteoblast precursors at embryonal day 12.5. This model exhibited no 

phenotypical change, regardless of the p14 mutational status, with the exception of 

embryonic lethality in one clone. A second attempt induced EWS-FLI1 expression at 

embryonal day 14.5 or three weeks of age. Embryonic expression in this second model was 

lethal. Expression at three weeks of age resulted in facial deformities and development of 

leukemia or osteosarcoma on a TP53-/-, RB-/- background. The third osteoblast precursor 

model induced constitutive EWS-FLI1 expression at embryonic day 18.5 was also 

incompatible with life. Other models in which EWS-FLI1 had ubiquitous embryonal 

expression under the EWSR1, Pgk or hCVM-TRE promoters were also embryonic lethal. 

Targeting of neuronal tissue where EWS-FLI1 expression was driven by the Nse promoter 

resulted in embryonic lethality and no phenotype when driven by the dNEFL promoter in 

adult mice. Ubiquitous EWS-FLI1 expression under the metallothionein promoter resulted in 

no phenotype and inducible ubiquitous expression under the TRE promoter induced toxicity 

to spermatogenesis. In those experiments evaluating EWS-FLI1 expression in cells of 

mesenchymal lineage, EWS-FLI1 was embryonic lethal when expressed within the limb bud 

mesenchyme yet induced fibrosarcoma in adult MSC. Finally, non-tissue selective targeting 
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methods using Cre injected intramuscularly (IM) and virus injected IM models resulted in 

muscle abnormalities but no tumor development. 

 

In addition to murine and human model systems, zebrafish models have also been used to 

evaluate the effects of EWS-FLI1 on embryonic development, and EWS-FLI1 function and 

drug inhibition studies. Initial studies in zebrafish embryos found that expression of EWS-

FLI1 resulted in mitotic spindle disassembly and failed mitosis 121. In a subsequent study, 

three-hundred zebrafish embryos were targeted with a Tol2-EWS-FLI1 transposon system 

and allowed to progress to adulthood. EWS-FLI1 expression in this model led to severe 

developmental abnormalities and ES-like SRCT in two fish 122. Use of the zebrafish system 

has been most useful for the generation of ES xenotransplantation models, that study human 

ES cell lines injected into immunosuppressed zebrafish embryos. Of eight ES cell lines tested 

in zebrafish, all developed tumors with metastatic potential by the larval stage of 

development, and seven of the lines initiated angiogenesis 123. These models have since been 

utilized for drug inhibition studies and have proven useful due to the ease of drug delivery to 

the water system as well as ease of monitoring tumor response in this model 123-124. The 

contribution of zebrafish models to ES studies and our understanding of ES protein functions 

will be discussed more in the next section. 
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EWING SARCOMA-ASSOCIATED PROTEINS 

FET Family. EWSR1 is a member of the FET family of RNA-binding proteins (RBPs) that 

also includes fused in sarcoma/translocated in liposarcoma (FUS) and TATA box binding 

protein-associated factor 15 (TAF15) 125. EWSR1, FUS, and TAF15 are categorized as a 

separate family of heterogeneous nuclear ribonucleoproteins (hnRNPs) and are composed of 

several highly conserved domains: a DNA activation domain that contains a serine-tyrosine-

glycine-glutamine (SYGQ) domain, three glycine-arginine (RGG) domains, a putative RNA-

binding domain (RBD), and a zinc finger domain 126. EWSR1 and FUS share 39% homology 

in the amino-terminal region in humans, however, their functional homology suggests some 

redundancy of function between these two proteins for some biological functions. Murine 

knockout models of EWSR1 or FUS reveal similar phenotypes of failed spermatogenesis, 

failed B cell development, enhanced sensitivity to pathologic DNA damage and perinatal 

lethality 127-129. Interestingly, conservation of the three members across lower to higher 

vertebrate species suggests that these proteins also have distinct functions and are not just 

homologs with redundant function 130-133. For example, EWSR1, independent of other FET 

family members, modulates adipocyte and chondrocyte maturation while FUS facilitates the 

B cell response to mitogenic stimuli through a mechanism that is not duplicated by EWSR1 

or TAF15 130-131, 133. 

 

The FET proteins participate in several pathways that regulate RNA biogenesis, function and 

cellular transport and direct roles in controlling transcription and in the DNA damage 

response 125, 132, 134-135. As an RNA binding protein, the FET family members can bind 

thousands of known RNA targets to facilitate post-transcriptional regulatory functions 132, 136. 
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Inhibition models that result in loss of EWSR1 or FUS reveal these proteins are essential for 

the correct splicing of several mRNA transcripts 137-140. Furthermore, the induction of FET-

associated fusion proteins that compete with endogenous FET proteins alters normal splicing 

patterns 141-142. The means by which FET members effect RNA processing is multifactorial 

and attributed to several mechanisms including recruitment of splicing factors, regulation of 

the rate of transcription and modulation of mRNP assembly 125. Once bound to RNA, FET 

proteins couple the transcription machinery to pre-mRNA processing by associating with 

several factors including: RNA polymerase II (RNAPII), transcription factors such as Spi-1, 

p65, Oct-4 and HNF4µ, general transcription factors (e.g., TFIID); splicing factors such as 

members of the family of serine/arginine (SR)-rich proteins and small nuclear 

ribonucleoproteins (snRNPs) and the spliceosome component YB-1. FET proteins are found 

predominantly within the nucleus; however, these proteins regularly shuttle to the cytoplasm 

in complex with mRNA, and data suggests that FET proteins also function by facilitating 

cytosolic translation 143-145. FET proteins can bind both single-stranded (ss) and double-

stranded (ds) DNA and promotes ssDNA invasion of dsDNA 144-145. The ability for FET 

proteins to mediate ssDNA invasion has been hypothesized to occur as part of the response to 

DNA damage. The exact purpose of the binding to dsDNA is unclear but suggests FET 

proteins can regulate transcription directly. 

 

Genetic alterations in FET proteins contribute to several disease processes, including 

neurodegenerative (NG) disorders and fusion tumors such as ES. Svetoni et al. recently 

reviewed the potential role of FET family members in NG disorders such as amyotrophic 

lateral sclerosis (ALS) 146. Upper and lower motor neuron disease involving neuronal and 
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axonal loss characterizes ALS and is associated with mutations in the FUS gene in a subset 

of patients 147-149. FUS protein is typically localized to the nucleus of neuronal cells, 

however, in ALS-FUSmut patients, FUS protein accumulates in the cytoplasm as cytoplasmic 

inclusions 147, 149. Inclusion formation has been hypothesized as being associated with the 

prion-like domain (PrLD) that is common to many RBPs 150. PrLD share similar homology to 

prion domains in yeast and enable conformer formation of proteins that accumulate when 

disease dysregulated. An increase of incidence of FUS mutations correlates with younger age 

such that while overall ~5% of familial ALS cases have mutations in FUS, they occur in 35% 

of cases in patients under 40 years of age 151. 

 

Interestingly, FUS has also been identified as a major component in nuclear polyglutamine 

(polyQ) aggregate-interacting proteins in the Huntington disease model R6/2 associated with 

neuronal intranuclear inclusions 152. Cytoplasmic inclusion of FUS, EWSR1, and TAF15 

have also been identified in frontotemporal lobar degeneration (FTLD) disease, a disease 

characterized by degeneration of the cortex of the frontal and lobar 153-154. It is still uncertain 

if the accumulation of inclusions in ALS and FTLD contributes to pathogenesis or is simply 

a benign symptom of the disease. 

 

Exome sequencing of a large family with the autosomal dominant inheritance of familial 

essential tremor (ET) disease, a NG disorder characterized by tremor, revealed a consistent 

nonsense mutation of FUS that results in a truncated protein product 155. Additional FUS 

mutations have been identified in smaller pedigrees that are affected by ET; however, the 

relevance of these mutations is still uncertain 156-158. Of note, EWSR1-/- or FUS-/- mice do not 
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show developmental neuronal defects, however, in zebrafish models, the loss of EWSR1 or 

FUS results in increased CNS cell death and motor neuron disease, respectively 128-129, 159. 

The phenotypical discrepancy between lower and higher-level species with EWSR1 and FUS 

loss suggests acquirement of redundancy of function in the higher organism. By two years of 

age FUS-/- mice develop histological changes to the hippocampus and behavioral attributes 

that are indicative of NG disease, but they are distinct from ALS 160. 

 

The most recognized disease-associated feature of FET family members is their involvement 

in multiple fusion oncoproteins. The amino terminus of the FET family members contains a 

SYGQ-rich domain that functions as a potent transcriptional activator of several fusion 

oncoproteins. Redundancy of family member function is seen in several translocation tumors. 

For example, the amino-terminal domain of EWSR1 and FUS is interchangeable in 

generating a DDIT3 or ERG fusion protein in myxoid liposarcoma or acute myeloid 

leukemia (AML), respectively 37, 161-162. Similarly, EWSR1 and TAF15 amino-terminal 

domains can both translocate with NR4A3 and ZNF384 in extraskeletal myxoid 

chondrosarcoma and acute lymphatic (or myeloid) leukemia, respectively 46, 163-165. All 

known FET family member translocation tumors are outlined in Figure 1.2. 

 

Both EWSR1 and FUS translocations have been identified in ES. FUS has only been reported 

to form a fusion with two ETS family member, ERG and FEV, while EWSR1 can form 

fusions with all five ETS family members 22, 37, 166-169. The EWSR1 gene consists of 17 exons, 

the first 7 of which encode the N-terminus that is reported as being involved in DNA damage 

response as well as regulation of the transcriptional function of EWSR1 fusion genes 170. 
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Exons 8-9, along with exons 14 and 16 encode the three glycine/arginine rich motifs of 

EWSR1. The remaining exons of the C-terminus encode a zinc finger domain, RGG domains 

and RNA-binding motif that facilitate EWSR1’s ability to bind RNA. EWSR1 can associate 

with several transcription factors, repressors, and activators, and can modulate transcription 

both negatively and positively thus promoting differentiation of cell types such as 

chondrocytes and adipocytes 130, 134, 171-173. EWSR1 null mice have a decrease in brown 

adipose due to loss of bone morphogenic protein 7 (BMP7) which is driven by EWSR1 and 

essential for preadipocyte differentiation 172. Additionally, EWSR1 has been shown to 

regulate white adipogenesis in 3T3L1 pre-adipocytes through regulation of BMP2 and BMP4 

131. In a zebrafish model, EWSR1was found to regulate chondrogenesis through 

downregulation of Sox9 and was essential for normal cartilage development 130. 

 

Through its C-terminal RNA binding domain, EWSR1 regulates the splicing of several pre-

mRNA thereby imparting its regulatory function on key metabolic pathways such as the cell 

cycle (via Cyclin D1) and DNA damage response (DDR) (via ABL1, CHEK2, MAP4K2, and 

MDM2) 135, 142, 174. EWSR1 null mice, EWSR1 null fibroblasts, and cell lines derived from ES 

patients show increased susceptibility to ionizing radiation, indicating that EWSR1 augments 

or facilitates the DDR 129, 175. Further validation of EWSR1’s importance for DDR is seen in 

genetic screens in which EWSR1 is identified as essential for providing resistance to ionizing 

radiation and camptothecin (topoisomerase I inhibitor) treatment in mammalian cell lines 176-

177. 
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In addition to pathologic DNA strand breaks, EWSR1 potentially regulates biologic 

processes that require normal physiologic DNA strand break events, such as meiotic 

crossover and variable, diversity and joining (VDJ) rearrangements in B cell development. 

EWSR1 knockout mice are unable to undergo meiosis or develop a mature B cell population, 

however, the means by which EWSR1 regulates these processes is still a mystery 129. Loss of 

EWSR1 results in failed completion of both oogenesis and spermatogenesis in mice and 

inability to produce mature gametes. For proper chromosomal segregation to occur in normal 

meiosis, synapsed bivalents must undergo double-strand DNA breaks and meiotic crossovers 

via homologous recombination. Further analysis of spermatocytes from EWSR1-/- mice 

revealed a reduced frequency of sex chromosome synapse formation (only 33%) and an 

overall reduction of meiotic crossovers among bivalents. Complete blood chemistry analysis 

of EWSR1-/- indicates a severe lymphopenia with normal erythropoiesis that is attributed to 

failed B cell maturation based upon flow cytometry analysis. EWSR1-/- mice have normal 

progenitor B cell development but pre-B cells fail to mature. Progression from pro-B cell to 

pre-B cell populations requires recombination among VDJ DNA segments to provide the 

highly diverse reserve of B cells for pathogen recognition. Considering what we now know 

regarding EWSR1’s role in DNA strand break regulation, one possibility for the loss of pre-B 

cell development in EWSR1-/- mice is loss of the ability to mediate VDJ rearrangements. 

 

The biological context in which EWSR1 has been scrutinized the most is in its role as a 

fusion partner in several translocation tumors. EWSR1 participates in several chromosomal 

translocation events that generate a protein in which the RNA-binding domain of EWSR1 is 

exchanged for the DNA-binding domain of a transcription factor resulting in a wide variety 
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of tumor types 46, 161, 178-181. A comprehensive list of these tumor types is provided in 

Figure1.2. In each of these translocation tumors, a fusion protein is generated and an EWSR1 

allele is lost. The next section will discuss the ETS family members which are the 

predominant participants in EWSR1-associated ES translocation tumors. 

 

ETS Family. The E-twenty-six transformation specific (ETS) family of transcription factors 

is composed of 28 members identified by a highly conserved ETS DNA binding domain 

(DBD). This family is further subdivided into 13 groups based upon similarities between the 

DBD and a protein binding pointed domain (PNT) 182-183. There is not much variance among 

the DBD of ETS members and subfamily members indicating these members have a high 

rate of functional redundancy. Unique transcriptional activities of subfamilies are attributed 

predominantly to co-associations of the ETS members with other transcription factors, the 

presence of which is unique in varying cell types. The ETS family is the largest family of 

transcriptional regulators and maintains cellular homeostasis through several pathways 

including cell cycle control, differentiation, apoptosis, tissue remodeling, angiogenesis and 

vasculogenesis. 

 

Friend leukemia virus-induced erythroleukemia-1 (FLI1), an ETS transcription factor, was 

first identified as the integration site for Friend leukemia virus, a murine retrovirus that can 

induce erythroleukemia 184. Twenty-five years after its identification, FLI1’s pivotal role in 

the maintenance of hematopoiesis is better understood, including the development of T-cells, 

B-cells, megakaryocytes, monocytes, macrophages and dendritic cells and regulating 

endothelial cell maturation 185. FLI1 is a member of the ERG sub-group along with ERG and 
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FEV. FLI1 and ERG are both essential for HSC and megakaryocyte development and their 

similar DNA binding motifs indicate these members are possibly derived from a common 

ancestor gene. Loss of either FLI1 or ERG results in a reduction of HSC as well as failed 

megakaryocyte maturation 186. In addition to ES, EWS-ERG translocations have also been 

reported in AML and DSRC (Figure 1.2) 187. 

 

FLI1 is consistently expressed in endothelial cells and, in concert with other ETS genes, it 

regulates endothelial cell differentiation, angiogenesis and vasculogenesis 185, 188-190. FLI1 

knock-out mice undergo partial inhibition of endothelial cell differentiation, yet full 

inhibition of differentiation with the simultaneous knock-out of the ETS genes erg, ets1, and 

etsrp, indicating a redundancy of function between the ETS genes in regulating endothelial 

cell differentiation 189. Zebrafish models in which FLI1 is knocked out are reported to have 

defects in both blood development and circulatory system development 191. Circulatory 

system defects are also evident in FLI1 mutant mice which die at gestational day 11.5-12.5 

due to the failure of vascular integrity and cerebral hemorrhage 192. 

 

Several disease processes are associated with FLI1. A year after the discovery of FLI1, it was 

identified as the genomic site that, along with EWSR1, generates the t(11;22)(q24;q12) 

translocation found in 85% of ES cases 37. Overexpression of FLI1 has been linked to the 

initiation of autoimmune disorders and is hypothesized as being an underlying contributor to 

systemic lupus erythematosus (SLE). Transgenic models that overexpress FLI1 exhibit 

multisystem autoimmune abnormalities like those noted in SLE, additionally, FLI1 

expression levels correlate with severity of disease in SLE patients 193-194. FLI1-associated 
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pathology in SLE is attributed, in part, to FLI1’s ability to activate and promote B-cell 

proliferation. Downregulation of FLI1 is reported as being a contributing factor to systemic 

sclerosis (SSc) which manifests as multi-organ, immune-mediated fibrosis. The pathogenesis 

of SSc is attributed to the loss of FLI1-mediated EC stability with subsequent failed vascular 

integrity followed by autoimmune response and chronic fibrosis 195. Finally, the role in which 

FLI1 can induce malignant transformation of erythrocytes is still of debate. As mentioned 

earlier, FLI1 overexpression induces an SLE-like phenotype as opposed to erythroleukemia 

in transgenic mouse models. Numerous other studies, however, support the finding that 

overexpression of FLI1 prohibits erythrocyte differentiation and promotes proliferation 

thereby inducing erythroleukemia 196-199. The conflict between these differentiating findings 

is attributed to the variance of the host cell in which FLI1 is activated. 

 

EWS-FLI1 

EWS-FLI1 is classified as a mutant transcription factor generated by the t(11;22)(q24;q12) 

translocation. EWS-FLI1 facilitates ES transformation through its functions as a transcription 

factor, epigenetic regulator, and post-transcriptional regulator. Unlike a typical transcription 

factor, EWS-FLI1 does not simply rely on transcriptional cofactors or epigenetic changes to 

activate genes; it seems that EWS-FLI1 may regulate epigenetic and post-translational 

pathways directly and indirectly to promote its ability to function as a potent transcription 

factor. In other words, EWS-FLI1’s role as an epigenomic regulator facilitates its functions 

as a transcriptional and post-transcriptional activator and vice-versa. For example, the 

epigenetic recruitment of p300 by EWS-FLI1 to de novo promoter sites allows for 

transcriptional activation of hundreds of genes, some of which include transcription factors, 
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splicing factors and genes that regulate the epigenome such as HOX genes and polycomb 

proteins 200. The following sections will discuss EWS-FLI1 in its functions as a 

transcriptional and post-transcriptional regulator. 

 

Functions as a Transcriptional Regulator. EWS-FLI1 encodes a novel protein, EWS-FLI1, 

which incorporates the amino-terminus regulatory domains of EWSR1 and the DNA binding 

domains of FLI1, with the exclusion of negative regulatory domains (Figure 1.3A) 201. EWS-

FLI1 has been recognized as a potent transcription factor for several decades, however, the 

mechanistic functions in which it facilitates gene activation have only recently been 

understood 76, 202. The canonical ETS binding site (CEBS) is a GGAA/T sequence located 

within the promoter region of target genes. Initial studies presumed that EWS-FLI1 

activation of genes was through the same CEBS ETS binding sites which facilitate FLI1 

activity, however, the variability of EWS-FLI1 and FLI1 expression signatures do not 

support this theory. By analyzing the 5’ regulatory elements of some of the core target genes 

of EWS-FLI1, including NR0B1, two groups discovered that EWS-FLI1 can facilitate 

activation through de-novo GGAA-rich microsatellite regions (GGAA-MR) 106, 108. Gangwal 

et al. went on to report, by using a chromatin immunoprecipitation (ChIP) assay followed by 

microarray analysis on a whole human genome promoter stamped chip (ChIP-chip), that 

EWS-FLI1 binds numerous GGAA-MR 106. Using ChIP followed by high-throughput 

sequencing (ChIP-seq), Guillon et al. showed that EWS-FLI1 preferentially binds CEBS as 

well as GGAA-MR regions 84. Guillon et al. proposed that EWS-FLI1 functioned as a 

transcriptional activator at GGAA-MRs and the degree of activation correlated with the 

number of GGAA repeats. For example, GGAA-MRs containing less than four GGAA 
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repeats were never bound by EWS-FLI1, while GGAA-MRs with greater than nine GGAA 

repeats were significantly enriched in the EWS-FLI1 precipitate. 

 

In 2013-2014, two studies reported the results from ChiP-seq analysis of ES cell lines that 

were screened for EWS-FLI1 binding sites 75-76. The Bilke and Riggi reports varied from 

previous ChIP-seq reports evaluating EWS-FLI1 binding in that they included a broader 

evaluation of intragenic binding sites. Remarkably, they found that EWS-FLI1 could bind 

GGAA-MR up to several hundred megabases away from the nearest gene, and in regions not 

reported to have promoter or enhancer activity. EWS-FLI1 binding of GGAA-MR was found 

at roughly equal frequency as binding to CEBS. Between the two studies, there was 75% 

concordance of data in the one common cell line used in both studies. To determine the 

functional significance of EWS-FLI1 binding of the GGAA-MR and CEBS, Riggi’s group 

evaluated changes in histone modifications and p300 binding of the identified EWS-FLI1 

binding sites following shRNA silencing of EWS-FLI1. Collectively, Riggi’s studies 

revealed that EWS-FLI1 activates transcription by binding GGAA-MR sites and promoting 

histone modifications that allow for gene activation (Figure 1.3B). Alternatively, binding of 

EWS-FLI1 at CEBS results in failed gene activation (Figure 1.3C). During conventional 

ETS-mediated gene activation, ETS binds the CEBS as a monomer and recruits p300 through 

two p300 binding sites on the ETS molecule. Recruitment of p300 to the target gene results 

in the histone modifications H3K4me1 and H2K27ac that allow for chromatin 

decondensation and gene activation (Figure 1.4A). The EWS-FLI1 protein contains only one 

binding site for p300 and is not sufficient to recruit p300 when bound to CEBS (Figure 

1.4B). The presence of multiple GGAA repeats in GGAA-MR allows for several EWS-FLI1 
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molecules to bind and therefore provides an adequate binding scaffold for p300 recruitment 

and de novo enhancer activity (Figure 1.4C). The Riggi study concluded that EWS-FLI1 

targets over 500 genes and that EWS-FLI1 has a similar effect on the transcriptome as an 

activator and a suppressor. 

 

Through an indirect mechanism, EWS-FLI1 facilitates enhancer activation at tumor-specific 

genes through recruitment of BRG1/BRM-associated factor (BAF) 150, 203. RNA-binding 

proteins, such as EWSR1, have prion-like domains (PrLD) that allow for conformer 

formation of proteins 150. Preliminary data shows the PrLD of EWSR1 can recruit the 

chromatin remodeling complex BAF and facilitate epigenetic regulation at enhancer regions. 

EWS-FLI1 utilizes the PrLD of EWSR1 to further facilitate transcriptional regulation of its 

target genes. 

 

EWS-FLI1 can also regulate gene expression through activation of genes that encode other 

transcriptional regulators and/or microRNAs (miRNAs) 91, 204. An example of a 

transcriptional regulator that is dysregulated in ES that leads to indirect down-stream 

transcriptional consequences is GLI1. GLI1 is one of three transcription factors that regulate 

the hedgehog (Hh) signaling pathway driven by the ligands Sonic, Indian and Desert Hh 205. 

The Hh pathway functions in normal development and in neoplastic transformation of several 

tumor types 206-208. Independent of the Hh ligands, EWS-FLI1 can activate GLI1 thus 

generating an Hh-like signaling cascade that is essential in ES cell lines 204. With a better 

understanding of how EWS-FLI1 directly activates and suppresses genes, we are now able to 
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build comprehensive models that portray how EWS-FLI1 induces complex signaling 

cascades such as the EWS-FLI1/GLI1 cascade. 

 

In addition to dysregulating coding mRNA targets, EWS-FLI1 can modulate the expression 

of small (20-24 nucleotide) non-coding RNAs, termed miRNAs. miRNAs regulate gene 

expression via the RNA interference (RNAi) pathway by binding homologous transcripts and 

blocking translation or triggering mRNA degradation or sequestration 209-212. miRNA are 

suspected to regulate expression of up to 60% of translatable genes. Expression profile data 

indicates that EWS-FLI1 can activate or suppress several miRNA species 211, 213-214. Through 

suppression of miRNA such as miR-145, EWS-FLI1 can induce a stem-cell-like expression 

signature with derepression of the genes OCT4, SOX2 and NANOG that are typically silenced 

by miR-145 91. Similarly, the miRNA Let-7a is repressed by EWS-FLI1 215. Let-7a is 

downregulated in several tumor types, including medulloblastoma, breast cancer and ovarian 

cancer and considered to act as a tumor suppressor through its activation of the cyclin-

dependent kinase 6 (CDK6) 216-218. Also, by activating the miR-17-92 gene cluster, EWS-

FLI1 can promote pathways that support neoplastic transformation such as vasculogenesis, 

cell cycle control and metastasis 219. Schwentner et al. report that the miR-17-92 cluster is the 

most upregulated miRNA target of EWS-FLI1. Members of the miR-17-92 miRNA cluster 

function in transforming growth factor beta (TGFB) and bone morphogenic protein (BMP) 

signaling pathways that are frequently overactive in several tumor types. Our increased 

understanding of miRNA as targets of EWS-FLI1-induced deregulation allows another 

avenue for therapeutic intervention in ES. 
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Functions as a Post-Transcriptional Regulator. Given what we now know regarding 

EWSR1’s functions as a post-transcriptional regulator, it is not surprising to find that EWS-

FLI1 shares similar binding abilities as EWSR1 to post-transcriptional regulators. One of the 

most notable post-transcriptional regulatory mechanism that we know of for EWS-FLI1 is its 

ability to bind RNA helicase A to modulate pre-mRNA splicing by the spliceosome 220-222. 

EWS-FLI1 relies upon RNA helicase A for its full transformation abilities and its activity is 

augmented in cell culture models in which RNA helicase A expression is increased; for these 

reasons RNA helicase A is a desirable target for therapeutic intervention studies 223-225. Like 

EWSR1, EWS-FLI1 is also able to interact with several splicing factors such as SF1, U1C, 

PSF, TASR-1 and TASR-2 and can modulate 5’-splice site selection 142, 226-228. Furthermore, 

a comprehensive proteomic analysis of EWS-FLI1-protein interactions performed by 

Selvanathan et al., found that of 547 potential partners, 43% fell within the family subgroup 

for proteins associated with RNA splicing and processing 221. This study revealed several 

previously unrecognized interactions between EWS-FLI1 and splicing factors (e.g. P68, 

PRPF6) and showed that EWS-FLI1 can induce an alternative splicing pattern in ES and non-

ES cell lines. 

 

Impressively, EWS-FLI1 functions as a robust regulator of transcription, the epigenome and 

post-transcriptional functions to facilitate neoplastic transformation through a single driver 

gene. Genes involved in extracellular signaling are frequent targets for EWS-FLI1-induced 

down-regulation and include mediators of signaling pathways that promote inflammatory 

responses and cellular differentiation. Genes in which EWS-FLI1 promotes expression 

cluster within the key cellular pathways of cell cycle regulation and DNA damage response 
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(Figure 1.1C) as well as in the pathways of cell membrane protein production, IGF signaling 

and neural differentiation 55, 229. The vast number of pathways that are dysregulated by EWS-

FLI1 provides an almost endless supply of potential targets for intervention 230. The next 

section will discuss these intervention strategies. 

 

EXPERIMENTAL TARGETING OF EWS-FLI1 AND ITS DOWNSTREAM REGULATORS 

Due to the lack of natural models and difficulties generating experimental models, studies of 

treatment strategies have been limited primarily to zebrafish, ES cell culture models, and ES 

xenograft models. The following paragraphs will give an overview of the experimental 

treatment strategy approaches. These approaches include directly targeting the ES fusion 

protein, targeting the proteins that facilitate EWS-FLI1 function, targeting proteins that can 

counter-act EWS-FLI1 induced changes and the targeting of genes that are activated by 

EWS-FLI1. 

 

Direct Targeting of EWS-FLI1. With a single, well characterized mutational event, the 

targeting of ES would seem to be straightforward. Intuitively, the ideal target would be the 

oncogenic driver itself, EWS-FLI1, since ES are dependent upon its activity for survival. 

Several attempts have been made to achieve direct or indirect inhibition of EWS-FLI1 

expression. Antisense oligonucleotides, as well as siRNA-mediated RNAi, can effectively 

silence EWS-FLI1 expression in ES and inhibit ES xenograft growth 71, 231-233. However, 

these methods have not advanced to a clinical phase. EWS-FLI1 has also been targeted via 

immunotherapy, however, this protein does not initiate a strong enough immunogenic 

peptide response to mount an efficient CD8+ T cell response and vaccinations with peptides, 
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corresponding to the unique sequences found at the fusion of the two partner proteins, did not 

alter the clinical outcome in ES patients 234-235. 

 

An alternative approach targeted the localization of EWS-FLI1 with the use of 

Lurbinectedin, a Trabectedin analog, which facilitates the relocalization of EWS-FLI1 in the 

nucleus by competitively binding DNA. The ES cell lines and xenograft lines were markedly 

sensitive to Lurbinectedin treatment in preliminary studies 236. A novel strategy for targeting 

EWS-FLI1 involves targeting proteins that are essential for EWS-FLI1 pre-mRNA 

processing. Through genome-wide RNAi screening, the RNA binding protein HNRNPH1 

and the U2 snRNP component SF3B1 were identified as key regulatory proteins for EWS-

FLI1 RNA processing that may serve as successful ES-specific therapeutic targets in future 

studies 237. 

 

Most recently, a combination approach using YK-4-279 in combination with the vinca 

alkaloid Vincristine in ES cell lines showed success in reducing tumor burden and increasing 

survival 238. The small molecule compound YK-4-279 induced G2/M arrest and reduced 

expression of microtubule assembly proteins thus allowing susceptibility to depolymerization 

by Vincristine. The observations within this study reinforce growing evidence that ES 

models are highly responsive to inhibitors that disrupt cell division. This topic will be 

discussed in more detail in the concluding sections of this chapter and throughout the 

following chapters. 
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Targeting the Facilitators of EWS-FLI1 Function. The predominant focus of experimental 

ES targeting has been in the field of receptor tyrosine kinases (RTK), due to the dependence 

of EWS-FLI1 on several members of this family for neoplastic transformation 26, 233. The 

most studied RTK target has been IFGR1 which is essential for EWS-FLI1’s ability to 

transform progenitor cell models and is upregulated by EWS-FLI1 233. Inhibitors of IGFR1 

have included antibodies as well as small molecule inhibitors and have shown promising 

results in ES cell lines and xenograft models, however, very few have shown efficacy in 

clinical trials and those that have demonstrated inconsistent results 239. The most effective 

IGFR1 inhibitor in clinical trials has been IMC-A12 (cixutumumab) in combination with a 

mTOR inhibitor with a 29% response in ES patients 240. Most recently, through a 

combinatorial drug screen aimed at identifying successful therapeutic strategies for ES, a 

multikinase inhibitor PKC412 combined with IGF1R inhibition was identified as effective in 

ES in cell models 241. Other RTK that have been successfully targeted in ES cells and 

xenograft models are C-KIT, PDGFR-b and EGFR, however, no clinical success has been 

met by targeting these proteins 183, 242-243. 

 

Counter-Acting EWS-FLI1. Several strategies, other than RTK inhibitors, have been 

attempted that focus on inhibiting EWS-FLI1 activity. In the 1960s, attempts were made to 

treat ES, and other pediatric tumors, with the antibiotic Mithramycin which blocks 

transcription by competitively binding to DNA. This clinical trial was mildly successful in 

treating ES, however, was extremely toxic and discontinued 244-245. Modern therapeutic 

strategies to counter-act EWS-FLI1 include inhibitors of RNA helicase A (RHA), Poly 

(ADP-ribose) polymerase 1 (PARP1), histone deacetylases (HDACs) and mTOR. Interaction 
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of EWS-FLI1 with RHA is essential for EWS-FLI1 mediated post-transcriptional regulatory 

functions and RHA promotes EWS-FLI1 expression 220, 222. YK-4-279 successfully blocks 

EWS-FLI1/RHA interaction and inhibits tumor growth in ES xenograft models 223-225. Like 

RHA, PARP1 has a cyclic relationship with EWS-FLI1 in that it promotes EWS-FLI1 

expression and vice-versa. The PARP1 inhibitor Olaparib successfully inhibits ES cells and 

ES xenograft tumor growth and in preclinical studies is shown to sensitize ES tumors to 

radiation therapy resulting in increased cell death in response to treatment 246-247. 

 

Epigenetic regulators such as HDACs and histone methyl-transferases have also been 

experimental targets in ES studies that show promising results. In the transformation process 

of ES cells, HDACs are activated resulting in global decondensation of chromatin and 

activation of numerous genes by EWS-FLI1. The HDAC inhibitor romidepsin successfully 

blocks histone deacetylation and EWS-FLI1 activity 248-249. EWS-FLI1 also facilitates 

epigenetic change for chromatin access through interaction with lysine specific demethylase 

1 (LSD1). HCI-2509, an LSD1 inhibitor, can reverse the EWS-FLI1 transcriptional profile 

and shows promising results in xenograft studies 250. As mentioned earlier, another effective 

target has been mTOR, in combination with IGF1R inhibitors. mTOR facilitates transcription 

and cellular proliferation and is activated through EWS-FLI1. Single-agent treatment with 

the mTOR inhibitor, Deforolimus, is not clinically effective, however, in combination with 

IGFR1 inhibitors it can promote anti-tumor activity in ES patients 251. A novel new strategy 

that has recently been reported is the use of STA-8666, a conjugate incorporating an HSP90 

inhibitor with the topoisomerase inhibitor SN-38. SN-38 has marked effects on ES viability; 

however, it has poor bioavailability in vivo. Interestingly, the HSP90 inhibitor enhances the 
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delivery of SN-38 and the combination of SN-38 and an HSP90 inhibitor induces full 

regression in ES xenograft models 252. 

 

Blocking Activation of the Downstream Targets of EWS-FLI1. Given the vast number of 

genes that are activated by EWS-FLI1, many experimental approaches for treating ES have 

focused on reversing or inhibiting single gene activations. Examples of inhibiting single gene 

activations have already been discussed in the prior paragraphs such as RHA and PARP1. 

Another example of a gene that is directly activated by EWS-FLI1 and essential for EWS-

FLI1 signaling is GLI1 204. When GLI1is inhibited by Suppressor of Fused (SUFU), an 

endogenous inhibitor of GLI1, or siRNA knockdown, the EWS-FLI1 expression profile 

changes are reduced 253. Clinical studies in which arsenic trioxide (ATO), a negative 

regulator of the Gli family, inhibits ES tumor progression in 75% of cases when used in 

combination with etoposide and paclitaxel 254-255. Other downstream targets of EWS-FLI1 

that when inhibited in ES cell lines or xenograft models are successful inhibitors of EWS-

FLI1 function are FOXO1 and Cholecystokinin (CKK) 256-257. Studies in FOXO1 and CKK 

have not progressed past mouse models of ES. 

 

Through phylogenic analysis of the EWS-FLI1 transcriptional target datasets that are now 

available, we can focus on specific pathways that are dysregulated in ES and choose specific 

targets for intervention. Analysis of the Bilke et al. data sets, for example, reveals that EWS-

FLI1 activates several members involved in the cell cycle G2/M/DNA damage response 

pathway (Figure 1.5) 75. When the data sets of the EWS-FLI1 target studies are combined 

with the data from genome-wide siRNA screens that identify essential genes in ES, we can 
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see that many targets that are upregulated by EWS-FLI1 are essential in ES cell lines. One 

such target that was identified in the early preparation stages of this dissertation research is 

the Aurora kinase (AURK) family. A direct association with EWS-FLI1 and AURK was first 

reported in 2008 as EWS-FLI1 was found to bind and activate AURK promoters 258. In 

support of Wakahara’s work, the Bilke et al. data sets show that all members of the AURK 

family are upregulated by EWS-FLI1 75. The finding of upregulation of the AURK family in 

ES is not surprising, as one or more of the AURK family is reported to be upregulated in 

several adult and pediatric tumors; disruption of this family seems to be one of the common 

pathways that multiple tumors converge 72, 259-265. Unlike other tumors, however, we know 

the potential driver for AURK dysregulation in ES which makes this an interesting target for 

intervention. 

 

INTRODUCTION TO THE AURORA KINASE FAMILY 

Pathways that are disrupted across multiple tumor types are an attractive target for new 

therapeutic intervention strategies. Those pathways involved in maintaining chromosomal 

stability and normal segregation during mitosis are particularly interesting as loss of their 

normal function can facilitate the acquisition of additional mutations that perpetuate the 

neoplastic state and therapeutic evasion. One family of proteins that is essential for 

maintaining normal chromosomal segregation and is over-expressed in numerous adult and 

pediatric tumors, including ES, is the Aurora kinase family of serine/threonine kinases 72, 259-

265. Three Aurora kinase family members have been identified in mammalian cells that are 

referred to as AURKA, AURKB, and AURKC. AURKA and AURKB work in concert to 



 

 42 

regulate mitosis and cytokinesis and have distinct localization patterns during this process 

(Figure 1.2A). 

 

Functions in Cell Division. Following chromosomal duplication, AURKA accumulates at the 

centrosomes and orchestrates the maturation of the centrosomes and nucleation of the 

microtubules thus forming the mitotic spindle 266-268. AURKA initiates the G2/M transition 

through activation of the CDK1/cyclin B complex and by physically binding and localizing 

BRCA1 to the centrosome. AURKA continues to regulate the centrosomal control of the 

mitotic spindle until late mitosis in what is referred to as the microtubule-organizing center 

(MTOC). At late mitosis AURKA moves to the midbody, an anatomical site at the contractile 

ring between two daughter cells upon which numerous regulatory proteins facilitate 

cytokinesis 269-270. 

 

AURKB, along with Survivin, Borealin, and INCENP, compose the chromosomal passenger 

complex (CPC) 271-272. With AURKB acting as the enzymatic driver, this unit functions 

throughout mitosis and cytokinesis to: promote the correction of abnormal kinetochore 

attachments during chromosomal segregation; activate the checkpoint when misalignments 

are present; and coordinate assembly and function of the contractile apparatus during 

cytokinesis 271-274. During prophase to prometaphase the CPC condenses on the centromeres 

and is dominated by a Borealin/Survivin/histone bound state in which it acts to phosphorylate 

the microtubule binding proteins, thus continuously releasing the centromere kinetochores 

from the bound state. When sister chromatids attain a bipolar (amphitelic) attachment, the 

centromeres are pulled away from the CPC gradient where they can evade phosphorylation 
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and maintain their attachments. At this point the ratio between the CPC and phosphatases 

such as PPIg shifts and the CPC moves away from the centromeres to the midzone region, the 

central anatomical regulatory region during anaphase that promotes contractile ring 

formation and onset of cytokinesis. At the midzone, the CPC converts to an 

INCENP/AKB/microtubule-bound state 275-277. With the completion of mitosis, AURKB and 

other midzone proteins condense at the midbody to promote completion of cytokinesis 274. 

Through the precise coordination of localization and kinase function, the two AURK family 

members, AURKA and AURKB, ensure the successful progression from a parent cell to two 

nascent daughter cells. A schematic overview of AURKA and AURKB localization patterns 

in mitosis and cytokinesis is provided in Figure 1.6A. 

 

The AURKC gene is a close paralog of the AURKB gene and bioinformatics studies indicate a 

gene duplication event occurred within humans resulting in these two separate genes 278. 

AURKC functions were initially reported to be limited to regulation of meiosis 279. More 

recent data shows AURKC can bind to the CPC complex and may have functions similar to 

AURKB 280. AURKC is overexpressed in several tumor types yet its normal function or its 

role in tumorigenesis is still not entirely understood 281-284. Our studies in this work have 

focused on evaluating AURKA and AURKB. 

 

Consequences of Dysfunction. The temporal and spatial activities of AURKA and AURKB 

must be tightly regulated for successful completion of mitosis and cytokinesis. Loss of 

AURKA or AURKB function alters their temporal activities as there is a reduction of 

adequate kinase activity when needed. This partial loss of function may lead to failed mitosis, 
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failed cytokinesis or abnormal kinetochore-microtubule (k-MT) attachments 271, 285-286. Cells 

that progress through the synthesis (S) phase and complete mitosis (M) yet fail to complete 

cytokinesis are defined as having undergone mitotic slippage 287. These cells may become 

tetraploid if they enter a second S phase and produce aneuploid progeny due to the cells 

inability to segregate a tetraploid genome. Similarly, aneuploidy may occur if abnormal k-

MT attachments are made and AURKB-mediated k-MT error correction functions are 

deficient. 

 

Aneuploidy may also occur with increases in AURKA or AURKB function. When high 

levels of AURKA activity are present, centrosomes are duplicated, there is an override of the 

mitotic spindle checkpoint and the chromatin becomes distributed to more than two daughter 

cells (Figure 1.6B) 265, 267, 288-289. In cells that have undergone mitotic slippage and reenter the 

cell cycle and in cells that have abnormal centrosome duplications, aneuploidy occurs due to 

misalignment of the mitotic spindle between the opposing poles and mis segregation of 

chromatin. 

 

Just as loss of AURKB function increases k-MT errors, increase of AURKB function can 

have a similar effect. With increased activity of AURKB, the restricted phosphorylation zone 

of CPC activity is widened. While not fully understood, the current consensus of how a cell 

ensures high fidelity chromosomal segregation is by maintaining a centrally located 

AURKB-mediated k-MT destabilization zone 290-291. Chromosomes within this zone that 

make k-MT connections are repeatedly destabilized until sufficient bipolar tension is applied 
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through amphitelic attachments that remove the chromatin out of this zone (Figure 1.6A). 

Expansion of the AURKB gradient allows for destabilization of amphitelic attachments and  

increases the likelihood of abnormal monotelic, merotelic or syntelic attachments (Figure 

1.6B-C) 292-294. Pathologically, the most common physiologic event that leads to aneuploidy 

is an abnormal k-MT attachment 295. 

 

Chromosomal Instability. The propensity for cells to become susceptible to aneuploidy is 

referred to as chromosomal instability (CIN) and this is considered the most prominent cause 

of karyotypic heterogeneity in cancers 296-298. Cells exhibiting CIN can undergo segmental or 

whole loss of chromosomes conferring genomic changes that can inactivate pro-apoptotic 

and checkpoint pathways, such as loss of the tumor suppressor gene TP53, resulting in 

neoplastic transformation 299-301. In vitro studies have indicated that ectopic overexpression of 

AURKA and AURKC in mouse fibroblast cells can induce neoplastic transformation 72, 260-

263, 265, 302. Finally, the overexpression of AURKA has been associated with pathways 

involved in angiogenesis, metastasis and cell survival that also allow tumor cells to transform 

from a benign to a malignant state 303. Because disruption of AURKA/B expression and 

activity can promote malignancy, inhibitors of these proteins have emerged as candidates for 

the treatment of several cancer types. 

 

AURK INHIBITORS 

Pan-AURK Inhibitors. Several pan-AURK inhibitors (pan-AKI) have been developed but 

have not advanced clinically because of adverse toxicities including arrhythmias and 

hematologic abnormalities 304-306. Two of the more widely used pan-AKI, PHA-739358 
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(Danusertib) and MK-0457 (Tozasertib), target the AURK as ATP-competitive binders and 

also have tyrosine kinase inhibitor functions. Both Danusertib and Tozasertib have shown 

inhibitory effects in vitro and in vivo in cell lines from numerous tumor types including those 

derived from gastric, hepatocellular, renal cell carcinoma and ES tumors 264, 307-310. In one 

kinase inhibition study targeting 500 kinases in the ES cell lines SK-ES-1 and SK-N-MC, the 

rhabdomyosarcoma cell line RD and the osteosarcoma cell line U2OS, ES cell lines showed 

marked and selective sensitivity to treatment with Dansusertib and Tozasertib as compared to 

the non-ES cell lines. In addition, Tozasertib caused a moderate reduction in ES tumor 

growth in xenograft models; there have been no follow-ups to this study 310. In a more recent 

study evaluating the sensitivity of 63 adult and pediatric sarcoma cell lines to several pan and 

specific-AKI, all ES lines within the study showed marked inhibition of cell growth in 

response to drug treatment with a much more pronounced effect than other cell lines within 

the study, with the exception of synovial cell tumor lines 264. 

 

AURKA-Specific Inhibitors. Most clinical trials examining AURK inhibition has focused on 

AURKA 304, 311-317. The most thoroughly studied AURKA-specific AKI, MLN8237 

(Alisertib; Millennium, Cambridge, MA) is an AURKA specific inhibitor with a greater than 

200-fold specificity for AURKA over AURKB that has been assessed in many pre-clinical 

studies and clinical trials 315. Alisertib is a small molecule designed to bind the ATP pocket 

of AURKA in a competitive and reversible manner and exerts its inhibitory effect via 

premature mitotic exit and induction of cell cycle arrest and cellular senescence. Of note, the 

inhibitory effects of Alisertib are enhanced with loss of TP53 318. Antitumor properties have 

been seen in vivo and in vitro using Alisertib against cell lines from numerous tumor types 
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including leukemias, lymphomas, multiple myelomas, breast, ovarian, bladder and pediatric 

tumors 74, 319-323. 

 

Alisertib was tested within the Pediatric Preclinical Testing Program (PPTP) which was 

established for systematic testing of new agents against pediatric solid tumors and leukemias. 

Alisertib was effective in reducing cell proliferation in several cell lines from different tumor 

types within the PPTP studies; the most pronounced effects of treatment were seen within the 

Acute lymphoblastic leukemia (ALL) cell lines 324. Alisertib had significant effects on tumor 

growth inhibition in the in vivo studies of the PPTP with an event-free survival distribution in 

80% of treated xenografts, as compared to controls. Marked tumor growth inhibition (TGI) 

was seen within the ALL xenografts as well as the neuroblastoma (NB) xenografts and one 

ES xenograft. In a follow up study, 17 NB and 11 ES cell lines were tested in vitro, and all 

were found to be markedly sensitive to treatment except for one ES cell line 319. This study 

also examined the effects of Alisertib across 12 pediatric xenograft lines including lines from 

Wilms, NB, and ALL tumors. Wilms tumor and ALL xenografts underwent TGI in response 

to Alisertib treatment in these studies 318-320. Follow up studies examining the effects of 

Alisertib on ES xenografts have not been pursued. In the recent Teicher study, mentioned 

within the pan-AKI section above, the AURKA-specific inhibitors, including Alisertib, were 

all markedly effective at inhibiting cell growth in all tested ES cell lines 264. 

 

AURKB-Specific Inhibitors. Only 15% of all clinical trials of Aurora kinase inhibitors target 

AURKB. AURKB inhibition has had the adverse side effect of neutropenia in patients thus 

delaying the advancement of their use in clinical trials 304, 315. The compound AZD1152 
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(Barasertib; AstraZeneca, Cambridge, UK) is the most commonly used AURKB-specific 

inhibitor. Barasertib is an ATP-competitive binder of the AURKB-INCENP enzyme and has 

a >3000-fold selectivity for AURKB over AURKA. Inhibition of AURKB results in 

progression to G1 without cell division, “mitotic slipping,” resulting in tetraploidy and 

eventually TP53-dependent apoptosis. In vivo and in vitro studies using Barasertib in tumor 

cell lines show promising results with positive inhibitory effects in several types of tumor 

cells including: leukemias, lymphomas, prostate, thyroid, pancreatic, colon, gastric, 

hepatocellular and breast 325-329. Specific evaluation of AURKB inhibition in ES is limited to 

the Teicher study. As with the pan-AKI and AURKA-specific AKI, AURKB-specific 

inhibitors, including Barasertib, had a marked inhibitory effect on cell proliferation in the ES 

lines that was much more pronounced than the effects seen in the other sarcoma cell lines in 

the panel, except for synovial cell tumor cell lines 264. There are no studies to date examining 

the effects of Barasertib on ES in vivo models. 

 

AURK DEREGULATION IN ES 

Although the AKI studies to-date show preliminary evidence of successful treatment in ES, 

there have been no follow-up studies to explore Aurora kinase drug inhibition in ES in vivo. 

The lack of this research is surprising given mounting evidence that ES tumors may harbor 

three separate mechanisms in which the Aurora kinase pathways are destabilized, therefore 

making this tumor type an ideal candidate for Aurora kinase drug inhibition. These 

mechanisms are discussed in detail below and include: 1) deregulation of the Aurora kinase 

expression by EWS-FLI1; 2) disruption of mitotic spindle assembly and AURKB 
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localization by EWS-FLI1; and 3) loss of EWSR1-mediated AURKB regulation due to copy 

number loss of EWSR1. 

 

Deregulation of the Expression of AURK by EWS-FLI1. In a study by Wakahara and 

colleagues, AURKA and AURKB mRNA and protein expression were both decreased in the 

ES cell line TC135 following siRNA silencing of EWS-FLI1 258. The same study showed in 

chromatin immunoprecipitation (ChiP) assays that when EWS-FLI1 protein is 

immunoprecipitated from TC135 cells, both AURKA and AURKB promoter-specific 

sequences could be detected by PCR, indicating that EWS-FLI1 can bind the AURKA and 

AURKB promoters. Through co-transfections of a non-ES cell line, HT1080, with an EWS-

FLI1 expressing vector and reporter plasmids carrying wild-type or mutated AURKA or 

AURKB promoters, they report that EWS-FLI1 activation of AURKA and AURKB promoters 

occurs at conserved ETS binding sites. This study suggests that Aurora kinase A and B 

overexpression in ES cells is at least in part due to direct EWS-FLI1 activation of the Aurora 

kinase promoters. 

 

Disruption of AURKB Localization by EWS-FLI1. In addition to transcriptional regulation, 

more recent studies indicate that EWS-FLI1 may regulate AURKA and AURKB at the 

protein level. Initial studies examining the effect of loss of EWSR1 through morpholino 

inhibition in zebrafish embryos showed that affected cells failed to form a normal mitotic 

spindle and AURKB failed to localize at the midzone and midbody during mitosis and 

cytokinesis, respectively 330. In a follow-up study, this same phenotype is seen with ectopic 

overexpression of EWS-FLI1 in HeLa cells 331. A mechanism for abnormal spindle assembly 
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in these two models is not proposed, however, the later study proposes that EWSR1 functions 

to localize AURKB during mitosis of normal cells and EWS-FLI1 disrupts this localization 

through competitive binding of EWSR1. An endogenous association of EWSR1 and AURKB 

was not established, however EWSR1 and AURKB were found to co-immunoprecipitate in 

EWSR1 transfected HeLa cells and EWSR1 and EWS-FLI1 could be co-immunoprecipitated 

in the ES cell lines A673, RDES and SKNMC. A relationship between EWS-FLI1 and the 

Aurora kinases and EWSR1 and AURKA or AURKC has not been evaluated. Collectively, 

these preliminary studies suggest that the EWSR1 protein is essential for normal AURKA 

and AURKB functions and EWS-FLI1 inhibits this relationship. 

 

Loss of EWSR1-Mediated AURKB Regulation Due to Copy Number Loss. Traditionally the 

studies of the EWSR1 gene have been limited to understanding its contribution to pathologic 

translocations. In addition to ES, EWSR1 participates in several chromosomal translocation 

events that generate a protein in which the RNA binding domain of EWSR1 is exchanged for 

the DNA binding domain of a transcription factor resulting in a wide variety of tumor types 

46, 161, 178-181. In each of these translocation tumors, a fusion protein is generated and an 

EWSR1 allele is lost. Numerous studies over several decades have characterized the fusion 

proteins in these translocation tumors, yet no studies have examined the effects of copy 

number loss of EWSR1. 

 

This work seeks to bridge the gap in understanding AURK dysfunctions in ES and their 

relevance to ES treatment strategies. 
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HYPOTHESIS AND SPECIFIC AIMS 

Hypothesis. The foundation of this work is the hypothesis that ES models have abnormal 

AURK function due to the presence of EWS-FLI1 and are susceptible to inhibitors that 

further destabilize AURK activity. In detail, this dissertation examines the possibilities that 

AURK function is impaired through three separate mechanisms in ES: 1) activation and 

overexpression of AURK by EWS-FLI1; 2) inhibition of normal EWSR1-AURK-associated 

regulatory functions by EWS-FLI1; and 3) haploinsufficiency of EWSR1 from the 

translocation event. This work was carried out under two specific aims through which we 

evaluate Aurora kinase function and inhibition in our ES models. These aims are briefly 

described in the final paragraphs of this chapter and outlined in detail in Chapters 2 and 3. 

 

Specific Aim 1: The Targeting of the Aurora Kinases AURKA and AURKB in Ewing Sarcoma 

Models. Through Aim 1 of this dissertation, five ES cell lines were first tested for sensitivity 

to Aurora kinase inhibition when grown in monolayer cell culture. The cell lines for this 

work are highlighted in Table 1.1. Sensitivity was identified through several methods 

including: decreased cell growth by IncuCyteÒ analysis; decreased viable cell count as 

assessed by Cell Titer GloÒ luminescence assays; bright field analysis of morphologic 

changes consistent with cytotoxicity, senescence, or cell cycle arrest; and flow cytometry 

analysis of cell cycle and cytotoxicity. Our findings from these studies showed that ES cell 

lines undergo inhibition of cell growth due to G2/M arrest followed by senescence, necrosis, 

or apoptosis (depending upon the cell line) in response to AURKA or AURKB inhibition. 

Consistent with prior reports, we found the ES cell lines to be more sensitive than non-ES 

cell lines to AURKA and AURKB inhibition. 



 

 52 

For the next part of Aim 1, ES cell lines were tested in xenograft in vivo models to determine 

if the inhibitory effects seen in vitro were translatable to an in vivo system. The in vivo 

studies for this dissertation revealed that using the maximum tolerable dose of Alisertib had 

minimal to no effect on TGI in the ES xenograft models. In contrast, Barasertib treatment 

had marked effects on TGI in all tested ES xenograft lines and induced full TR in those lines 

with a wild-type TP53 status. Further analysis of the tested cell lines revealed Barasertib 

activates the TP53 pathway as evidenced by detection of CDKN1 overexpression. Prior 

evidence of Barasertib treatment of ES xenograft lines and Barasertib activation of the TP53 

pathway have not been reported. The details and results of Aim 1 are thoroughly described in 

Chapter 2 of this work. 

 

Specific Aim 2. Characterization of AURK Dysfunctions in ES and non-ES Models 

Expressing EWS-FLI1. Through Aim 2, we first sought to characterize AURKA/B functional 

defects in ES cell lines or non-ES cell lines that expressed EWS-FLI1. To assess these 

factors, ImageStreamÒ flow cytometry from Amnis Corporation, Seattle, WA was used 

which combines flow cytometry with immunofluorescence techniques. With ImageStream, 

mitotically active cells were sorted to quantitate the occurrence of abnormal k-MT and 

mislocalization of AURKA/B. Because this is a novel approach, an overview of how the 

ImageStream and IDEASÒ analysis software (Amnis Corporation) was used in this study is 

provided in Figure 1.7. To assess protein associations in the context of their subcellular 

location, we used proximity ligation assays (PLA) which allow for IF visualization and 

quantitation of protein associations. An overview of this technique and how it was applied to 

this study is provided in Figure 1.8. 
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Data from the Aim 2 study revealed that ES cells exhibit several features indicative of 

increased AURKA/B activity, including abnormal centrosome duplications, lagging 

chromosomes (LC), micronuclei and abnormal histone 3 phosphorylation at serine 10 (p-

S10H3). We proposed that increased AURKA/B function was secondary to EWS-FLI1 

activation of AURKA/B and found that introduction of EWS-FLI1 to HEK293T cells 

(293TEF): induced AURKA/B expression, independent of cell-cycle-associated expression; 

induced LC formations; and sensitized these cell lines to AURKB inhibition. We addressed 

prior literature claims, extensively detailed in Chapter 3, stating EWS-FLI1 inhibits AURKB 

assembly at the midzone and found AURKB assembled at the midzone in ES and 293TEF 

cell lines at anaphase, yet the AURKB phosphorylation zone was expanded to the chromatin 

in late mitosis. Expansion of the phosphorylation zone was detected by IF labeling of 

AURKB and detection of phosphorylation of its chromatin-substrate S10H3 through p-

S10H3 labeling during late mitosis. To confirm that EWS-FLI1 expression and expansion of 

the AURKB phosphorylation zone did not diminish midzone function, we next assessed 

AURKB-dependent functions at the midzone. We evaluated kinetochore-microtubule (k-MT) 

error corrections in the ES cell line RDES and the 293TEF cell line and we evaluated the 

AURKB-dependent checkpoint response in the 293TEF cell line. We did not observe loss of 

function of AURKB in these assays. Furthermore, cell cycle abnormalities were not seen in 

our ES cell lines or in the 293TEF cell line by flow cytometry analysis. Given the lack of 

evidence that EWS-FLI1 impedes AURKB-dependent midzone activity, we attribute 

expansion of the AURKB phosphorylation zone to increased AURKB protein, as opposed to 

failed assembly. 
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In addition to expansion of the AURKB phosphorylation zone in the presence of EWS-FLI1, 

we identified a subset of cells with incomplete transition of the midzone to a midbody at 

cytokinesis, as detected by absence of the expected succinct midbody labeling pattern with 

AURKB antibody (see Figure 1.6). Failed or incomplete midbody formation was seen in our 

ES cell lines and in the 293TEF cell line and was frequently associated with LC formations. 

We quantitated the association of abnormal AURKB midbody assembly with LC formations 

and concluded these structures represented disruption of the cleavage furrow due to the 

presence of chromatin within the contractile ring. To validate that LC formations were 

secondary to EWS-FLI, we quantitated LC formation in 293TEF or a HEK293T cell line that 

expressed control vector (293TV) and found higher rates of LC formation in the 293TEF cell 

line. Overall, we conclude from these studies that EWS-FLI1 disrupts the AURKA/B 

pathways primarily through upregulation of expression, independent of cell-cycle associated 

expression, resulting in increased division errors and aneuploidy. 

 

To address prior reports that EWSR1 mediates AURKB assembly at the midzone, we next 

evaluated subcellular interactions between EWSR1, AURKB and EWS-FLI1 using PLA. We 

first confirmed protein expression and localization of our proteins of interest through single 

antigen PLA detection. In single antigen PLA, and standard IF detection of EWSR1 in our 

ES cell lines we observed a robust upregulation of EWSR1 during mitosis indicating ES cell 

lines do not have haploinsufficient expression of EWSR1 due to the translocation. In our 

double antigen PLA for AURKB and EWSR1, we observed a diffuse cytoplasmic signal in 

mitotic cells, indicating a direct binding of these proteins or close proximity (within 40 nm) 

of the proteins within a complex or at a common substrate. We did not observe 
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AURKB/EWSR1 positive PLA signal at canonical AURKB localization sites (e.g. midzone 

or midbody) and concluded EWSR1 did not function as a chaperone for AURKB during 

anaphase as has previously been suggested. To validate that EWSR1 is not required for 

AURKA/B localization during mitosis, we showed that depletion of EWSR1 through siRNA 

targeting in HeLa cells does not impede AURKA and AURKB assembly at the centrosomes 

and midzone, respectively. Unexpectedly, in EWSR1-depleted HeLa and TC32 we observed 

incomplete abscission in nascent daughter cells that had completed cytokinesis and 

persistence of AURKB at the patent abscission site. Cell cycle analysis revealed EWSR1 

depletion in HeLa and TC32 resulted in an increase in the G2/M and hyperploid populations, 

indicating increased mitotic slippage in the absence of EWSR1. This effect was more 

pronounced in the TC32 cell line prompting us to assess sensitivity of EWSR1 depletion in 

the HEK293T and HT1080 cell lines with ectopic expression of EWS-FLI1 or a vector 

control. In both cell lines, the EWS-FLI1-expressing lines responded to EWSR1 depletion by 

undergoing mitotic slippage and a reduction in the proliferation rate by IncuCyte analysis. Of 

particular interest, flow cytometry analysis of the HT1080 cell lines revealed the presence of 

EWS-FLI1 alone increased the hyperploid population giving further evidence that EWS-FLI1 

adversely affects cytokinesis. Finally, using double antigen PLA, we identified a diffuse 

cytoplasmic interaction of EWS-FLI1 with EWSR1 during mitosis suggesting EWS-FLI1 has 

a direct inhibitory effect on EWSR1. 

 

Collectively, our specific Aim 2 studies sought to specifically show: the subcellular 

interactions of EWSR1, EWS-FLI1 and AURKB; the effects of EWS-FLI1 on AURKA/B 

expression and AURKB localization; and the effect of EWSR1 depletion on AURKB 
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localization. We confirmed EWS-FLI1 upregulation of AURKA/B and increased division 

errors, however we did not observe evidence of disruption of AURKB midzone function by 

EWS-FLI1 or evidence of EWSR1 haploinsufficiency. Furthermore, although we confirmed 

binding of EWSR1 to EWS-FLI and AURKB, we showed EWSR1 did not bind AURKB at 

the midzone and its loss did not diminish AURKB assembly at the midzone. Ultimately, 

these findings along with our preliminary observations that loss of EWSR1 impedes 

cytokinesis led us to a new hypothesis for future studies: Given the diffuse cytoplasmic 

distribution of EWSR1 during cell division and indications in our findings that EWSR1 

regulates cytokinesis, we propose EWSR1 regulates the cytoskeletal spindles that orchestrate 

cytokinesis and sensitivity of ES models to inhibitors of cytokinesis, such as Barasertib or 

siRNA targeting EWSR1, is due to inhibitory effects of EWS-FLI1 on EWSR1, not AURKB. 

A detailed report of the two aims that compose this work will proceed in the following two 

chapters. 
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Figure 1.1: EWS-FLI1 translocation. 

(A) Approximately 85% of ES cases harbor the t(11;22)(q24;q12) translocation. This 
translocation is a reciprocal exchange between Chr11 and Chr22 that generates an inactive 
allele on Chr11 (der11) and the EWS-FLI1 fusion gene on Chr 22 (der22). (B) Fusion 
between exon 7 of EWSR1 and exon 6 of FLI1 accounts for ~65% of t(11;22)(q24;q12) 
fusion variants and is referred to as Type I EWS-FLI1. The second most common 
t(11;22)(q24;q12)  variant, Type II EWS-FLI1, differs from Type I by the inclusion of exon 5 
of FLI1. (C) Less common 11:22(q24:q12) variants. 
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Figure 1.2: EWSR1 and Ewing-like sarcoma translocation events. 

The EWSR1 gene has been identified as a translocation partner in several tumor types. The 
above schematic links EWSR1 to the tumor type in which it has been identified to form a 
fusion gene (black lines). The associated fusion partner(s) with EWSR1 is listed under each 
tumor heading. The FET family members TAF15 and FUS have also been identified as 
partners in translocation tumors. Tumors in which TAF15 and FUS translocations have been 
identified are linked to the associated gene (green line). ETS family members are the most 
common fusion partner with EWSR1 in ES tumors and are highlighted in blue. 
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Figure 1.3: EWS-FLI1 fusion protein function in gene activation or suppression. 

(A) The EWS-FLI1 gene is translated to an oncogenic protein that contains the amino-
terminus EWSR1 activation domain and the FLI1 RNA-binding domain at the carboxy-
terminus. (B) EWS-FLI1 is able to activate genes by binding de novo enhancer elements 
referred to as GGAA-rich microsatellite regions (GGAA-MR). Binding of GGAA-MR by ³4 
EWS-FLI1 molecules promotes histone modifications (HM) that allow for chromatin 
decondensation and gene activation. (C) Wildtype ETS bind promoter elements that contain a 
single GGAA sequence and are referred to as canonical ETS binding sites (CEBS). ETS 
binding of CEBS promotes histone remodeling, chromatin decondensation and gene 
activation through single-molecule binding. Single molecule binding of EWS-FLI1 at CEBS 
cannot achieve gene activation therefore EWS-FLI1 inactivates genes at CEBS by blocking 
ETS binding (adaptation from Bilke et al., 2013 and Riggi et al., 2014). 
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Figure 1.4: EWS-FLI1 fusion protein function in regulating chromatin decondensation. 

(A) ETS binding of canonical ETS binding sites (CEBS) recruits p300 through two p300 
binding sites on the ETS molecule. Once bound, p300 facilitates monomethylation of the 
fourth residue of histone H3 (H3K4me1) and acetylation of the 27th residue of H3 
(H3K27ac) which allows for chromatin decondensation and subsequent gene activation. (B) 
EWS-FLI1 contains only one binding site for p300, and is not sufficient to recruit p300 at 
CEBS with monomer binding. (C) Multimer-binding (³4) of EWS-FLI1 at de novo enhancer 
regions containing GGAA-rich microsatellites (GGAA-MR) results in p300 recruitment, 
histone remodeling and gene activation (adaptation Riggi et al., 2014). 
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Figure 1.5: Targets of EWS-FLI1. 

Genes in which EWS-FLI1 promotes expression cluster within the key cellular pathways of cell cycle regulation and DNA damage 
response (highlighted in purple above) (adaptation from Bilke et al., 2013).
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Figure 1.6: Localization of AURKA and AURKB in mitosis. 

(A) Normal distribution of AURKA and B during mitosis and cytokinesis. Sister chromatids 
segregate by amphitelic microtubule attachments. (B) Increased AURKA protein results in 
centrosome duplication with chromosomal distribution to more than two daughter cells. (C) 

Increased AURKB protein broadens the phosphorylation zone of the chromosomal passenger 
complex (CPC) increasing the probability of abnormal microtubule/kinetochore (k-MT) 

attachments. (D) In a normal amphitelic k-MT attachment each pole binds a sister chromatid. 
Merotelic attachments occur when both poles bind the same kinetochore resulting in lagging 

chromosomes. Sister chromatids migrate to a single pole in syntelic and monotelic 
attachments .
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Figure 1.7: Overview of ImageStream. 

Using ImageStream flow cytometry, anaphase and telophase figures can be isolated for 
analysis of chromatin segregation and AURKB localization. Following fixation and labeling 

with DAPI and Alexa Fluor 647 tagged anti-AURKB antibody, cells are sorted by flow 
cytometry with simultaneous imaging of bright-field, Alexa Fluor 647 and AURKB signal. 
The data is screened using IDEAS software. (A) R1 population: Locating cells in the best 

focus is accomplished by using the gradient RMS (root mean square) feature and drawing a 
region on events with high gradient values. Gradient measures the change of pixel intensity 
for a given cross section through the image. When cells are in optimal focus the change of 

pixel intensity from background to peak fluorescence, will be very sharp and produce a high 
gradient value. The RMS averages the total image gradients for the entire cell image. (B) R2 

population: Single cells are separated from debris in the R1 population using the features 
aspect ratio and area.  Aspect ratio is the minor axis divided by the major axis and therefore 

a measure of image roundness (a perfect circle will have an aspect ratio of 1; doublets 
typically have aspect ratios of ~0.5). Area is measured by counting the number of pixels in 

the image converted to square microns. Doublets will have twice the area of the single cells. 
Identification of the R2 population eliminates debris and large clumps but includes some 

doublets so that telophase cells aren’t missed. (C) R3 population: DAPI intensity to measure 
DNA content can be used to characterize the G0/G1, S, and G2/M phases of the cell cycle. 
(D) R4 population: In order to distinguish mitotic cells from G2 cells, a morphology based 

feature was used to measure the characteristic chromosomal condensation of mitotic events. 
Bright detail intensity which measures the total amount of fluorescence in small regions of 

the image. The mitotic population in purple identifies mitotic cells. (E) R5 population: 
Anaphase and telophase will have elongated chromosomal plates and doublets will have 

round nuclei with nuclear envelopes. To eliminate the doublets, we quantified the shape of 
each chromosomal plate using a component mask to separate each one. Next the aspect ratio 

was calculated for each component and when the aspect ratio of component one is plotted 
against component two the population is purified for events with two nuclear centers where 

both centers are elongated. R5 identifies the anaphase and telophase cells with some 
contaminating events. (F) R6 population: To find lagging chromosomes in anaphase or 

telophase cells the Max/Mean intensity ratio was calculated and plotted against the max pixel 
of the bounding mask. To specifically make measurements of the region between the 

chromosomal plates (CPs) a compound mask was used. This mask starts with the bright-field 
adaptive erode mask and subtracts the DAPI morphology mask, it is then dilated and eroded 

to remove over masking on the ends of the image. Figure G shows each mask component and 
the final mask identifying the region between CPs. Lagging chromatin in this figure is 

denoted with an asterisk. Next, features were calculated using the new mask. Max pixel finds 
the brightest pixel in the mask, the Max to mean ratio calculates bright regions that stand out 

over the normal background. When DAPI stained lagging chromosomes are present the 
region between CPs will have bright pixels well over the background. R6 identifies events 
that likely will have lagging chromosomes. (H) Once the anaphase/telophase population is 

identified, chromosomal segregation and AURKB localization patterns can be visually 
analyzed. Midzone localization of AURKB is denoted with an asterisk.
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Figure 1.8: Overview of Proximity Ligation Assay.  

Antigens are labeled with primary species specific antibodies as in traditional IHC protocols 
to detect: (A) one antigens on the same protein; (B) two antigens on the same protein; or (C) 
two antigens on different proteins in close proximity. (A-C) Primary antibody is detected by 
secondary antibodies that are conjugated to plus or minus complimentary oligonucleotides. 
(D) Once secondary labeling is complete, ligase is added to the cells to covalently bind the 
hybridized plus and minus strands in a circular template. Hybridizations can only occur if the 
strands are within 40 nm distance; approximately the diameter of an average protein. (E) The 
hybridized template is then amplified with DNA polymerase and fluorescently tagged 
nucleotides. Where successful hybridization and ligation have occurred, the polymerase will 
make numerous copies of a small fluorescent product at that site. (F) This product is then 
visualized by fluorescent microscopy and is seen as a distinct fluorescent dot. Each dot 
represents a single protein in the single antigen assay and can be accurately quantitated 
manually or with more advanced imaging software. Each visualized dot in this later assay 
represents a binding event that again can be quantitated. 
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Table 1.1: Human ES cell lines and mutational status.  

Immortalized human-derived ES cell lines with established RNA expression and validation of 
STAG2, TP53 and CDKN2A gene status. Cell lines are marked “WT” if a wild type gene 
status has been confirmed and left blank if deletions and/or mutations have been identified in 
the respective gene. Cell lines for this body of work are highlighted. (adapted from Brohl et 
al., 2014) 

 
Fusion Variant Cell Line ID

STAG2 TP53 CDKN2A 
Type I EWS-FLI1 A673 WT
Type I EWS-FLI1 CHLA-32 WT WT
Type I EWS-FLI1 CHLA-9 WT
Type I EWS-FLI1 EW-8 WT
Type I EWS-FLI1 SK-N-MC WT WT
Type I EWS-FLI1 TC-244 WT WT
Type I EWS-FLI1 TC-248 WT
Type I EWS-FLI1 TC-32 WT
Type I EWS-FLI1 TC-71 WT
Type I EWS-FLI1 TTC-547 WT
Type II EWS-FLI1 6647
Type II EWS-FLI1 CHP100L WT WT
Type II EWS-FLI1 ES-1 WT
Type II EWS-FLI1 ES-4 WT WT
Type II EWS-FLI1 ES-8
Type II EWS-FLI1 RD-ES WT WT
Type II EWS-FLI1 SK-ES-1 WT
Type II EWS-FLI1 SK-NEP-1
Type II EWS-FLI1 TC-215 WT
Type III EWS-FLI1 CHLA-258 WT WT
Type III EWS-FLI1 ES-2 WT
Type III EWS-FLI1 TC-240 WT
Type III EWS-FLI1 TC-253 WT
Type IV EWS-FLI1 ES-7 WT
Type IV EWS-FLI1 TC-138 WT
EWS-FLI1 (9/4) ES-6 WT
EWS-ERG (7/7) CHLA-25 WT
EWS-ERG (7/7) SK-PNET-Li WT
EWS-ERG (7/7) TC-106 WT
EWS-ERG (7/7) TC-4C WT
EWS-ERG (7/8) CHLA-352

Gene Status
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CHAPTER 2 

THE TARGETING OF THE AURORA KINASES AURKA AND AURKB                  

IN EWING SARCOMA MODELS 
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ABSTRACT 

Small molecule inhibitors of the Aurora kinase (AURK) family members A and B 

(AURKA/B), critical regulators of mitosis and chromosomal segregation, have been 

developed to exploit the deregulated expression and activity of AURKA/B in several cancer 

types. Screens of kinase inhibitors performed in sarcoma cell lines have shown Ewing 

sarcoma (ES) cell lines are more sensitive to inhibition of AURKA/B activity than the other 

tested cell lines. Here, we have assessed the translational potential of inhibiting AURKA or 

AURKB in ES cell and xenograft lines using the AURKA specific or AURKB specific 

inhibitors Alisertib (MLN8237) and Barasertib (AZD1152), respectively. We first confirmed 

ES sensitivity to AURKA and AURKB depletion through siRNA targeting or inhibition 

through Alisertib or Barasertib treatment and found that these treatments were more toxic to 

ES cell lines than non-ES cell lines. In ES xenograft models, SCID-Beige mice were unable 

to sustain adequate serum drug bioavailability following Alisertib treatment, and the 

translatable effect of Alisertib on ES xenograft tumors in this model was inconclusive. In 

contrast, Barasertib treatment induced a marked suppression of tumor growth in five ES 

xenograft lines and we observed complete tumor regression in two ES xenografts, both of 

which express wildtype TP53. Histological analysis showed that Barasertib-treated wildtype 

TP53 ES xenografts activate TP21 and caspase-3 cleavage, indicative of TP53-mediated 

apoptosis. 
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INTRODUCTION 

The serine-threonine kinases AURKA/B function throughout mitosis and cytokinesis to 

facilitate cell division in a tightly regulated spatial and temporal manner 271, 285-286. Many 

tumor types, including pediatric sarcomas, exhibit increased expression of AURKA/B 72, 259-

265. When AURKA/B are overexpressed, or overactive division errors occur that can lead to a 

state of chromosomal instability (CIN) and potential neoplastic transformation 259, 265, 293, 296, 

332. In addition to promoting CIN, the overexpression of AURKA has been associated with 

pathways involved in angiogenesis, metastasis and cell survival that also allow tumor cells to 

transform from a benign to a malignant state 303. Because increased AURKA/B expression 

and activity can promote malignancy, inhibitors of these proteins have emerged as candidates 

for the treatment of several cancer types. 

 

Several AURK inhibitors (AKI) are under development as potential cancer therapies. Pan-

AKI, such as Danusertib (PHA-739358) and Tozasertib (VX-680) target both AURKA and 

AURKB while selective inhibitors, such as Alisertib (MLN8237) or Barasertib (AZD1152) 

specifically target AURKA or AURKB, respectively 303, 333-334. AURK inhibitors targeting 

AURKB have the adverse side effect of severe neutropenia – for this reason, very few 

clinical trials have tested pan and AURKB-selective AKI 304, 315. In vitro and xenograft 

studies of AURKA/B have shown positive results in several pediatric and adult solid and 

hematologic tumor models 264, 307-310. Some cell line models, particularly ES-derived lines, 

exhibit a pronounced sensitivity to AURKA/B inhibition as compared to other tested lines 264, 

310. Despite promising in vitro studies of AURKA/B targeting in ES models, there are no 

reports of follow-up studies. Similarly, clinical studies of AKI in ES are lacking. A phase II 
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trial sponsored by the Children’s Oncology Group (Health, U.S.N.I.o. 2017) was recently 

initiated and is evaluating the response of ES patients to treatment with Alisertib. There are 

no clinical studies of AURKB inhibitors in ES. 

 

Following osteosarcoma, ES is the second most common pediatric bone tumor and carries a 

fusion oncogene that arises from a translocation event between EWSR1 on chromosome 

22q24 and one of five ETS family members: FLI1, ERG, ETV1, ETV5, and FEV 34-36. The 

most common ES translocation, accounting for 85-90% of ES patients, is t(11;22)(q24;q12) 

and involves the FLI1 gene on chromosome 11q24 and EWSR1 (Figure 1.1A) 37. The 

t(11;22)(q24;q12) translocation generates the oncoprotein EWS-FLI1 that drives neoplastic 

transformation through transcriptional and post-transcriptional regulatory processes 37, 75, 221. 

Previous studies have suggested that EWS-FLI1 can regulate AURKA/B through 

transcriptional activation 75-76. In addition to potential transcriptional regulation, two studies 

have indicated that AURKB function is impaired in ES by the EWS-FLI1 protein itself 121, 

331. Specifically, previous reports indicate EWSR1 is essential for appropriate cellular 

localization of AURKB during mitosis and EWS-FLI1 impedes this localization by 

competitively binding EWSR1 and blocking the interaction of AURKB and EWSR1 121, 330-

331. 

 

The combined literature indications of AURK overexpression in ES, AURK functional 

disruption in ES and ES sensitivity to AURK inhibition in compound screening studies 

prompted us to further study the efficacy of AURK inhibition in ES cell lines and xenograft 

models. In this study, we investigate whether ES cells are vulnerable to the inhibition of 
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AURKA or AURKB and we assess the translational potential of inhibiting AURK function 

in ES xenografts. We show that ES cell lines are more sensitive to AURKA and AURKB 

targeting than non-ES cell lines and the AURKB inhibitor, Barasertib, inhibits tumor growth 

in multiple ES xenograft lines and induces rapid tumor regression in those tumors with wild-

type TP53. This study suggests Barasertib may be efficacious in ES using a less systemically 

toxic dose because of vulnerabilities of AURKB function in ES cells. 

 

MATERIALS AND METHODS 

Cells and reagents. The TC32 CMV-Luciferase cell lines have been previously described 335. 

We obtained the rhabdomyosarcoma line, RD, the osteosarcoma line, U2OS, and the cervical 

cancer line, HeLa, from ATCC (Manassas, VA). The ES lines TC32, TC71, EW8, RDES, 

and CHLA258 have previously been described 335. All cell lines were tested to confirm they 

were negative for mycoplasma and we confirmed cell identity by STR profiling (DDC 

Medical). The most recent STR testing was January 2016 for the CHLA258 cell line, May 

2017 for the TC32, EW8, RD, and U2OS cell lines, August 2017 for the TC71 and HeLa cell 

lines, and October 2017 for the TC32 CMV-Luciferase reporter cell line. All cell lines were 

grown at 37°C with 5% CO2 in RPMI-1640 supplemented with 10% fetal bovine serum, 2 

mM L-glutamine, and 100 U/mL and 100 µg/mL penicillin and streptomycin, respectively. 

The National Institutes of Health (NIH), Bethesda, MD, repository provided MLN8237 

(Alisertib) and AZD1152-HQPA (Barasertib). For in vitro use, we reconstituted Alisertib and 

Barasertib in DMSO at a concentration of 10 mM and stored at -80°C. For in vivo use, we 

reconstituted lyophilized Alisertib in 10% 2-hydroxypropyl-β cyclodextrin / 1% sodium 

bicarbonate and Barasertib, 30% PEG 400, 0.5% Tween 80 and 5% Propylene glycol in 
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water. Table 2.1 details the gene-specific siRNAs, PCR primers, and antibodies used in this 

study. 

 

Cell proliferation studies. To monitor confluency and morphologic changes over time in 

response to siRNA or drug treatment, we used IncuCyteÒ live cell monitoring, which 

calculates plate confluency in three well spots every four hours through bright-field image 

analysis. Cells were plated at 2,000 cells per well of a 96-well plate in replicas of four or 

more wells and incubated until the negative control wells reached 100% confluency. We 

initiated siRNA or drug treatment 24 hours following cell plating. We calculated the cell 

proliferation rate using the percent confluence over elapsed time. Using bright-field imaging 

we classified cells into different states as follows. We identified cells in anaphase based on 

the presence of condensed chromatin representative of a metaphase plate or segregating 

condensed chromatin of daughter cells. We grouped cells exhibiting telophase or cytokinesis 

as mitotic, and the presence of pyknotic nuclei or karyorrhectic chromatin debris indicated 

cell death. We identified syncytia by the presence of more than two nuclei within a single 

cell. We categorized cells with indistinct nuclear borders and markedly expanded cytoplasm 

as senescent. 

 

Gene expression analysis by qRT-PCR and protein assessment using WESÒ capillary 

Western analysis. Total RNA, isolated from mitotically active cell cultures using an RNA 

prep kit (Qiagen, Germantown, MD; #74106), was converted to cDNA using 1 µg of RNA 

with iScript reverse transcriptase (Invitrogen, Carlsbad, CA; #720001685). cDNA samples 

were diluted 1/10 and assessed for gene expression using Power SybrGreen (Applied 
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Biosystems, Foster City, CA; #4367659) with the primer pairs detailed in Table 2.1. 

Expression levels were determined though average c(t) values normalized to GAPDH c(t) 

values. For protein assessment, we isolated lysates from active cell cultures through 

trypsinization and cell pelleting followed by PBS wash and cell lysis in RIPA buffer (Santa 

Cruz Biotechnology, Dallas, TX; #24948). Total isolated protein was quantitated using a 

BCA assay (ThermoFisher Scientific; #23225) and diluted to 2 µg/µl in dilution buffer 

(Protein Simple, San Jose, CA). TP53, CDKN1, and KU80 protein concentrations were 

assessed using capillary Western WESÒ detection with 1:100 of primary antibody and 

appropriate secondary antibody as provided by the manufacturer, Protein Simple. 

 

Cell cycle analysis. For cell cycle analysis, cells were plated at 50% confluence in T25 

flasks. Twenty-four hours later, DMSO, Alisertib, or Barasertib at a concentration of 100 

nM. Following a further 24-hour incubation, BrdU (Sigma-Aldrich, St. Louis, MO; #B5002) 

was added at a final concentration of 10 µM and incubated for 1 hour. Cells were harvested 

using trypsin then washed with PBS and stored at -20°C in 100% ethanol overnight. For 

BrdU antigen detection, cells were processed as previously described by Kastan et al. in 

FACS running buffer containing 1:20 anti-BrdU antibody (Life Technologies; #B35130) 336. 

Before analysis, cells were resuspended in fresh running buffer containing 1 µl of FxCycleÔ 

Violet (ThermoFisher Scientific; #F10347) per ml of running buffer. Data were analyzed 

using FlowJo® (FlowJo, LLC, Ashland, OR). 

 

Xenograft experiments. Two million TC32, TC71, RDES, EW8, or CHLA258 cells were 

resuspended in Hank’s balanced salt solution (ThermoFisher Scientific) and injected 
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intramuscularly in the right gastrocnemius of female four to six-week-old female SCID Beige 

mice (CB17.B6-Prkdcscid Lystbg/Crl) purchased from Charles River Laboratories, 

Wilmington, MA. When tumor development reached a palpable state, we randomized mice 

into vehicle versus drug treatment groups. For tumor growth inhibition studies, we initiated 

treatments immediately after randomizations on a schedule of the drug-specific vehicle 

versus either Barasertib or Alisertib. We administered Barasertib (50 mg/kg), 

intraperitoneally (IP), once daily (QD), four days per week. We administered Alisertib (20 

mg/kg), via oral gavage (PO), twice daily (BID), five days per week. For tumor regression 

studies, we initiated treatments when the average tumor volume was ³ 1000cm3. We fixed all 

tissues in10% buffered formalin for 24-hours, followed by storage in 70% ethanol. We 

measured bi-directional tumor size twice weekly, and we determined tumor volume using the 

equation (D x d2)/6 × 3.12, where D is the maximum diameter and d is the minimum 

diameter. For luciferase-based monitoring of xenograft growth, we initiated tumors as 

described using two million TC32-CMV-Luc cells. To image xenograft growth, anesthetized 

mice received an intraperitoneal injection of 3 mg d-luciferin (Promega). We used the Living 

ImageÒ software (Xenogen Corporation, Alameda, CA) for image display and analyses. We 

performed all animal studies in accordance with the guidelines of the National Institutes of 

Health Animal Care and Use Committee. 

 

Pharmacokinetic curve. To determine the plasma Alisertib concentration levels following 

single dosing Alisertib, we dosed eighteen mice with 20 mg/kg Alisertib PO at time zero 

(T0). At the following time points, we took a mandibular blood sample (~60-200 µL per 

draw) from 2 mice per time point by non-terminal bleeding; T0, 30 min, 1, 2, 4, 6, 8, 24, and 
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48. Four mice received a second dose of 20 mg/kg Alisertib PO at 24 hours before the 24-

hour and 48-hour time-point sampling. We processed blood into plasma and stored all 

samples at -20oC until analysis by a validated µHPLC-MS/MS method with a calibration 

range of 5-5000 ng/mL. 

 

Histology. We submitted formalin-fixed samples in 70% ethanol to Histoserv, Inc. Services, 

Rockville, MD, for paraffin embedding, glass slide prep, hematoxylin and eosin (H&E) and 

immunohistochemical (IHC) staining. We performed single-label IHC according to the 

avidin-biotinylated-HRP complex (ABC) method (Abcam, ab7233, Cambridge, United 

Kingdom). 

 

Statistical analysis. Statistical comparisons were performed using the unpaired t-test in Prism 

GraphPad 2017 (Graphpad Software, San Diego, CA). Symbols *, **, *** and **** indicate 

P values of ≤ 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical significance was 

indicated by a P value of less than 0.05. 

 

RESULTS 

Cell line selection and siRNA verification for the analysis of the effects of AURKA or AURKB 

depletion on cell proliferation and viability. Analysis of the impact of AURK depletion on 

cellular proliferation and viability is dependent upon the mitotic activity or proliferation rate 

of the treated cell line. For our studies, we required a cell proliferation rate that enabled 

detection of the effects of AURKA or AURKB depletion over 160-hours. To determine 

cellular proliferation rates, we used the IncuCyte cell monitoring system, here forth referred 
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to as IncuCyte, which calculates cell culture confluence every four hours by bright field 

imaging analysis. Of the five selected ES cell lines, the TC32, TC71, RDES, and EW8 lines 

exhibited rapid proliferation rates with a doubling time of approximately 36-48 hours (Figure 

2.1A). The CHLA258 ES cell line had a doubling time of about 90 hours, a duration we 

considered unsuitable for our study. For comparison, we also studied the non-ES cell line, 

HeLa as previous studies have used this cell line as a model for assessing AURKA and 

AURKB function previously 337-339. Our IncuCyte analysis showed the HeLa cell line had a 

doubling time of approximately 36 hours, comparative to most of our ES cell lines (Figure 

2.1A). 

 

To optimize conditions for siRNA-based experiments, we first determined if any of the five 

ES cell lines exhibited sensitivity to the reagent used for the delivery (transfection) of 

siRNAs into cells. By IncuCyte, we tested our cell lines for sensitivity to the lipid-based 

transfection reagent – RNAi-Max by calculating endpoint confluence of untreated cells 

versus cells treated with a negative control siRNA (siNEG) with no known homology to any 

human transcript. We evaluated the cell confluency of untreated, control and siNEG-treated 

cells 125 hours post-siRNA transfection. We found that most of the ES cell lines tolerated the 

transfection procedure except the CHLA258 cell line (Figure 2.1B). The CHLA258 cell line 

exhibited a 50% reduction in end-point confluence following siRNA-transfection. Due to the 

slow proliferation rate and sensitivity to siRNA-transfection, we selected to evaluate only the 

effect of depleting AURKA or B in CHLA258 cell line by bright-field morphological 

analysis. 
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Finally, we assessed the efficacy and specificity of the siRNAs corresponding to each Aurora 

kinase genes using quantitative real-time polymerase chain reaction (qRT-PCR) analysis 

(Figure 2.1C and D). The selected AURKA and AURKB siRNAs decreased their respective 

target transcript levels, but interestingly, we also observed an increased expression of the 

non-targeted Aurora kinase. In summary, we determined that four of the selected ES cell 

lines and the HeLa cell line were suitable for our AURK depletion (siRNA) and inhibition 

studies by IncuCyte analysis. 

 

The depletion of AURKA or AURKB in ES cells induces changes in cell confluence and 

proliferation rate. To determine the effects of depleting AURKA or AURKB in ES cells we 

monitored the cell confluence of siRNA-transfected cells for up to 160 hours by IncuCyte 

(Figure 2.2A). We analyzed the quantitative data by assessing cell confluence at 140 to 160 

hours post-siRNA-transfection (Figure 2.2B) or the cell proliferation rates over 48 hours, 24 

hours post-transfection of siRNA (Figure 2.2C). For data analysis, we normalized the results 

for siAURKA and siAURKB-transfected cells to the values obtained for siNEG-transfected 

control cells. A positive control siRNA (siPOS) that when transfected into cells induces cell 

death was also included in each experiment to determine transfection efficiency. The positive 

control data indicated a transfection efficiency of 70-75% for the HeLa, RDES, and EW8 cell 

lines and 40-60% for the TC32 and TC71 cell lines. The TC32 and EW8 lines both exhibited 

a substantial decrease in cell growth following depletion of AURKA or AURKB using either 

end-point confluence or relative proliferation rate as a measure. RDES cells were sensitive to 

depletion of AURKB, but not AURKA, while TC71 cells exhibited minimal changes in their 

growth kinetics following the silencing of either Aurora kinase, though compared to control 
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cells AURKA-silenced cells showed reduced end-point confluency. HeLa cells tolerated 

depletion of AURKB, but the silencing of AURKA mediated a slight decrease in the overall 

confluence of cells 140-hours post-siRNA transfection. 

 

The morphology of TC32 cells depleted of AURKA or AURKB indicate changes consistent 

with the induction of senescence, mitotic arrest, and cell death. We next examined the bright-

field morphology of AURKA or AURKB-silenced ES cells compared with control transfected 

cells. The quantitative output of IncuCyte monitoring has some limitations in that it does not 

distinguish viable from dead cells and it determines cellular confluence based on the 

occupied surface area. Also, IncuCyte cannot discriminate between enlarged cells undergoing 

senescence or syncytia formation from normal proliferating cells in the same space. To 

address these limitations, we examined the IncuCyte bright-field images directly and 

assessed a range of morphologic features that indicate mitosis, senescence, cell death, mitotic 

arrest, syncytia, and viable, but non-dividing cells. Figure 2.3 shows representative images 

and Table 2.2 summarizes our findings. Collectively, bright-field analysis of siPOS-

transfected cells indicated a higher transfection efficiency (>95%) than we detected using the 

quantitative output of the imaging system. Importantly, we observed that all of the ES cell 

lines showed inhibition of cell proliferation following depletion of AURKA or AURKB. 

Variability of treatment response between the cell lines was seen as progression to cell death 

vs. senescence vs. syncytia formation. Overall, the ES cell lines predominantly underwent 

cell death or senescence in response to depletion of AURKA or AURKB. 
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The AURKA inhibitors, Alisertib and Barasertib, reduce the proliferation rate of ES cells and 

induce morphologic changes consistent with cell death. With confirmation that the depletion 

of AURKA or AURKB inhibits cell proliferation in ES cells, we next analyzed the effects of 

treatment with the AURKA and AURKB inhibitors, Alisertib and Barasertib, respectively. 

For this study, in addition to using HeLa cells as a control, we included the 

rhabdomyosarcoma cell line, RD, and the osteosarcoma cell line, US0S, as additional control 

lines. The growth kinetics of RD and USOS cells based on IncuCyte measurements have 

been reported previously 340. To determine the effects of Alisertib and Barasertib treatment 

on cell proliferation and morphology, we treated cells with 25 nM, 50 nM, or 100 nM of each 

drug for 120-hours, and compared our results to DMSO-treated control cells. By IncuCyte 

analysis, the tested cell lines responded to Alisertib treatment with complete inhibition of 

proliferation in the TC32, TC71, and CHLA258 cell lines at all concentrations and 

concentration-dependent inhibition of cell proliferation in the RDES, EW8, HeLa, RD, and 

US0S cell lines (Figure 2.4). Barasertib treatment induced complete inhibition of cell 

proliferation at all concentrations in the TC32, RDES, EW8, and CHLA258 cell lines, a 

concentration-dependent reduction in the growth of TC71, U2OS, and RD cell lines, and no 

significant changes in confluency in the HeLa cell line (Figure 2.5). 

 

By bright-field analysis, the highest Alisertib concentration (100 nM) induced the death of all 

ES cell lines (Figure 2.6). In contrast, the non-ES cell lines underwent senescence with 

persistence of cells with expanded cytoplasm and enlarged poorly-defined nuclei at all 

treatment concentrations (Figure 2.6; 25 nM and 50 nM treatment groups not shown). In 

response to Barasertib treatment at 100 nM, the TC32, RDES, EW8, and CHLA258 cell lines 
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exhibited complete cell death. Barasertib treatment of TC71 and non-ES cell lines induced 

morphologic changes consistent with failed cytokinesis and senescence (Figure 2.6). One 

reason for the similarity in the morphology of the Alisertib and Barasertib treated non-ES cell 

lines could be inhibition of AURKB with prolonged Alisertib treatment. A previous report by 

Marxer et al. shows that Alisertib can induce mitotic slippage, presumably through AURKB 

inhibition, at a concentration of 1 µM but not at 250 nM 318. We did not expect to see 

AURKB inhibitory effects with our treatment concentrations of Alisertib; however, our 

morphologic findings suggest that Alisertib concentrations may induce AURKB inhibitory 

effects over time. Collectively, these experiments showed that except for Barasertib-treated 

TC71 cells, ES cell lines are sensitive to inhibition of AURKA or AURKB activity and that 

treatment with Alisertib or Barasertib treatment results in cell death, whereas non-ES cell 

lines proceed through mitosis with failed cytokinesis and enter a senescent state. 

 

ES cells treated with either Alisertib or Barasertib exhibit arrest at the G2/M phase of the 

cell-cycle. The mechanism of action of Alisertib and Barasertib is through transient binding 

of the ATP binding pocket of AURKA or AURKB, respectively, such that the affected 

protein cannot carry out its normal functions in regulating cell division 341-342. With 

continuous Alisertib or Barasertib treatment, cells respond by progression to a senescent 

and/or syncytial state followed by eventual cell death. In our IncuCyte studies, ES cells 

progressed rapidly to cell death following Alisertib or Barasertib treatment. To confirm that 

Alisertib and Barasertib prohibit cell division prior to induction of cell death in ES cells we 

performed cell-cycle analysis following 24 hours of 100 nM of Alisertib or Barasertib 

treatment. The cell-cycle analysis revealed that treatment by either drug results in a G2/M 
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arrest in all of the tested ES cell lines (Figure 2.7). Our cell-cycle studies confirmed that 

Alisertib and Barasertib function through their canonical inhibitory roles in ES cells, 

however unlike non-ES cells, ES cells respond to AURKA/B inhibition by progressing to cell 

death following a G2/M arrest. As in our IncuCyte studies, these findings propose a unique 

sensitivity to AURKA/B inhibition in ES cell lines. We next chose to ask the question - can 

Alisertib or Barasertib induce mitotic arrest and cell death in ES xenograft models? 

 

The AURKA inhibitor, Alisertib, induces a delay in the growth of a subset of ES xenografts 

and has poor bioavailability in SCID Beige mice. To assess the effect of Alisertib on the 

growth of ES TC32 xenografts we first tested a dosing schedule of 30 mg/kg PO, QD, five 

days per week that we based on a prior study of the effectiveness of this regimen 321, 343. 

Following one week of Alisertib treatment, tumors in both groups had rapidly progressed 

towards an end-stage volume defined as 2000 mm3 (data not shown). To determine if the lack 

of changes in the growth of TC32 xenografts to the treatment with Alisertib was a cell-line-

specific response or poor bioavailability of Alisertib due to rapid plasma clearance, we next 

expanded the number of ES xenograft lines and used a different dosing schedule. We 

performed our second study of Alisertib, in TC32, EW8, and RDES xenograft lines and used 

a dosing schedule of 20 mg/kg PO BID, the maximum tolerable dose of the drug 344. 

Additionally, a pharmacokinetic curve was established in our SCID Beige mice to confirm 

the plasma clearance rate of Alisertib in our mice following single dosing. The revised 

Alisertib treatment schedule resulted in a slight delay of tumor progression by one week in 

the TC32 xenograft line, but we observed no significant change of tumor progression in the 

RDES and EW8 xenografts (Figure 2.8A). Tumors from the vehicle and Alisertib-treated 
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xenograft mice were evaluated by IHC for expression of Caspase-3, a marker of apoptosis, to 

determine if the suppressive effect of Alisertib on TC32 was due to cell cycle arrest or 

apoptosis. There was no appreciable difference in Caspase-3 staining in tumor tissue sections 

from the vehicle or Alisertib-treated mice (Figure 2.8B). 

 

The AURKA inhibitor, Alisertib, has poor bioavailability in SCID Beige mice. Previously, 

Yang and colleagues reported that to achieve the required pharmacologic effects of Alisertib 

treatment a sustained (8-12 hours) plasma concentration exceeding 1 µM must be met 345. To 

test the plasma clearance time of Alisertib in SCID Beige mice, we established a 

pharmacokinetic curve using samples obtained by non-terminal bleeding following a single 

dose of 20 mg/kg PO Alisertib. Our study showed that after single dosing of 20 mg/kg PO, 

Alisertib plasma levels were above the required 1 µM level for only two hours and rapidly 

fell to near complete plasma clearance by 24 hours. We observed an increase in the 

concentration of Alisertib at 8 hours that we attributed to hepatic recirculation, however, the 

spike in the concentration of Alisertib did not bring plasma levels to the required 1 µM 

concentration (Figure 2.8C). Our study thus showed that within our strain of mice, we could 

not attain adequate plasma Alisertib concentrations to achieve AURKA inhibition using the 

maximum tolerable dosing schedule and so we next assessed the response of ES xenografts 

to the AURKB inhibitor Barasertib. 
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The AURKB inhibitor, Barasertib, suppresses the growth of ES xenografts by induction of 

multifocal syncytia formation and apoptosis. Prior xenograft mouse studies, testing 

Barasertib used different dosing schedules and delivery methods. For example, there are 

reports of dose ranges of 10 - 150 mg/kg QID administered either by IP or subcutaneous 

infusion 325-326, 346. We selected to first test a dosing schedule of 50 mg/kg IP Barasertib, QID, 

four days per week. A recent study reported successful tumor inhibition and regression in a 

neuroblastoma xenograft model using an identical dosing schedule 347. To test the in vivo 

response of ES tumors to AURKB inhibition, we established TC32, TC71, RDES, EW8, and 

CHLA258 orthotopic xenografts that we treated with either the drug vehicle or Barasertib. 

Vehicle-treated mice, irrespective of the xenograft line they carried progressed rapidly, 

within 1-2 weeks, to an end-stage tumor volume and were euthanized humanely due to the 

impairment of the animal’s ability to walk from the tumor burden. Figure 2.9 shows 

representative tumor volumes for the control and Barasertib groups at the time-point selected 

for the euthanasia of vehicle-treated mice. In comparison to the vehicle-treated mice, 

Barasertib treatment suppressed the growth of all five xenograft ES lines. With time, the 

volumes of TC71, RDES, and EW8 tumors increased, but, the TC32 and CHLA258 

xenograft lines underwent complete macroscopic tumor regression (Figure 2.9). Figure 2.10 

shows a representative mouse carrying a TC32 xenograft seven days after initiation of 

treatment with Barasertib. 

 

Gross evaluation of vehicle-treated mice revealed a single large mass with central necrosis 

that radially expanded the femur yet did not show invasive signs into the peritoneal cavity, 

hip joint or caudal spinal region. Histology showed sheets of neoplastic round cells that rest 
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on a scant stroma divided by central areas of ischemic necrosis. The neoplastic cells showed 

a large nuclear to cytoplasmic ratio with two to three prominent nucleoli. We also observed 

frequent mitotic figures, in the order of more than 20 mitotic figures per high-powered-field 

(Figure 2.10). Gross evaluation of Barasertib-treated mice revealed firm, intramuscular 

nodules similar to the initial nodules identified in both treatment groups. Histologically the 

tumors from the Barasertib-treated mice were composed of rests of multinucleate syncytia on 

a dense fibrous stroma with adipocyte deposition and multifocal apoptotic figures which 

were characterized by shrunken, hypereosinophilic cytoplasm and pyknotic nuclei. 

Karyorrhectic debris, fibroblasts and abnormal mitotic figures with irregular chromatin, 

identified as abnormal metaphase plate alignment, were scattered throughout the tumor 

sections (Figure 2.10). 

 

The AURKB inhibitor, Barasertib, induces regression of TC32 and CHLA258 xenografts and 

long-term tumor suppression of CHLA258 xenografts. We continued to monitor the TC32 

and CHLA258 animals that received two-weeks of Barasertib treatment for signs of tumor 

reemergence. Seventy days after initial treatment with Barasertib, we detected no 

reemergence of tumor in the Barasertib-treated CHLA258 xenograft mice. Twenty-five to 

thirty days after initial treatment, palpable tumors reemerged in all twelve of the Barasertib-

treated TC32 xenograft mice (Figure 2.11A). We reinitiated administration of Barasertib, but 

we observed no changes in tumor growth. 
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The AURKB inhibitor, Barasertib, induces tumor regression of advanced TC32 and 

CHLA258 xenografts. To further study the tumor regression of TC32 and CHLA258 

xenografts induced by Barasertib, we conducted an experiment in which we treated 

established ES tumors (1500 - 2500 mm3). ES xenografts were treated for one week on a 

schedule of 50 mg/kg IP QID four times per week. As observed previously, the 

administration of Barasertib to CHLA258 or TC32 xenograft-bearing mice exhibited a 

marked reduction in tumor volume (Figure 2.12A). Figure 2.12B shows a representative 

Barasertib-treated TC32 xenograft-bearing mouse at the initiation of treatment and one week 

later. Analysis of the tumor volumes at the beginning of the study and at the seven-day time-

point showed about a 50% reduction in the size of the Barasertib-treated CHLA258 xenograft 

tumors versus controls, while the Barasertib-treated TC32 xenograft tumors underwent 

complete resolution. Given that overall the CHLA258 xenograft tumors were the largest of 

the tumors within this study, we presumed that these tumors would completely resolve with 

time. However, the small sample size for this cohort of animals meant we could not continue 

this study, and we utilized these tumors for histologic evaluation instead of monitoring them 

for the long-term effects of Barasertib treatment. 

 

A dose of at least 50 mg/kg Barasertib is required to induce regression in TC32 xenografts. 

Literature citations of Barasertib treatment in human xenograft models report a broad range 

of dosing schedules ranging from 10-150 mg/kg by various delivery methods. We chose to 

determine if Barasertib treatment could induce regression of TC32 xenograft tumors at doses 

lower than 50 mg/kg IP QID. A cohort of 15 mice was injected with cultured TC32 cells and 

allowed to develop orthotopic tumors of approximately 1500 mm3. We separated mice into 
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three treatment groups of 50 mg/kg IP QID, 25 mg/kg IP QID and 12.5 mg/kg IP, QID and 

treated for four days. As in the previous assay, 50 mg/kg Barasertib induced rapid regression 

of tumor volume in all mice within one week. We observed no regression of tumors at lower 

doses of Barasertib (Figure 2.13). 

 

Bioluminescence imaging of TC32-CMV luciferase xenografts allows for detection of 

microscopic disease and showed tumor regression following Barasertib treatment. In TC32 

xenograft-bearing mice, Barasertib treatment causes rapid, complete regression of the 

macroscopic tumor burden, however, after 25-30 days tumors reemerge that are refractory to 

Barasertib treatment. To test we could detect microscopic disease in Barasertib-treated 

animals, we used a modified TC32 cell line that expressed a CMV driven luciferase reporter 

gene (TC32-CMV-luc). We treated established TC32-CMV-Luc tumors (1500-2000 mm3) 

with Barasertib (50 mg/kg IP QID, four days per week) for two weeks imaging tumors on the 

day we first administered the drug and 17 days later. Before treatment, tumors exhibited 

strong bioluminescence with IVIS imaging (Figure 2.14). After seventeen days of Barasertib, 

we were unable to detect macroscopic disease in three mice, but we did observe an 80 mm3 

tumor in one mouse. Bioluminescence imaging revealed microscopic lesions in two further 

mice. This study confirmed that Barasertib induces the regression of TC32 tumors, but it also 

showed tumor cells persist at the microscopic level. 

 

Barasertib induces multifocal apoptosis and syncytia in ES xenografts after one week of 

treatment. For a better understanding of the histologic changes that occur following 

Barasertib treatment, we established cohorts of mice carrying different ES xenografts (1000 
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mm3) and treated them with vehicle (n=5) or 50 mg/kg Barasertib IP QID (n=5) for four days 

then harvested the tumors for histologic evaluation. H&E stained sections of tumors from the 

vehicle-treated mice showed histologic features similar to as those described above (page 18) 

(Figure 2.15). All tumors were composed of dense sheets of mitotically active neoplastic 

round cells. The EW8, TC71, and CHLA258 tumor cells are smaller than the RDES and 

TC32 tumor cells and have deep basophilic, small nuclei in which it is difficult to identify 

nucleoli. In comparison to the other tumor cells, TC32 and RDES have nuclei with open 

chromatin and nucleoli. Following four days of treatment, all tumors from all five lines 

developed large multinucleate syncytia or exceptionally large irregularly shaped single nuclei 

suggestive of >4N nuclear content. All five tumor types exhibited evidence of multifocal and 

marked apoptosis. Subjectively, the TC32 and CHLA258 showed a higher ratio of apoptotic 

cells to viable cells in treated-tumor samples. 

 

During apoptosis, the Caspase-3 pro-enzyme is cleaved and converted to an active form. 

Using an antibody that detects active Caspase-3 allows for the indirect detection of cells 

undergoing apoptosis. IHC staining for active Caspase-3 in tumor samples from the vehicle-

treated mice from our 4-day treatment experiment revealed only occasional cells undergoing 

apoptosis at a rate of no more than one per high-powered field (Figure 2.16). Tumor samples 

from the Barasertib-treated mice showed a higher frequency of Caspase-3 positive staining. 

The TC71, RDES, and EW8 tumor samples have five to seven Caspase-3 positive cells per 

high-powered field in ten evaluated fields from three tumor samples of each line. We 

observed the anti-Caspase-3 signal more frequently in the TC32 and CHLA258 tumor 

samples with an average of 20 and 32 Caspase-3 positive cells per high-powered field in the 
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CHLA258 and TC32 samples, respectively. Our Caspase-3 IHC supported our histological 

observations of the H&E stained sections that showed increased apoptosis occurring in the 

tumors from Barasertib-treated TC32 and CHLA258 xenograft mice, but not in the 

Barasertib-treated TC71, EW8, and RDES tumor. We propose that the higher rate of 

apoptosis in response to Barasertib treatment is why TC32 and CHLA258 tumors regressed. 

 

We next considered whether the different responses of the ES cells to Barasertib treatment 

could be due to variations in the secondary mutations these cell lines harbor, particular 

mutations in proteins involved in the response of cells to changes in cell cycle such as TP53. 

The RDES, EW8, and TC71 ES cell lines each have mutations in the TP53 gene identified as 

R273C, Y220C, and R213X + G245C, respectively, that all disrupt protein function 62. TC32 

and CHLA258 cell lines express wild-type TP53, and so we hypothesized that Barasertib 

treatment induces TP53-dependent apoptosis in these cell lines and tumor regression. To 

detect differences in TP53 function, we examined changes in the expression of a downstream 

target of TP53, CDKN1 (also known as p21 or CDKN1A). 

 

Barasertib treatment induces CDKN1 expression in TC32 and CHLA258 xenografts through 

a TP53-dependent mechanism. Using tissue samples from the xenograft mice that received 

four days of the drug vehicle or Barasertib treatment, we evaluated CDKN1 protein 

expression using IHC. Samples from the vehicle-treated mice showed no evidence of 

CDKN1 protein expression (Figure 2.17). Tumor samples from the Barasertib-treated TC32 

and CHLA258 xenograft mice had a nuclear positive CDKN1 signal, not seen in tumor 

samples from the Barasertib-treated TC71, RDES or EW8 xenograft mice. The anti-CDKN1 
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IHC findings confirmed that Barasertib induced expression of CDKN1 in TP53 wild-type ES 

cell lines. 

 

To further evaluate the effects of Barasertib on CDKN1 in ES cells, we examined CDKN1 

expression in cultured ES cell lines treated with DMSO or 100 mM Barasertib for 24-hours. 

Western blot analysis revealed that the TC32 and CHLA258 cell lines expressed more 

CDKN1 than the other ES cell lines (Figure 2.18A). With the addition of Barasertib 

treatment, we observed a marked increase in the CDKN1 protein signal in both the TC32 and 

CHLA258 cell lines. We saw no quantifiable change in the expression of CDKN1 in TC71 

and EW8 cell lines following the addition of Barasertib. Using KU80 expression as a control, 

we detected a 1.8-fold increase in the expression of CDKN1 in the TC32 cell line and over a 

7-fold increase in the levels of CDKN1 in the CHLA258 cell line. (Figure 2.18B). 

 

In the absence of an established TC32 or CHLA258 cell line with TP53 mutational status, we 

could not address the TP53 dependency of the induction of CDKN1 or tumor regression in 

the TC32 and CHLA258 xenografts by Barasertib. However, to assess the importance of 

TP53 in the CDKN1 response to Barasertib treatment, we examined the effect of depleting 

TP53 in ES cells and evaluated the changes in CDKN1 expression following Barasertib 

treatment. We conducted this study in the TC32 cell line because of the sensitivity of the 

CHLA258 cell line to the transfection reagent RNAi-Max. After silencing TP53 for 48 hours, 

we treated TC32 cells with either DMSO or 100 mM Barasertib and incubated cells for a 

further 24-hours (Figure 2.18C). Consistent with our hypothesis, depletion of TP53 blocked 

the up-regulation of CDKN1 expression by Barasertib. 
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DISCUSSION 

The current treatment strategy for ES combines a protocol of radiation therapy and surgical 

resection followed by a rigorous chemotherapy regimen 17-18. Despite this aggressive 

treatment, the 5-year survival rate is still only 50% 25. Those patients that do survive have 

long-term health complications that are secondary to their treatment 21-24. Patients that 

present with more aggressive large masses typically have metastatic disease and have a 5-

year survival rate of only 30% 4, 19-20. Effective innovations in the approach to the treatment 

of ES are lacking. An objective of this study was to identify an innate vulnerability within ES 

that may be taken advantage of through therapeutic intervention. 

 

Preliminary studies have indicated that AURKA/B are transcriptional targets of EWS-FLI1, 

that EWS-FLI1 inhibits the function of AURKB, and that ES cell and xenograft models are 

sensitive to AURKA/B inhibitors 75-76, 121, 264, 318-320, 330-331, 336. Based on these studies, we 

hypothesized that AURKA/B would be ideal therapeutic targets in ES cell and xenograft 

models. To test this hypothesis, we first showed that depletion or inhibition of AURKA/B 

resulted in rapid induction of cell death in ES cell lines. We next examined the response of 

multiple ES xenografts to the administration of the AURKA inhibitor, Alisertib or the 

AURKB inhibitor, Barasertib. Our Alisertib xenograft studies were inconclusive as we were 

unable to attain adequate serum drug concentrations. In contrast, the administration of 

Barasertib treatment in vivo had pronounced suppressive and regressive effects on the growth 

of ES xenografts. Our findings suggest that further studies assessing Barasertib as an agent 

for the treatment of ES should be pursued. 
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One of the obstacles in promoting AURKB inhibitors in clinical trials is the development of 

severe neutropenia with prolonged treatment 304. Barasertib treatment of our ES xenograft 

models with functional TP53 expression resulted in rapid tumor response and near full 

regression within one week of treatment. Another obstacle in treating ES patients is that 

frequently these tumors present clinically at an advanced stage of the disease. Barasertib was 

able to resolve advanced ES xenograft tumors (1500-2500 mm3) that had a wild-type TP53 

status. Our studies were limited to one AURKB-specific inhibitor so we are uncertain if the 

favorable response of our models to Barasertib are unique to this compound or if they would 

behave similarly to any AURKB-specific inhibitor. Ideally future work would evaluate the 

effect of other AURKB-specific inhibitors such as Hesperadin (Boehringer Ingelheim, 

Ingelheim an Reim, Germany) or ZZ447439 (AstraZeneca, Cambridge, United Kingdom) in 

ES xenograft models. Several AURKB-specific inhibitors have been identified; however few 

have made it past phase II clinical trials due to neutropenic side effects 304, 333, 348. Barasertib 

is the only AURKB-specific inhibitor that has progressed to phase 3 clinical trials and has 

shown promising results in AML patients 349. Interestingly, pre-clinical testing in AML 

models show a similar response to  Barasertib treatment as we observe in ES cells, and AML 

also exhibits dysregulated transcriptional activation of AURKA/B 350. 

 

Similar to AURKB-specific inhibitors, few pan-AKI have progressed in clinical trials due to 

both cardio and hemolytic toxicities 304-305, 315. The two most advanced pan-AKI, PHA-

739358 (Danusertib) and MK-0457 (Tozasertib) have shown inhibitory effects in vitro and in 

vivo in cell lines from numerous tumor types including those derived from gastric, 

hepatocellular, renal cell carcinoma and ES tumors 265, 307-310. ES models have shown marked 
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sensitivity to these compounds in preliminary studies 264, 310. We did not test these drugs in 

our studies because of the compounding effect these have on additional kinases. 

 

The treatment strategy for tumors often includes screening for biomarkers that offer a 

predictive indication of response to chemo(radio) therapy. Predictive biomarkers for many 

tumor types such as breast cancer, lung cancer, and lymphoma have been established 351-355. 

The presence of TP53 expression in tumors is controversial as a predictive biomarker. In 

many tumor types, wild-type TP53 expression correlates with positive therapeutic response 

356-357. Alternatively, TP53 has been reported as a poor prognostic indicator in several tumor 

types, including ES 358-361. Abudu et al. examined tumor biopsies from 52 ES patients and 

found seven of the patients had overexpression of TP53 in their tumor samples and poor 

clinical outcomes 358. Mangham et al. had similar findings and also correlated TP53 

overexpression with poor clinical outcome 360. An opposing study reported that high TP53 

levels by IHC analysis is representative of a mutated (nonfunctional) TP53 and therefore the 

correlation between TP53 overexpression and a poor clinical outcome is due to loss of TP53 

function 362. 

 

In our studies, we found that Barasertib could suppress tumor growth in ES xenografts with 

mutated TP53 yet could not induce regression. Remarkably, the ES xenograft lines with 

wild-type TP53 underwent rapid tumor regression even at more advanced stages. Prior 

studies evaluating the relationship between TP53 and Barasertib have found that Barasertib 

inhibition of AURKB can activate the TP53 mitotic checkpoint; however, this activation 

does not inhibit progression to mitotic slippage 363. Overexpression of AURKB is reported in 
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several studies as a suppressor of TP53 function 293, 364-365. AURKB associates in a complex 

with novel INHAT repressor (NIR) and TP53. NIR is a functional co-repressor with inhibitor 

of histone acetyltransferase (INHAT) and suppresses TP53 transcriptional activity and 

function. Binding of AURKB with NIR is hypothesized to bring AURKB within proximity 

of TP53 for AURKB phosphorylation of Ser(269) and Thr(284) of TP53, thus destabilizing 

TP53 functionality and instigating its degradation. Our studies confirm that Barasertib 

induces TP53 expression with subsequent induction of the downstream TP53 target, CDKN1. 

This induction may, in part, be secondary to release of AURKB-induced suppression of 

TP53. The finding that our TP53 wildtype xenografts were able to undergo regression 

suggests that Barasertib induction of apoptosis is at least partially due to TP53-dependent 

apoptosis. Future studies in TC32 or CHLA258 xenograft lines depleted of TP53 could 

confirm this hypothesis. If our theory holds true, screening for TP53 mutations in ES would 

be an essential prerequisite before Barasertib treatment to excluded the approximately 7% of 

patients with tumors carrying mutant TP53. For those tumors that express mutant TP53, 

including those proteins with a conformational change that are non-functional, such as is seen 

in RDES cells, our data suggest that Barasertib may be useful as part of combination therapy. 

as delayed xenograft growth was seen in all of our TP53-mutant xenograft lines. Agents such 

as p53-Reactivation and Induction of Massive Apoptosis-1 (PRIMA-1) or mut-p53-

dependent induction of rapid apoptosis (MIRA-1) that correct conformational changes of p53 

may prove useful in combination therapy with Barasertib 366-367. Our in vitro studies showed 

sensitivity of all of our ES cell lines to AKI, indicating induction of potential non-TP53 

mediated cell death with AKI treatment. A more recent study evaluated a colorectal and 

glioblastoma cell line and proposed selective AURKB inhibition can trigger TP53-
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independent cell death through activation of the innate immune response and intracellular 

triggering of an antitumoral response 368. Future studies using AURKB inhibitors in ES cell 

lines may reveal similar as well as novel mechanisms of TP53-independent cell death in the 

ES cells lines with mutant TP53. 

 

While the treatment of Ewing sarcoma patients with a localized primary tumor has improved 

in recent years, those patients with metastatic disease or recurrent localized disease have a 

less than a 30% 5-year survival rate 4. One of the distinguishing characteristics of primary 

tumors vs. metastatic or recurrent disease is acquirement of resistance to chemotherapy. The 

mechanisms by which ES tumors acquire chemoresistance are unclear. However, several 

studies have reported a correlation between drug resistance and mutations in TP53, STAG2 

and CDKN2A, both independently and in combination 63, 358, 362, 369-371. Our observation of 

acquirement of resistance to Barasertib treatment in the TC32 xenografts may reflect a 

selection of a TP53-mutant subpopulation; the TC32 cell line does not express STAG2 or 

CDKN2A 62. If future studies reveal functional TP53 in the resistant lines, these cells may 

serve as a beneficial model for identifying as-of-yet unidentified mechanisms of 

chemoresistance in ES, such as increased expression of proteins that regulate cytoplasmic 

efflux or selection of a subpopulation of cells without cell division errors. Evidence that 

chemoresistance in ES is not correlated exclusively with TP53 or CDKN2A mutational status 

was shown in a study by May et al 372. This study used a panel of ES cell lines derived from 

tumors of patients that were non-treated, heavily-treated, or chemoresistant. The cells were 

treated with agents commonly used in the treatment of ES patients and monitored for cell 

death. Within this panel, cell lines were chosen that represented Type 1 and II EWS-FLI1 
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fusions and wild-type or mutated TP53 and CDKN2A. This study found that across the panel, 

there was no statistical correlation between the TP53 and CDKN2A mutational status and 

response to drug treatment. We propose that perhaps a better model for identifying 

mechanisms that confer resistance will be cell lines derived from xenografts that become 

refractory to drug treatment. With this type of model, direct comparisons can be made 

between the parent line and resistant xenograft-derived line in both expression profile and 

functional analytical experiments. Additionally, the establishment of chemoresistant cell 

lines allows for testing of combination drug treatment strategies between resistant cell lines 

and the parent line they were derived from. 

 

Other models in which Barasertib has proven effective include small cell lung carcinoma 

(SCLC), neuroblastoma (NB), and medulloblastoma (MB) 347, 373-374. These models show 

marked suppressive effects on xenograft models, however all of these models eventually 

acquire resistance as our TC32 xenograft model. Of interest, these models have aberrant 

transcriptional activation of AURKA/B that is driven by one or more of the MYC family of 

oncogenes. Previous work has shown that EWS-FLI1 drives MYC expression in ES 375. This 

indicates that EWS-FLI1 drives gene expression of AURKA/B through direct and indirect 

mechanisms in ES. The observation of additional xenograft models that are Barasertib 

responsive in models that have abnormal gene activation of AURKA/B gives further credence 

to our suggestion that distinguishing tumor types that have this dysfunction may serve as a 

key biomarker in ES patients considered for AKI treatment. Of final note, SCLC are almost 

universally deficient in TP53 function due to mutations or deletions. In the SCLC xenograft 

model, Barasertib induces suppressive but not regressive effects  374. Alternatively, the NB 
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and MB models expressed functional TP53 and responded to Barasertib by undergoing tumor 

regression  374. The correlation between TP53-status and Barasertib response shows that 

Barasertib can induce mitotic slippage and a temporary arrest in these vulnerable models yet 

does not trigger the post mitotic checkpoint of TP53-dependent apoptosis that is required for 

regression. 

 

Like our Barasertib studies, our cell culture studies with AURKA inhibitors resulted in the 

death of ES cell lines, whereas non-ES cell lines responded by undergoing senescence or 

syncytia formation. These findings confirm a sensitivity in ES cell lines to AURKA 

inhibition. However, our Alisertib xenograft studies were inconclusive as we were unable to 

attain adequate serum drug concentrations. Prior reports that used similar dosing schedules as 

ours in Nude mice demonstrated serum drug concentrations that induced effective inhibition 

of AURKA 343, 376. Our findings within the Alisertib treated SCID Beige mice may indicate a 

strain variation in metabolism. Future studies to address the effects of small molecule 

inhibition of AURKA in xenograft models may need to be carried out in a strain of Nude 

mice or with a different AURKA specific inhibitor in SCID Beige mice. 

 

In addition to providing a possible new treatment approach to ES, this study contributes to 

general oncology by providing insight into the importance of understanding AURKA/B 

dysregulation in tumors as a predictive indicator of therapeutic response. The AURK proteins 

are frequently upregulated in several tumor types 72, 259-265. Overexpression of AURKA/B is 

correlated with oncogenic transformation and a poor clinical prognosis 377-380. Unfortunately, 

prior studies evaluating AURKA/B overexpression and therapeutic response have not taken 
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into consideration why AURKA/B overexpression occurs. Our studies suggest that 

understanding the cause for AURKA/B overexpression is important for predicting tumor 

biology and therapeutic response. Overexpression of AURKA/B may occur secondary to 

increased proliferation (increased population expression) or occur as a primary response to 

abnormal transcriptional activation (increased individual cell expression). With secondary 

(population) overexpression, AURKA/B function is normal yet the high mitotic rate 

increases the likelihood of aneuploidy and potential CIN. Alternatively, with primary (single 

cell) overexpression, the spatiotemporal requirements of AURKA/B are disrupted, and 

abnormal AURKA/B function leads to aneuploidy and potential CIN. In this latter scenario, 

most tumor cells have compromised cell division and we propose these tumor types (i.e., ES) 

are more sensitive to cell cycle inhibitors such as AKI. 

 

In summary, this work lays forth promising ground work for a clinical treatment strategy in 

ES patients and provides a stepping stone for future experiments that may allow a better 

understanding of ES tumors, particularly in chemoresistant xenograft-derived cell lines. 

These studies were limited in that we only tested Alisertib and Barasertib. Future studies with 

additional AKI, including dual inhibitors, are needed to strengthen the concept that 

AURKA/B are efficacious targets for therapy in ES patients. Overall, however, the stark 

findings of tumor suppression and regression in TP53 wild-type ES xenograft models in 

response to AURKB inhibition compellingly suggests that ES harbor innate AURKB 

abnormalities. While we initiated these experiments to explore treatment strategies for ES, 

this work has led to both an efficacious target in ES as well as a model for evaluating 

AURKB dysfunction and its relationship to oncogenesis.
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Figure 2.1: Cell line selection and siRNA verification for the analysis of the effects of 
AURKA or AURKB depletion on proliferation and viability. 

TC32, TC71, RDES, EW8 and HeLa cell lines were analyzed by IncuCyteÒ for proliferation 
rate and signs of lipofectamine toxicity and found to have similar proliferation rates and 

tolerate lipofectamine treatment under optimized conditions. The CHLA258 cell line has a 
slow proliferation rate and does not tolerate lipofectamine treatment. To determine the 

specificity of AURKA and AURKB specific siRNA, TC32 cells were transfected then analyzed 
by RTPCR for gene expression. siRNA designed to target the AURKA and AURKB 

transcripts reduce the expression of AURK and AURKB, respectively and increase the 
expression of the non-targeted AURK family member. (A) IncuCyteÒ plots of the growth of 
five ES cell lines compared to a control cell line, HeLa, under normal incubation conditions, 

over 125 hours. Data are plotted as the mean ± standard deviation of six individual wells 
imaged every four hours. (B) The confluency of untreated and siNEG-transfected (control) 

cells 125-hours post-transfection of siRNA using optimized transfection conditions. Data are 
plotted as the mean ± standard deviation of six individual wells. (C) Analysis of AURKA and 

(D) AURKB mRNA expression in TC32 cells, 48 h post-transfection of the indicated 
siRNAs. AURKA or AURKB mRNA expression were normalized to GAPDH mRNA levels 

and data are shown relative to that of siNEG-transfected cells. Data are shown as the mean ± 
standard error of mean, three biological replicas for each experimental condition. P-values 

represent statistical comparison of the siAURKA or siAURKB treated sample to the siNEG 
control by unpaired t-test with P<0.05 representing statistical significance.  A p-value of 
<0.0001 (****), 0.0001-0.0009 (***), 0.001-0.009 (**) or 0.01-0.049 (*) are assigned.
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Figure 2.2: The depletion of AURKA or AURKB in ES cells induces changes in 
confluency and proliferation rate. 

Using IncuCyteÒ analysis, we assessed the effect of silencing either AURKA or AURKB on 
end point confluence, 120 hours after siRNA treatment, and proliferation rate over 120 hours 
of four ES cell lines and a control line. The silencing of AURKA or AURKB reduced the end 
point confluence and proliferation rate of each ES cell line significantly, but some variations 

in the response of each cell line to depletion of AURKA or AURKB expression were 
observed. (A) Cell confluency measurements (IncuCyteÒ analysis) for the cell lines indicated 

and transfected with the siRNAs indicated. Cells were transfected at time-point 24 and 
monitored for 160-196 hours post-plating. Data are plotted as the mean ± standard deviation. 
of six individual wells imaged in three locations per well every four hours. (B) The percent 
confluency at 120-hours post siRNA-transfection for the cell lines indicated and transfected 

as indicated. Data are shown as the mean ± standard deviation. of four to six individual wells 
analyzed at three spots per well. (C) The proliferation rate calculated as the percent 

confluence increase per hour normalized to siNEG for the cell lines indicated and transfected 
as indicated. Data are shown as the mean ± standard deviation of two independent counts. 

Asterisks represent the p-values of statistical comparison of the siPOS, siAURKA or 
siAURKB treated sample to the siNEG control by unpaired t-test with P<0.05 representing 

statistical significance. A p-value of <0.0001 (****), 0.0001-0.0009 (***), 0.001-0.009 (**) 
or 0.01-0.049 (*) are assigned.
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A. IncuCyteÒ growth curve 

 

 B. Percent end-point confluence 
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Figure 2.3: The morphology of TC32 cells depleted of AURKA or AURKB indicate 
changes consistent with the induction of senescence, mitotic arrest and cell death. 

We analyzed the bright-field images of AURKA or AURKB-depleted cells compared to 
controls. Following depletion of AURKA or AURKB, TC32 cells exhibited morphological 

changes consistent with the induction of senescence, mitotic arrest and/or cell death. HeLa 
cells also exhibited senescence, but the dominant morphologic change was the formation of 
syncytia. Representative bright field images of TC32 or HeLa cells 120-hours post-siRNA 

transfection. Indicated are morphologic features of mitosis (green asterisk, condensed mitotic 
plates), senescence (yellow asterisk, abnormal cytoplasmic expansion with loss of 

identifiable nuclei), cell death (red asterisk, fragmented karyorrhectic cellular debris), mitotic 
arrest (blue asterisk, condensed cytoplasm indicative of metaphase, anaphase or telophase 
with a fragmented mitotic plate), syncytia (two green asterisks, multiple nuclei with loose 

chromatin within a single cell) and viable non-dividing cells (grey asterisk).
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Figure 2.4: The AURKA inhibitor, Alisertib, reduces the proliferation rate of ES cells. 

We assessed the proliferation rate of five ES cell lines and three control lines treated with 
vehicle (DMSO) or the AURKA inhibitor Alisertib (25, 50, or 100 nM) using IncuCyteÒ 

analysis. Alisertib mediated a concentration-dependent decrease in the proliferation rate of 
ES cell lines. One of the control lines, HeLa also exhibited a concentration-dependent 

decrease in proliferation rate following exposure to Alisertib, but the osteosarcoma and 
rhabdomyosarcoma cell lines (U2OS and RD, respectively) showed no change in 

proliferation rate in the presence of Alisertib. Representative cell confluency measurements 
(IncuCyteÒ analysis) for the cell lines indicated treated with either DMSO (0.001%) or the 
indicated concentration of Alisertib. Drug was added to cells at the 24-hour time-point and 

monitored for 160-220 hours post-transfection. Data are plotted as the mean ± standard 
deviation of six individual wells imaged every four hours at three location spots per well.
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Figure 2.5: The AURKB inhibitor, Barasertib, reduces the proliferation rate of ES cells. 

We assessed the proliferation rate of five ES cell lines and three control lines treated with 
vehicle (DMSO) or the AURKB inhibitor Barasertib (25, 50, or 100 nM) using IncuCyteÒ 
analysis. Barasertib mediated a substantial decrease in the proliferation rate of four of the 

ES cell lines at all concentrations tested and a concentration-dependent change in growth in 
one (TC71). None of the control lines exhibited a decrease in proliferation rate following 

exposure to Barasertib, Representative cell confluency measurements (IncuCyteÒ analysis) 
for the cell lines indicated treated with either DMSO (0.001%) or the indicated concentration 
of Barasertib. Drug was added to cells at the 24-hour time-point and monitored for 160-220 
hours post-transfection. Data are plotted as the mean ± standard deviation of six individual 

wells imaged every four hours at three spots per well.
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Figure 2.6: The morphology of ES cells treated with either Alisertib or Barasertib 

indicate changes that are consistent with cell death. 

We analyzed the bright-field images of ES or control cells treated with either DMSO, 
Alisertib, or Barasertib. Following inhibition of AURKA or AURKB kinase activity, ES cells 
exhibited morphological changes consistent with the induction of cell death, whereas non-ES 

cell lines exhibited morphological changes consistent with the induction of senescence. 
Representative bright images of the indicated cell lines 120-hours post-addition of either 

DMSO (0.001%) or Alisertib (100 nM) or Barasertib (100 nM). 
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Figure 2.7: ES cells treated with either Alisertib or Barasertib exhibit arrest at the 
G2/M phase of the cell cycle. 

We analyzed ES cells treated with either DMSO, Alisertib or Barasertib for changes in cell 
cycle using anti-BrdU and FxCycle labelling and FACS. ES cells treated with Alisertib or 
Barasertib progress through the S phase of the cell cycle, but arrest at the G2/M phase. 
Shown are representative FACs analysis of the indicated cells treated with either DMSO 

(0.001%) or Alisertib (100 nM) or Barasertib (100 nM) for 24-hours. Ten-thousand events 
were sampled and gates to determine each stage of the cell cycle were defined by Pacific 

Blue-A (FxCycle) and FITC-A (anti-BrdU) scatter. Percentages shown were calculated using 
FlowJo® flow cytometry analysis software. 
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Figure 2.8: The AURKA inhibitor, Alisertib, has poor bioavailability in SCID Beige 
mice and induces a delay in the growth of a subset of ES xenografts. 

We analyzed the effect of Alisertib on the growth of three ES cell lines grown as orthotopic 
xenografts in immunocompromised SCID Beige mice. Alisertib was administered on a dosing 
schedule of 20 mg/kg, PO, BID, five days per week. The progression of TC32 xenografts was 

delayed by Alisertib treatment in comparison to vehicle treated mice, but it induced no 
change in the growth of RDES or EW8 xenografts. The failure to induce an in vivo response 
to Alisertib prompted us to assess the bioavailability of the drug. A pharmacokinetic study 
shows the required efficacious plasma concentration of Alisertib, 1 uM for 8-12 hours, is 

unattainable in SCID Beige mice (CB17.B6-Prkdcscid Lystbg/Crl) mice using the maximum 
tolerable dosing schedule. (A) Tumor volumes for the orthotopic xenograft models after the 

indicated time point following initiation of Alisertib or vehicle treatment. Ten mice were 
treated per xenograft treatment group with vehicle composed of 10% 2-hydroxypropyl-β 

cyclodextrin, 1% sodium bicarbonate or Alisertib reconstituted in vehicle at a concentration 
of 25 mg/ml. Column graphs are shown as the mean ± standard deviation with P-values 

representing the statistical comparison of the vehicle vs. Alisertib treated mice by unpaired t-
test with P<0.05 representing statistical significance. A p-value of <0.0001 (****), 0.0001-
0.0009 (***), 0.001-0.009 (**) and 0.01-0.049 (*) are assigned. (B) Immunohistochemistry 
analysis of sections of TC32 xenografts treated with vehicle or Alisertib for 6 days using an 

anti-caspase-3 antibody to detect apoptosis. (C) A pharmacokinetic curve of the serum 
bioavailability and concentration of Alisertib. A cohort of 18 mice were given a single dose 

of Alisertib, 20 mg/kg PO, and two mice per nine time points were monitored for serum 
Alisertib concentrations over a 48-hour time-period by mandibular blood sampling. Four 

mice received a second dose of Alisertib, 20 mg/kg PO, at 24 hours to confirm the peak and 
bottom serum concentrations in a 24-hour time-period.  Data is shown as the mean ± standard 

deviation of the two plasma samples taken per time point. 
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Figure 2.9: The AURKB inhibitor, Barasertib, suppresses growth of ES xenografts. 

We analyzed the effect of Barasertib on the growth of five ES cell lines grown as orthotopic 
xenografts in immunocompromised SCID Beige mice. Barasertib was administered on a 

dosing schedule of 50 mg/kg, IP, SID, four days per week. Tumor growth was suppressed by 
Barasertib treatment in all ES xenograft models in comparison to vehicle treated mice. 

Tumor volumes for the orthotopic xenograft models after the indicated time point following 
initiation of Barasertib or vehicle treatment. Mice (sample size indicated) were treated with 
vehicle composed of 30% PEG 400, 0.5% Tween 80 and 5% Propylene glycol in water or 

Barasertib reconstituted in vehicle at a concentration of 50 mg/ml. Column graphs are shown 
as the mean ± standard deviation with P-values representing the statistical comparison of the 

vehicle vs. Barasertib treated mice by unpaired t-test with P<0.05 representing statistical 
significance. A p-value of <0.0001 (****) is assigned.
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Figure 2.10: The AURKB inhibitor, Barasertib, suppresses growth of TC32 xenografts 
by induction of multifocal syncytia formation and apoptosis. 

We analyzed the macroscopic and microscopic effects of Barasertib on the TC32 cell line 
grown as orthotopic xenografts in immunocompromised SCID Beige mice. Barasertib was 
administered on a dosing schedule of 50 mg/kg, IP, SID, four days per week. Three 
Barasertib treated mice from the Barasertib treated group described in Figure 2.9 were 
collected for histologic evaluation seven days after initiation of treatment along with all 
vehicle treated mice. The gross volume of the Barasertib mice is markedly reduced as 
compared to vehicle treated mice and Barasertib treatment induces histologic features of 
syncytia formation and apoptosis. Representative gross and histologic features of a vehicle 
treated vs. Barasertib treated mouse following seven days of treatment. Mitotic figures or 
syncytia and apoptosis are noted in the vehicle vs. Barasertib treated tumor samples, 
respectively (arrows).
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Figure 2.11: The AURKB inhibitor, Barasertib, induces regression of TC32 and 
CHLA258 xenografts and long term tumor suppression of CHLA258 xenografts. 

To assess the long term effects of Barasertib treatment on TC32 and CHLA258 xenografts, 
Barasertib treated mice from Figure 2.9 were monitored for signs of tumor regression and 
reemergence following two weeks on a dosing schedule of 50 mg/kg, IP, SID, four days per 
week. CHLA258 xenografts (n=9) undergo tumor regression following Barasertib treatment 
and remain disease free 72 days after initial treatment. TC32 xenografts (n=12) undergo 
initial tumor regression and have tumor reemergence 25 days after initial treatment and are 
refractory to re-initiation of Barasertib treatment in vitro and in vivo. Tumor volumes for the 
orthotopic xenograft models (indicated) following initiation of Barasertib treatment. Data is 
shown as the mean ± standard deviation of tumor volumes (n=9 for CHLA258 and n=12 for 
TC32). 
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Figure 2.12: The AURKB inhibitor, Barasertib, induces tumor regression of advanced 
TC32 and CHLA258 xenografts. 

To assess the effects of Barasertib treatment on advanced ES xenograft tumors, orthotopic 
tumors from five ES cell lines were allowed to reach a volume of >1000 cm3 then mice were 
initiated on Barasertib on a dosing schedule of 50 mg/kg, IP, QID, for four days. Barasertib 
treatment induced regression in the TC32 and CHLA258 xenografts, but not in the RDES, 
EW8 or TC71 lines.  (A)  Tumor volumes for the orthotopic xenograft models (indicated) 

following initiation of Barasertib treatment. Data is shown as the mean ± standard deviation 
of tumor volumes. Sample number is shown within the legend. (B) A representative mouse 

from the TC32 group before and after one week of treatment. (C-D)  Column graphs compare 
start tumor volumes and end tumor volumes after one week of Barasertib treatment in the 

indicated line and are shown as the mean ± standard deviation with P-values representing the 
statistical comparison of the start and end tumor volumes by unpaired t-test with P<0.05 
representing statistical significance. A p-value of <0.0001 (****), 0.0001-0.0009 (***), 

0.001-0.009 (**) and 0.01-0.049 (*) are assigned.
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Figure 2.13: A dose of at least 50 mg/kg Barasertib is required to induce regression in 
TC32 xenografts. 

To test if doses lower than 50 mg/kg could induce TC32 xenograft regression, TC32 
xenograft mice with advanced tumors were treated with 12.5 mg/kg (n=5), 25 mg/kg (n=5) 
or 50 mg/kg (n=5) Barasertib IP, QID for four days. Barasertib-induced TC32 xenograft 
regression occurs only at the highest dosing schedule of 50 mg/kg IP QID and no regression 
is seen in mice of the other treatment groups. (A) Tumor volumes for the three treatment 
groups (indicated) following initiation of Barasertib treatment. Data is shown as the mean ± 
standard deviation of tumor volumes.  (B)  Column graphs compare end tumor volumes after 
one week of Barasertib treatment in the indicated treatment groups and are shown as the 
mean ± standard deviation with P-values representing the statistical comparison of the start 
and end tumor volumes by unpaired t-test with P<0.05 representing statistical significance. 
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Figure 2.14: Bioluminescence imaging of TC32-CMV luciferase xenografts allows for 
detection of microscopic disease and showed tumor regression following Barasertib 
treatment. 

TC32 cells with stable expression of a CMV luciferase gene were established as orthotopic 
xenografts in SCID beige mice then monitored by bioluminescence following Barasertib 
treatment of 50 mg/kg, IP, QID for four days per week for two weeks. Barasertib induces 
tumor regression in the TC32-CVM luciferase mice and bioluminescence imaging can detect 
the presence of microscopic disease in live mice. IVIS imaging detects bioluminescence from 
luciferase activity from TC32-CMV luciferase tumor cells at the initiation of Barasertib 
treatment and seventeen days after initiation of treatment. 
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Figure 2.15: Barasertib induces multifocal apoptosis and syncytia in ES xenografts after one week of treatment. 

To determine the histological changes following Barasertib treatment, five ES xenograft lines were allowed to reach a volume of 1000 
mm3 then initiated on vehicle (n=5) or Barasertib (n=5) treatment for one week at 50 mg/kg Barasertib IP, QID, four days per week. 
Vehicle treated tumors had histologic features of dense sheets of round cells with frequent mitotic figures and few scattered apoptotic 
cells (identified by hypereosinophilic, shrunken cytoplasm with pyknotic nuclei). The most prominent histologic feature in the 
Barasertib treated samples was multifocal syncytia, multifocal apoptosis and frequent karyorrhectic debris. Hematoxylin and eosin 
stained tissue sections from indicated xenograft lines imaged at 60x magnification. 
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Figure 2.16: An increase in apoptotic cells is detected by the presence of cleaved Caspase-3 in tumor samples following 
Barasertib treatment. 

To determine if Barasertib induces apoptosis, IHC for cleaved Caspase-3 was done on vehicle vs. Barasertib treated samples. Five ES 
xenograft lines were allowed to reach a volume of 1000 mm3 then initiated on vehicle (n=5) or Barasertib (n=5) treatment for one 
week at 50 mg/kg Barasertib IP, QID, four days per week. Barasertib treatment causes an increase in cleaved Caspase-3 that is more 
pronounced in the TC32 and CHLA258 xenografts than in the TC71, RDES or EW8 xenografts. IHC staining for cleaved Caspase-3 in 
the indicated xenograft samples, imaged at 60x magnification. 
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Figure 2.17: Barasertib treatment induces CDKN1 expression in TC32 and CHLA258 xenografts. 

To indirectly assess TP53 activity following Barasertib treatment, the downstream TP53 target CDKN1 was analyzed by IHC.  Five 
ES xenograft lines were allowed to reach a volume of 1000 mm3 then initiated on vehicle (n=5) or Barasertib (n=5) treatment for one 
week at 50 mg/kg Barasertib IP, QID, four days per week. Barasertib induces CDKN1 expression in the TC32 and CHLA258 
xenografts.  IHC staining for CDKN1 in the indicated xenograft samples, imaged at 60x magnification. 
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Figure 2.18: Barasertib induces CDKN1 expression in TC32 and CHLA258 cell lines 
through a TP53-dependent mechanism. 

To determine if Barasertib can induce the TP53 pathway, the downstream target of TP53, 
CDKN1, was analyzed in the presence and absence of TP53 silencing. Barasertib induces 
CDKN1 expression the TC32 and CHLA258 cell lines and activation is TP53 dependent in 

the TC32 cell line. (A) Capillary western analysis of CDKN1 expression and control protein 
expression (Ku80) in cultured ES cell lines treated with either DMSO (0.001%) or 100 nM 

Barasertib for 24 hours. (B) Fold change of CDKN1 induction in the Barasertib treated 
samples vs. DMSO treated samples normalized to Ku80 expression calculated from WESÒ 

detection system. (C) Capillary western analysis of TP53, CDKN1 and Ku80 expression 
following siRNA inhibition of a negative control (siNEG) or TP53 and DMSO (0.001%) or 

Barasertib (100 nM) treatment. (D) Fold change expression of TP53 normalized to Ku80 
expression calculated from WESÒ detection system.
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Table 2.1: Antibody, primer and siRNA list for Chapter 2 studies. 

 

siRNA Catalogue number Company
siNEG S103650318 Qiagen, Hilden, Germany
siPOS S104381048 Qiagen, Hilden, Germany
siAURKA GS6790 Qiagen, Hilden, Germany
siAURKB GS9212 Qiagen, Hilden, Germany
RTPCR Primers Catalogue number Company
AURKA QT00031899 Qiagen, Hilden, Germany
AURKB AT00067403 Qiagen, Hilden, Germany
GAPDH QT00079247 Qiagen, Hilden, Germany
Antibodies Catalogue number Company
a-TP53 2524s Cell Signaling Technology, Danvers, MA
a-CDKN1 2947s Cell Signaling Technology, Danvers, MA
a-Ku80 2753s Cell Signaling Technology, Danvers, MA
a-Cleaved Caspase 3 9661s Cell Signaling Technology, Danvers, MA
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Table 2.2: Primary bright field microscopic morphologic features of cell lines following siRNA treatment. 

 

siNEG siPOS siAURKA siAURKB

TC32 no change >95% cell death cellular senescence
<10% cell death

mitotic arrest
<20% cell death

TC71 no change >95% cell death mitotic arrest
40% cell death
syncytia

mitotic arrest
<20% cell death
syncytia

RDES <20% cell death >95% cell death cellular senescence >95% cell death

EW8 no change >95% cell death >95% cell death >95% cell death 

CHLA <20% cell death >95% cell death >95% cell death >95% cell death

HeLa no change >95% cell death senescence
syncytia
<10% cell death

mitotic arrest
syncytia
<10% cell death
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CHAPTER 3 

AURORA KINASE DYSFUNCTION IN EWING SARCOMA MODELS 
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ABSTRACT 

Ewing sarcoma (ES) is driven by an EWS-FLI1 fusion oncoprotein that deregulates gene 

expression through transcriptional and epigenetic mechanisms. In prior work, we found ES 

cell lines and xenografts were sensitive to inhibitors of two critical regulators of cell division, 

Aurora kinase A and B (AURKA/B). In this study, we sought to determine if EWS-FLI1 

altered AURKA/B expression and/or AURKB localization and function. Our studies revealed 

ES cell lines showed frequent division errors that are associated with increased AURKA/B 

activity, including abnormal centrosome duplications, lagging chromosomes (LC), 

micronuclei, and abnormal histone-3 phosphorylation at serine 10 (p-S10H3). Using a 

HEK293T model system, we demonstrated that in comparison to control cells, the ectopic 

expression of EWS-FLI1 (293TEF cells) increased AURKA/B expression, increased the 

frequency of LC and enhanced cell-sensitivity to AURKB inhibition. We correlated the 

presence of LC with failed AURKB assembly to the midbody during cytokinesis; a finding 

consistent with prior reports that LC block contractile ring closure. We evaluated the prior 

hypothesis that EWS-FLI1 impeded AURKB localization and functionality at the midzone 

during mitosis. We found cells expressing EWS-FLI1 had persistence of AURKB activity at 

the chromatin during late mitosis yet no evidence of loss of midzone functionality. Prior 

reports have also suggested EWS-FLI1 may impair cell division through inhibition of 

EWSR1-mediated regulation of AURKB localization. We confirmed through proximity 

ligation assays that EWSR1 interacted with AURKB and EWS-FLI1 during mitosis; yet 

binding at canonical mitotic regulatory sites (e.g. centrosomes, midzone and midbody) was 

not seen. Furthermore, we did not observe loss of assembly of AURKB to the midzone in 

EWSR1 depleted cell lines, as has previously been reported. Unexpectedly in our studies, we 
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found EWSR1 depletion resulted in G2/M arrest, mitotic slippage and incomplete abscission 

in HeLa cells and the ES cell line TC32. To determine if EWS-FLI1 sensitized cells to loss of 

EWSR1, we depleted EWSR1 in HEK293T and HT1080 cells and similarly observed an 

increase in sensitivity to mitotic slippage and growth arrest in those cells expressing EWS-

FLI1. We conclude from our findings that EWS-FLI1 disrupts the AURKA/B pathways 

primarily through upregulation of expression, independent of cell-cycle associated 

expression, resulting in increased potential for division errors and aneuploidy. Our 

preliminary studies of EWSR1 indicate EWSR1 has an as-of-yet poorly understood role in 

facilitation of cytokinesis that is independent of AURKB assembly during mitosis. The 

presence of failed abscission with loss of EWSR1 indicates this role may be in regulation of 

the cytoskeletal spindle. We propose that sensitivity of EWS-FLI1-expressing cells to 

inhibitors of cytokinesis, such as Barasertib, is due to EWS-FLI1 inhibition of this new-

found role of EWSR1. 
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INTRODUCTION 

Studies of regulators of the cell cycle in Drosophila performed in the late 1980s led to the 

discovery of the Aurora kinase (AURK) gene 381-383. Researchers selected the name Aurora 

because the abnormal mitotic spindle assembly in Aurora mutants resembles the northern 

light phenomenon, Aurora Borealis. In mammals, there are three AURK family members, 

Aurora kinase A (AURKA), Aurora kinase B (AURKB) and Aurora kinase C (AURKC) that 

function as serine/threonine kinases in the regulation of cell division. AURK family members 

have three domains that include an N-terminal domain, a protein kinase domain, and a C-

terminal domain. Homology between the three family members is highest in the protein 

kinase and C-terminal domains with 71% homology seen between AURKA and AURKB  384. 

In cell culture models, AURKC can functionally substitute for AURKB during somatic cell 

division, and these proteins are suspected to have derived from the same parental gene and 

represent a gene duplication 278. The function of AURKC is poorly understood, but most 

studies suggest a role in the regulation of meiosis 279-280. For these studies we have focused 

on AURKA and AURKB, which are the essential AURK family members for mitosis and 

cytokinesis. 

 

Since the identification of AURKA /B, many studies have reported the distinctive 

localization patterns and functions of these proteins during cell division. Chapter 1 includes a 

review of the hallmark cellular localizations of AURKA /B during mitosis and cytokinesis 

(Figure 1.6). AURKA functions primarily in centriole duplication, centriole maturation, 

spindle assembly, and promotes the G2/M transition. There is also evidence that AURKA 

aids in cytokinesis and recent reports indicate AURKA may participate in the cellular process 
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of autophagy 267, 385. AURKB is the catalytic member of a four-protein complex known as the 

chromosomal passenger complex (CPC). The other three CPC members include Survivin, 

Borealin and inner centromere protein (INCENP). Through the CPC, AURKB functions to 

regulate proper chromosomal segregation and cytokinesis 271-274. 

 

Functional studies have shown that the process of somatic cell division has succinct 

spatiotemporal requirements on AURKA/B expression, localization, and activity. Loss of 

AURKA/B function can result in division errors or preclude progression of mitosis and 

cytokinesis. Interestingly, gain-of-function of AURKA/B may also result in division errors 

that occur secondary to centrosome duplications, mitotic slippage (mitotic completion with 

failed cytokinesis) or abnormal kinetochore-microtubule (k-MT) attachments. Division errors 

are most often lethal to the affected cell; however, they may also lead to chromosomal 

instability (CIN) in which the cell acquires genomic mutations that promote a malignant 

phenotype 265. As division errors due to overexpression of AURKA/B may become essential 

to the oncogenesis of some tumor types, AURK inhibitors (AKI) have been proposed as 

useful therapeutics to both prevent the acquisition of genomic instability and halt cellular 

proliferation. Interestingly, multiple studies report the overexpression of one or more of the 

AURK family members in numerous adult and pediatric tumor types, including ES 260-263, 284. 

 

It is unclear if upregulation of AURK members in cancers is due to aberrant transcriptional 

activation or the increased proliferation rate of tumor cells. In ES, there is evidence that 

AURKA/B expression is upregulated independent of the proliferative rate of the tumor. 

Compared to most tumor types, ES has a low proliferation rate, and the increased expression 
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of AURK in ES cells versus non-tumor cells does not seem to be explained by mitotic 

activity alone 28. Upregulation of AURK in ES tumors is suspected to be induced by the ES-

specific protein EWS-FLI1 75-76, 258. Eighty-five percent of ES cases carry the t(11;22) 

(q24;q12) translocation that generates the oncogenic transcription factor EWS-FLI1 37. EWS-

FLI1 has over 500 transcriptional targets that it dysregulates through activation and 

suppression of transcription 75-76. The complicated means by which EWS-FLI1 regulates 

gene expression through specific binding of GGAA-rich sites and promotion of chromatin 

remodeling is outlined in Figure 1.3B-C 76. Previous studies show the AURKA/B promoters 

as potential targets of EWS-FLI1-induced activation 258. 

 

As will be discussed in more detail below, not only is EWS-FLI1 suspected to induce 

expression of AURK family members in ES, EWS-FLI1 may also alter the localization of 

AURKB through inhibition of EWSR1 121. EWSR1 is a member of the FET family of RNA 

binding proteins and contributes to several oncogenic fusion genes (see Chapter 1, Figure 

1.2) 125. The principal functions of EWSR1 described in the literature involve regulation of 

transcriptional and post-transcriptional processes 125, 132, 134-135. Studies also suggest EWSR1 

facilitates cellular processes involving DNA-strand break events such as homologous 

recombination during meiosis, VDJ-rearrangements in B-cell maturation and the response to 

DNA damage 129, 175. Principally using loss-of-function approaches in zebrafish and the 

human cervical cancer cell line HeLa, a series of studies have led to speculation that the 

EWSR1 protein may also function in cell division 121, 330-331. 
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An initial study published in 2007 led by Hickstein, Azuma and colleagues examined the 

effect of loss of EWSR1 through morpholino inhibition in zebrafish embryos or siRNA 

inhibition in HeLa cells 330. Cells depleted of EWSR1 exhibited abnormal mitotic spindle 

formation and LC in this study. In 2009, a second study led by Azuma and colleagues built 

upon the 2007 findings by showing that expression of EWS-FLI1 in zebrafish and HeLa cells 

recapitulated the mitotic defects observed following depletion of EWSR1 121. The same study 

presented data suggesting EWS-FLI1 expression in HeLa cells resulted in mislocalization of 

AURKB during anaphase to the anatomical site referred to as the midzone; a centrally 

located site between the nascent daughter cells that harbors a congression of regulatory 

proteins and microtubules that facilitate mitosis and cytokinesis. The authors proposed that 

an interaction of EWSR1 with EWS-FLI1 existed (established through co-

immunoprecipitation studies) that blocked an unknown role of EWSR1 in regulating mitosis. 

They observed that mitotic spindle defects that were induced by EWS-FLI1 expression in 

HeLa cells could be rescued by overexpression of EWSR1 via a transfected vector. In a more 

recent follow-up study in 2014 led by Azuma, data was shown indicating that several 

midzone proteins mislocalize in HeLa cells expressing EWS-FLI1 and that the ES cell line 

A673 has frequent midzone defects and mislocalization of PRC1, a midzone protein that is 

recruited by AURKB  331. As in the 2009 study led by Azuma, overexpression of EWSR1 in 

A673 rescued midzone defects that were assessed through standard immunofluorescence 

techniques. In their conclusion, Azuma and colleagues suggest that EWSR1 associates with 

AURKB and mediates its localization to the midzone. Additionally, they conclude that EWS-

FLI1 hinders the interaction of EWSR1 and AURKB leading to abnormal mitotic spindle 

assembly and AURKB localization. Finally, an additional study led by Azuma, confirmed the 
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2007 findings of Hickstein and colleagues that EWSR1 deficient zebrafish have a high rate of 

aneuploidy and reported that these models progress to tumorigenesis when crossed to TP53 

deficient zebrafish 386. 

 

The studies discussed above build the hypothesis that mitotic defects generated through loss 

of EWSR1 or expression of EWS-FLI1 are due to abnormal localization of critical midzone 

proteins. However, in making this assertion it is important to first carefully assess the 

evidence these studies used to score defects in mitosis, the methods used to assess protein 

localization during critical stages of mitosis, and the experimentation and model systems 

used in these studies. One of the criteria these studies used as an indication of a mitotic defect 

was the presence of  multipolarity. Multipolar spindles arise from supernumerary 

centrosomes and may occur from centrosome duplications when there is aberrant AURKA 

activity or failed cytokinesis 267. When the latter occurs, the supernumerary centrosomes are 

typically present in multiples of 2. The publications described often show images indicating 

an odd number of poles, suggestive of centrosome duplications. Centrosome markers and 

quantitative analysis were not used in these studies, therefore confirmation of multipolar 

events or their frequency cannot be interpreted from these reports. Another unclear 

observation in these studies was their classification of LC, which they refer to as chromatin 

bridging. For example, the images provided in the 2007 Azuma et al. study appears to 

include early anaphase figures in which sister chromatids have not fully polarized and thus, 

as expected, are bridging across the midzone. Furthermore, in the publications in which 

AURKB  and other midzone proteins are reported as mislocalized (Embree et al., 2009 and 

Park et al, 2014) again it appears that early anaphase figures are used as representative 
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examples 121, 331. There is an intermittent phase in which AURKB transitions from the 

chromatin and midzone proteins assemble between the chromatin plates. To assess potential 

defects in AURKB localization it is therefore necessary to examine a time point in which 

each cell line has completed midzone formation. Examination of the methods and provided 

images in these previous studies, suggests that the time-point selected may not have reflected 

the optimal time for completion of midzone formation in the observed cell lines and thus the 

phenotypes scored may not reflect valid mis-localization of AURKB. Finally, a clear 

physiologically-relevant binding of AURKB and EWSR1 in ES cells was not established and 

in the study by Park et al., no interactions of these proteins at canonical AURKB localization 

sites was made in the HeLa model. 

 

Our previous studies, described within Chapter 2, showed that ES cell lines are sensitive to 

inhibition of either AURKA or AURKB, more so than non-ES cell lines, and targeting of 

AURKB in ES xenograft models led to full tumor regression in wild-type TP53 lines. Our 

AKI studies prompted us to further characterize AURKB function and localization in ES cell 

lines and non-ES cell lines expressing EWS-FLI1. While the published studies described 

above indicate an essential association between EWSR1 and AURKB that is disrupted by 

EWS-FLI1, we wanted to further clarify this relationship and address elements of these 

publications that were unclear. In addition to examining AURKB in ES lines, we also 

evaluated AURKA localization patterns in ES as well as potential association of EWS-FLI1 

with the AURKA/B promoters. 
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In this study, we first used standard IF staining techniques to examine mitotic progression 

and subcellular AURKA/B localization in our ES and non-ES cell lines. Next, we utilized 

multifunctional assays to evaluate AURKB localization patterns and protein-protein 

interactions with the use of ImageStreamÒ flow cytometry from Amnis Corporation, Seattle, 

WA and proximity ligation assays (PLA), respectively. ImageStream combines flow 

cytometry with immunofluorescence techniques (see Figure 1.7) thus allowing selection of 

cell populations within similar phases of mitosis for brightfield and fluorescence microscopy 

evaluation. PLA (see Figure 1.8) allows for simultaneous evaluation of protein associations 

and subcellular localization. Following characterization studies in ES cell lines, we next 

evaluated the effect of EWS-FLI1 on AURKA/B expression, chromosomal segregation 

errors and AKI sensitivity in a non-ES cell line. Finally, we examined the response of three 

non-ES cell lines and three ES cell lines to siRNA depletion of EWSR1. 

 

MATERIALS AND METHODS 

Cells and reagents. We obtained the rhabdomyosarcoma line, RD, the osteosarcoma line, 

U2OS, and the cervical cancer line, HeLa, from ATCC (Manassas, VA). The ES lines TC32, 

TC71, EW8, CHLA258 and RDES have previously been described 335. The fibrosarcoma 

HT1080 cell lines with stable expression of a control vector (HT1080-V) or an EWS-FLI1 

expression plasmid (HT1080-EF) were described previously 335. Dr. Natasha Caplen (CCR, 

NCI, Bethesda, MD) supplied the HEK293T cell lines stably expressing a control (293TV) or 

an EWS-FLI1 expression plasmid (293TEF). These cells have recently been described 387. 

Using the 293TV and 293TEF cell lines, we generated the 293TV-YFP-CENPA (293TV-

CA) and 293TEF-YFP-CENPA (293TEF-CA) cell lines by transfecting with a YFP-CENPA 
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vector (gift of Dr. Munira Basrai, CCR, NCI, Bethesda, MD) and we enriched for YFP 

positive cells using flow-cytometry (Flow Cytometry Core, CCR, NIH, Bethesda, MD). We 

maintained plasmid-transfected HEK293T cells in media supplemented with 1 µg/mL 

puromycin (Sigma-Aldrich). All cell lines were tested to confirm they were negative for 

mycoplasma and we confirmed cell identity by STR profiling (DDC Medical). The most 

recent STR testing was May 2017 for the TC32, EW8, RD, U2OS and HT1080 cell lines and 

August 2017 for the TC71 and HeLa cell lines. All cell lines were grown at 37°C with 5% 

CO2 in RPMI-1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 

U/mL and 100 µg/mL penicillin and streptomycin, respectively. The NIH repository, 

Bethesda, MD, provided ZM447439 (AstraZeneca, Cambridge, United Kingdom) and 

AZD1152-HQPA (Barasertib; AstraZeneca). For in vitro use, we reconstituted ZM447439 

and Barasertib in DMSO at a concentration of 10 mM and stored aliquots at -80°C. Table 3.1 

details the gene-specific siRNAs, PCR primers, and antibodies used in this study. 

 

Immunofluorescence assays and fluorescence microscopy. Cell lines were seeded in 96-well 

glass bottom plates (Perkin Elmer, Waltham, MA) at a density of 20% confluence. At 50% 

confluence cells were fixed in 2% paraformaldehyde (PFA; Polysciences, Inc., Warrington, 

PA) for 10 minutes then washed with PBS for 15 minutes. Cells were blocked and 

permeabilized in a 30-minute wash with 1X PBS with 5% normal donkey serum (Abcam, 

Cambridge, United Kingdom) and 0.3% Triton™ X-100 (Sigma-Aldrich). For primary 

antibody labeling, antibody (Table 3.1) was diluted 1:100 in an incubation solution composed 

of 1X PBS with 1% BSA (Sigma-Aldrich) and 0.3% Triton™ X-100 and applied to cells for 

overnight incubation at 4°C. Following two 10-minute washes in PBS, secondary antibody 
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(Table 3.1) was diluted 1:1000 in incubation solution and applied to cells for one hour. 

Following secondary antibody labeling, cells were rinsed twice for 15 minutes in PBS and 

covered with VECTASHILED™ with DAPI (Vector Laboratories, Burlingame, CA). 

 

For PLA assays, primary antibody incubations were followed by processing with DuolinkÒ 

reagents (Sigma-Aldrich), as per manufacturer’s instructions. Confocal images of our 

standard IF assays were acquired with Zeiss ZEN 2.3 software on a Zeiss LSM 880 Confocal 

system (Carl Zeiss Inc, Thornwood, NY) with a Zeiss Observer Z1 inverted microscope and 

a 30 mW Diode laser tuned to 405 nm, a 25 mW Argon visible laser tuned to 488 nm, and a 

20 mW laser tuned to 561 or 647 nm. A 20x or 40x Plan-Apochromat oil immersion 

objective was used, and digital images were 512 x 512 pixels with 0.190 mm pixel size. 

Emission signals, after sequential excitation with the 405 nm, 488 nm, 561 nm or 647 laser 

lines, were collected with a BP 415- 490 nm filter, BP 491 -553 nm filter, and BP 565 – 735 

nm filter respectively, using individual photomultipliers. Fluorescent images for PLA were 

acquired using an Opera confocal microscope (Perkin Elmer, Waltham, MA) with 405 nm 

and 594 lasers at 20xlens magnification. Opera images were analyzed using Columbus 

imaging software (Perkin Elmer). 

 

Cell synchronization by double-thymidine block and kinetochore-microtubule error 

correction assay. For S-phase synchronization, cells were seeded at 30% confluence and 

placed through a double Thymidine (Sigma-Aldrich) block as described previously 388. For 

the k-MT error correction assay, cells were released from thymidine-block into standard 

growth media containing 100 µM of the Eg5 inhibitor Monastrol (Sigma-Aldrich) to induce 
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monopolar spindles. Four hours after Monastrol treatment, cells were incubated with 

standard growth media containing 0.1% DMSO, the AURKA/B inhibitor ZM44739 or the 

AURKB-specific inhibitor Barasertib at a concentration of 100 nM and allowed to incubate 

overnight before harvesting for fixation, DAPI staining and IF analysis. 

 

Gene expression analysis by qRT-PCR. Total RNA, isolated from mitotically active cell 

cultures using an RNA prep kit (Qiagen, Germantown, MD; #74106), was converted to 

cDNA using 1 µg of RNA with iScript reverse transcriptase (Invitrogen, Carlsbad, CA; 

#720001685). cDNA samples were diluted 1/10 and assessed for gene expression using 

Power SybrGreen (Applied Biosystems, Foster City, CA; #4367659) with the primer pairs 

detailed in Table 3.1. Expression levels were determined though average c(t) values 

normalized to GAPDH c(t) values. 

 

Protein assessment. For protein assessment, we isolated lysates from active cell cultures 

through trypsinization and cell pelleting followed by PBS wash and cell lysis in RIPA buffer 

(Santa Cruz Biotechnology, Dallas, TX; #24948). Total isolated protein was quantitated 

using a BCA assay (ThermoFisher Scientific, Waltham, MA; #23225) and diluted to 2 µg/µl 

in dilution buffer (Protein Simple, San Jose, CA) for capillary Western separation and 

detection using Western WESÒ detection and quantitation. Antibodies for WESÒ detection 

are described in Table 3.1. For standard immunoblotting, 30 µg/µl of each sample was 

separated on 4% to 12% SDS-PAGE separation gels (Life Technologies, Carlsbad, CA) then 

transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Little Chalfont, 

UK). Membranes were blocked with 5% nonfat dried milk in TBS (KPL)-Tween 20 (Sigma-
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Aldrich; 20 mm Tris-HCl, pH 7.5; 8 g/L of sodium chloride; 0.1% Tween 20). Blots were 

incubated overnight with primary antibodies (Table 3.1) that then received three 10-minute 

TBS washes before a one-hour incubation with the appropriate secondary antibody (Table 

3.1). Bands were visualized on a camera using West Femto and Pico ECL detection reagent 

(Life Technologies). 

 

Chromatin immunoprecipitation -PCR. Chromatin immunoprecipitations were performed 

using Magna-ChIP Kit (Millipore, Billerica, MA) as per manufacturer’s instructions by a 

member of the Caplen Laboratory. Briefly, we fixed 2 x 107 cells using 1% formaldehyde, 

lysed cells using ChIP-lysis buffer and subjected cell lysates to sonication. We incubated 500 

µl of sonicated chromatin with either an anti-FLI1 antibody (ab15289, Abcam, MA) or 

normal rabbit IgG antibody (02-6102, ThermoFisher Scientific) overnight. Precipitating 

DNA was de-cross linked and purified for qPCR analysis. Before antibody incubation, we 

removed 1% of the sonicated sample as input. We normalized samples to IgG antibody. ChIP 

PCR primer sequences are listed in Table 3.1. 

 

ImageStream analysis. Cells were isolated by trypsinization, fixed in 4% PFA for ten 

minutes, rinsed in PBS, then permeabilized and blocked for 30 minutes in 1X PBS with 0.3% 

Triton™ X-100 and 5% normal donkey serum. One hour prior to sorting, cells were 

incubated with primary antibody conjugated with ALEXA FLUORÒ 594 (Bioss Antibodies, 

Boston, MA), rinsed with PBS and resuspended at a concentration of 1x106 cells / 100 µl in 

PBS containing 1 µg/ml FxCycleÔ (ThermoFisher Scientific). Stained cells were examined 

on a single camera, 6-channel ImageStreamÒ flow cytometer (Amnis Corporation, Seattle, 
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WA) using the 405 nm and 561 nm lasers, 40X magnification and INSPIREÒ data 

acquisition software. All samples were analyzed using IDEASÒ 5.0 software (Amnis 

Corporation). Using the IDEASÒ 5.0 software, cells within focus by brightfield imaging 

were located by using the gradient RSM (response surface methodology algorithm) 

histogram and drawing a region on events with high gradient values (R1 population). Single 

cells were separated from debris and multicellular aggregates in the brightfield channel using 

the aspect ratio and area features within the IDEASÒ 5.0 software (R2 population). FxCycle 

intensity was used to measure DNA content and was calculated by taking the sum of the 

pixel intensity within a given channel mask normalized for camera dark-current (R3 

population). Positive cells from our DNA intensity analysis were used to identify cells within 

the quiescent or first growth phase (G0/G1), synthesis phase (S) or the second growth/mitotic 

phase (G2/M) of the cell cycle (R4 population). Mitotic cells were further distinguished from 

those cells within G2 based upon a morphology-based feature that characterized 

chromosomal condensation of mitotic events (R5 population). To identify those cells 

initiating chromosomal segregation (anaphase to telophase figures), we used the Spot Count 

feature that counts the number of connected components in a mask and identified those cells 

with two chromosomal centers (R6 population). Finally, lagging chromosome formation and 

AURKB localization were evaluated in our R6 population by two independent observers. 

 

Cell proliferation studies. To monitor confluency and morphologic changes over time in 

response to siRNA or drug treatment, we used IncuCyteÒ live cell monitoring, which 

captured confluency and bright-field morphology in three well spots every four hours. Cells 

were plated at 2,000 cells per well of a 96-well plate in 200 µl volume in replicas of four or 
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more wells and incubated until the negative control wells reached 100% confluency. We 

initiated siRNA or drug treatment 24 hours following cell plating. We calculated cell 

proliferation rates using the percent confluence over elapsed time. 

 

Cell cycle analysis. For cell cycle analysis by fluorescence activated cell sorting (FACS), 

cells were plated at 50% confluence in T25 flasks. Twenty-four hours later, DMSO, 

Alisertib, or Barasertib were added at a concentration of 100 nM. Following a further 24-

hour incubation, BrdU (Sigma-Aldrich, St. Louis, MO; #B5002) was added at a final 

concentration of 10 µM and incubated for 1 hour. Cells were harvested using trypsin then 

washed with PBS and stored at -20°C in 100% ethanol overnight. For BrdU antigen 

detection, cells were processed as previously described by Kastan et al. in FACS running 

buffer containing 1:20 anti-BrdU antibody (Life Technologies; #B35130) 336. Before 

analysis, cells were resuspended in fresh running buffer containing 1 µl of FxCycle Violet 

(ThermoFisher Scientific; #F10347) per ml of running buffer. Data were analyzed using 

FlowJo® (FlowJo, LLC, Ashland, OR). Checkpoint arrest assays were kindly performed by a 

member of the Kelly Laboratory (Dr. Alexander Kelly, CCR, NCI, Bethesda, MD). To 

determine if AURKB-dependent checkpoint arrest was maintained in HEK293T cell lines, 

cells were treated with increasing concentrations of ZM (0.1 - 1 µM) in the presence or 

absence of 10 ng/mL paclitaxel (Taxol) (Sigma-Aldrich) or 10 µg/mL Nocodazole (Sigma-

Aldrich) for 24 hours before counter staining with Hoeschst (Sigma-Aldrich) and cell cycle 

analysis by FACS. 
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Statistical analysis. Statistical analyses were made in Prism GraphPad 2017 (Company etc.) 

using Dunnett’s multiple comparisons or an unpaired t-test test with P<0.05 representing 

statistical significance. 

 

RESULTS 

Ewing sarcoma cell lines show evidence of increased aneuploidy. Comparing AURKA/B 

expression levels between ES cell lines, other cancer-derived cell lines and non-cancerous 

cell lines is challenging. Many cancer-derived cell lines overexpress AURKA/B in response 

to increased proliferation and non-cancerous cell lines have slow proliferation rates. Instead 

of evaluating total AURKA/B protein levels in vitro, we chose to identify aneuploid cell 

divisions through IF staining techniques. Prior studies have established increased AURKA/B 

expression as contributing factors to development of aneuploidy 267, 293, 389. 

 

With increased AURKA expression, centrosome duplications can occur resulting in one or 

more daughter cells with supernumerary (>2)  centrosomes 267. Using AURKA antibody 

labeling, we identified and quantitated the number of centrosomes per 400 mitotic figures by 

four independent counts of 100 cells/count in a panel of four ES cell lines compared with 

three non-ES cell lines. Cells with supernumerary centrosomes (>2) may progress through 

mitosis with a multipolar (>2 poles) division or pseudo-bipolar division in which more than 

one centrosome segregates to the same pole (Figure 3.1A: representative IF of 

supernumerary centrosomes with multipolar division in TC32 cells). The genomic 

consequence of multipolar or pseudo-bipolar divisions is aneuploidy with subsequent cell 

death or progression to CIN 296-298. In tested ES cell lines, under normal growth conditions, 
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we found 10-12% of mitotically active cells to have supernumerary centrosomes, ranging 

from 3-5 centrosomes per cell, as compared to non-ES cell lines in which supernumerary 

centrosomes were identified at a frequency of less than 2% (n=4 counts of 100 prophase 

cells/count, Dunnett’s multiple comparisons test, p=0.0001-0.0002) (Figure 3.1B). In our 

analysis, we observed an equal frequency of odd numbers of centrosomes (three and five) as 

well as cells with four centrosomes as are shown in Figure 3.1A. Cells that have undergone 

mitotic slippage and cell cycle re-entry typically harbor a total centrosome number that is a 

multiple of two 390. Based upon our observations, we concluded aneuploid events were more 

frequent in the ES cell lines, and were generated, at least in part, by centrosome duplications 

given the equal prevalence of nascent daughter cells with odd numbers of centrosomes. 

 

A pathologic indication of abnormal midzone function, including increased AURKB activity, 

is formation of syntelic k-MT attachments that occur when opposing poles of a dividing cell 

bind a single kinetochore 293, 389. The consequence of syntelic attachments is attenuation of 

the bound chromatin between the opposing poles resulting in the presence of one or more 

lagging chromosomes (LC) (Figure 3.1C: normal chromatin segregation [HeLa] vs. LC 

formation [TC71]). To aid in visualization of LC structures, we used the chromatin stain 

DAPI in conjunction with a p-S10H3 antibody (a marker for condensed chromatin of 

mitotically active cells) and an EWSR1 antibody that stains the cytoplasm of mitotically 

active cells (Figure 3.1D: representative images from TC32 cells). Our analysis found LC 

formations in 8-13% of mitoses in ES cell lines, but we observed LC in less than 3% of the 

mitotic events in non-ES (n=4 independent counts of 100 cells/count of post anaphase 

figures, Dunnett’s multiple comparisons test, p=0.0001) (Figure 3.1E). 
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Syntelic attachments, and the LC structures they create, eventually resolve by fragmentation 

of the chromatin (Figure 3.1F and inset: representative images from TC32 cells). The 

fragmented chromatin forms small, perinuclear structures referred to as micronuclei that can 

be visualized with chromatin stains (Figure 3.1F, arrows). By analyzing DAPI stained 

interphase cells, we found 13-18% of ES cells contained micronuclei, whereas in our non-ES 

cell lines, this percentage was less than 5% (n=4 independent counts of 100 interphase 

cells/count, Dunnett’s multiple comparisons test, p=0.0001-0.0049) (Figure 3.1G). 

 

Collectively, the analysis of anomalies in individual cells showed >10% of ES cells have 

division errors resulting in aneuploidy. The occurrences of supernumerary centrosomes and 

LC have been associated with failed AURKB function as well as increased AURKA/B 

function, thus complicating our interpretation of this data 293, 390-392. During anaphase, 

AURKB establishes a succinct phosphorylation gradient at the midzone and works in concert 

with the mitotic spindle to facilitate uniform chromatin division 393. Within this gradient, 

AURKB functions to destabilize k-MT attachments through phosphorylation of kinetochore 

proteins 394. When normal, amphitelic, k-MT attachments are made an appropriate anti-polar 

tension is applied to sister chromatids to pull the chromatin from this phosphorylation zone, 

thus enabling the kinetochore to remain bound by the microtubule. In addition to functioning 

in k-MT error correction, the phosphorylation zone established by AURKB at the midzone is 

also suspected to signal the cell cortex for the orientation of the contractile ring and initiation 

of cytokinesis 395. In the absence of AURKB function, there is an increase in k-MT errors and 

delayed or failed cytokinesis 389. With increased AURKB function, there is expansion of the 

AURKB phosphorylation zone that similarly promotes k-MT errors and aneuploidy 293. In 
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support of the concept that ES cells do not exhibit decreased AURKB function, we observed 

no overt histologic evidence of failed chromatin alignment or failed cytokinesis in our initial 

studies. We further assess cell cycle progression and AURKB function in ES and non-ES 

cells expressing EWS-FLI1 in later sections. 

 

AURKB can localize to canonical mitotic landmarks in the ES cell lines. The cellular 

localization of the AURKA and AURKB proteins during mitosis are well established and can 

be tracked by IF labeling of cellular components such as the kinetochores in prophase to 

metaphase, the midzone in anaphase to telophase, the midbody in late-telophase through 

cytokinesis, and the centrosomes throughout mitosis (Figure 3.2A schematic). During early 

mitosis, AURKA functions at the centrosomes promoting centriole replication, centrosome 

maturation and development of the microtubule organizing center (MTOC) 270, 396. At this 

same time, AURKB functions at the chromatin to facilitate chromatid alignment through 

phosphorylation of mitotic centromere-associated kinesin (MCAK) and centromere protein A 

(CENP-A) and to promote chromatin condensation through phosphorylation of histone 

proteins such as histone 3 (p-Ser10H3) 394, 397-398. At anaphase, AURKB associates with the 

mitotic kinase MKLP2/KIF20A and transitions from a chromatin-bound state to a 

microtubule-bound state forming an intracellular phosphorylation gradient at the midzone. 

As discussed in the prior section, at the midzone, AURKB facilitates numerous functions that 

are still not completely understood and include k-MT error correction, and recruitment of 

substrates such as polo-like kinase 1 (PLK1) that initiate cytokinesis 399. With the removal of 

AURKB from the chromatin, k-MT attachments are stabilized and p-Ser10H3 is lost 

allowing sister chromatids to segregate to their opposing poles and chromatin decondensation 
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to begin, respectively 400. By the onset of cytokinesis, AURKA and AURKB have localized 

to the midbody that forms along the contractile ring of the cleavage furrow. Using antibody 

labeling of AURKA/B and IF imaging, we evaluated their localization patterns in HeLa cells 

and the ES cell lines TC32, RDES, TC71 and EW8. As previously reported, we observed the 

complete transition of AURKB from the chromatin to the midzone during anaphase in the 

HeLa cell line (Figure 3.2B) 337-339. In the ES cell lines, we observed localization of 

AURKA/B to canonical mitotic landmarks in our tested ES cell lines (Figure 3.2C, 

representative images from the RDES cell line). In a subset of the ES cell lines, however, IF 

labeling of AURKB revealed partial persistence of AURKB at the chromatin during late 

mitosis and failed midbody formations; these phenotypes will be discussed in the following 

sections. 

 

AURKB persists at the chromatin in a subset of ES cells during late mitosis but maintains 

normal functions in k-MT error corrections and facilitation of cytokinesis. In addition to the 

predicted mitotic IF-labeling pattern of AURKB with succinct midzone and midbody 

labelling (Figure 3.2D), we observed ES cells in late mitosis with positive IF-labeling for 

AURKB at the chromatin in conjunction with midzone/midbody labelling. Those cells with 

chromatin and midzone/midbody localization of AURKB were positive for p-Ser10H3 

labeling in co-labeling assays with AURKB (Figure 3.3A: the TC32 cell line is shown as a 

representative example). We compared our p-Ser10H3 antibody staining in ES cell lines to 

that observed in the HeLa cell line and found up to 42% of ES cells in telophase were 

positive for varying levels of p-Ser10H3 as compared to 4.5% of HeLa cells (n=4 

independent counts, 25 technical replicates per count, Dunnett’s multiple comparisons test, 
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p=0.0001-0.0049) (The data from TC32 cells in Figure 3.3B are representative of data from 

multiple ES cell lines; Figure 3.3C, statistical comparison). We did not quantitate 

fluorescence intensity for these studies; instead, calculations were determined based upon the 

presence or absence of p-Ser10H3 IF signal during telophase at the camera setting that 

recognized p-Ser10H3 IF signal during metaphase of the HeLa cell line (Figure 3.3B). These 

assays confirmed that AURKB could transition to the midzone in ES cells, yet AURKB 

function persisted at the chromatin in ES cells at later stages of mitosis when AURKB 

function should be limited to the midzone/midbody. 

 

The persistence of phosphorylation of chromatin substrates of AURKB in late mitosis could 

be interpreted as increased cellular AURKB (i.e. an increase in the intracellular AURKB 

phosphorylation zone) or partial failure of transition of AURKB from the chromatin to the 

midzone. In the absence of functional evidence of failed cell division in ES, we interpreted 

our observation of AURKB at the chromatin and midzone as a reflection of high cellular 

levels of protein, as opposed to a dysfunction of midzone recruitment. To confirm that 

AURKB function was not diminished at the midzone, we tested one of our ES cell lines for 

k-MT error correction activity. The RDES cell line was chosen because it had high AURKB-

labeling at the chromatin by IF staining techniques in late anaphase and maintains a wild-

type STAG2 gene 62. STAG2 is frequently mutated in ES tumors (17% of cases) and has been 

implicated in regulating k-MT error correction through promotion of AURKB function  62-63 

401. By testing the RDES cell line we could exclude STAG2 deficiency as a contributing 

factor to k-MT error correction in our test. Our TC71 cell line also maintains a wild-type 

STAG2 gene, however is a poorly adherent cell line and was not suitable for this study. To 
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induce k-MT errors, cells were treated with the Eg5 inhibitor Monastrol. This compound 

induces monoastral (monopolar) spindle formation and is reversible yet requires the function 

of AURKB in destabilization of the abnormal k-MT attachments 400, 402. Complete conversion 

of mitotically active cells to monopolar spindles can be attained in four hours with 100 µM 

Monastrol and reversal to bipolar formation occurs within fifteen minutes of Monastrol 

removal  403. Following Monastrol treatment, we released cells into media containing DMSO 

or the AURKA/B inhibitor ZM. RDES cells released into DMSO media were able to achieve 

near complete (97%, n=37 metaphase figures) correction to a bipolar state. Those cells 

released into ZM were only able to achieve 9% correction (Figure 3.3D, n=32 mitotic 

figures). This study confirms that AURKB is essential for conversion from monoastral to 

bipolar spindles following Monastrol treatment in the RDES cells line. AURKA function is 

not required for k-MT error correction, therefore the inability of cells to revert from 

monoastral to bipolar spindles in the presence of ZM is attributed to its AURKB-inhibitory 

activity. K-MT error correction was near 100% in the RDES cells; similar to the error 

correction percentage seen in the HEK293T cell line (discussed in a later section). Finally, 

we analyzed the cell cycle of our ES cell lines by FACS during log growth and found that all 

lines progressed through each stage of mitosis with no evidence of mitotic arrest or mitotic 

slippage (Figure 3.3E). These data confirmed that midzone functionality of AURKB is 

adequate for k-MT error corrections and cell cycle progression in ES. 

 

While functional loss of AURKB during mitosis was not established in the ES cell lines by 

our IF staining assays for p-Ser10H3, our k-MT error correction assay or by cell cycle 

analysis, we consistently observed cells with failed or partial midbody formations in ES cells 
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during cytokinesis. These figures were often associated with the presence of LC; we thus 

hypothesized LC formations contributed to failed midbody formation. Our next analysis 

sought to characterize and quantitate cells with abnormal midbody and LC formations. 

 

AURKB fails to form a midbody structure during cytokinesis in the presence of lagging 

chromosomes. Normal localization of AURKB is prerequisite for assembly of additional 

midzone proteins such as PRC1. Park et al. previously reported that PRC1 failed to properly 

localize to the midzone in 46% of anaphase figures in the ES cell line A673 and suggested 

this was due to failed midzone localization of AURKB 331. The criteria by which the 

determination of abnormal localization of PRC1 was made are not defined. We observed dual 

localization of AURKB at the chromatin and midzone in late mitosis in our ES cells, as 

discussed in the previous section, but not failed midzone localization of AURKB (Figure 

3.3A). We did, however, observe a subset of ES cells with abnormal midbody formations 

during cytokinesis, as assessed by AURKB and INCENP IF staining techniques (Figure 3.1F 

and Figure 3.4A, arrow). We considered the possibility that supernumerary centrosomes may 

contribute to disruption of midbody formation, however noted normal midbody structures in 

polyploid (>2N) cells; indicating centrosome duplications did not affect midbody assembly 

(Figure 3.4A). Alternatively, midbody structures were incomplete or lost in those cells that 

contained LC (Figure 3.4A, arrow; N labels normal midbody formation). Also, cells with LC 

demonstrated aberrant AURKB-mediated phosphorylation of Ser10H3 on the LC (Figure 

3.4B, arrow) and occasionally at the midbody region – a site where p-Ser10H3 should not 

occur (Figure 3.4C, arrow). 
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To enumerate failed midbody formation and LC, we used IDEAS software to analyze cells 

that were simultaneously sorted and imaged by ImageStream; a cell sorting system which 

combines flow cytometry with immunofluorescence imaging. As shown in Figure 3.1B, LC 

formations were frequent in all of our cell lines. We first confirmed that LC could be 

visualized using ImageStream and IDEAS (Figure 3.4D, TC32 cell line shown). We next 

confirmed normal and abnormal midbody formations could be distinguished using 

ImageStream and IDEAS (Figure 3.4E, normal midbody formation represented in TC32 cells 

and abnormal midbody formations shown in TC71, EW8 and CHLA cell lines). For 

evaluation of the correlation between abnormal midbody formations and LC, we chose the 

EW8 cell line as this cell line has the beneficial characteristic of growing in an individualized 

pattern that is easy to analyze by flow cytometry. We designed a novel gating strategy using 

IDEAS to focus our analysis on those cells in late mitosis. To identify cells in late mitosis, a 

gate was set upon the G2/M population based upon Dapi intensity that represents a 4N 

nuclear content. Next, a gate was established by comparing aspect ratios that distinguished 

those cells with two elongated nuclear centers (Figure 3.4F). The details of the gating 

strategies used for F6 isolation are described in detail in Figure 1.7. EW8 cells labeled with 

Alexa-Fluor 594 conjugated-AURKB were sorted and imaged by ImageStream flow 

cytometry. In IDEAS, we could easily identify midbody structures in the IF images of the F6 

population. We classified these structures as exhibiting normal, partial, or absent midbody 

formation based upon the presence of the canonical ~3µm midbody structure shown in 

Figure 3.2D vs. absence or the presence of a greater than 5µm AURKB-labelled midbody 

region (Figure 3.4G). Quantitation of midbody formations was performed manually by two 

independent observers using the IDEAS ruler tools. Our results showed that the EW8 cell 
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line had partial or absent midbody formation in ~40% of late mitotic figures (n=436) (Figure 

3.4H, left graph). Over 80% of those cells with abnormal midbody formation contained LC 

(Figure 3.4H, right graph). We suspect that the 20% of cells with abnormal midbody 

formation, yet no visible LC, had either recently resolved segregation of a lagging 

chromosome, or had minute chromatin fragments that were undetectable by ImageStream 

imaging. Collectively, this finding suggests that abnormal midbody formations in ES cell 

lines are secondary to failed cleavage furrow formation and failed congression of the 

midzone to a midbody structure in the presence of LC. We made this conclusion based upon 

the observation that AURKB symmetrically aligned along the opposing membranes of 

daughter cells harboring LC, yet the cleavage furrow was poorly formed in these cells as 

compared to cells with normal chromatin segregation and similar chromatin plate distance 

(Figure 3.4G). Our observations indicate a structural inhibition of contractile ring closure in 

ES that harbor LC and are consistent with prior reports that describe how LC block the 

contractile ring 404. Of particular interest within our ImageStream analysis is the significantly 

higher frequency of LC that were detected using this assay as opposed to the frequency of LC 

detected using standard IF staining techniques (Figure 3.1). We observed about 8.5% of EW8 

cells had LC by standard IF analysis. In contrast, the ImageStream system detected 32% of 

EW8 cells with lagging chromosomes. 

 

Our ImageStream findings indicate abnormal midbody formation, as detected by AURKB IF 

labelling, occurs secondary to the presence of LC. The anatomical midbody structure 

represents a congression of numerous proteins that function upon the central spindle 

microtubules 405. This congression forms as a cleavage furrow is created by contraction of a 



 

 158 

ring of actinomyosin fibers that surrounds the midzone. As discussed in the previous section, 

the presence of LC within the cleavage furrow can impede the contractile ring and therefore 

block normal midbody formation 404. Given the literature-based indications that EWS-FLI1 

targets the AURKA/B promoters for upregulation, we hypothesized that LC formations were 

the result of AURKB overexpression in the presence of EWS-FLI1 in ES 258. To test this 

hypothesis, we sought to validate previous reports that EWS-FLI1 can bind the AURKA/B 

promoters in an ES cell line and to assess in a heterologous non-ES system if EWS-FLI1 

could induce transcriptional activation and functional consequences such as those just 

described. 

 

Preliminary evaluation of the TC32 ES cell line indicates binding of EWS-FLI1 with the 

AURKB promoter. In HEK293T cells, EWS-FLI1 increases AURKA/B expression 

independent of the proliferation rate. There are two proposed mechanisms for EWS-FLI1-

induced alteration of AURKA/B function: transcriptional activation and interference with 

cellular localization of AURKB. In a preliminary analysis, we sought to validate a published 

Chromatin-immunoprecipitation-sequencing (ChIP-Seq) study that used A673 ES cells and 

reported regions of enriched EWS-FLI1 binding within regulatory regions adjacent to the 

AURKA/B genes 258. The ChIP-Seq data indicated two putative binding sites within the 

AURKA gene and one within the AURKB locus. To validate the binding of EWS-FLI1 to 

these putative regulatory regions a member of the Caplen Laboratory performed ChIP-PCR 

analysis using samples from TC32 cells. Our results indicate enriched binding of EWS-FLI1 

to a site within the AURKB gene (Figure 3.5A), but evidence of binding at the sites within the 

AURKA genes were less conclusive. Further experiments will be required to validate this 
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finding, but as ChIP-based analysis only measures transcription factor binding, and this study 

focuses on understanding the functional effects of EWS-FLI1, we next modified a non-ES 

cell line, HEK293T, to stably express EWS-FLI1. 

 

The HEK293T cells were modified by the Caplen Laboratory to harbor either a control 

vector (293TV) or express EWS-FLI1 (293TEF). For our ImageStream studies, we further 

modified these cells to express a yellow fluorescence protein (YFP)-tagged CENPA (CA). 

CENPA is a centromeric histone H3 variant required for kinetochore formation. YFP-

positive 293TV-CA and 293TEF-CA cells were sorted twice by flow cytometry to gate on 

293TV-CA and 293TEF-CA populations with similar YFP signal, indicating similar CA 

expression. EWS-FLI1 expression was confirmed by Western blot and immunofluorescence 

analysis using an antibody targeting the C-terminus of FLI1; endogenous FLI1is not 

expressed in HEK293T cells (Figure 3.5B-C). Consideration was made that the presence of 

CA might alter HEK293T proliferation or confer toxicity. Proliferation rates of all HEK293T 

lines were evaluated and described in the next section. Comparison of CA expression levels 

was made within our IDEAS analysis of our ImageStream data, also described in the 

following section. 

 

We evaluated the proliferation rates of the four modified HEK293T cell lines (293TV, 

293TV-CA, 293TEF and 293TEF-CA) by IncuCyte and confirmed there were no changes in 

proliferation rate in the EWS-FLI1 and CA expressing cell lines (Figure 3.5D; HEK293T-CA 

lines shown as representative example). In comparison to HeLa cells, our HEK293T cell 

lines had rapid doubling times making analysis of AURKA/B expression difficult to interpret 
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during log phase growth. As an alternative approach, we synchronized the growth of the 

modified HEK293T cell lines with a double-thymidine block and then performed a 10-hour 

release in normal culture medium. Under these conditions, we detected a marked increase in 

AURKA/B expression in the 293TEF line as compared to the 293TV cell line (Figure 3.5E). 

These observations are consistent with EWS-FLI1 asserting an effect on AURKA/B 

expression independent of the regulation of AURKA/B protein levels during the cell cycle. 

 

EWS-FLI1 increases the total fraction of interphase cells with AURKB expression and the 

AURKB phosphorylation zone during mitosis. Increased LC and abnormal midbody 

formations occur in 293TEF-CA. To validate our hypothesis that EWS-FLI1 induced 

AURKB expression independent of the proliferation rate, we used ImageStream to evaluate 

AURKB expression in cells within interphase; a time in which AURKB expression should be 

minimal. For these studies, only the HEK293T-CA lines were analyzed. To identify cells 

within interphase, gating mechanisms were used to isolate single cells with 2N DNA content 

based upon FxCycle signal intensity. Cells with similar CENPA-YFP intensity were used for 

comparison (Figure 3.6A). Initial comparison of fluorescence intensity from an Alexa Fluor 

594-conjugated AURKB antibody indicated an increased frequency of interphase cells with 

AURKB expression in the 293TEF-CA population as compared to the 293TV-CA population 

(Figure 3.6A). To quantitate the frequency of AURKB-positive interphase cells we utilized 

the capabilities of ImageStream to capture single cell fluorescence intensity and cellular 

morphology. Using IDEAS software, we first plotted fluorescence intensity of the Alexa 

Fluor 594 signal against frequency to generate a histogram where cell populations could be 

plotted based upon their AURKB expression levels (Figure 3.6B). Next, we identified the 
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population where 594 fluorescence intensity could first be visualized in the IDEAS cell 

imaging panels without alteration of the standardized imaging settings. This intensity 

corresponded with cells within interphase and was identified as the I population for statistical 

comparisons. Through this analysis we observed three substantial differences between the 

histogram plots of the two cell lines: the fraction of cells with no detectable AURKB is 

reduced in 293TEF-CA; low expressing cells occur with the same frequency as high 

expressing cells in the 293TEF population; and there is a near doubling of the I population in 

the 293TEF-CA line (Figure 3.6B). Collectively each of these observations can be interpreted 

as an increase of AURKB expression in non-mitotically active cells expressing EWS-FLI1. 

This finding is consistent with our assays described in Figure 3.5 within the 293TV and 

293TEF cell lines. We assume that AURKB protein is higher at all stages of the cell cycle in 

cells expressing EWS-FLI1, and evidence for increased expression in late mitosis is seen in 

the following figures; however, it was more difficult to isolate populations within later 

mitosis on our histogram due to inconsistencies in AURKB localization patterns in 293TEF-

CA cells that will be discussed next. 

 

Using data from ImageStream sorted 293TV-CA and 293TEF-CA cells, we next sought to 

address previous reports that EWS-FLI1 altered AURKB localization patterns during the 

later stages of mitosis. Similar to our previously described techniques in ES cells, we 

implemented gating strategies to objectively focus on cells within the later stages of mitosis 

based upon their DNA content and chromatin plate distance. As within our ES cells, we 

observed persistence of AURKB at the chromatin in the later stages of mitosis in the 

293TEF-CA cell line (Figure 3.6C). Of note, the 594 signal utilized for AURKB detection 
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could also be detected on the channel used for Fx-Cycle detection. Because of persistence of 

AURKB at the chromatin, overlay of Fx-Cycle and 594 signals resulted in a hazy, expanded 

chromatin appearance in our Fx-Cycle images. This overlay did not affect our gating strategy 

for late mitotic figures, as we used aspect ratio assessment to isolate two mitotic centers. 

Similarly, overlay would not have been an affective factor in our interphase assessments as 

gates were selected on cells within an established 2N signal based upon FxCycle signal from 

293TV-CA cells. We relied upon the CENPA-YFP signal for measurement of chromatin 

plate distance. Cells with similar CENPA-YFP intensity were used for comparison (Figure 

3.6C). In those cells with high chromatin labeling of AURKB, we observed frequent LC and 

failed midbody formations (Figure 3.6C-D). Quantitative analysis of late mitotic figures 

revealed a marked 34% increase in LC formations in the 293TEF-CA cell line (n=219 mitotic 

figures, non-paired t-test, p=0.0.0037) (Figure 3.6D graph). While overlay of Fx-Cycle and 

594 signals may have affected our gating strategy on cells with a greater than 2N content 

(due to increased 595 signal), we did not consider this a limitation in our LC evaluation as 

this analysis was carried out in the IDEAS software program with manual evaluation of 

confirmed late mitotic figures. A major caveat of our ImageStream studies in the HEK293T 

cells is that we were unable to incorporate the 293TV and 293TEF cell lines due to limited 

resource access. Follow-up studies that include these later cell lines are needed to rule out the 

possibility that our findings were secondary to the combined effects of CA and EWS-FL11. 

 

Expansion of the AURKB localization zone in late mitosis and LC formations do not alter k-

MT error correction functions in 293TEF cells, however these cells have increased 

sensitivity to AURKB inhibition. While nearly 40% of 293TEF cells had varying localization 
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patterns of AURKB at the midzone and midbody, we also observed canonical localization 

patterns of AURKB in these cells (Figure 3.7A). To determine if significant AURKB activity 

was present at the midzone of 293TEF, we utilized the Monastrol recovery assay to induce k-

MT errors and assess for midzone functional abnormalities of AURKB. Expression of EWS-

FLI1 did not inhibit k-MT error corrections in the 293TEF cells and greater than 95% of cells 

of the 293TEF cell line were able to convert to a bipolar state following release from 

Monastrol treatment; a result statistically indistinguishable from the 293TV cell line (n=812 

mitotic figures, non-paired t-test, p=0.6618) (Figure 3.7B). 

 

We next evaluated if the HEK293T cells expressing EWS-FLI1 had increased sensitivity to 

AURKB inhibition with 100 mM Barasertib treatment in comparison with control cells. By 

IncuCyte analysis we observed a decrease in confluency in the 293TEF vs. 293TV cell line 

that was calculated as a 50% decrease at 72 hours (Figure 3.7C). Flow cytometry cell cycle 

analysis of the Barasertib-treated 293TEF cells showed a more pronounced G2/M arrest than 

the control cells (Figure 3.7D). We also performed AURKB depletion assays on the 

HEK293T cell lines as were described in our ES cell lines in Chapter 2, Figure 2.2, and did 

not observe a significant variance in confluency by IncuCyte analysis (data not shown). 

However, brightfield analysis revealed the 293TEF cell line to be less cellular following 

AURKB depletion with large multinucleate syncytial cells, indicative of mitotic slippage 

(Figure 3.7E). Finally, we assessed the 293TV and 293TEF cell lines for the ability to 

facilitate microtubule destabilization in a cold stable microtubule assay in the presence or 

absence of the AURKA/B inhibitor ZM. The compound ZM447439 (ZM) functions similar 

to Alisertib and Barasertib by selectively and reversibly binding the ATP binding pocket of 
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AURKA and AURKB, respectively. ZM has an IC50 of 130 nM for AURKB. We observed 

AURKB could still facilitate microtubule destabilization in 293TEF as compared to 293TV 

cells with reduced temperature. However,  in the presence of 100 nM ZM, 293TEF could not 

facilitate microtubule destabilization, whereas the 293TV cell line was unaffected by the 

same treatment (Figure 3.7F). 

 

EWS-FLI1 does not interfere with AURKB-mediated maintenance of the spindle assembly 

checkpoint. Similar to the ES cell lines, AURKB co-localizes to the midzone and chromatin 

in 293TEF, however we did not observe loss of midzone functionality of AURKB in our 

Monastrol assay. With the assistance of the Kelly Laboratory, we next sought to determine 

the ability of AURKB to maintain the spindle assembly checkpoint. For this assay, cells were 

analyzed by FACS following treatment with the microtubule stabilizer Taxol (Figure 3.8A-

B) and/or the microtubule destabilizer Nocodazole in the presence or absence of ZM (Figure 

3.8C-D). These assays confirmed Taxol-induced mitotic arrest is AURKB-dependent in the 

presence and absence of EWS-FLI1 and EWS-FLI1 does not interfere with the spindle 

assembly checkpoint. 

 

Our 293TV/EF studies confirmed that in addition to upregulation of AURKA/B and 

AURKB-associated division errors, EWS-FLI1 imparts a cellular sensitivity to inhibitors of 

AURKB; yet EWS-FLI1 does not seem to affect AURKB functionality. These findings 

suggest EWS-FLI1 may dysregulate another protein that functions in concert with AURKB. 

In the studies that proposed an association of EWS-FLI1 with AURKB, new evidence was 

shown indicating EWSR1 is essential for normal mitotic spindle and midzone assembly 121, 
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330-331. These studies proposed a direct interaction of EWSR1 and AURKB that was 

interpreted as essential for AURKB localization to the midzone and recruitment of additional 

midzone proteins 331. Because we did not observe evidence of spindle defects with 

introduction of EWS-FLI1 in the HEK293T, or evidence that EWS-FLI1 inhibited AURKB 

function, we chose to further evaluate the literature-based proposed associations of EWSR1 

with AURKB and EWS-FLI1 and the effects of EWSR1 depletion in our ES and HeLa cell 

lines. 

 

EWSR1 localizes to the nucleus in prophase and is diffuse throughout the cytoplasm 

following breakdown of the nuclear membrane. At anaphase, EWSR1 colocalizes with 

AURKB at the midzone. Using standard co-labeling IF techniques in HeLa cells, we observed 

nuclear localization of EWSR1 and AURKB in early mitosis (Figure 3.9). Upon nuclear 

membrane breakdown, EWSR1 and AURKB concentrate at the midzone, however EWSR1 

is also seen diffusely throughout the cytoplasm. During the completion stage of cytokinesis, 

EWSR1 surrounds the chromatin while AURKB centralizes at the midbody. 

 

Duolink proximity ligation assays (PLA) of the AURKB, EWSR1 and EWS-FLI1 proteins 

show interactions of EWSR1 with AURKB and EWS-FLI1. To probe the putative physical 

interaction of AURKB and EWSR1 further, as well as potential interactions of EWS-FLI1 

with AURKB and EWSR1, we used a PLA approach (detailed in Figure 1.8). Using TC32 

and RDES cell lines, we first confirmed single antigen detection with PLUS and MINUS 

secondary antibodies specific for the species in which the primary antibody was derived 

(Figure 3.10, middle panel; TC32 shown as a representative example). Antibody recognizing 
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the C-terminus of FLI1 was used for detection of EWS-FLI1 as endogenous FLI1 is not 

expressed in the cell lines used within these studies. Next, we tested for protein-protein 

interactions using the dual-antigen PLA method. In this assay, positive signal is only 

generated if the two target epitopes are within 40 nm distance; given the average diameter of 

an antibody is 10 nm, the generation of a positive signal using the dual-antigen approach 

indicates protein interaction. In our dual-antigen PLA we detected interaction of AURKB 

and EWSR1 in the nucleus of interphase cells and diffusely throughout the cytoplasm of cells 

undergoing mitosis (Figure 3.10, lower panel). Similarly, EWSR1 and EWS-FLI1 showed 

interactions that were predominantly cytoplasmic and more pronounced in cells undergoing 

mitosis (Figure 3.10, lower panel). A mild positive signal was seen in our assay for EWS-

FLI1/AURKB interaction (Figure 3.10 lower panel), however was interpreted as non-specific 

background signal as it was similar in intensity and distribution as our negative controls 

(Figure 3.10, upper panel). To determine background negative signal, we tested each 

antibody for cross-species reactivity of our anti-mouse PLUS and anti-rabbit MINUS 

secondary antibodies. These controls yielded minimal to no background signal (Figure 3.10, 

top panel). 

 

Depletion of EWSR1 in HeLa and TC32 initiates a G2/M arrest, an increase in hyperploidy, 

incomplete abscission and persistence of AURKB at the abscission site. ES cell lines are 

more sensitive to EWSR1 depletion than the HeLa and HEK293T cell lines. While our PLA 

assays confirmed interactions of EWSR1 with both AURKB and EWS-FLI1, we did not 

observe positive PLA signal at canonical mitotic regulatory sites such as the midzone or 

midbody. We therefore interpreted these binding events as independent of midzone and 
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midbody functions. We next sought to address the question of the essentiality of EWSR1 for 

AURKA and AURKB localization by depleting EWSR1 through siRNA targeting in the 

HeLa and TC32 cell lines. First, we confirmed our siRNA could effectively deplete EWSR1 

in the HeLa cell line (Figure 3.11A) and monitored confluency changes in our transfected 

cell lines by IncuCyte analysis (Figure 3.11B). No significant confluency change was seen in 

the EWSR1-depleted HeLa cells, however a 30% decrease was seen in the EWSR1-depleted 

TC32 cell line as compared to the siNEG treated sample. We suspected this adverse effect 

was secondary to loss of EWSR1 regulation of one or more of the AURK and next evaluated 

localization patterns of AURKA/B following EWSR1 depletion. By IF antibody labeling, we 

confirmed normal centrosome localization of AURKA and transition to the midbody in our 

siNEG and siEWSR1 treated HeLa and TC32 cell lines (Figure 3.11C, HeLa cells shown). 

We anticipated abnormal AURKB localization in our EWSR1-depleted cells, however, 

contrary to prior reports in HeLa cells, we observed normal metaphase alignment of AURKB 

and transfer to the midzone at anaphase in the EWSR1-depleted HeLa and TC32 cells 

(Figure 3.11D, HeLa cells shown) 331. Unexpectedly, our IF assays for AURKB in EWSR1-

depleted cells revealed a new labeling pattern that has not been observed in our previous 

work or reported by others. In both EWSR1-depleted HeLa and TC32 cells, recently divided 

daughter cells maintained radial to linear plasma membrane connections upon which 

AURKB persisted (Figure 3.11E, insets, HeLa cells shown). The determination of cessation 

of cell division between two daughter cells was made based upon the appearance of 

chromatin decondensation (Figure 3.11E circled); as compared to cells still undergoing 

cytokinesis that have a distinct midbody formation and condensed chromatin (Figure 3.11E 

yellow arrow). 
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The observation of incomplete abscission with EWSR1 depletion raised suspicion that loss of 

EWSR1 may adversely affect cytokinesis. In models in which midbody formation is 

obstructed or altered, such as Ect2 depleted or RhoA deficient cells, defects in cytokinesis 

can be detected by FACS cell cycle analysis 406-407. Cells that complete mitosis yet cannot 

proceed through cytokinesis (mitotic slippage) are detected by FACS as a hyperploid 

population (≥4N). Strikingly, cell cycle analysis of our transfected cell lines, 24-hours post 

transfection, revealed loss of EWSR1 induced G2/M arrest and hyperploidy in TC32 and 

HeLa cells with TC32 having a much more profound response (Figure 3.11F). The sensitivity 

of TC32 to undergo mitotic slippage and reduced growth rate mimics that which was 

reported in our AKI studies in Chapter 2; thus again suggesting a vulnerability of ES cells in 

cell division. To confirm our suspicion that ES cells have an increased sensitivity to 

depletion of EWSR1, we repeated our siRNA study in the EW8 and RDES cell lines in 

comparison to HEK293T cells. By bright field analysis, we observed no change in cell 

confluency in the HEK293T cell line yet increased cell death, characterized by pyknotic and 

karyorrhectic nuclear debris, and senescence, characterized by enlarged cells with loss of 

cellular architecture, in the ES cell lines (Figure 3.11G). 

 

The studies described thus far were based on the hypothesis that the midzone functions of 

AURKB were limited during mitosis by EWS-FLI1 inhibition of EWSR1-mediated 

localization of AURKB during anaphase. Our data, however, showed no indication that 

EWSR1 regulated the chromatin to midzone transition of AURKB. Unexpectedly, we 

observed persistent midbody structures and failed abscission in EWSR1-depleted cells, 

suggesting a role of EWSR1 during cytokinesis. Several publications have suggested a 
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relationship between EWSR1 and microtubule regulation during cell division 121, 330-331, 408. 

We suspect, instead of a direct role of EWSR1 in regulating AURKB, EWSR1 orchestrates 

the mitotic spindle scaffold and is somehow associated with facilitating cytokinesis. Studies 

to clarify the role of EWSR1 in mitotic spindle dynamics were beyond the scope of this 

study, however we hypothesized that this unknown function of EWSR1 is impeded in cells 

expressing EWS-FLI1, thus making these cells exceptionally sensitive to mitotic slippage or 

inhibitory compounds, such as Barasertib, that induce mitotic slippage. To answer the 

broader question regarding EWS-FLI1 inference of  sensitivity to EWSR1 depletion we next 

evaluated EWSR1 depletion in non-ES cell lines expressing EWS-FLI1. 

 

EWS-FLI1 expression in HEK293T cells and HT1080 cells enhances sensitivity to EWSR1 

depletion and mitotic slippage. We suspected that increased sensitivity to EWSR1 depletion 

in the TC32 cell line, as compared to HeLa cells was due to the presence of EWS-FLI1. We 

chose to examine non-ES cell lines for evidence that EWS-FLI1 could increase cell 

sensitivity to EWSR1 depletion. For these assays we used the 293TV and 293TEF cell lines 

as well as the HT1080 fibrosarcoma cell line expressing EWS-FLI1 (HT1080EF) or control 

vector (HT1080V). The HEK293T and HT1080 cells were compared by IncuCyte 

confluency monitoring following treatment with siNEG or siEWSR1. In both cell types, the 

presence of EWS-FLI1 resulted in increased sensitivity to EWSR1 depletion (Figure 3.12A-

D). As in our ES cell lines, brightfield analysis of the siEWSR1-treated cells revealed 

enhanced mitotic slippage in the EWS-FLI1 expressing lines (Figure 3.12C-D). Strikingly, in 

the HT1080 cell line, we observed an increase in mitotic slippage and hyperploidy in the 

untreated cells expressing EWS-FLI1 (Figure 3.12E). 



 

 170 

DISCUSSION 

To better understand AKI sensitivity in ES, our Chapter 3 studies sought to clarify the effects 

EWS-FLI1 and EWSR1 have on AURKA/B localization and function and how AURKA/B 

are dysregulated in ES. In addition to standard IF techniques, we incorporated two alternative 

research strategies, ImageStream flow cytometry and PLA, that are growing in popularity 

because of their dual functionality in data acquisition and ability for single-cell analysis. 

ImageStream, overviewed in Chapter 1 (see Figure 1.7), allows for simultaneous sorting of 

cell populations by flow cytometry and single-cell imaging by bright field and fluorescence 

microscopy. This approach allowed us to objectively and efficiently isolate cells within a 

similar mitotic stage that could then be evaluated for morphological and IF labeling 

characteristics. The use of ImageStream minimized the potential bias that can be introduced 

when classifying stages of cell division. In prior works evaluating cell division in ES models, 

we noted frequent inconsistencies in the mitotic classifications 121, 330-331. By using PLA, 

reviewed in Chapter 1 (see Figure 1.8), we were able to assess protein-protein associations in 

the context of sub-cellular localization. Because AURKB functions at distinct, easily 

identified sites during cell division, we found this tool to be exceptionally beneficial for our 

studies. Through our Chapter 3 studies, we sought to explain the sensitivity of ES models to 

AKI by clarifying prior reports that EWS-FLI1 regulated AURKB through inhibition of 

EWSR1 121, 330-331. Our findings show three key observations: EWS-FLI1 promotes 

AURKA/B expression independent of the proliferation rate; EWSR1 regulates the 

completion of cell division through an as-of-yet poorly understood mechanism; and EWS-

FLI1 sensitizes cell lines to both EWSR1 and AURKB inhibition. Correspondingly, with 

increased AURKB in EWS-FLI1-expressing cells, we also identified a potential relationship 
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between EWS-FLI1 expression and increased division errors that are associated with high 

total cellular levels of AURKB activity. The following sections will discuss our findings in 

more detail. 

 

Rapidly dividing cells have a high expression rate of AURKA/B that meets the cellular 

demands for cell division. The cell-cycle-associated expression levels of AURKA/B makes 

evaluation of aberrant expression changes of AURKA/B difficult when comparing cancer 

cell lines. In lieu of comparing total protein levels of AURKA/B in our ES cell lines, we 

utilized fluorescence microscopy techniques to evaluate cells for evidence of division errors 

that might indicate abnormal AURKA/B function. Normal progression through mitosis was 

seen in our ES cell lines; evidenced through identification of mitotic figures within each 

stage of mitosis (Figure 3.2). In addition to normal mitotic figures, we also observed division 

errors associated with aneuploidy identified as supernumerary centrosomes, LC, and 

micronuclei. These division errors occurred at a higher frequency in the ES cells as compared 

to non-ES cells (Figure 3.1A-D). The pathologic changes shown in Figure 3.1 are not 

exclusively associated with AURKA/B dysfunction, however are suggestive of increased 

AURKA/B functionality and confirm a high rate of aneuploidy in ES cell lines 267, 293, 389. 

Further evidence of increased AURKB activity in ES cells was seen by increased 

phosphorylation of its chromatin target S10H3 during late mitosis, a time when AURKB 

activity should be limited to the midzone (Figure 3.3). Our work focused primarily on assays 

that tested for loss-of-function of AURKB and the indications that EWS-FLI1 increased 

AURKB activity was paradoxical to our expectation that AKI sensitivity in ES cells was 

secondary to EWS-FLI1 inhibition of AURKB. Much is known regarding the consequences 
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loss of AURKA/B has on the cell cycle while the effects of increased AURKB are poorly 

understood. A comprehensive analysis of the phosphorylation pattern of AURKA/B 

substrates in the presence of EWS-FLI1 may provide a useful tool in future studies for 

evaluating how expansion of the spatial and temporal activity of AURKB alters cell division. 

Several shared and unshared substrates for AURKA/B have been identified and evaluation of 

the phosphorylation status of these substrates in ES would provide a better understanding of 

how AURKA/B are dysregulated in ES 351, 409-411. 

 

For a more precise understanding of why ES contain increased centrosome duplications, LC 

and micronuclei, proteins such as PLK1 and STAG2 should be evaluated as these are also 

capable of inducing centrosome duplications and LC, respectively, when dysregulated 412-413. 

We did not observe an increase in hyperploidy by cell cycle analysis of our ES cell lines, 

however mitotic slippage may also have been a contributing factor to high frequency of 

supernumerary centrosomes; in these instances centrosomes would be even in number. An 

analysis of the frequency of cells with an odd number of supernumerary centrosomes would 

provide a more accurate indicator of abnormal chromosomal segregation vs. mitotic slippage. 

Our study of chromosomal segregation in ES was limited to AURKB, however numerous 

proteins regulate the inner and outer kinetochore and its interactions with the mitotic spindle; 

including Survivin, Borealin and INCENP which form the CPC with AURKB. Similarly, 

proteins at the midzone and equatorial margin such as KIF4, PLK1, PRC1, MKLP2 and 

Centralspindlin work in concert with the CPC to stabilize the central spindle, define 

contractile ring placement and initiate cytokinesis 394, 397-400. A broader study examining 

potential alteration of the machinery at the kinetochore, midzone and equator in cells 
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expressing EWS-FLI1 may reveal an inhibitory effect on one of these proteins that would 

enhance sensitivity to AKI. These studies should include imaging techniques as reported in 

our study as well as assessment of expression changes, substrate targeting and evaluation of 

potential interactions of EWS-FLI1 with key regulators of cell division using PLA 

techniques. 

 

An increase of division errors might, in part, confer sensitivity of ES cells to AKI as 

aneuploid events are often lethal to one or both daughter cells and the addition of an AKI 

targets the remaining population that harbors a vulnerability in cell division 414. However, 

increased AURKA/B and aneuploidy cannot fully explain the response of ES cell lines to 

AKI when additional literature observations are taken into consideration. Many tumor types 

overexpress AURKA and/or AURKB yet comparison studies of numerous tumor-derived cell 

types and their response to AKI have shown ES cell lines to be markedly more sensitive 264, 

310, 319. Unfortunately, these studies do not account for the conundrum of separating mitotic 

activity from transcriptional dysregulation. 

 

We suspected ES cells harbor an additional abnormality in AURKB, such as failed midzone 

assembly, based upon the previous works described in the introduction 121, 331. To address the 

possibility of abnormal AURKA/B assembly, we first used standard IF techniques in 

mitotically active ES cells. Our observations revealed normal AURKA localization patterns 

(Figure 3.2C). AURKB localization during ES mitosis, however, was found to have normal 

localization patterns (Figure 3.2D) as well as the following abnormalities: expansion of the 

AURKB phosphorylation zone during late mitosis (Figure 3.3A-C); and failed condensation 
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to a midbody during cytokinesis in a subset of the population (Figure 3.4). We considered 

that expansion of the AURKB phosphorylation zone during late mitosis may result in loss of 

midzone functions, such as failed k-MT error correction, induction of a mitotic arrest or 

failed initiation of cytokinesis. We tested the ES cell line RDES and found these cells could 

facilitate near 100% k-MT error correction following Monastrol treatment (Figure 3.3D). The 

RDES cell line was chosen because this cell line had a high incidence rate of chromatin 

bound AURKB in late mitosis (Figure 3.3C). Incorporation of k-MT error correction data 

from several ES cell lines that includes a time-course study would help determine if  k-MT 

error correction time is normal in all ES cell lines. Monastrol is cytotoxic with extended 

exposure and future studies that evaluate prolonged exposure to Monastrol may reveal 

potential changes in cell-sensitivity to treatment in the ES cell lines 415.  Evaluation of 

Monastrol-induced cytotocity in ES may reveal spindle-assembly checkpoint arrest 

abnormalities such as delay of progression to apoptosis with continued arrest. Based upon 

our FACS studies, however, we concluded that midzone functions in ES were sufficient in 

ES as there was no evidence of mitotic arrest or mitotic slippage in our five ES cell lines in 

our cell cycle analysis (Figures 3.3E). 

 

In the absence of overt signs of detrimental midzone function, we concluded that expansion 

of the AURKB phosphorylation zone in ES reflects increased total cellular AURKB as 

opposed to failed assembly. Similar to our earlier discussion, further evaluation of AURKB 

substrates at the chromatin, midzone and midbody would aid in clarification of how this 

change in AURKB distribution affects the phosphorylation, recruitment and activity of its 

down-stream targets. Future tests examining known pathways that facilitate transition of 
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AURKB from the chromatin to microtubules would be beneficial in clarifying why AURKB 

activity is seen at the chromatin and midzone in late mitosis in ES. 

 

To objectively quantitate the frequency of failed midbody formations, we utilized 

ImageStream, and were able to correlate failed midbody localization of AURKB with the 

presence of LC (Figure3.4D-F). Based upon our ImageStream findings, we propose that 

previous reports of mislocalization of the AURKB substrate PRC1 in A673 cells or failed 

AURKB localization in EWS-FLI1-expressing HeLa cells may have been secondary to LC 

formations 121, 331. Our observations warrant future experiments using ImageStream to 

evaluate AURKB and PRC1 localization patterns in A673 and HeLa cell lines. To better test 

if increased total cellular AURKB increases LC formations, transfection experiments using 

AURKB expression vectors would be beneficial. Use of an inducible vector, such as a 

Tetracycline inducible expression system would allow a direct correlation to be made of the 

LC frequency with increases in AURKB protein levels. Additionally, use of live imaging 

coupled with chromatin, AURKB and tubulin IF-labeling would allow for real-time 

visualization of how an LC affects transition of the midzone to the midbody in the presence 

of an LC and how an LC affects the rate of contractile ring formation and closure. 

 

Contrary to our initial hypothesis, our studies within the ES cell lines did not show evidence 

of functional deficiencies of AURKB in cell division but instead indicated increased 

AURKA/B expression and function. Prior reports have indicated the AURKA/B genes as 

transcriptional targets of EWS-FLI1 and identified AURKA/B ChIP peaks as putative targets 

257. In a preliminary study using ChIP-PCR techniques, we validated the previously reported 
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AURKB ChIP peak in the TC32 cell line (Figure 3.5A). This finding supports our 

interpretation that the primary effect of EWS-FLI1 on AURKB is increased activity. For 

conclusive validation, however, repeat ChIP-PCR studies in conjunction with RTPCR studies 

in EWS-FLI1 expressing cells are needed. To further assess the effects of EWS-FLI1 on 

AURKB, we evaluated the expression, localization and function of AURKB in the human 

kidney cell line HEK293T with stable expression of an EWS-FLI1 vector. Interestingly, we 

found that similar to ES cell lines, HEK293T cells with EWS-FLI1 expression had increased 

AURKA/B (Figure 3.5E), increased AURKB during prophase (Figure 3.6A-B), increased LC 

formations (Figure 3.6C-D) and increased sensitivity to AKI (Figure 3.7C-F). Yet again we 

found no evidence of failed AURKB function in EWS-FLI1 expressing cells by IncuCyte 

analysis (Figure 3.7C), FACS cell cycle analysis (Figure 3.7D) or midzone functional assays 

(Figures 3.7B and E and 3.8). We used CENPA-YFP-expressing HEK293T cell lines for our 

LC formation studies and cannot exclude the possibility that the combined presence of this 

expression vector and EWS-FLI1 contributed to LC formations. Future studies in additional 

non-ES cell lines as well as 293TV and 293TEF cell lines are needed for confirmation that 

EWS-FLI1 can induce LC. Additionally, more exhaustive testing that evaluates 

phosphorylation of AURKB substrates, functionality of other known proteins that can induce 

LC formations when aberrantly expressed and time-course tests that evaluate potential 

changes in mitotic progression time or k-MT error correction time may reveal a functional 

abnormality of AURKB that we did not detect within our studies. For this study, however, 

we were convinced through our ES and HEK293T experiments that the driving sensitivity of 

ES to AKI was not due to the inhibitory effect of EWS-FLI1 on AURKB that had previously 

been suggested 121, 331. 
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We next turned our focus to claims that EWSR1 was an essential regulator of mitosis through 

mediation of AURKB localization 121, 331. Through siRNA depletion studies in ES and non-

ES cell lines, our data again was contradictory to previous publications. We did not observe 

changes in AURKB localization to the midzone in the absence of EWSR1, as was seen 

through studies led by Hickstein and Azuma (Figure 3.11D) 121, 330-331. Furthermore, 

interaction of these proteins was not seen at canonical mitotic localization sites of AURKB 

by PLA (Figure 3.10, lower panel). Of note, our siRNA targeting of EWSR1 resulted in 

approximately 70% knockdown of gene expression and marked reduction of IF labelling of 

EWSR1 (Figure 3.11A). Perhaps full depletion of EWSR1 is needed to recapitulate the Park 

et al. report, however knockdown was only partial in the Park et al. study as well 331. For full 

understanding of why EWSR1 and AURKB interact and how EWSR1 affects AURKB, 

functional assays of AURKB activity, such as those done in our other experiments, as well as 

analysis of AURKB substrates are needed. The diffuse cytoplasmic distribution of EWSR1 

during mitosis suggests a possible role for EWSR1 in cytoskeletal interaction. This theory is 

discussed in further detail in the following sections and next chapter. If true, the binding of 

AURKB by EWSR1 may represent a regulatory role for EWSR1 in mediating interactions of 

AURKB with the mitotic spindles. 

 

While we could not validate previous reports that EWSR1 regulates the midzone localization 

of AURKB during mitosis, our EWSR1 depletion studies revealed a previously unreported 

finding of abnormal midbody formations and incomplete abscission in the HeLa and TC32 

cell lines (Figure 11E, representative images of HeLa cells). AURKB localization to the 

midbody is classically visualized by IF techniques as two distinct <1x3 µm, rectangular 
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structures that oppose one another at the cleavage furrow (Figure 3.2D). In our EWSR1 

depleted cell lines, AURKB persisted along patent cytoskeletal connections between 

daughter cells that had completed cytokinesis. These structures indicate incomplete 

abscission with persistence of the central spindle microtubules and prompted us to further 

evaluate the effects of EWSR1 depletion on cytokinesis. 

 

Through FACS cell cycle analysis, we observed EWSR1 depletion in HeLa and TC32 cells 

resulted in G2/M arrest and mitotic slippage (Figures 3.11F); phenotypical changes that were 

similarly observed following AURKB inhibition in ES and non-ES cells, respectively 

(Figures 2.3, 2.6 and 2.7). Additionally, the pathological consequences of EWSR1 depletion 

were more pronounced in the TC32 cells. Bright field analysis of additional ES cell lines and 

HEK293T cells similarly revealed an increased sensitivity of the ES cell lines to EWSR1 

depletion as compared to the HEK293T cells with an increase of cell death in the ES cell 

lines  (Figure 3.11G). As in our AKI studies, we suspected sensitivity of ES cells to EWSR1 

depletion was due to the presence of EWS-FLI1 and a potential inhibitory effect of EWS-

FLI1 on EWSR1. 

 

Using PLA, we were able to confirm positive interactions between EWSR1 with EWS-FLI1 

throughout the cytoplasm during mitosis (Figure 3.10, lower panel). This interaction may 

represent actual binding of EWS-FLI1 to EWSR1, as Park et al. have proposed, or 

colocalization of the two proteins to common binding sites 331. EWSR1 consists of an amino 

(N)-terminal transcriptional activation domain (EWS, activation domain, EAD) and a 

carboxy (C)-terminal RNA-binding domain (RBD). The EAD contributes to several EWSR1 
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fusion proteins (EFPs) and enables the robust transcriptional regulatory actions of these 

oncoproteins (see Chapter 1 Figure 1.7) 201, 416-418. In all EFPs, there is a degree of shared 

wild-type function with EWSR1 due to the shared N-terminal domain. In either scenario, 

competitive binding to target sites or inhibitory binding between EWSR1 and EWS-FLI1, 

EWSR1 function may be diminished. To clarify the nature of this association, experiments 

will need to be carried out that monitor known EWSR1 functions, such as RNA processing of 

Cyclin D1 or the DNA damage response regulators ABL1, CHEK2, MAP4K2 and MDM2 139, 

142, 174. For this study, we wanted to answer the broader question of does EWS-FLI1 increase 

sensitivity of cell lines to EWSR1 depletion. To accomplish this goal, we next evaluated the 

effects EWS-FLI1 had on HEK293T and HT1080 cells following EWSR1 depletion. 

Strikingly, EWSR1 depletion in both HEK293T and HT1080 cell lines expressing an EWS-

FLI1 vector resulted in mitotic slippage and decreased confluency (Figure 3.12A-D) and 

expression of EWS-FLI1 alone increased mitotic slippage in the HT1080 cell line (Figure 

3.12E). 

 

Our EWSR1 studies revealed preliminary indications that EWSR1 is a key regulator of 

cytokinesis and is impeded by EWS-FLI1. We are uncertain if this regulatory function is 

associated with AURKB or a parallel regulatory pathway during late cell division. Much 

work is needed to validate our observations in several cell types with several biological 

assays. As mentioned, repeat assays are needed that improve upon transfection efficiency and 

RTPCR of other FET family members should be incorporated into these studies to confirm 

siRNA specificity. Our FACs studies evaluated only the HeLa and TC32 cell lines. Future 

work should include several ES and non-ES cell lines for cell cycle analysis, IF imaging for 
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AURKB and EWSR1, Western blot analysis for protein and RTPCR. Finally, we did not 

incorporate cytoskeletal evaluation in our studies. Studies that evaluate dynamic changes of 

the cytoskeleton through live imaging and cold stability assays as well as assays 

characterizing the IF co-labeling patterns of AURKB and tubulin would significantly benefit 

our understanding of the interplay between EWS-FLI1, EWSR1, AURKB and the mitotic 

spindles. 

 

Our initial model proposed a simplistic, competitive, relationship between EWSR1 and 

AURKB with EWS-FLI1 in which loss of EWSR1/AURKB binding resulted in abnormal 

cell division. Our findings, however, indicate a more complex relationship between these 

proteins through the following collective observations: 1) Inhibition of EWSR1 and AURKB 

leads to mitotic slippage and hyperploidy, suggesting a common regulatory pathway, yet 

these proteins do not associate at canonical regulatory sites for cell division and loss of 

EWSR1 does not impede AURKB localization to the midzone or transition to the midbody. 

2) EWS-FLI1 sensitizes cells to both EWSR1 and AURKB depletion with enhancement of 

mitotic slippage, suggesting a common inhibitory pathway, yet a direct inhibitory effect of 

EWS-FLI1 on EWSR1-mediated regulation of AURKB could not be established as 

expression of EWS-FLI1 and EWSR1 depletion results in two varying phenotypes. Based on 

these observations and the unexpected preliminary indications that loss of EWSR1 impedes 

cytokinesis and abscission, we propose a new model to explain EWSR1 regulation of cell 

division and the sensitivity of ES models to AKI. 
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In this new model, (Figure 3.13) we discredit the previously hypothesized role for EWSR1 as 

an AURKB chaperone and instead propose EWSR1 may be a key regulator of the 

cytoskeletal microtubule networks upon which AURKB and other mitotic regulators 

function. The diffuse cytoplasmic EWSR1/EWS-FLI1 and EWSR1/AURKB mitotic 

interactions observed in our PLA studies may represent a dynamic co-association of these 

proteins with the spindle microtubules during cell division. While we generally only refer to 

the mitotic spindle which orchestrates segregation of sister chromatids, additional 

microtubule networks work in parallel to the mitotic spindle to allow cytokinesis. For 

example, the anaphase and astral spindles, along with midzone proteins, communicate with 

the cortex to define the contractile ring placement and promote its assembly 395. Interactions 

of the anaphase spindle, astral spindles and cortex promote recruitment of RhoA that in turn 

recruits effector contractile proteins. In addition to the anaphase and astral spindle 

assemblies, midzone proteins also promote formation of the central spindle where 

microtubules from the opposing poles are cross-linked by PRC1 and regulated by KIF4 and 

MKLP2 399. Regulatory events at the central spindle allow for completion of cytokinesis and 

final abscission. AURKB has been implicated as a key regulator of cytoskeletal changes at 

the kinetochore, midzone and cortex 419. Our studies suggest EWSR1 has a regulatory 

function in the complex processes that allow cytokinesis and abscission that may function in 

concert or parallel with AURKB. We propose that EWSR1 functions at the midzone to 

promote contractile ring formation and modify the anaphase and central spindles. A recent 

report supports our hypothesis and shows EWSR1 regulates mitotic and central spindle 

stability through acetylation of alpha-tubulin 408. We anticipate future assays evaluating the 

relationship of EWSR1 with the cytoskeletal proteins and how EWS-FLI1 affects these 
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interactions. For these future studies, similar imaging techniques as the ones presented within 

this chapter should be used as well as live imaging studies. Additionally, sequential co-

immunoprecipitation assays may be beneficial in establishing a tertiary relationship between 

EWSR1, AURKB and one or more of the spindle elements. 

 

Finally, within this new model, we maintain our initial proposal that EWS-FLI1 impedes 

EWSR1 functions during cell division. The finding that EWSR1 and EWS-FLI1 associate 

was not surprising and could indicate two inhibitory effects by EWS-FLI1: direct protein 

interaction or competitive binding to common substrates. Future work characterizing the 

shared protein-protein, protein-RNA and protein-DNA interactions between EWSR1 and 

EWS-FLI1 will allow for a better understanding of normal EWSR1 functions and reveal yet 

another mechanism through which EWS-FLI1 alters normal cell biology. 

 

The work reported within Chapter 3 allows for a better understanding of the relationship 

between EWSR1, EWS-FLI1 and AURKB yet reveals a more elaborate mechanistic 

relationship than was previously suspected. Through our studies, we were able to conclude 

that ES cell lines progress through cell division with an increased rate of aneuploidy and a 

heightened vulnerability to inhibitors of cytokinesis due to the presence of EWS-FLI1. Our 

observations provide a key understanding of why ES are exceptionally sensitive to AKI and 

provide new insight of the functionality of EWSR1 during cell division.
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Figure 3.1: Ewing sarcoma cell lines show pathologic features of increased AURKA and 
AURKB activity. 

Using IF staining techniques in ES and non-ES cell lines, we evaluated for pathologic 
features indicative of excessive AURKA and AURKB function, including supernumerary 

centrosomes, lagging chromosomes (LC) and micronuclei. Non-ES cell lines had low 
incidence of the evaluated pathologic features whereas ES cell lines had significantly high 

incidence of supernumerary centrosomes, LC and micronuclei. (A) DAPI-stained TC32 
mitotic figures with supernumerary centrosomes (asterisks) at metaphase and telophase 
identified by AURKA antibody labeling (a-AURKA). (B) The percent supernumerary 

centrosomes per total (400) evaluated mitotic figures for the cell lines indicated from four 
independent counts. (C) DAPI-stained mitotic figures (asterisks) with normal chromosomal 

segregation in a HeLa cell vs. LC formation in a TC71 cell. (D) Representative TC32 mitotic 
figure with LC formation (arrow). Antibody against EWSR1 is used to aid in cytoplasmic 

labelling and p-S10H3 antibody (a-p-S10H3) labels condensed chromatin. (E) The percent 
LC formation per total (400) evaluated anaphase/telophase figures for the cell lines indicated 

from four independent counts. (F) Representative DAPI-stained TC32 cells in interphase 
with micronuclei formation (arrows). Inset figure shows a cell in telophase stained with 

DAPI and a-INCENP antibody with fragmented chromatin (arrow). (G) The percent 
micronuclei formation per total (100) evaluated interphase figures for the cell lines indicated 

from four independent counts (400 total counted). Graphed data are shown as the mean ± 
standard deviation. Asterisks represent the p-values of statistical comparison of the identified 

ES cell line to the HeLa cell line by Dunnett’s multiple comparisons test with P<0.05 
representing statistical significance. A p-value of p=0.0001-0.0009 (****), p=0.001-0.009 

(***) or 0.01-0.049 (**) is assigned to all graph comparisons.
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Figure 3.2: AURKA and AURKB can localize to canonical mitotic landmarks in the ES 
cell lines. 

The AURKA/B localization patterns were tracked using IF staining techniques in mitotically 
active HeLa and ES cell lines. (A) Schematic of canonical midzone (arrow) and midbody 

(asterisks) formations during mitosis. (B) Fluorescence imaging of HeLa cells stained with 
DAPI and a-AURKB antibody detected with Alexa Fluor 594 secondary antibody. (C) 

Fluorescence imaging of RDES cells stained with DAPI and AURKA antibody (a-AURKA) 
detected with Alexa Fluor 488 secondary antibody. Centrosomes (star) and midbody (arrow) 

are identified. (D) Fluorescence imaging of TC32 cells labelled with DAPI and AURKB 
antibody (a-AURKB) detected with Alexa Fluor 488 secondary antibody. Chromatin 

(arrowhead), the midzone (arrow) and the midbody (asterisk) are identified.
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Figure 3.3: AURKB persists at the chromatin in a subset of ES cells during late mitosis 
but maintains normal functions in k-MT error corrections and facilitation of 

cytokinesis. 

Using IF techniques, we identified persistence of phosphorylation of the AURKB target 
S10H3 and localization of AURKB to the chromatin in the late mitotic stages of ES cells. We 

tested the ES cell line RDES for the ability to correct k-MT errors and observed near 
complete error correction. The cell cycles of the ES cell lines were analyzed by fluorescence 
activated cell sorting (FACS) and found to progress through cytokinesis with no evidence of 
mitotic slippage. (A) TC32 cells labeled with DAPI, and antibodies against p-S10H3 (a-p-

S10H3) and AURKB (a-AURKB) detected by Alexa Fluor 488 and 647 secondary 
antibodies, respectively. (B) DAPI and p-S10H3 (a-p-S10H3) labeled HeLa and TC32 cells 

with Alexa Fluor 647 secondary antibody. (C) The percent p-S10H3 positive telophase 
figures for the cell lines indicated. Data are shown as the mean ± standard deviation of four 

independent counts of 25 telophase cells/count. Asterisks represent the p-values of statistical 
comparison of the identified ES cell line to the HeLa cell line by Dunnett’s multiple 

comparisons test with P<0.05 representing statistical significance. A p-value of 0.0001-
0.0009 (***) and 0.001-0.009 (**) are assigned. (D) Representative IF images of DAPI and 
a tubulin (a-a tubulin) labeled RDES cells with bipolar, monopolar or prometaphase 

spindle formation. Graph represents the percentage of observed spindle formations following 
release of RDES cells from Monastrol treatment into DMSO or the AURKB inhibitor ZM-

447439. (E) Shown are representative FACs analysis of the indicated cells in log-phase 
growth. Ten-thousand events were sampled and gates to determine each stage of the cell 

cycle were defined by Pacific Blue-A (FxCycle) and FITC-A (anti-BrdU) scatter. 
Percentages shown were calculated using FlowJo® flow cytometry analysis software. 
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Figure 3.4: AURKB fails to form a midbody structure during cytokinesis in the 
presence of lagging chromosomes. 

Using IF staining techniques for AURKB in combination with Amnis ImageStreamÒ flow 
cytometry we were able to isolate cells in late mitosis and assess AURKB localization 

patterns and LC formations. This analysis showed that AURKB fails to form a midbody 
structure during cytokinesis in cells that harbor LC. (A) TC32 cells stained with DAPI and 
Alexa Fluor 594-labeled AURKB antibody (a-AURKB). Midbody formation (red) occurs 

during cytokinesis in diploid and triploid divisions. Normal (N) midbody formation and late 
mitotic figures with LC and no MB formation (arrow). (B) TC32 stained with DAPI and 
Alexa Fluor 488-labelled p-S10H3 antibody (a-p-S10H3). Arrow depicts LC. (C) TC32 
stained with DAPI and Alexa Fluor 647 labeled p-S10H3 antibody(a-p-S10H3); arrow 

depicts LC and asterisk marks midbody. (D) Representative ImageStreamÒ images of LC 
formations in TC32 with FxCycle staining. (E) Representative ImageStreamÒ images of 

TC32, TC71, CHLA and EW8 cells labeled with FxCycle and Alexa Fluor 594-conjugated 
AURKB antibody (a-AURKB)   (F) Gates for ImageStreamÒ flow cytometry sorting of 
EW8 cells labeled with Alexa Fluor 594-conjugated AURKB antibody (a-AURKB) to 

identify cells in late mitosis.	(G) Representative ImageStreamÒ images of R6 population of 
EW8 cells in late mitosis with normal, incomplete and absent midbody (MB) formation. (H) 
Graphs representing the percentage of total cells within the R6 population with incomplete or 

absent MB and the frequency of LC formation in those cells with abnormal MB. Data are 
shown as the mean ± standard deviation of four independent counts. P-values represent 

statistical comparison of the two phenotypical observations by unpaired t-test with P<0.05 
representing statistical significance. A p-value of <0.0001 (****) or non-significant (ns) are 

assigned.
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Figure 3.5: Preliminary evaluation of the TC32 ES cell line indicates association of 
EWS-FLI1 with the AURKB promoter. In HEK293T cells, EWS-FLI1 increases 

AURKA/B expression independent of the proliferation rate. 

Through preliminary experiments using FLI1 ChIP-PCR we identified association of EWS-
FLI1 to an AURKB promoter element. The 293T cell lines expressing a YFP-tagged CENPA 

vector and either an EWS-FLI1 expression vector or control vector were used to evaluate 
EWS-FLI1 effects on growth rate and AURKA/B expression. By IncuCyteÒ analysis we 

found that EWS-FLI1 did not alter 293T growth rate but could upregulate AURKA/B protein 
expression following thymidine induced synchronization. (A) A preliminary analysis of 

putative AURKA or AURKB regulatory elements bound by EWS-FLI1 in TC32 cells 
following FLI1-chromatin immunoprecipitation (ChIP) and PCR Amplification levels were 
normalized to an IgG-ChIP sample. Data are shown as the mean ± standard deviation of two 

technical replicates of one biological sample. (B) Schematic of transgenic 293T cell lines 
containing a YFP-tagged CENPA vector and either a control vector (293TV-CA) or an EWS-
FLI1 expression vector (293TEF-CA). Western blot analysis is shown for b-actin protein and 
the EWS-FLI1 protein using a C-terminus FLI1 antibody (a-FLI1) in the indicated cell lines. 
(C) Fluorescence imaging of the indicated cell lines stained with DAPI and a-FLI1 antibody 

detected by Alexa Fluor 647 secondary antibody. (D) IncuCyte confluency plot of the 
indicated cell lines. (E) Analysis of EWS-FLI1, AURKA, AURKB and GAPDH or Ku80 

protein levels in the indicated samples at 60% confluence or 10 hours following release from 
double-thymidine block. For detection of EWS-FLI1 a C-terminus a-FLI1 antibody was 

used. 
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Figure 3.6: EWS-FLI1 increases the total fraction of interphase cells with AURKB 
expression and the AURKB phosphorylation zone during mitosis. Increased LC and 

abnormal midbody formations occur in 293TEF-CA. 

Using IF staining techniques for AURKB in combination with Amnis ImageStreamÒ flow 
cytometry we were able to evaluate the IF signal from cells within interphase or late mitosis. 
This analysis showed that cells within interphase had higher AURKB expression in 293TEF-
CA cells vs. the 293TV-CA cell line. Analysis of the IF signal intensity of whole populations 
showed EWS-FLI1 increases the fraction of non-mitotic cells expressing AURKB. AURKB is 
found at the chromatin and midzone region in 293TEF-CA during late mitosis and 293TEF-
CA cells have an increased frequency of LC formations. (A) Representative images of the 

HCT293T cell lines within interphase following ImageStreamÒ flow cytometry. Cells were 
stained with FxCycle to label chromatin and Alexa Fluor 594-conjugated AURKB antibody 

(a-AURKB). (B) Histogram of total population signal intensity from Alexa Fluor 594-
conjugated AURKB antibody. The fraction of cells with the minimum visible intensity 

represents cells within interphase (I) and was compared between the indicated cell lines. The 
minimum visible intensity was chosen based upon the Alexa Fluor 594 intensity of 293TEF-
CA in Figure 3.6A. Table comparison shows the percentage of interphase cells with AURKB 
expression in 293TEF-CA vs. 293TV-CA cells. (C) Representative images of the HCT293T 

cell lines  in late mitosis following ImageStreamÒ flow cytometry sorting. Cells were stained 
with FxCycle to label chromatin and Alexa Fluor 594-conjugated AURKB antibody (a-
AURKB). (D) Representative image of LC formation (arrowhead) with failed midbody 
formation and normal midbody formation (arrow) in the indicated cell lines. Bar graph 

represents the percent LC formation per total evaluated figures (n) in the indicated cell lines. 
Asterisks represent the p-values of statistical comparison of the identified cell lines by 

unpaired t test with P<0.05 representing statistical significance. Two asterisks (**) represents 
a p-value of 0.001-0.009.
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Figure 3.7: Expansion of the AURKB localization zone in late mitosis and LC 
formations do not alter k-MT error correction functions in 293TEF cells, however these 

cells have increased sensitivity to AURKB inhibition. 

Although AURKB localization was disrupted in a subset of HCT293T cells that express EWS-
FLI1, particularly those cells with LC, we observed AURKB could also localize properly to 
the midzone and midbody. Analysis of k-MT error correction functions in the HCT293T cell 
lines showed no loss of midzone function of AURKB with the expression of EWS-FLI1. To 

test for sensitivity to AURKB inhibitors, we monitored confluency changes in the HCT293T 
cell lines by IncuCyte and found increased sensitivity to the AURKB inhibitor Barasertib in 
the EWS-FLI1 expressing line. This sensitivity was confirmed by FACs cell cycle analysis. 

Phenotypically, we observed syncytia formation in response to depletion of AURKB through 
siRNA targeting in the 293T cell lines. Using a cold stability assay we observed that EWS-

FLI1 increased microtubule stability at low doses of the AURKB inhibitor ZM. (A) 
Representative images of midzone (arrow) and midbody (arrowhead) formations in the 
293TEF cells. Cells were stained with FxCycle to label chromatin and Alexa Fluor 594-
conjugated AURKB antibody (a-AURKB). (B) The percent bipolar nuclei formation per 
total evaluated metaphase figures for the cell lines indicated from two independent counts 
through standard IF imaging. Graphed data are shown as the mean ± standard deviation. 
Asterisks represent the p-values of statistical comparison of the HCT293T cell lines by 

unpaired t-test with P<0.05 representing statistical significance. A p-value of 0.6618 was 
calculated and determined to be non-significant (ns). (C) IncuCyte confluency plot of 

indicated cell lines with listed treatments. Graphed data are shown as the mean ± standard 
deviation of readings from sixteen fields every four hours for the timeframe indicated. 
Representative bar graph of the 72-hour time point from the IncuCyte plot. Statistical 
comparisons in the graphed data (A-B) were made by an unpaired t-test with P<0.05 

representing statistical significance. A p-value of <0.0001 (****), 0.0001-0.0009 (***), 
0.001-0.009 (**) or 0.01-0.049 (*) are assigned. (D) Representative FACs cell cycle analysis 

of the indicated cell lines and treatments. Ten-thousand events were sampled and gates to 
determine each stage of the cell cycle were defined by Pacific Blue-A (FxCycle) and FITC-A 
(a-BrdU) scatter. Percentages shown were calculated using FlowJo flow cytometry analysis 

software. (E) Bright field images of the indicated cell lines following treatment with the 
indicated siRNA. (F) Representative IF images of a-tubulin-Alexa Fluor 488 antibody (a-a-

tubulin) and DAPI labelled cells following the indicated treatments. Bar graph depicts 
normalized a-tubulin signal intensity (A.U.) following the indicated treatments. Graphed 

data are shown as the mean ± standard deviation. Asterisks represent the p-values of 
statistical comparison of the identified cell lines by unpaired t test with P<0.05 representing 
statistical significance. A p-value of <0.0001 (****) or non-significant (n.s.) are assigned. 
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Figure 3.8: EWS-FLI1 does not interfere with AURKB-mediated maintenance of the 
spindle assembly checkpoint. 

Using FACS cell cycle analysis we evaluated AURKB-dependent mitotic arrest in the 293T 
cell lines following treatment with the microtubule stabilizer Taxol or destabilizer 

Nocodazole. EWS-FLI1 did not interfere with the AURKB-mediated spindle assembly 
checkpoint. (A and C) FACs cell cycle analysis of the indicated cell lines treated with the 

indicated compounds. Fifty-thousand events were sampled and gates to determine each stage 
of the cell cycle were defined by Pacific Blue-A (FxCycle) and FITC-A (anti-BrdU) scatter. 

Percentages shown were calculated using FlowJo flow cytometry analysis software. 
(B and D) Representative graphs of A and C, respectively.
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Figure 3.9: EWSR1 localizes to the nucleus in prophase and is diffuse throughout the 
cytoplasm following breakdown of the nuclear membrane. At anaphase, EWSR1 
colocalizes with AURKB at the midzone.  

Using IF staining techniques, EWSR1 and AURKB localization patterns were identified 
during mitotically active HeLa cells. Immunofluorescence imaging of HeLa cells labeled 
with EWSR1-Alexa Fluor 594 (a-EWSR1), AURKB-ALEXA FLUOR 488 (a-AURKB) and 
DAPI.  
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Figure 3.10: Duolink proximity ligation assays (PLA) of the AURKB, EWSR1 and 
EWS-FLI1 proteins show interactions of EWSR1 with AURKB and EWS-FLI1. 

Using double antigen PLA techniques, interactions between EWSR1 with AURKB and EWS-
FLI1 are seen in the nucleus of cells within interphase and scattered throughout the 
cytoplasm during mitosis. High through-put confocal Opera imaging of TC32 cells following 
PLA with the indicated antibody combinations and indicated PLUS (+) and MINUS (-) 
oligonucleotide combinations. Arrows represent mitotic figures.

Negative controls: a-AURKB a-EWSR1 C-terminus a-FLI1 C-terminus

Single antigen: a-AURKB a-EWSR1 C-terminus a-FLI1 C-terminus

Dual antigen:
a-AURKB

a-EWSR1 C-terminus
a-EWSR1 C-terminus

a-FLI1 C-terminus
a-FLI1 C-terminus

a-AURKB

20 µm

PL
A

: m
ou

se
 +

 / 
ra

bb
it 

-
PL

A
: m

ou
se

 +
/-

or
 r

ab
bi

t +
/-

PL
A

: m
ou

se
 +

 / 
ra

bb
it 

-



 

 203 

 
 

Figure 3.11: Depletion of EWSR1 in HeLa and TC32 initiates a G2/M arrest, an 
increase in hyperploidy, incomplete abscission and persistence of AURKB at the 

abscission site. ES cell lines are more sensitive to EWSR1 depletion than the HeLa and 
HEK293T cell lines. 

Using siRNA targeting, we depleted EWSR1in the HeLa and TC32 cell lines. IncuCyte 
analysis revealed a decrease in confluence in the EWSR1-depleted TC32 cells, however no 

changes in AURKA/B localization were observed in either cell line during mitosis. 
Immunofluorescence analysis showed EWSR1-depleted cells had incomplete abscission and 

persistence of AURKB at the completion of cytokinesis. Cell cycle analysis of HeLa and 
TC32 cells showed EWSR1 depletion induces G2/M arrest and hyperploidy that is markedly 
pronounced in the TC32 cell line. Bright field analysis of two additional ES cell lines, RDES 
and EW8, and the HEK293T cell line following EWSR1 depletion shows a primary response 

of cell death in response to EWSR1 depletion in the ES cell lines. (A) Analysis of EWSR1 
mRNA expression in HeLa cells following the indicated treatments. EWSR1 mRNA 

expression levels were normalized to GAPDH mRNA levels and an siNEG control. Data are 
shown as the mean ± standard deviation of data obtained from two biological replicates with 
two and four technical replicates. P-values represent statistical comparison of the samples by 
unpaired t-test with P<0.05 representing statistical significance. A p-value of 0.0001-0.0009 
(***) is assigned. (B) IncuCyte confluency plot of indicated cell lines with listed treatments. 

Graphed data are shown as the mean ± standard deviation of readings from twelve fields 
every four hours for the timeframe indicated. (C) Immunofluorescence imaging of HeLa 

cells labelled with AURKA-Alexa Fluor 594 (a-AURKA) and DAPI. (D-E) 
Immunofluorescence imaging of HeLa cells with the indicated treatments labelled with 

AURKB-Alexa Fluor 594 (a-AURKB) and DAPI. Circles represent nascent daughter cells at 
the completion of cytokinesis. Yellow arrow depicts a midbody formation during cytokinesis. 
White arrows represent inset magnified images of incomplete abscission and patent AURKB 

at the midbody. (F) Shown are FACs analysis of the indicated cells following 24-hours of 
siNEG or siEWSR1 treatment. Fifteen-thousand events were sampled and gates to determine 

each stage of the cell cycle were defined by Pacific Blue-A (FxCycle) and FITC-A (anti-
BrdU) scatter. Percentages shown were calculated using FlowJo flow cytometry analysis 

software. (G) Representative IncuCyte bright field images of the indicated cells with 
indicated treatment
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Figure 3.12: EWS-FLI1 expression in HEK293T cells and HT1080 cells enhances 
sensitivity to EWSR1 depletion and mitotic slippage. 

By IncuCyte analysis we found that EWS-FLI1 expression in both HEK293T and HT1080 
cell lines increases sensitivity to depletion of EWSR1. Bright field images from these studies 

showed increased hyperploidy in cells treated with siEWSR1. Through FACS cell cycle 
analysis we observed increased hyperploidy in HT1080 cells with EWS-FLI1 expression. (A-
B) IncuCyte confluency plot of indicated cell lines with listed treatments. Graphed data are 
shown as the mean ± standard deviation of readings from twelve fields every four hours for 
the timeframe indicated. (C) Representative bar graph of the 80-hour time point from the 

293T IncuCyte plot. (D) Representative bar graph of the 120-hour time point from the 
HT1080 IncuCyte plot. Graphed data are shown as the mean ± standard deviation. Statistical 

comparisons in the graphed data (C-D) were made by an unpaired t-test with P<0.05 
representing statistical significance. A p-value of <0.0001 (****), 0.0001-0.0009 (***), 

0.001-0.009 (**), 0.01-0.049 (*) or non-significant (ns) are assigned. (E) Shown are FACs 
analysis of the indicated cells in log-phase growth. Eleven-thousand events were sampled 

and gates to determine each stage of the cell cycle were defined by Pacific Blue-A (FxCycle) 
and FITC-A (anti-BrdU) scatter. Percentages shown were calculated using FlowJo analysis 

software. 
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Figure 3.13: Proposed model of EWSR1 regulation of cytokinesis. 
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Table 3.1: Antibody, siRNA and primer reagents for Chapter 3 studies. 

  

Antibody Catalogue number Source
a-AURKA 4718s Cell Signaling Technology, Danvers, MA
a-AURKB 3094s Cell Signaling Technology, Danvers, MA
a-EWSR1-C terminus ab54708 Abcam, Cambridge, United Kingdom
a-EWSR1-N terminus ab93837 Abcam, Cambridge, United Kingdom
a-FLI1-C terminus ab15289 Abcam, Cambridge, United Kingdom
a-FLI1-N terminus sc365294 Santa Cruz Biotechnology, Dallas, TX
a-p -H3(Ser10) 9701s Cell Signaling Technology, Danvers, MA
a-INCENP 2807s Cell Signaling Technology, Danvers, MA
a-Ku80 2753s Cell Signaling Technology, Danvers, MA
a-GAPDH QT00079247 Qiagen, Hilden, Germany
b-actin sc47778 Santa Cruz Biotechnology, Dallas, TX
Donkey a-mouse 488 ab150105 Abcam, Cambridge, United Kingdom
Donkey a-mouse 594 ab150108 Abcam, Cambridge, United Kingdom
Donkey a-rabbit 488 ab150073 Abcam, Cambridge, United Kingdom
Donkey a-rabbit 594 ab150076 Abcam, Cambridge, United Kingdom
Donkey a-rabbit 647 ab10075 Abcam, Cambridge, United Kingdom
ChIP Primer Sequence Forward primer Reverse primer
AURKA_01 TCAGTCACTGCAGGCTTTC AGACCTTGCCAAGACCCTCT
AURKA_01 CTCGTCCGCCACTGAGATA CCTTTGAATTCTAACGGCTGA
AURKB GACAGGAGGCCAGCTCAC TGGCAGATTCAGTTGTTGC
siRNA Catalogue number Source
siNEG S103650318 Qiagen, Hilden, Germany
siPOS S104381048 Qiagen, Hilden, Germany
siEWSR1 S100074382 Qiagen, Hilden, Germany
siAURKB GS9212 Qiagen, Hilden, Germany
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CHAPTER 4 

CONCLUSIONS & DISCUSSION 
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This work has reviewed what is known clinically and biologically about ES tumors and their 

model systems and evaluated AURKA/B function and targeting in ES models. The research 

reported here led to the following observations: ES models are susceptible to AKI; Barasertib 

treatment of ES xenografts facilitates full tumor regression in a TP53-dependent manner; 

AURKA/B expression is upregulated by EWS-FLI1; EWS-FLI1 confers sensitivity to 

inhibitors of AURKB and EWSR1; and finally, loss of EWSR1 enhances mitotic slippage. In 

this concluding chapter we will discuss key topics that have arisen from our studies and 

review the implications of our findings and future directions. 

 

INTERPRETING AURORA KINASE EXPRESSION IN TUMORS. In the prior chapters, 

we discussed literature reports that indicate overexpression of one or more of the AURK 

family members in several tumor types. The data upon which these studies made their 

analysis was often derived from bioinformatic screens of expression profile data of the 

transcriptome. These broad screens are useful for identifying anomalies in physiological 

pathways yet have the caveat of leading to generalized interpretations. For example, 

increased AURKA/B expression within an expression profile dataset is often interpreted as a 

sign of increased mitotic activity. We demonstrated in Chapter 3 that cells may have 

increased transcriptional activation of AURKA/B without a change in the mitotic rate of the 

population. In our studies, the ES cell lines had comparable mitotic rates to the HeLa, U2OS 

and RD cell lines yet individual cell pathologic changes indicative of high AURKA/B 

expression. Similarly, EWS-FLI1 expression in HEK293T cells did not increase the mitotic 

rate of this cell line yet increased AURKA/B expression and associated pathologic division 

errors. We propose distinguishing between increased mitotic rate and abnormal AURKA/B 



 

 212 

transcriptional activation is key to identifying those tumors that may be prone to 

development of CIN. While increased mitotic rate may increase the possibility of division 

errors, abnormal AURKA/B transcriptional activity directly correlates with division errors and 

progression to CIN 293, 402. Recent in vitro studies in human induced pluripotent stem cells 

(hiPSC) support our prediction as they found hiPSC with abnormal transcriptional activation 

of AURKA/B were more prone to development of CIN and tumor progression 420. 

 

The translational implications of high AURKA/B expression levels in tumors to clinical 

treatment are two-fold. The first implication is that tumors with abnormal transcriptional 

activation of AURKA/B are more susceptible to CIN and malignancy and may need more 

aggressive treatment and monitoring 421-425. As tumors acquire genomic heterogeneity from 

stable aneuploid events, the potential arises for maturation of subpopulations within the 

tumor. These subpopulations may harbor mutations that allow for resistance to chemo or 

radiation therapy, resistance to the host immune response and/or acquirement of traits that 

allow for malignancy and metastasis 295-296, 426. The second implication is that tumors with 

high rates of aneuploidy due to increased transcriptional activation of AURKA/B are likely 

good candidates for chemotherapeutic protocols that include AKI such as Barasertib. 

Chromosomal mis-segregations are often lethal to one or both of the daughter cells, thus 

increasing the rate of apoptosis within the population 414. Introduction of an AKI to tumors 

with abnormal AURKA/B expression provides a second hit to an already compromised 

pathway in the remaining viable population. In general, AKI are considered to have poor 

clinical success 427. This broad observation of AKI efficacy is likely due to poor 

understanding of those tumor types that would benefit from AKI treatment. Our studies 
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indicate that the success of AKI in tumor treatment directly correlates to transcriptional 

regulation of AKI within the tumor. For this reason, the decision for including AKI in 

treatment strategies should be made after an understanding is made regarding AURKA/B 

expression in the tumor in question. 

 

Theoretically, all tumors with a vulnerability in the cell cycle would be sensitive to an 

additional cell cycle inhibitor; given that these tumors have not progressed to a 

chemotherapeutic-resistant state. For example, numerous vulnerabilities within the regulatory 

pathways of cell division have been identified in lung tumors, including mutations in SAC 

regulators Bub1 and Mac1 and upregulation of AURKA/B 428-431. In vivo and in vitro models 

of small cell lung cancer (SCLC) have proven to be sensitive to Alisertib and Barasertib 

treatment 374, 432. By taking advantage of tumor-specific innate disruptions of cell division, a 

chemotherapeutic strategy may be designed that minimizes patient toxicity and treatment 

time - similar to what we observed in Barasertib treatment of our TC32 and CHLA258 

xenografts. 

 

The translational relevance of abnormal transcriptional activation of AURKA/B in ES cell 

lines to ES tumor biology is unclear. ES tumors, in general, have a low mitotic index and a 

low frequency of somatic mutations 62, 370, 413, 433. However, these tumors have frequent copy 

number alterations on biopsy analysis 434. Our hypothesis is that ES tumors, as our TC32 and 

CHLA258 xenografts, have a high incidence of aneuploid divisions that lead to TP53-

dependent apoptosis. We suspect that eventual acquirement of mutations allows ES tumor 

cells to evade TP53-dependent apoptosis and augment metastatic potential. In support of this 
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idea, one of the latest genomic profile studies of ES reports that of 52 patient samples 

identified at the time of diagnosis, prior to treatment, no TP53 mutations were identified 35. 

Alternatively, 25% of tumor samples taken from patients after therapeutic treatment 

contained mutational errors in TP53. 

 

SOMATIC MUTATIONS IN ES. Overall, approximately 7% of ES patients have deletions or 

mutations of TP53, and several studies have shown that these patients have a less favorable 

prognosis 35, 62-63. Conference of multi-drug resistance by loss of TP53 is common across 

numerous tumor types 426, 435-438. For this reason, TP53 expression status is considered a 

predictive indicator of treatment response in tumors. Fortunately, the majority of ES patients 

carry wild-type TP53. We propose that ES patients with wild-type TP53 would benefit from 

incorporation of Barasertib to their treatment protocol and may potentially respond to 

Barasertib treatment alone as in our xenograft models. Those ES patients that carry TP53 

mutations may also benefit from Barasertib treatment as an adjunct therapy. We observed 

delays in tumor progression with Barasertib treatment in all of our TP53-mutant xenograft 

lines. This finding indicates Barasertib may be useful in combination therapy in patients with 

TP53 mutant tumors. 

 

Of particular interest to this study is the high (17%) mutation rate of STAG2 in ES 62-63. 

STAG2 is a member of the cohesin complex that regulates sister chromatid cohesion and 

segregation during anaphase 439. Mutations or deletions of STAG2 are frequent in several 

tumor types and are associated with CIN and aneuploidy 413. STAG2 has been reported as a 

regulator of k-MT corrections and with depletion of STAG2 there is hyperstabilization of k-
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MT, increased LC formations and mislocalization of the CPC 401. We propose this 

mislocalization represents delayed cleavage furrow formation due to the presence of LC, as 

was seen in the Chapter 3 data. In our evaluation of LC formations among our ES cell lines, 

we did not observe a statistically significant difference of LC numbers in ES cells with wild-

type STAG2 (RDES and TC71) vs. deleted STAG2 (TC32 and EW8). Similarly, our AKI 

studies did not indicate an increase of sensitivity to AKI based upon the STAG2 status of the 

cell. Based upon these observations, the STAG2 status was not an affective factor for LC 

formation in our ES cell lines. The significance of STAG2 mutations to oncogenesis are still 

poorly understood. Evaluation of the HEK293T cell line with various human STAG2 mutant 

variants revealed inconsistencies with LC formation, indicating that not all STAG2 mutants 

confer chromosomal segregation errors 440. Our finding of increased LC within HEK293T in 

the presence of EWS-FLI1 and elevated AURKB supported our hypothesis that LC 

formations in ES are most likely due to AURKB overexpression. 

 

CELL DIVISION ERRORS IN ES MODELS. Based upon previous reports, we expected our 

ES lines to have loss of AURKB localization and function due to haploinsufficiency of 

EWSR1 and/or inhibition of EWSR1 by EWS-FLI1 121, 330-331. By IF analysis, both ES and 

non-ES cell lines had similar staining patterns for EWSR1, however, EWSR1 functionality 

was suggestively diminished in EWS-FLI1 expressing cells as evidenced by increased 

sensitivity to EWSR1 depletion. This sensitivity may be due to overlap of an additional 

defect within the cell cycle or secondary to inhibition of EWSR1 function by EWS-FLI1. 

Further work evaluating changes in known EWSR1-functions would enable a better 

understanding of this sensitivity. Ideally, future studies would incorporate evidence of 
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variations in cell-cycle-associated functions of EWSR1 in ES models, however much work is 

needed to define what these functions are. We suspect that EWSR1 functions in ES models 

are diminished due to protein inhibition by EWS-FLI1. These inhibitory effects may occur by 

direct inhibition of EWSR1 by EWS-FLI1 and/or competitive binding of EWS-FLI1 and 

EWSR1 with common substrates due to the identical N-terminus of the two proteins. Use of 

the ES models could potentially reveal novel functions of EWSR1, in addition to those 

within cell cycle regulation, through loss-of-function observations. 

 

In regards to the literature-based hypothesis that EWS-FLI1 impedes AURKB localization, 

we interpreted the EWS-FLI1-induced mitotic changes differently than previous reports. 

Prior reports indicated abnormal mitotic spindle assembly and failed AURKB assembly at 

the midzone in the presence of EWS-FLI 121, 330-331. Furthermore, prior reports stated that the 

mitotic abnormalities identified in EWS-FLI1-expressing cells are identical to those observed 

in cells in which EWSR1 is depleted. We observed two distinct phenotypes between EWS-

FLI1-expressing cells and the EWSR1-depleted cell lines. EWS-FLI1 expressing cells 

showed features of chromosomal mis-segregations yet no dramatic changes within the cell 

cycle. Alternatively, EWSR1 depleted cells underwent G2/M arrest, mitotic slippage and 

incomplete abscission. Neither model showed evidence of failed AURKB function at the 

chromatin or midzone. On closer observation of the Azuma and Embree et al. publications, 

we noted that the images provided for representation of abnormal spindle formation in 

EWSR1-depleted and EWS-FLI1-expressing cells appear to have spindles originating from 

supernumerary centrosomes 121, 330. A centrosome marker is needed to confirm our 

observation, however we suspect that at least some of the quantitated abnormal spindle 
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formations in their model were secondary to centrosome duplications. Additionally, within 

these publications, the abnormal mitotic plates that were presented were reminiscent of those 

we observed in our Barasertib treated xenografts that stained positive for Caspase-3 (Figure 

2.8B). We likewise observed similar figures in EWSR1-depleted and Barasertib treated cell 

lines and interpreted these figures as mitotic cells undergoing cell death with chromatin 

degradation (karryorhexis). To distinguish between abnormal mitotic plate assembly due to 

spindle abnormalities vs. karryorhexis due to cell death during mitosis, a marker of cell death 

such as Caspase-3 or terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) would need to be used. While the prior publications that discuss the relationship of 

EWSR1 with AURKB and EWS-FLI1 are useful in preliminary studies regarding potential 

EWSR1-mediated dysfunctions during cell division, our studies indicate a more complex 

regulatory function of EWSR1. Our findings warrant a new focus of research elucidating 

EWSR1’s functions during cell division with a comprehensive evaluation of how these 

functions are disrupted in an EWSR1-null background. 

 

EWSR1 FUNCTIONS DURING CELL DIVISION. EWSR1 is considered to be a 

housekeeping gene as it is expressed ubiquitously though-out all cell types during interphase 

and cell division 126. The most well understood mechanisms of EWSR1 function are 

regulation of transcriptional and post-transcriptional processes 125, 132, 134-135. EWSR1 is 

dispensable for embryonic development, however is essential for B-lymphocyte and gamete 

maturation 129. EWSR1-null mice have a 90% pre-weaning mortality rate that is presumed to 

be secondary to severe lymphopenia. Interestingly, during both B-lymphocyte maturation and 

meiosis, DNA strand breaks (DSB) followed by translocation and repair occur to introduce 
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antigen recognition (class switching) and gamete diversity, respectively 441-442. EWSR1 has 

been implemented in facilitating DSB repair and cells lacking EWSR1 have increased 

sensitivity to radiation-induced DNA damage 129, 175, 441-442. Collectively, these observations 

implicate an essential role for EWSR1 in facilitating DSB repair in several physiological 

processes both in normal development and disease. As in cell division, cellular processes 

involving DSB repair are carried out by a network of proteins functioning upon a cytoskeletal 

scaffold. Perhaps EWSR1 has a regulatory role of cytoskeletal proteins in each of these 

processes. A clear understanding of the essential functions that EWSR1 carries out in 

association with DSB may provide a better understanding of EWSR1-mediated functions 

during somatic cell division. EWSR1 is not essential for somatic cell division, as evidenced 

by normal fetal development in EWSR1 null mice, however may function in a supportive 

role or may have interchangeable functions with other FET family members during mitosis 

that have yet to be identified. 

 

We, and others, observed a marked increase of EWSR1 during mitosis and localization 

throughout the cytoplasm. Our preliminary data of the cytokinetic changes observed in 

EWSR1-depleted cells suggests that EWSR1 may orchestrate the microtubule scaffold upon 

which AURKB and the CPC function. We made this assumption based upon the observation 

that AURKB localizes properly at the midzone in EWSR1-depleted cells but as the nascent 

cells progress through cytokinesis AURKB attenuates along a patent central spindle. This 

appearance suggests patency of the central spindle microtubules during cytokinesis. The 

recent publications by Wang et al supports the potential role for EWSR1 in regulating 

microtubule polymerization 408. This publication proposed EWSR1 regulates microtubule 
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acetylation and assembly and with depletion there is increased cold-sensitivity of the cell. 

Within our study we observed increased cold-sensitivity of HEK293T cells expressing EWS-

FLI1 (Figure 3.8E). Perhaps the sensitivity we observed indicated a suppression of EWSR1 

function in regulation of microtubule de-polymerization. Innate dysfunctions in microtubule 

stability in ES could explain why ES models have increased sensitivity to AKI. Additionally, 

microtubule stability changes in ES could explain why prior studies have shown marked 

response of ES models to vinca alkaloids such as Vincristine that destabilize microtubules 

238. 

 

In the absence of EWSR1, our studies showed an increase in mitotic slippage evidenced by 

hyperploidy; an effect that was exacerbated by EWS-FLI1 and identical to what was 

observed in AURKB-depleted or inhibited cells. We could not, however, find evidence that 

EWSR1 altered AURKB localization during mitosis or interacted with AURKB at the 

midzone or midbody. We therefore considered that the similar physiologic responses seen in 

EWSR1 and AURKB-depleted cells may be due to: independent parallel regulatory functions 

of the two proteins during cytokinesis; an indirect EWSR1-mediated regulatory function of 

AURKB; or an EWSR1-mediated alteration of the AURKB protein that occurs prior to 

cytokinesis. Further clarification of the relationship between EWSR1 and AURKB is needed 

to provide an understanding of cytokinesis and how it can be dysregulated during disease. 

Understanding this relationship has implications to not only ES tumors, but several tumor 

types that exhibit mitotic slippage. Multinucleate cells that have undergone mitotic slippage, 

sometimes referred to as mitotic catastrophe, are frequently considered an indicator of 

aggressiveness and malignancy 443. The classifying histologic feature of Hodgkin lymphoma 
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is the presence of large multinucleated Reed-Sternberg cells (RS) 444. Our work suggests a 

previously unrecognized regulatory pathway of cytokinesis to be explored to better 

understand both general and oncogenic research. 

 

Similar to our emphasis of the importance of clarifying how AURKA/B expression is 

dysregulated in tumors, we propose screening for EWSR1 dysregulation could provide a 

similar predictive marker of AKI response. Much work would be needed in establishing a 

testing process that assesses EWSR1-specific targets as well as its RNA and protein 

expression levels, however this may prove beneficial as we know many tumors carry 

alterations in EWSR1. EWSR1 translocations occur in several tumor types, reviewed in 

Chapter 1 (Figure 1.2). These translocation events could result in haploinsufficiency as well 

as generate a competitive fusion protein. Several studies have shown marked sensitivity of 

AKI in other tumor types that harbor EWSR1-translocations. Both acute lymphocytic 

leukemia (ALL) and acute myeloid leukemia (AML) have shown promising response to AKI 

and AML is the first and only tumor type in which an AURKB-specific inhibitor has 

progressed to phase 3 clinical trials  319, 324, 334, 349. Further research in these tumors or other 

EWSR1-fusion tumors may reveal pathologic division errors similar to those reported in this 

study. 

 

WHAT CAN WE LEARN FROM ES MODELS? From these studies we saw how innate tumor 

abnormalities in ES can reveal normal metabolic functions, such as the importance of 

maintaining static AURKA/B expression during cell division and the effect of loss of 

EWSR1 during cytokinesis. EWS-FLI1 alters the expression of over 500 known target genes 
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through epigenetic and transcriptional dysregulation. ES model systems provide a tool in 

which we can assess the cellular consequences of loss-of-function or gain-of-function of 

genes or of dysregulations of key metabolic pathways. For example, autophagy is a 

physiological process that is acquired in many tumor types to process accumulated cellular 

debris within rapidly dividing cells and recycle basic building blocks for the highly 

metabolically active cell. Through activation of ATG4B, EWS-FLI1 promotes autophagy and 

provides a unique means through which we can further understand this metabolic pathway 

445. A myriad of examples, similar to EWS-FLI1-mediated regulation of autophagy, are 

surfacing within the literature as more and more studies of EWS-FLI1 targets are pursued. 

EWS-FLI1 has been shown to regulate several key biological pathways including the cell 

cycle, apoptosis, vasculogenesis and more recently, biosynthesis of complex substrates to 

meet the metabolic demands of ES tumor cells 387, 446-447. We anticipate tumors such as ES 

that have a single driver mutation will allow a unique opportunity to identify physiologic 

processes that allow oncogenic progression and reveal new candidates for therapeutic 

intervention, such as EWSR1. 

 

FUTURE DIRECTIONS. This work set forth to address two primary questions: in brief, we 

asked if AURKA/B targeting would be affective in ES models and if AURKA/B are 

disrupted in ES cell lines. We addressed these questions and, in the process, laid the ground 

work for pursuance of additional research questions. The first, and most immediate, research 

question to address is evaluation of AKI in additional ES models and pursuance of eventual 

clinical trials of AKI in ES patients. As discussed in Chapter 1, ES is unique in oncology in 

that this is one of the few tumor types with no natural models in other species. Additionally, 
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experimental models have either been unsuccessful or are still in the early stages of 

validation. For these reasons, testing the efficacy of AKI in ES is best studied in xenograft 

models at this time. Future work should evaluate multiple AURKA and AURKB specific 

inhibitors in SCID-Beige as well as Athymic-Nude ES xenograft models and potentially 

incorporate an additional species that is phylogenetically closer to humans such as the pig. 

Porcine models of disease are increasing in frequency due to the close physiologic and 

genetic similarities between pigs and humans 448.  With the development of porcine SCID 

models, we now have the capabilities to evaluate ES-xenografts in these models 449-452. 

 

A secondary research topic inspired by this work is reevaluation of previous oncogenic 

studies in which one or more of the AURK family members are reported as upregulated. We 

have emphasized the relevance of understanding AURK dysregulation at the single cell level 

and the lack of this clarification within the literature. We propose that a retrospective study 

should compare tumors reported as having high AURK expression to data sets evaluating 

cell-line sensitivity to cell-cycle inhibitors. Through this comparison a correlation may be 

made that allows for identification of tumors, such as ES, that have aberrant AURK 

transcriptional activation. With bioinformatic tools, such as IngenuityÒ Pathway Analysis 

(Qiagen), which currently contains over 47,000 archived datasets, tumor types with cell cycle 

vulnerabilities may be identified that can be evaluated for division errors using assays such as 

those described within Chapter 3. One tumor type of particular interest to us is synovial 

sarcoma. As ES, cell lines derived from synovial sarcomas showed marked sensitivity to AKI 

in cell viability assays and the dual Src/AURK inhibitor, SU6656, is effective in suppressing 

tumor growth in mouse models of synovial sarcoma 264, 453. Interestingly, synovial sarcomas 
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carry a t(x;18)(p11.2;q11.2) translocation that occurs between Synovial Sarcoma 

Translocation (SYT) and Synovial Sarcoma Breakpoint 1 (SSX1) 454. 

 

Finally, we anticipate focused experiments that characterize the regulatory functions of 

EWSR1 during events that involve DNA manipulation. Through our studies, we observed 

similar findings as others that implicate EWSR1 as an influential regulator of cell division 121, 

330-331, 408. Remarkably, EWSR1 is involved in several physiologic processes that involve 

DNA manipulation, including homologous recombination during meiosis, class switching 

during B cell development, DNA damage repair and mitotic spindle assembly 129, 175, 441-442. 

The means through which EWSR1 regulates these events are not understood. In general, 

DNA manipulation events that occur in disease and homeostasis are facilitated by a network 

of proteins that work upon a microtubule scaffold. We propose EWSR1 may have an 

influential role in cytoskeletal regulation in several physiological processes. Characterizing 

the role of EWSR1 in events involving DNA manipulation may build our understanding of 

the mechanical regulation of cells during health and disease. 

 

In conclusion, this work started with a primary focus of identifying a new treatment strategy 

for ES models. Our studies identified the AURK as well as EWSR1 as vulnerable targets in 

ES models and non-ES models expressing EWS-FLI1. We hope this work will contribute to 

future ES therapeutic approaches and initiate future studies to understand the contributions of 

these proteins to tumorigenesis and normal physiology. 
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