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ABSTRACT 

The function of EWS-FLI1 is essential for the maintenance of Ewing’s Sarcoma Family 

of Tumors’ (ESFT) cell survival and tumorigenesis. GLI transcription factor activity as 

the mediator of Hedgehog signaling is recognized as a critical pathway for tumor 

maintenance. Recent evidence suggests that EWS-FLI1 increases expression of GLI1 by 

an unknown mechanism. Our data from chromatin immunoprecipitation and promoter 

reporter studies indicated GLI1 is a direct transcriptional target of EWS-FLI1. Expression 

of EWS-FLI1 in non-ESFT cells increased GLI1 expression and GLI-dependent 

transcription. We also detected high levels of GLI1 protein in ESFT cell lines. 

Pharmacological inhibition of GLI1 protein function decreased proliferation and soft agar 

colony formation of ESFT cells. Our results establish GLI1 as a direct transcriptional 

target of EWS-FLI1 and suggest a role for GLI1 in ESFT tumorigenesis. Most attempts at 

inhibiting this pathway focus on disruption of the ligand (Hedgehog) or the receptor 

Smoothened.  In this study we present evidence for characterization of an inhibitor of 

GLI1. Arsenic trioxide (ATO) is an FDA approved drug used for the treatment of acute 

promyelocytic leukemia (APL) as a second line of therapy. Our data show that ATO 

directly binds to recombinant GLI1 protein, inhibits GLI1 transcriptional activity, and 

decreases the expression of endogenous GLI target genes.  Unlike its mechanism of 

action in APL, ATO does not reduce GLI1 protein levels. ATO does not alter the 



subcelluar localization of GLI1 or inhibit binding of recombinant GLI1 protein to DNA 

in surface plasmon resonance (Biacore) experiments. We show that ATO inhibits the 

growth of ESFT cell lines in vitro in cell proliferation assays and in vivo in a mouse 

xenograft model. Furthermore, ATO significantly improved survival of the ND2-SmoA1 

mouse model of medulloblastoma that is driven by an activating Smoothened mutation. 

Our results establish ATO as a novel Hedgehog pathway inhibitor acting at the level of 

GLI1 both in vitro and in vivo by utilizing two separate mouse models. These results 

warrant the clinical investigation of ATO for tumors with activated Hedgehog/GLI 

signaling and in patients who develop resistance to current Smoothened antagonists. 
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Chapter 1.  

INTRODUCTION



1A. HEDGEHOG SIGNALING 

While long recognized as critical in developmental biology, Hedgehog (Hh) 

signaling has become a pathway of intense study in oncology. The Hh pathway is 

activated in several cancers such as basal cell carcinoma (BCC) and medulloblastoma 

(1-9). The pathway is composed of three Hh ligands (Sonic, Indian, and Desert Hh) 

that bind to the Patched1 receptor. In the absence of Hh ligand, Patched inhibits 

another transmembrane protein, Smoothened (Figure 1). When Patched is engaged by 

the Hh ligand, Smoothened is activated due to diminished inhibitory signal from 

Patched. The signal is then transduced to the important downstream effectors GLI1, 

GLI2, and GLI3, which act as transcription factors (Figure 2). While many Hh-driven 

human cancers contain either inactivated Patched1 (PTCH) or activation of 

Smoothened (SMO), some tumors activate the pathway by increasing the activity of 

GLI. Loss of inhibitory molecules SUFU/REN has been described in 

medulloblastomas (6, 7). There are also cases of GLI gene amplifications in 

rhabdomyosarcoma, osteosarcoma, glioma, and breast cancer (10-12); chromosomal 

translocations involving GLI in pericytoma (13); and increased GLI protein stability 

in prostate cancer (14) that results in increased GLI function.  

 



 



 



Recent evidence has shown that primary cilia play an important role for 

Hedgehog pathway signal transduction (15-21). Primary cilia are immotile, antenna-

like structures made up of microtubles found in any cell of the body that function to 

receive both mechanical and chemical signals from other cells and the environment, 

and to further transmit these signals. Genetic mutations that disrupt the function of 

primary cilia result in many disorders, including polycystic kidney disease, hepatic 

and pancreatic abnormalities, skeletal malformations, obesity, and severe 

developmental defects (22). This cilia-Hh connection was first discovered when mice 

carrying mutations for intraflagellur transport proteins required for cilia formation 

showed developmental defects similar to that seen in Hedgehog signaling mutants(17, 

18). Smoothened is localized to primary cilia during pathway activation and in the 

absense of ligand is recycled via the endosome. In medulloblastoma and basal cell 

carcinoma, it has been shown that primary cilia are required for tumorigenesis in 

cases of upstream pathway activation such as constitutively active smoothened.  

However, if a tumor is activated at the level of GLI then the presence of primary cilia 

is inhibitory (23, 24). Primary cilia have also been shown to be important for PDGF 

signaling transduction in addition to Hedgehog signaling (25).  

In cases of epithelial tumors, as found in prostate and pancreatic cancers, there is 

debate about whether the expression of ligand by these cancers acts in an autocrine 

manner or in a paracrine manner on the stroma. A recent study by Yauch et al. argues 

that epithelial tumors do not respond to Hh ligand but the stroma does (26). However, 

this does not exclude the small population of what is considered epithelial cancer 



stem cells that appear to have active Hedgehog signaling and the ability to be affected 

with Hedgehog pathways drugs (27, 28).  Interestingly, the more stem-like pancreatic 

cancer cells exhibit a greater mesenchymal phenotype (29). This mesenchymal 

phenotype may contribute to cells’ ability to metastasize; yet Hedgehog signaling can 

inhibit their metastasis. In the prostate, active Hedgehog signaling is found only in 

advanced cancers (30). The Yauch et al. study also does not account for the fact that 

some epithelial tumors may have downstream pathway activations at the level of GLI, 

and inhibiting Hh ligand or SMO will not affect these tumors. It has been shown in 

the pancreas that GLI is regulated by Smoothened-independent mechanisms such as 

KRAS (31-33). 

Post-translational modification of GLI is important for GLI activity. 

Phosphorylation by several kinases by GLI1 has an inhibitory effect in the absense of 

active upstream pathway (34, 35). However, it has been determined that 

phosphorylation of GLI1 in the nucleus by Dryk1 kinase contributes to the retention 

of GLI1 in the nucleus and enhances its transcriptional activity (36). A very recent 

paper reveals the importance of acetylation on GLI1 and GLI2 activity (37). In the 

absence of upstream pathway activation, GLI1 is acetylated, a process which inhibits 

its activity. The Hedgehog pathway inhibitory member REN links Cul3 E3 ligase to 

HDAC1, which stimulates its ubiquitination and degradation via the proteosome. 

During pathway activation, REN is no longer able to inhibit HDAC1; HDAC1 then 

deacetylates GLI1 and increases its transcriptional activity.  In addition, REN has also 

been shown to antagonize Dryk1-associated GLI1 translocation to the nucleus (7). 



1B. EWING’S SARCOMA FAMILY OF TUMORS 

 The Ewing’s Sarcoma Family of Tumors (ESFT) affects patients between the 

ages of three and 40, with most cases occurring during the second decade of life. It is 

an undifferentiated, small round cell tumor of the bone and soft tissue with an 

unknown cell of origin. There is debate whether this cell of origin is of a primitive, 

neural-ectodermal cell type or a mesenchymal stem cell. The cure rate for patients 

with localized disease is only 70%, and is less than 30% for patients showing 

metastatic disease, despite intensive multimodal chemotherapy treatment strategies 

(38). There is thus a great need for more effective therapies to treat ESFT, especially 

in patients with metastases.  

ESFT is characterized by chromosomal translocations occurring between the 

genes for the TET (TAF15, EWS, and TLS) family member protein EWS and 

members of the ETS family of DNA-binding transcription factors. In approximately 

90% of diagnoses, the translocation occurs between chromosomes 22 and 11 (39). 

This translocation triggers expression of a fusion protein, EWS-FLI1, which acts as 

an aberrant transcription factor. In the other 10% of cases, the translocations EWS-

ERG, EWS-ETV1, EWS-E1AF, EWS-FEV, and TLS-ERG are present (40-42).  

Within the EWS-FLI1 translocation group there are at least 12 distinct types of in-

frame EWS-FLI1 transcripts due to variations in the locations of the EWS and FLI1 

genomic breakpoints (43). Type 1 fusions account for approximately 60% of 

instances; the fusion occurs between exon 7 of EWS and exon 6 of FLI1. Another 

25% account for type 2 fusions, which occur between exon 7 of EWS and exon 5 of 



FLI1 (43-46). Type 3 fusions, which are seen in a very small amount of patients, 

occur between exon 10 of EWS and exon 6 of FLI1 (44). There is some evidence that 

fusion type is a prognostic factor for patients and that type 1 fusions have a more 

favorable outcome (45-47). This may be due to the evidence that EWS-FLI1 type 1 

has a lower transactivation of target genes (48). Yet, recent, unpublished prospective 

studies have shown that the data from these transactivation studies have not been 

corroborated and actually indicate that fusion type is not a prognostic factor. Several 

studies have shown that EWS-FLI1 expression is necessary to maintain the viability 

of ESFT cells (49-51). The ability of EWS-FLI1 to alter transcription of several target 

genes such as PTPL1, ID2, and TGF -RII is very important to its function in tumor 

formation and progression (52-55).  

Because the cell type of origin is unknown, proper mouse modeling of ESFT is 

quite difficult; currently there are only two mouse models for ESFT. In one model, 

ESFT cell lines are orthotopically injected into the gastrocnemius of mice (56, 57). 

This model is clinically relevant because animals whose legs are amputated due to 

tumors develop lung metastasizes, mimicking what is seen in the clinic. The second is 

a conditional transgenic EWS-FLI1 animal model (58). The EWS-FLI1 transgene is 

preceded by a stop codon surrounded by LoxP sites. These mice are then crossed with 

Cre-expressing mice under the control of an Mx1 promoter. The Mx1 promoter is 

activated with the injection of pIpC. However, these mice develop leukemia, not 

sarcoma, because the transgene is activated in hematopoietic cells. Though these mice 

do not develop Ewing’s Sarcoma, the model is still clinically relevant as a similar 



translocation to EWS-FLI1, TLS-ERG, is found in cases of AML. As mentioned 

above, TLS-ERG translocations are also found in Ewing’a Sarcoma cases. One study 

attempted to develop ESFT mouse models by targeting EWS-FLI1 to mesenchymal 

stem cells, as this is one of the proposed cell types of origin (59). These mice do 

develop sarcomas but not Ewing’s Sarcoma, as they do not have the distinct, small 

round blue cell histological feature of Ewing’s Sarcoma. This, in part, may refute the 

data supporting that Ewing’s Sarcomas arise from a mesechymal stem cell; or 

researchers may not have targeted a highly specific type of mesenchymal stem cell 

that is the cell of origin of ESFT tumors.  A recent study used a tamoxifen-inducible, 

EWS-FLI1 knock-in mouse model (60). In this model, EWS-FLI1 is ubiquitously 

expressed and causes rapid death of the mice within 4-6 days of EWS-FLI1 induction, 

a trend attributed to activation of Caspase 3 by EWS-FLI1 in non-ESFT cells. This 

study further emphasizes that the development of an ESFT mouse model will require 

that EWS-FLI1 be targeted to a specific cell at a specific time.  

1C. MEDULLOBLASTOMA 

Medulloblastoma is a tumor that arises in the cerebellum and is the most common 

brain tumor in children. The current standard of care is surgical resection followed by 

radiation therapy and chemotrerapy. With current therapies, the five-year, event-free 

survival rate is nearly 90% of children with low-risk, non-metastatic disease. 

However those patients who have high-risk medulloblastoma have only a 60-65% 

survival rate (61). Children less than three years of age have approximately a 30-40% 

survival rate, an even worse prognosis than older patients (62).  Despite a 90% cure 



rate in lower-risk patients, there are serious short and longterm side effects associated 

with treatment, including postoperative speech disorders, neurocognitive deficits, 

sterility, and risk of secondary brain tumors (61). Patients with recurrent disease have 

a two-year survival rate of no greater than 9% (62). Therefore, there is a critical need 

for better therapies that are more targeted and have fewer side effects.  

Medulloblastoma is thought to arise from neural granular precursor cells in the 

cerebellum (63, 64). The Hedeghog pathway has been shown to regulate the 

expansion and differentiation of precursor cells from the external granule layer to 

form the internal granule layer (65, 66). A key downstream target of Hh signaling in 

this process is N-myc (67-69). Hedgehog signaling pathway mutations occurs in 

approximately 30% of medulloblastomas (70).  Five percent of patients with Gorlin 

Sydrome, which is characterized by a PTCH germ-line mutation, develop 

medulloblastoma (71). There are several mouse models incorporating Hedgehog 

pathway mutations that develop medulloblastoma. The first one to be developed was 

a PTCH heterozygous model in which only 10-20% of the mice develop 

medulloblastoma (72). This low incidence is similar to that seen in Gorlin Syndrome. 

The incidence of medulloblastoma significantly increases with the combination of 

homozygous p53 loss with heterozygous PTCH loss (73).  Transgenic mouse models 

in which constitutively activated SMO is targeted to neural granule precursor cells, 

such as the one used in this study, have the highest incidence of medulloblastoma (9, 

74). This indicates that Hedgehog pathway activation, specifically in the precursor 

cells of the cerebellum, is important for medulloblastoma tumorigenesis. 



I.D. ARSENIC TRIOXIDE 

Arsenic compounds have been used for more than 2000 years as a therapeutic for 

many diseases such as psorasis, syphilis, and trypanosomiasis. Figure IC shows an 

outline of the history of arsenic use in medicine. Starting in the 17th century, arsenic 

was the primary therapy for treating leukemia, specifically chronic myelogenous 

leukemia (CML). However, its use declined upon the introduction of radiotherapy 

and chemotherapy (75). Paul Ehlrich was the first to coin the term chemotherapy and 

was also the father of the idea of targeted therapy. He theorized an agent could be 

fashioned as a “magic bullet” to specifically target a disease-causing organism. In 

1910, Paul Ehlrich invented an arsenical compound called Salvarsan, which became a 

cure for both syphilis and trypanosomiasis and was his “magic bullet”. This 

compound was used until the 1940s when the newly discovered penicillin supplanted 

it.  Arsenic in the form of arsenic trioxide is still used as an FDA approved agent for 

the treatment of APL in patients who do not respond or relapse on all-trans-retinoic 

acid therapy (ATRA). In APL, ATO’s proposed mechanism of action is via 

degradation of the PML-RAR fusion protein (76). Additional targets of ATO action 

in other tumor types include NFkB, thioredoxin reductase, and JNK (77-81).  

 



 



1E. RATIONALE AND HYPOTHESIS 

Several recent publications suggested that EWS-FLI1 increases expression of 

GLI1 mRNA and/or protein in ESFT (82-84). In addition, several genes in the 

Hedgehog signaling pathway have been shown to be associated with metastasis in a 

microarray study of ESFT patient samples (85). Therefore, the central hypothesis was 

that EWS-FLI1’s increase in GLI1 expression contributes to tumorigenicity of 

Ewing’s Sarcoma and is a potential therapeutic target. This study presents data that 

GLI1 is a direct transcriptional target of EWS-FLI1 and is important in ESFT 

tumorigenesis. This connection of GLI’s direct activation by the oncoprotein EWS-

FLI1 has shed insight on a critical tumorigenic pathway in ESFT. Thus, the use of 

GLI inhibitors could be a potential new therapy for ESFT patients.  Many 

pharmaceutical companies are developing SMO or Hh ligand antagonists despite 

growing evidence that many cancers will not benefit from such agents due to 

downstream activation of the Hh pathway. Preliminary unpublished data from Dr. 

Phil Beachy’s lab at Stanford showed that ATO could inhibit GLI2 activation. Since 

ATO is an already FDA approved drug, it was an attractive candidate for a new 

therapy for Ewing’s Sarcoma if, in fact, it was a GLI inhibitor. We therefore sought to 

investigate whether or not ATO could inhibit GLI1 in Ewing’s Sarcoma. This study 

proposes that one of the mechanisms of action of ATO is the inhibition of GLI1. 

Thus, it supports the clinical use of this drug against tumors exhibiting activated 

Hedgehog signaling such as basal cell carcinoma, medulloblastoma, and Ewing’s 

Sarcoma. 



Chapter 2.  

MATERIALS AND METHODS



2A.Cell Lines and Hedgehog Pathway Drugs 

COS7 cells were grown in DMEM with 10% fetal bovine serum (FBS). All of the 

ESFT cell lines and DAOY cells were grown in RPMI with 10% FBS and 1% 

HEPES with the exception of SKES and A673. A673-inducible EWS-FLI1 shRNA 

cell line has been previously described (31). SKES cells were grown in McCoy’s 5a 

medium with 15% FBS. A673 cells were grown in DMEM with 10% FBS and 1% 

sodium pyruvate. HepG2 cells were grown in DMEM with 10% FBS and1% 

nonessential amino acids. Cyclopamine was purchased from Calbiochem. The GLI1 

inhibitor NSC75503 was obtained from the Drug Synthesis and Chemistry Branch, 

Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, 

National Cancer Institute. All of the compounds were dissolved in DMSO. 

Pharmaceutical grade Arsenic Trioxide (ATO) was purchased at a concentration of 

1mg/ml in a sterile, nonpyrogenic, clear solution in water using sodium hydroxide 

and dilute hydrochloric acid to adjust to pH 8 (Cephalon Inc., Frazer, PA). 

2B. Chromatin Immunoprecipitation (ChIP) Assay 

The chromatin immunoprecipitation experiments were performed according to the 

manufacturer’s protocol (Upstate Biotechnology, Inc., Lake Placid, NY) and as 

published before (6). Briefly, the cell lysates were cross-linked with 1% 

formaldehyde for 15 min. Samples immunoprecipitated with anti-FLI1 antibody, no 

antibody control, or the input were amplified with PCR. 

 

 



Table 1. Primer sequences used in ChIP assay 

Primer 
 Pair 

Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 
PCR 
size 
(bp) 

1 
TAAGTGGGCTTTAGTGAGGGG
CT 

TCTACGTCTCGAAGTCGGAGG 195 

2 
GCTCCTTGGTGACCTCGTGAA
C 

TTGGTGCTAACTGAGCATTCTGC 216 

3 CGTTCTCGGTTGAACTTCTCCC TGAGGGACCCTATACTGCTTACG 169 

4 
CGTAAGCAGTATAGGGTCCCC
TCA 

ACCCGCGAGAAGCGCAAACTT 238 

5 AGAGCCTGGGGGTGAGACAT GCCTCTTCAACTTAACCGCATGA 187 
6 GTGGGTCTTTGTCTCCGCCT TCCTTTGCAGTCCCCACCTTTCA 182 

PTPL1 
GCCCCGTGAGAATATAGAAAC
AAGGC 

CCGTGAGCATGGTGTGTCAC 520 

 

2C. Luciferase Assays 

GLI1 activity was assessed using a pGL3-Basic luciferase construct containing 8x 

GLI1-binding sites attached to a chicken lens crystalline promoter (pGL38xGLI) 

(American Type Culture Collection-Johns Hopkins Special Collections, deposited by 

P. A. Beachy, Manassas, VA) and a Renilla-TK mutant construct (Kindly provided by 

Dr. Stephen Byers, Georgetown University). COS7 cells were cotransfected with an 

EWS-FLI1 expression vector or empty vector control (CIneo) in addition to 

thepGL38xGLI luciferase and Renilla TK mutant constructs with FuGENE 6 (Roche 

Applied Science) according the manufacturer’s protocol. In studies using drug 

treatment, the cells were treated with drug 24 h after transfection, and then luciferase 

activity was measured 48 h after transfection. GLI1 promoter activity was measured 

using the GLI1/pGL3 construct, which contains the full-length GLI1 promoter (kindly 

provided by Dr. Philip Iannaccone, Northwestern University). An NF- B responsive 



construct that has 5xNF- B-binding sites (Stratagene, La Jolla, CA) was used as a 

negative control. COS7 cells were transfected with either empty vector control or 

EWS-FLI1 construct in addition to the luciferase constructs with FuGENE 6 (Roche 

Applied Science) according the manufacturer’s protocol. Luciferase activity was 

measured 24 h after transfection. The mutant GLI1 promoter was created by mutating 

all the possible FLI1 DNA-binding sites GGAA and TTCC to GCTA and TAGC. 

These mutations have been previously shown to abrogate EWS-FLI1 binding ability 

(32). To measure the effects of ATO on GLI1, HepG2 cells were cotransfected with 

either EGFP-hGLI1 (Kindly provided by Dr. Kevin Corbit, UCSF) or empty vector 

control (pEGFP-C1, Clontech) in addition to pGL38xGLI luciferase and Renilla 

constructs with Fugene6 (Roche, Indianapolis, IN) according the manufacturer’s 

protocol.  To measure the effects of ATO on other transcription factors, HEPG2 cells 

were cotransfected with EWS-FLI1 and an the EWS-FLI1 responsive luciferase 

construct NROB1 (Kindly provided by Dr. Stephen Lessnick) or Notch1 (Kindly 

provided by Dr. Richard Schlelgel) and the Notch responsive promoter constructor 

HES-1 (kindly provided by Dr. Alain Israel) and empty vector control (CIneo or 

pFlagCMV2) construct in addition to the Renilla construct. To measure the effects of 

ATO on GLI1 activity in the nucleus we transfected COS7 cells with Wild Type 

GLI1 (EGFP-GLI1WT), GLI1 which has its nuclear export signal mutated, EGFP-

GLI1AHA Kindly provided by Dr. Dianqing Wu, Yale University) and Wild type 

GLI1 cotransfected with an HA- tagged Dryk1 (kindly provided by Dr. Dianqing Wu) 

in addition to the pGL3-8xGLI1 luciferase and Renilla constructs. Localization was 



determined by green florescence for GFP tagged proteins and Hoechst dye for the 

nucleus on a Nikon Eclipse Ti microscope using a 40x lens. In studies using drug 

treatment, cells were treated with drug 24 hrs after transfection and then luciferase 

activity was measured 24 hrs after transfection. All Luciferase assays were performed 

using a dual luciferase assay kit according the manufacturer’s protocol (Promega, 

Madison, WI) 

2D.  Preparation of Whole Cell Lysates and Immunoblotting 

Cell were grown to near confluency and lysed with Phospholysis Buffer (50 mM 

HEPES pH 7.9, 100 mM NaCl, 4mM NaPP, 10mM EDTA, 10mM NaF, 1% Triton-

X, 2 mM Vanadate, 1mM PMSF, 2 μg/ml Aprotonin and 2 μg/ml Leupeptin) on ice. 

The insoluable cell debris was then pelleted in a microfuge at 12,000 rpm for 10 min 

at 4 degree Celsius. Whole cell lysates then were subjected to SDS-PAGE and then 

transferred to a Immobilon-P membrane (Millipore, Billerica, MA). The membranes 

were then subject to blocking in 5% nonfat dry milk in 1xTTBS (20mM Tris-HCl, pH 

7.5, 150mM NaCl, 0.5% Tween 20) for 1 h. Dilutions for primary antibodies were; 

anti-GLI1 (L42B10) at 1:1000 (Cell Signaling, Boston, MA), anti-GLI2 at 1:1000 

(Cell Signaling, Boston, MA), anti-FLI1 (Santa Cruz Biotechnology, Santa Cruz, CA) 

at 1:2000, anti-Notch (Cell Signaling) at 1:1000, anti-actin-HRP (C-11, Santa Cruz 

Biotechnology) at 1:3000, anti- -tubulin (MP Biomedicals, Solon, OH) at 1:5000, 

and anti-Lamin A/C (Cell Signaling) at 1:2000. Primary antibodies were added to the 

membrane in 5% nonfat dry milk in 1x TTBS for 2 h. The membrane was then 

washed three times in 1x TTBS, and horseradish peroxidase-linked anti-rabbit or anti-



mouse secondary antibody (GE Healthcare) in 5% nonfat dry milk was added for 1 h. 

The blots were than washed three times in 1x TTBS and then developed using 

Millipore Immobilon Western chemiluminescent horseradish peroxidase substrate per 

the manufacturer’s instructions (Millipore Corporation, Billerica, MA). 

Chemiluminescence was detected using a Fujifilm LAS-3000 imaging system. 

Densitometry values were obtained using Multigauge software (FUJIFILM Corp). 

2E.Reverse Transcription (RT)-PCR 

Total RNA was extracted from cell lines by TRIzol (Invitrogen), and reverse 

transcribed using SuperScript II reverse transcriptase (Invitrogen) according to the 

manufacturer’s protocol. PCR was performed as previously described (86). 

2F. siRNA Experiments 

Control scrambled siRNA was purchased from Invitrogen. The sequence is as 

follows 5’-AAAGTCATCGTGACTACGACG- 3’. ON-TARGETplus SMARTpool 

GLI1 siRNA was purchased from Dharmacon (Dharmacon, Inc., Chicago, IL) that 

contains four distinct siRNA species targeting different sequences of the GLI1 

transcript. TC-32 and TC-71 cells were electroporated in Opti-MEM medium 

(Invitrogen) using a Cell-Porator (Invitrogen). For TC-32 cells, 4 million cells were 

electroporated with 500 nM siRNA at 350 V and plated in triplicate at 1,000 

cells/well in a 96-well plate. Viable cells were quantified using 10μl of WST-1 

reagent (Roche Applied Science) according to the manufacturer’s protocol after 5 

days. The rest of the cells were plated in a 6-well dish and were lysed after 5 days for 

subsequent immunoblotting. For TC-71 cells, 4 million cells were electroporated with 



250nM siRNA at 300Vand plated in triplicate at 5,000 cells/well in a 96-well plate. 

Viable cells were quantified using 10 μl of WST-1 reagent (Roche Applied Science) 

according to the manufacturer’s protocol after 3 days. The rest of the cells were 

plated in a 6-well dish and were lysed after 3 days for subsequent immunoblotting. 

OD values were converted to cell numbers by doing a WST cell titration experiment 

for both TC-32 and TC-71 and then performing a linear regression using Prism 

Graphpad 4.0 for Macintosh. 

2G. Cellular Proliferation and Soft Agar Assays 

Cellular proliferation was assessed by triplicate plating at a density of 1000 

cells/well in a 96-well plate. Cyclopamine or 75503 at varying concentrations or 

vehicle alone (1% DMSO) were added in media containing 5% FBS to cells 4 h after 

plating once the cells had attached. Fresh medium containing drug or vehicle was 

added every 2 days. Viable cells were quantified using 10μl of WST-1 reagent 

(Roche Applied Science) according to the manufacturer’s protocol after 72 h.  For 

cell proliferation studies with ATO, ATO at varying concentrations or vehicle alone 

(30μM H2O) were added to cells in standard growth media for that cell line the 

following morning after plating once the cells had attached. Fresh media containing 

drug or vehicle was added every 2-3 days. Viable cells were quantified using 10 μl of 

WST-1 Reagent according to the manufacturer’s protocol after 1 or 5 days. IC50 

values were calculated performing a sigmoidal dose response curve fit using Prism 

Graphpad 4.0 for Macintosh. For soft agar assays, 6% SeaPlaqueGTG agarose 

(Lonza, Rockland, ME) was prepared in phosphate-buffered saline as a stock solution 



and kept in 65 °C water bath. Bottom agar at 0.6% concentration was added as 1 ml 

to each well of a 12-well cell culture plate and left to solidify at room temperature. 

Five thousand of TC32 cells were resuspended in 1 ml of top agar (0.4%) and plated 

as triplicate. The plate was kept at room temperature for 10–15 min until the top agar 

solidified and placed in a 37 °C cell culture incubator for 2–3 weeks. Colonies were 

stained with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 

2 h at 37 °C. Images of colonies were taken by Fuji LAS-3000 imaging system, and 

colony size and counting analysis was carried out by using Multigauge Colony Count 

Software. The experiments were repeated at least twice. 

2H. Cloning and Protein Expression of Recombinant Full Length GLI1 

GLI1 cDNA was isolated from the EGFP-hGLI1 using PCR with the following 

primers Forward 5’-TTCAACTCGATGACCCCACC-3’, Reverse 5’- 

GGCACTAGAGTTGAGGAATT-3’. The forward primer added an ATG start site 

and the reverse removed the stop codon. The PCR product was then TA cloned into 

the pCRII vector (Invitrogen) according to the manufacturers instructions. The N-

terminal HIS and T7 tags were removed from pET28b+ (Novagen, EMD Biosciences 

Inc, Madison, WI) by restriction digest with NcoI and BamHI followed by mungbean 

endonuclease treatment to make blunt ends. The blunt ends were then ligated together 

using T4 DNA ligase (Roche) according to the manufacturers instructions.  In order 

to have the C terminal HIS tag in frame with the GLI1 sequence, both the modified 

pET28B+ and GLI1 in TA vector pCRII were first cut with NotI and then the 

overhang was filled in with DNA polymerase I- klenow fragment (New England 



Biolabs, Ipswitch, MA) according to the manufacturers protocol to make a blunt end. 

Both were then cut with SacI. The GLI1 sequence was then ligated to the pET28B+ 

using T4 DNA ligase.  The resulting vector pET28B+/GLI1 was then verified by 

sequencing. BL21-CodonPlus (DE3)- RIPL competent cells (Stratagene, La Jolla, 

CA) containing the expression vector were grown overnight at 37 °C in Luria-Bertani 

media with 50 g/mL kanamycin and chloramphenicol. The culture was then diluted 

1:20 in 1 L of fresh Luria-Bertani media without antibiotics and allowed to grow at 

37 °C until an optical density of 0.6 was observed at 600 nm. Protein production was 

initiated by adding 1 mM isopropyl-D-1- thiogalactopyranoside (IPTG), and bacteria 

were cultured for an additional 4 h at 37 °C. The majority of the protein was found to 

be in the insoluble inclusion body fraction of the bacteria. The insoluble and soluble 

fractions were separated and isolated from the whole bacteria prep with BugBuster 

protein extraction reagent (Novagen) according to the manufacturer’smanufactuers 

protocol.  

2I. Recombinant GLI1 protein preparation 

An inclusion body pellet corresponding to 1L of bacterial culture was 

resuspended in 50 mL of buffer containing 20mM Tris-HCL (pH 7.5), 500 mM NaCl, 

5mM Imidazole and 6 M Guanidine HCL. The supernatant was filtered (0.22 m pore 

size) and applied to a 1 mL prepacked Hitrap metal chelating column on an AKTA- 

Explorer chromatography system kept at 4°C (GE Healthcare, Piscataway, NJ). 

Initially, metal chelating columns were washed with 10 mL of H2O, charged with 10 

mL of 100 mM NiSO4, washed again with H2O, and equilibrated with 20mM Tris-



HCL (pH 7.5), 500 mM NaCl, 5mM Imidazole and 6 M Guanidine HCL.  The sample 

was then loaded on the column and buffer was changed to 10 ml of 20mM Tris-HCL 

(pH 7.5), 500 mM NaCl, 5mM Imidazole and 6 M Urea in a gradient.. The protein is 

then refolded on the column using a slow 30 ml linear gradient that changed to 20mM 

Tris-HCL (pH 7.5), 500 mM NaCl, 5mM Imidazole and 1mM ZnCl2. Protein was 

then eluted from the column by a slow 20 ml linear gradient from 5mM to 2M 

Imidazole.  ZnCl2 was added to refolding and elution buffers to help maintain the 

integrity of the Zinc Finger DNA binding domains. Aliquots (1 mL) were collected 

and then applied to a 6% acrylamide gel for coomasie staining (ThermoScientific).  

2J. Surface Plasmon Resonance Studies for direct DNA binding 

SPR studies were performed on a Biacore T-100 instrument at room temperature.  

Gli1 protein was captured on the second flow cell of a CM5 sensorchip by amine 

coupling method in pH 5.0 glycine buffer (~8000 RU).  The first flow cell was left 

empty for background signal subtraction.  All DNA oligonucleotides were diluted in 

the running buffer (10 mM HEPES pH 7.4, 90 mM KCl2, 1 mM ZnCl2, 0.5 mM 

EDTA, 0.05% p-20).  Kinetics analysis was done by injecting wild type (5’- 

AGCTACTGGGTGGTCTC - 3’) and mutant (5’-AGCTACCTCCCACTTCTCT-3’) 

oligonucleotides over GLI1 captured and control surfaces.  Each injection was done 

with a 60 second association time and a 360 second dissociation time.  For surface 

regeneration a 30 sec pulse of 1M NaCl was used.  Each concentration was repeated 

three times and the results were analyzed by using the Biacore T-100 evaluation 

software.  Experiments were repeated at least 3 times.  



2K. FlAsH binding assays 

FlAsH-EDT2 (Invitrogen) binding assays were done similarily as previously 

described (79, 87). Briefly, 40 nM recombinant full length GLI1 was preincubated 

with 200, 100, 50, 25 μM ATO for 2 hrs in 1x PBS.  After 2 hrs, FlAsH compound 

was added to a final concentration of 200 nM and incubated for 20 min. Recombinant 

EWS-FLI1 with FlAsH and FlAsH alone was used as negative controls.  50 μM BAL 

(Invitrogen) was used a positive control as it quenches FlAsH by directly binding to 

it. The fluorescence signal was measured with excitation at 508 nm and emission at 

528 nm in a PerkinElmer EnVision Mulitlabel Plate Reader.  

2L. Cell Fractionation 

Cells were rinsed three times with cold 1X PBS, subsequently lysed in cold 

hypotonic lysis buffer (10 mM Tris-HCl pH 7.5, 0.2 mM magnesium chloride), 

collected and homogenized with 35 strokes of a glass dounce homogenizer.  

Homogenates were centrifuged for 10 minutes at 3000 RCF and the supernatant was 

transferred an ultracentrifuge tube containing a 1.25 M sucrose pad and protease 

inhibitors (250 mM sodium fluoride, 5 mM sodium orthovanadate, 5X mini complete 

protease cocktail (Roche, Indianapolis, IN), and 5 mM EDTA).  This preparation was 

centrifuged for one hour at 150,000 RCF (Beckman L8-M ultracentrifuge) and 

protein from the resulting surpernatant was precipitated with 100% ethanol, 

centrifuged again for one hour at 150,000 RCF and the resulting pellet, designated as 

the cytoplasmic pool, was resuspended in SDS sample buffer (2% SDS, 60 mM Tris-

HCl pH 6.8 and 10% glycerol).  The pellet from the original centrifugation (nuclei 



and membrane) was rinsed in hypotonic lysis buffer, re-centrifuged and dried briefly 

at 4oC.  This pellet was resuspended in NP-40 buffer with protease inhibitors (1% 

Nonidet P-40, 150 mM sodium chloride and 50 mM Tris-HCl pH 8.0, with 1 mM 

sodium orthovanadate, 50 mM sodium fluoride and 1X mini complete protease 

inhibitor cocktail), briefly vortexed and allowed to solubilize at 4oC with gentle 

agitation.  The suspension was collected by centrifugation at 3,000 RCF, resulting in 

a supernatant (membrane pool) and a pellet (nuclear pool). The pellet was rinsed once 

in fresh NP-40 buffer and subsequently resuspended in SDS sample buffer.   

2M. Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) 

Cells were treated with or without ATO for 12 hrs. Total RNA was extracted by 

Trizol (Invitrogen Life Technologies, Grand Island, NY) and reverse transcribed 

using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN) 

according to the manufacturers protocol. PCR was performed using an Applied 

Biosystems 7900T cycler using Taqman Gene Expression Master Mix according 

manufacturers instructions with Taqman Gene expression primers for GLI1, 

Patched1, GAS1 and GAPDH (Applied Biosystems, Foster City, CA). The data was 

analyzed for expression relative to GAPDH using the comparative Ct method. Each 

experiment was performed in triplicate. 

2N. Immunohistochemistry 

To determine necrosis slides, were stained with Hematoxylin (Fisher, Harris 

Modified Hematoxylin) at a 1:17 dilution for 2 minutes at RT, blued in 1% 

ammonium hydroxide for 1 minute at room temperature, dehydrated, and mounted 



with Acrymount. Terminal Transferase dUTP Nick End Labeling (TUNEL) Assay 

was performed using the Apotag kit from Millipore.  Briefly, five micron sections 

from formalin fixed paraffin embedded tissues were de-paraffinized with xylenes and 

rehydrated through a graded alcohol series.  Heat induced epitope retrieval (HIER) 

was performed by immersing the tissue sections at 98oC for 20 minutes in 10 mM 

citrate buffer (pH 6.0) with 0.05% Tween.   Slides were pretreated with 3% hydrogen 

peroxide at room temperature, 10mM Sodium Citrate at 65oC, and Equilibration 

Buffer.  Slides were exposed to terminal transferase and digoxigenin labeled dUTP in 

Reaction Buffer for 2 hours at 37oC, stopped in Wash Buffer and blocked with 10% 

normal goat serum.  Slides were exposed to HRP-conjugated anti-digoxigenin 

secondary antibodies (76) and DAB chromagen (Dako). Quantification of necrosis 

and TUNEL staining was performed by the pathologist (M.Ö.) in a blinded fashion 

with coded samples.  

2O. Animal Studies 

1 million TC71 cells in 100 μl of Hank’s Buffered Saline Solution (HBSS) were 

orthotopically injected with into the gastrocnemius muscle of 4-week old severe 

combined immunodeficient–beige mice (Charles River). We randomized mice to 

treatment groups receiving every other day intraperitoneal injections of vehicle (PBS) 

or ATO at a dose 0.15 mg/kg in 100 μl when tumors were palpable. We measured 

tumor length and width every 1-2 days and calculated volume with the formula  (D x 

d2) x /6 where D is the longest diameter and d is the shorter diameter. ND2:SmoA1 

homozygous mice were as previously described (9). Tumor was detected by 



monitoring for the presence of clinical signs of disease such as decreased motor and 

coordination functions, a deformed cranium and megaencephaly, a hunched back, and 

weight loss. MRI was subsequently performed to confirm the presence of a defined 

MB tumor in the cerebellum and well as to identify localization and to assess volume. 

Once animals showed signs of a tumor, they were treated with ATO at a dose of 0.15 

mg/kg 3 times per week. The end point of the study was when animals were 

euthanized due to lack of movement around the cage, which resulted in an inability to 

reach food and water, or weight loss greater than 15% of the total body weight. All 

animal studies were approved by the Georgetown University Institutional Animal 

Care and Use Committee.  

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3.

RESULTS



3A. Investigation of GLI1’s role in tumorigenesis of ESFT 

 

 

 

Figure 4. Schemata of Luciferase Constructs Used 

 

 

 

 

 

 



3.A1. EWS-FLI1 binds to the GLI1 promoter 

Modulation of EWS-FLI1 expression was associated with increased GLI1 mRNA 

levels in cDNA array experiments (82). An observed increase in GLI1 mRNA can be 

either a direct or indirect effect of EWS-FLI1 expression. Therefore, we evaluated the 

possibility that the GLI1 promoter could be a direct target of EWS-FLI1. The GLI1 

promoter has previously been mapped and characterized (88, 89). Analysis of the 

GLI1 promoter sequence identified 12 potential EWS-FLI1-binding sites, which are 

characterized by GGAA (Figure 5A) (90). To show a direct interaction between 

EWS-FLI1 and the GLI1 promoter in ESFT cells, we performed ChIP experiments 

(Figure 5B). We used the FLI1 antibody for immunoprecipitation of EWS-FLI1 

because FLI1 is not expressed in ESFT cells (52). We designed six primer pairs to 

cover the entire length of GLI1 promoter (Figure 5A). The ChIP assay revealed an 

interaction between EWS-FLI1 protein and multiple segments of the GLI1 promoter. 

Primers pairs 1, 3, and 5 gave positive ChIP results, whereas primers 4 and 6 were 

negative (Figure 5B). Primer pair 2 gave same intensity bands in both the FLI1 IP and 

the control IP,  considered a negative result because of nonspecific product formation. 

PTPL1, a known direct transcriptional target of EWS-FLI1 (52), was used as a 

positive control. Control immunoprecipitations were performed in the absence of a 

primary antibody, and negative controls for the PCR were performed in the absence 

of DNA. These results suggest that EWS-FLI1 binds directly to elements of the GLI1 

promoter in ESFT cells. The following experiments were designed to study the 

functional outcome of EWS-FLI1 protein and the GLI1 promoter interaction. 



2.A2. GLI1 Gene Promoter Is Activated by EWS-FLI1 

We examined whether EWS-FLI1 activates transcription from the GLI1 promoter. 

COS7 cells were cotransfected with EWS-FLI1 in a CIneo expression vector and the 

full-length GLI1 gene promoter in a pGL3 basic luciferase vector (GLI1/pGL3). We 

showed that when EWS-FLI1 protein is expressed, it significantly increased activity 

of the GLI1 promoter. The experiment has been repeated a total of seven times with 

an average fold increase of 2.5. The activity of the GLI1 promoter is also increased in 

a dose-dependent manner compared to the empty vector control (Figure 5C) with the 

highest expression of EWS-FLI1 giving a 3.5-fold increase in promoter activity. 

Transfection of EWS-FLI1 did not increase the activity of an NF- B-responsive 

promoter (Figure 5D), which was used as a negative control to rule out the possibility 

that EWS-FLI1 can nonspecifically activate any reporter construct. We then mutated 

all the possible FLI1 DNA-binding sites as shown in Figure 5C to see whether we 

could abrogate the ability of EWS-FLI1 to increase activity of the GLI1 promoter. 

When we expressed both the WT and mutant GLI1 promoter luciferase constructs in 

COS7 cells cotransfected with EWS-FLI1, we saw decreased activity of the mutant 

promoter. Mutation of the FLI1 DNA biding sites reduced the activity back to the WT 

control (Figure 5E). The mutant promoter shows lower basal activity than the wild 

type promoter and this may be due to the fact that when we mutated the FLI1 binding 

sites we also altered the binding sites of other transcription factors. There is still a 

slight activation of the mutant GLI1 promoter by EWS-FLI1. A possible explanation 

for this is that EWS-FLI1 could be binding to the endogenous GLI1 promoter and 



increasing endogenous GLI1 protein levels. In fact when EWS-FLI1 levels were 

expressed at higher levels in Mutant promoter conditions than the WT, the reduction 

in activiy of the GLI1 mutant promoter was lower (data not shown). GLI1 has been 

shown to exert positive feedback by binding to its own promoter and increasing its 

own transcription (5). Since we only mutated the ETS binding sites in the reporter 

construct, endogenous GLI1 may still be able to bind to and activate the promoter of 

the luciferase reporter. 



 

 



FIGURE 5. EWS-FLI1 binds to and activates the GLI1 promoter. (A) A map of 

the full-length GLI1 promoter is shown. The black boxes represent the 12 GGAA 

sites, which are possible EWS-FLI1-binding sites. The star represents the 

transcription start site. The black bars with numbers show the approximate positions 

of the PCR products shown in ChIP experiments. (B) Chromatin immunoprecipitation 

was performed by crosslinking the DNA of TC-71 cells followed by enrichment of 

DNA-protein complexes with anti-FLI1 antibody. Six different primer pairs were 

designed to cover all 12 possible GGAA binding sites on both strands in the GLI1 

promoter and then used to amplify DNA by PCR. The PTPL1 primers served as a 

positive control for positive EWS-FLI1 binding. Control IP was no antibody. Input 

represents the cross-linked DNA prior to immunoprecipitation. (C) COS7 cells were 

cotransfected with 0, 250, 500, 750, 1000, and 1500 ng of EWSFLI1 and the GLI1 

promoter luciferase construct (GLI1/pGL3). Bars represent the means of the relative 

luciferase activity, which is the calculated by dividing the luciferase activity by the 

Renilla activity used as a transfection control. The error bars are the standard 

deviations. (***, p < 0.001, using a two-tailed Student’s t test). Transfection assays 

were performed in triplicate. (D) COS7 cells were cotransfected with and without 

EWS-FLI1  (black and gray Columns, respectively) and with either the Gli1 promoter 

luciferase construct or the NF- B responsive promoter luciferase constructs.  Bars 

represent the means of the relative luciferase activity, which is the calculated by 

dividing the luciferase activity by the total protein concentration determine using a 

BCA protein assay. Error bars are the standard deviations. (** p < 0.01, NS p = 



0.2742 using student t-test). Transfection assays were performed in triplicate and 

repeated four times. Data shown is a representative experiment.  (E) COS7 cells were 

cotransfected with and without EWS-FLI1 and the wild type GLI1 promoter 

luciferase construct or a mutant GLI1 promoter construct that has the FLI1 DNA-

binding sites mutated. The bars represent the means of the relative luciferase activity, 

which is calculated by dividing the luciferase activity by the Renilla activity used as a 

transfection control. The error bars are the standard deviations (***, p < 0.001 using 

a two-tailed Student’s t test). Transfection assays were performed in triplicate and 

were repeated twice. 



3.A2. EWS-FLI1 Enhances GLI1 Protein Expression and Activity in COS7 Cells  

Following the observation of an increase in GLI1 promoter activity upon EWS-

FLI1 expression, we then studied the effects of expressing EWS-FLI1 on GLI1 

protein expression and the activity of GLI1 as a transcription factor. We transfected 

COS7 cells with EWS-FLI1 and examined endogenous GLI1 protein expression by 

Western blot. We observed a 1.4-fold increase in GLI1 protein expression when 

COS7 cells expressed EWS-FLI1 protein (Figure 8A). COS7 cells were also 

cotransfected with EWS-FLI1 and a luciferase reporter construct (pGL38xGLI) that 

contains a GLI1-responsive promoter to examine the effect of EWS-FLI1 on GLI1 

transcriptional activity (Figure 8A). The pGL38xGLI construct contains eight GLI 

DNA-binding sites attached to the chicken lens crystalline promoter followed by the 

luciferase gene. The difference between the construct used in Figure 5 and 

pGL38xGLI used in Figure 8 is that one is measuring activity of the GLI1 gene 

promoter (GLI1/pGL3) stimulated by EWS-FLI1 protein, and the other is measuring 

activity of a GLI1-responsive promoter (pGL38xGLI) stimulated by GLI1 protein. 

Expression of EWS-FLI1 in COS7 cells significantly increased pGL38xGLI reporter 

activity (Figure 8B). These data further suggest that EWS-FLI1 induces GLI1 protein 

expression to a functionally significant level, as we observed enhanced GLI1 

transcriptional activity. To rule out that the observed increase in the GLI1-responsive 

promoter (pGL38xGLI) may be due to direct transcriptional activity by EWS-FLI1, 

we used pharmacological inhibitors of GLI1 protein (Figure 8B). We chose 

NSC75503, which has been previously characterized as a specific inhibitor of 



GLI1transcriptional activity (91). We also used cyclopamine, which is a Smoothened 

antagonist (92). Figures 6 and 7 outline where each of these agents block activity in 

the Hedgehog pathway.  







Cyclopamine was expected to have little to no effect on GLI1 activation by EWS-

FLI1, because EWS-FLI1 acts downstream of Smoothened to activate GLI1. When 

COS7 cells were transfected with EWS-FLI1 and treated with the GLI1 inhibitor 

75503, we observed a significant decrease in GLI1 transcriptional activity as 

measured by the pGL38xGLI reporter construct (Figure 8B). Cyclopamine decreased 

GLI1 activity as well but to a much lesser extent (Figure 8B). The modest decrease in 

activity that was seen with cyclopamine may be due to the effect on endogenous 

Hedgehog signaling in COS7 cells.  These results suggested that the EWS-FLI1-

induced increase in GLI1 responsive promoter (pGL38xGLI) activity is mediated by 

an increase in expression of activated GLI1 protein. 

 





Figure 8. EWS-FLI1 expression in COS7 cells leads to an increase in endogenous 

GLI1 protein expression and transcriptional activity. (A) COS7 cells were 

transfected with EWS-FLI1 or an empty vector control. Whole cell lysates were 

subjected to SDS-PAGE and subsequent immunoblotting with GLI1, FLI1, or actin 

antibody. FLI1 immunoblotting confirmed the expression of EWS-FLI1 and actin 

was used as a loading control. The values below the top panel are the densitometry 

values and are given as fold increase over the empty vector control. (B) COS7 cells 

were cotransfected with and without EWS-FLI1 and a pGL38xGli responsive 

luciferase construct. Twenty-four hours after transfection, the cells were treated with 

the cyclopamine or 75503 GLI inhibitor at a concentration of 30 μM in 1% DMSO 

for 24 h. The columns represent the means of the relative luciferase activity, which is 

calculated by dividing the luciferase activity by the Renilla activity used as a 

transfection control. The error bars are the standard deviations (*, p < 0.05; ***, p < 

0.001 using a two-tailed Student’s t test). Transfection assays were performed in 

triplicate and repeated three times. One representative experiment is shown in this 

figure. 

 

 

 

 

 

 



3.A4. GLI1 Is Expressed in ESFT Cell Lines 

Because the GLI1 promoter is activated by EWS-FLI1, we explored whether 

GLI1 protein is expressed in ESFT cell lines. We surveyed GLI1 protein expression 

in a panel of six ESFT cell lines that express EWS-FLI1. HepG2, a hepatocellular 

carcinoma cell line, was used as a negative control because it does not express GLI1 

protein. All six ESFT cell lines examined had considerably higher GLI1 expression 

compared with HepG2 cells as determined by densitometric analysis of Western 

blots. On average, ESFT cells had a 6.2-fold higher level of GLI1 protein expression 

when compared with HepG2 cells (Figure 9A). We also performed RT-PCR analysis 

for Hedgehog pathway components (Figure 9B). All ESFT cells lines express GLI1 

as well as the GLI target GAS1. A4573 and ES925 also express the GLI target Hhip. 

HepG2 cells do not express any GLI genes or GAS1. We therefore conclude that 

GLI1 is expressed in a majority of ESFT cell lines, which suggests that EWS-FLI1-

induced GLI1 expression is a biologically relevant observation. 

3.A5. Knockdown of EWS-FLI1 Decreases GLI1 Protein Levels 

A673 cells stably transfected with shRNA for EWS-FLI1 were treated with 

tetracycline to induce shRNA expression. A673 cells were used because they are the 

only ESFT cell line that can tolerate EWS-FLI1 knockdown. After 96 h EWS-FLI1 

expression was decreased upon tetracycline treatment in the shRNA cells (Figure 9C). 

When EWS-FLI1 expression was decreased, a subsequent 45% decrease in GLI1 

levels occurred as determined by densitometric analysis. These data further suggest 

that EWS-FLI1 alters GLI1 protein expression in ESFT cells. 



 

 

 

Figure 9. GLI1 is expressed in ESFT cell lines, and knockdown of EWS-FLI1 



decreases GLI1 expression in ESFT cell line A673. (A) Whole cell lysates from six 

different ESFT cell lines and HepG2 were subjected to SDS-PAGE. GLI1 expression 

was determined by immunoblotting with a GLI1 antibody. The arrow indicates the 

GLI1 band at 150 kDa. All of the ESFT cell lines express EWS-FLI1 as shown by 

immunoblotting with a Fli1 antibody. The size difference is due to the type of gene 

fusion that occurs. -Tubulin was used a loading control. The numbers under the top 

panel are densitometry values. They are given as fold increase over the HepG2 cell 

line after normalizing each band to its corresponding loading control band value. (B) 

Total RNA from ESFT and HepG2 cell lines was isolated and analyzed by RT-PCR 

for Hedgehog pathway components. All of the ESFT cells lines express GLI1 as well 

as the GLI target GAS1. HepG2 does not express any GLI genes or GAS1. Of the 

ESFT cells only TC-32 and A4573 expresses Hh ligand. -Actin was used as a 

positive control. Desert Hedgehog was also examined and was negative for all cell 

lines (data not shown). (C) A673 cells stably transfected with a tetracycline inducible 

shRNA for EWS-FLI1 were plated and treated with 0 or 10 μg/ml of tetracycline for 

96 h. After 96 h the cells were lysed, and whole cell lysates were subjected to SDS-

PAGE and subsequent immunoblotting with GLI1, FLI1, or -tubulin antibody. FLI1 

immunoblotting confirmed the knockdown of EWS-FLI1 in tetracycline treated cells 

and Actin was used as a loading control. 



3.A6. Knockdown of GLI1 in ESFT Cells Decreases Proliferation 

TC-71 and TC-32 cells were electroporated with control scrambled or GLI1 

siRNA. GLI1 siRNA reduced GLI1 protein in TC-32 cells by 78% and in TC-71 cells 

by 59% (Figure 10). After 3 days, TC-71 cells expressing GLI1 siRNA had a 43% 

decrease in proliferation compared with the control (Figure 10). The result was 

statistically significant. After 5 days, TC-32 cells expressing GLI1 siRNA had a 30% 

decrease in proliferation compared with the control (Figure 10). This result was also 

statistically significant. These experiments were repeated four times, and GLI1 

protein expression was reduced on average 50% with a standard deviation of 25.7% 

for TC-32 cells and 55% with a standard deviation of 10.2% for TC-71 cells. 

Proliferation on average was inhibited 31% with a standard deviation of 14.90% for 

TC-32 cells and a 36% decrease in proliferation with a standard deviation of 10.0% 

for TC-71 cells. 

 





Figure 10. Knockdown of GLI1 by siRNA decreases proliferation of ESFT cells. 

TC-32 and TC-71 cells were electroporated with control scrambled or GLI1 siRNA. 

TC-32, were plated in triplicate at a density of 1,000 cells/well in a 96-well plate. TC-

71 cells were plated at a density of 5,000 cells/well in a 96-well plate. After 3 (TC-

71) or 5 (TC-32) days cell proliferation was measured by a WST assay. Proliferation 

is shown as the number of viable cells/well. The experiment was done in triplicate 

and repeated four times. Shown is a representative experiment. The error bars are the 

standard deviations (**, p < 0.01; ***, p < 0.001 using a two-tailed Student’s t test). 

Whole cell lysates from TC-32 and TC-71 cells treated with control or GLl1 siRNA 

reagents were subjected to SDS-PAGE. GLI1 expression was determined by 

immunoblotting with a GLI1 antibody. Actin was used a loading control. The 

numbers under the top Immunoblot panel are densitometry values and are given as a 

fold change over the control cell line after normalizing each band to its corresponding 

loading control band value.  

 

 

 

 

 

 

 

 



3.A8. Targeting GLI1 with a Small Molecule Inhibitor Decreases ESFT 

Proliferation and Soft Agar Colony Formation  

We next examined whether GLI1 plays a role in EWS-FLI1 tumorigenesis. In 

order to accomplish this we used the two different inhibitors of the Hedgehog 

pathway, Cyclopamine and NSC75503. The ESFT cell lines TC-32 and TC-71 were 

treated with the GLI1 inhibitor 75503 at 10 and 30μM in 1% DMSO. HepG2 cells 

were used as a negative control to show that the observed effect was not due to 

general cell toxicity. After 72 h, treatment with 75503 compound at 10μM lead to a 

43% inhibition of cellular proliferation in TC-71 cells and 31% inhibition in TC-32 

cells. There was no growth inhibition in the negative control, HepG2 cells. Treatment 

with a concentration of 30 μM of the 75503 compound led to a 60% inhibition in 

proliferation of TC-71 cells, 84% inhibition in TC-32 cells, and 23% inhibition in 

HepG2 cells (Figure 11A). We also treated TC-32 and TC-71 cells with cyclopamine 

at 10 and 30μM and compared it with the 75503 compound (Figure 11B). 

Cyclopamine was expected to have a smaller effect in inhibiting proliferation of 

ESFT cells because the EWS-FLI1 acts downstream of Smoothened to activate GLI1. 

We were able to show that, at both 10 and 30 μM, the 75503 compound inhibited 

proliferation to a greater extent in TC-71 and TC-32 cells compared with 

cyclopamine. At 10μM the 75503 compound lead to a 43% inhibition in proliferation 

of TC-71 and 31% inhibition in TC-32 cells, both of which were significantly better 

than cyclopamine. At 30 μM the 75503 compound showed a 58% inhibition of 

proliferation in TC-71 and 84% inhibition in TC-32 cells, both of which were again 



significantly better than cyclopamine. We then compared the effects of cyclopamine 

on proliferation in ESFT cells to DAOY cells, a medullablastoma cell line. This 

experiment demonstrated that we are able to inhibit proliferation in a cyclopamine-

sensitive cell line but not ESFT cells. At 10μM, TC-71 cells had 1.9-fold greater 

proliferation, and TC-32 cells had 2.0-fold greater proliferation when compared to 

DAOY cells. At 30 μM, TC-71 cells showed 2.6-fold greater proliferation, and TC-32 

cells 3.4-fold greater proliferation when compared with DAOY cells (Figure 11C). To 

confirm that the decrease in proliferation was due to the effect of the inhibitor on 

GLI1 transcription activity in ESFT cells, TC-32 cells were transfected with the 

pGL38xGLI1 reporter construct. Forty-eight hours after transfection, 10 and 30 μM 

of cyclopamine or 75503 were added (Figure 11D). Luciferase activity was measured 

24 h after drug addition. Cyclopamine did not inhibit reporter activity of the 

pGL38xGLI construct in TC-32, whereas the 75503 compound significantly inhibited 

reporter activity at both 10 and 30 μM.  





Figure 11. Treatment of ESFT cells with a small molecule inhibitor of GLI1 

decreases proliferation. (A) TC-32, TC-71, andHepG2cells were plated in triplicate 

at a density of 1,000 cells/well in a 96-well plate. The cells were treated with 75503 at 

10 and 30μM in 1% DMSO. After 72 h cell proliferation was measured by a WST 

assay. Proliferation is shown as the percentage of growth over 1% DMSO-treated 

cells. The experiment was done in triplicate and repeated three times. The error bars 

are the standard deviations (**, p < 0.01; ***, p < 0.001 using a two-tailed Student’s t 

test). (B) TC-32 and TC-71 cells were plated in triplicate at a density of 1,000 

cells/well in a 96-well plate. The cells were treated with cyclopamine or 75503 at 10 

and 30μM in 1% DMSO. After 72 h cell proliferation was measured by a WST assay. 

Proliferation is shown as the percentage of growth over 1% DMSO-treated cells. The 

experiment was done in triplicate and repeated three times. The error bars are the 

standard deviations (*, p < 0.05; **, p < 0.01; ***, p < 0.001 using a two-tailed 

Student’s t test). Shown is a representative experiment. (C) TC-32, TC-71, and 

DAOY cells were plated in triplicate at a density of 1,000 cells/well in a 96-well 

plate. The cells were treated with cyclopamine at 10 and 30 μM in 1% DMSO. After 

72 h cell proliferation was measured by a WST assay. Proliferation is shown as the 

percentage of growth over 1% DMSO-treated cells. The experiment was done in 

triplicate. The error bars are the standard deviations (*, p < 0.05; **, p < 0.01; ***, p 

< 0.001 using a two-tailed Student’s t test). (D) TC-32 cells were transfected with the 

pGL38XGLI luciferase reporter construct and Renilla-TK construct. Forty-eight 

hours later, the cells were treated for 24 h with cyclopamine or 75503 at 10 and 30 



μM. The bars represent the means of the relative luciferase activity, which is 

calculated by dividing the luciferase activity by the Renilla activity used as a 

transfection control. The error bars are the standard deviations (***, p < 0.001 using 

a two-tailed Student’s t test). Transfection assays were performed in triplicate and 

were repeated twice.  



The GLI1 inhibitor 75503 was also able to inhibit soft agar colony formation 

in TC-32 cells (Figure 12). The 75503 compound significantly inhibited colony 

formation at 10 and 30μM. These results indicate that GLI1 may play a role in cell 

proliferation and anchorage-independent growth of ESFT tumor cells. 

 

 



Figure 12. Treatment of ESFT cells with a small molecule inhibitor of GLI1 

decreases soft agar colony formation. (A) TC-32 cells were plated in soft agar in 

triplicate at a density of 5,000 cells/well in a 12-well tissue culture plate. The cells 

were treated with DMSO or 75503 at 3, 10, and 30 μM, which was added on top 

every 2 days in 50μl of volume. (B) Graph shown is the quantification of A. The 

error bars are the standard deviations (*, p = 0.05 using a one-way analysis of 

variance, Bonferroni’s multiple comparison test). 



3B.  Arsenic Trioxide inhibits ESFT and Medulloblastoma growth by blocking 

Hedgehog/GLI pathway 

3.B1. Arsenic Trioxide inhibits GLI1 protein’s transcriptional activity and 

reduces target gene expression. 

We investigated whether ATO can inhibit GLI1 activity as measured by the 

GLI responsive luciferase promoter, pGL38xGLI, which contains eight GLI DNA 

binding sites attached to the chicken lens crystalline promoter followed by the 

luciferase gene.  HepG2 cells, which do not express any detectable GLI1 protein or 

mRNA, were cotransfected with GLI1 and pGL38xGLI to examine the effect of ATO 

on GLI1 transcriptional activity (Figure 13). Cells were treated with vehicle or 3μM 

of ATO for 24 hrs. ATO was able to inhibit GLI1 transcriptional activity by 54% 

compared to the vehicle control (Figure 13A). To rule out the possibility that ATO 

nonspecifically inhibits transcription, translation or luciferase activity, we then 

examined the effect of ATO on other transcription factors including NROB1 (EWS-

FLI1) or HES1 (Notch). ATO neither altered EWS-FLI1 nor Notch activity (Figure 

13A). Therefore we concluded that ATO is able to specifically inhibit GLI1 

modulated transcription. We next investigated whether ATO was able to alter 

expression of endogenous GLI1 target genes such as PTCH1 and GAS1. The ESFT 

cell line TC-71 was treated with 3μM ATO for 12 hrs and mRNA levels were 

measured for GLI1, PTCH1 and GAS1 using qRT-PCR (Figure 13B). The mRNA 

expression of PTCH1 and GAS1 were significantly reduced in cells treated with 

ATO.  GLI1 mRNA expression was also minimally inhibited although the difference 



was not statistically significant. Reduction in GLI1 mRNA could be expected since 

GLI1 can bind to its own promoter in an auto-activation loop (5). Although GLI1 

mRNA levels were reduced, there was no significant change of GLI1 protein 

expression at this time point by immunoblotting (Figure 13C).  Therefore, the 

decrease in target gene expression (PTCH1 and GAS1) was not due to a decrease in 

GLI1 protein levels but a decrease in GLI1 activity (Figure 13C). 



I
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Figure 13. Arsenic Trioxide inhibits GLI1 protein activity and target gene 

expression. (A) HepG2 cells were transfected with GLI luciferase reporter construct 

(pGL38XGLI), EWS-FLI1 luciferase reporter construct (NROB1-Luc) and Notch 

luciferase reporter construct (HES-1) with or without GLI1, EWS-FLI1 and Notch, 

cDNAs respectively. The Renilla-TK construct was used as a transfection control for 

signal normalization. Twenty-four hrs after transfection, cells were treated with 3μM 

Arsenic Trioxide for 24hrs. Bars represent the means of the relative luciferase 

activity, which is calculated by dividing the luciferase activity by the renilla activity 

used as a transfection control. Error bars are the standard deviations (***P<0.001, ns 

= not significant using a two-tailed Student’s t-test). Transfection assays were 

performed in triplicate. (B) TC-71 cells were treated with vehicle or ATO for 12 hrs. 

Quantitative-RT-PCR was performed in order to quantify changes in GLI1 mRNA 

levels as well as the GLI target genes PTCH1 and GAS1. Expression was normalized 

to GAPDH levels. Bars represent the means of the relative expression levels as 

calculated using the comparative Ct method. Error bars are the standard deviations 

(***P<0.001, ns = not significant using a two-tailed Student’s t-test). Each condition 

was performed in triplicate. (C) TC-71 total cell lysates from the experiment in B that 

were treated with vehicle or ATO for 12 hrs were subject to SDS-page followed by 

immunoblotting with anti-GLI1, anti-FLI1 and anti-Actin antibodies. 



3.B2.  Arsenic Trioxide does not alter GLI1 localization.  

ATO has been previously shown to cause degradation of the fusion protein PML-

RAR in APL cells (76). However, we did not observe degradation of GLI1 protein in 

response to ATO treatment (Figure 14A and Figure 14C). We therefore investigated 

whether ATO affects intracellular trafficking of GLI1. In order to do this, we took 

two different approaches. For endogenous GLI1, we performed cell fractionation after 

cells were treated for 12 and 24 hrs with 3μM ATO (Figure 14A). We examined if 

there were any changes to GLI1 levels in the cytoplasm compared to the nucleus. 

Total GLI1 protein levels did not change nor were shifts observed between the 

nucleus and cytoplasm protein levels. These data indicate that the ATO effect on 

GLI1 activity is not by altering its subcellular localization. We corroborated these 

observations by using florescence microscopy to assess the localization of GFP-

tagged GLI1 in COS7 cells. Overexpression of GLI1 protein in cells with low Hh 

activity results in accumulation of GLI1 in the cytoplasm. Compared to the abundant 

amount of protein in the cytoplasm, the small amount of GFP-tagged GLI1 

transported into the nucleus, which activates transcription in reporter assays, is 

usually too faint to detect by florescence microscopy.  Two different approaches 

helped overcome this technical challenge.  The mutation of the nuclear export signal 

sequence in GLI1, or the presence of Dryk1 kinase to phosphorylate GLI1, results in 

activated Hedgehog pathway by maintaining nuclear localization of GLI1 protein 

(36). COS7 cells were transfected with expression vectors for either wild type GLI1 

(EGFP-GLI1WT), GLI1 which has the end of its nuclear export signal mutated from 



LRLD to AHAD (EGFP-GLI1AHA) or wild type GLI1 cotransfected with Dyrk1 

(Figure 14B). Cells were treated with 3 μM ATO for 24 hrs. There was no change in 

localization of the wild type GLI1, which remained mainly cytoplasmic.  In addition, 

ATO did not alter the nuclear localization of the EGFP-GLI1AHA or GLI1 

cotransfected with Dyrk1. We also tested whether ATO would inhibit GLI1 

transcriptional activity if GLI1 protein was restricted to the nucleus (Figure 14C). 

Treatment with 3 μM ATO for 24 hrs inhibited the wild type GLI1 as well as both the 

GLI1AHA mutant and Dyrk1 mediated transcriptional activation of GLI1.  These two 

different approaches, with corroborating results, suggest that ATO inhibition of GLI1 

occurs in the nucleus.  
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Figure 14. Arsenic Trioxide does not change subcellular localization of GLI1 (A) 

TC-71 cells were treated with vehicle or ATO for 12 and 24 hrs. Cell fractionation 

was conducted and lysates were subject to SDS-page followed by immunoblotting 

with the following antibodies: anti-GLI1, anti- -tubulin (control for cytoplasmic 

proteins), and anti-Lamin A/C (control for nuclear proteins). (B) Localization of the 

EGFP-GLI1WT and EGFP-GLI1AHA, and EGFP-GLI1WT with HA-Dyrk1 was 

detected by green florescence. (C) COS7 cells were transfected with GLI luciferase 

reporter construct (pGL38XGLI), and the EGFP-GLI1WT, EGFP-GLI1AHA or, 

EGFP-GLI1WT and HA-DRYK1. The Renilla-TK construct was used as a control for 

normalization. Twenty-four hrs later, cells were treated for 24hrs with Arsenic 

Trioxide at 3μM. Bars represent the means of the relative luciferase activity, which is 

calculated by dividing the luciferase activity by the renilla activity used as a 

transfection control. Error bars are the standard deviations (***P<0.001, ns = not 

significant using a two-tailed Student’s t-test). Transfection assays were performed in 

triplicate. Expression of GLI constructs were detected by western (Bottom panel). 



3.B3. Arsenic Trioxide directly interacts with recombinant GLI1 protein but 

does not inhibits GLI1 binding to DNA. 

In order to test whether ATO can bind directly to GLI1, we expressed and 

purified recombinant human GLI1 protein with a 6xHis tag to perform in vitro 

binding assays (Figure 15A). Full-length, recombinant GLI1 has been elusive and not 

described in the literature due to its large size and poor solubility. We produced 

recombinant GLI1 through a refolding protocol that worked for a different disordered 

protein, EWS-FLI (93). This partially purified GLI1 was enriched sufficiently for 

direct ATO binding studies and DNA binding studies with surface plasmon resonance 

(SPR). To determine whether ATO can directly bind to GLI1 we utilized a method 

that has been previously used to assess binding of arsenite to IKK  (79).  We 

performed competitive binding assays between ATO and FlAsH-EDT2 (Figure 15B). 

FlAsH-EDT2 is a fluorescent organoarsenical, which gives enhanced signal when 

bound to a protein (87). In the presence of GLI1, there was approximately a 2-fold 

increase in the fluorescence signal over the control (FlAsH alone) indicating that 

FlAsH is able to bind to GLI1. FlAsH compound did not bind to recombinant EWS-

FLI1, which was used as a negative control to rule out non-specific interaction. 

Increasing amounts of ATO competed with FlAsH binding to recombinant GLI1, thus 

indicating that ATO is binding directly to GLI1. This decrease was statistically 

significant at 200 M. Excess 2,3-dimercaptopropanol (BAL) is able to quench the 

signal of FlAsH and was used as a positive control in the competitive binding studies. 

We attempted to directly measure direct binding affinity of ATO to GLI1 in surface 



plasmon resonance (SPR) studies. However, due to the very high ratio of molecular 

weights of ATO to recombinant GLI1 protein, and because of the limited amount of 

GLI1 protein that can be captured on a Biacore chip, we could not measure direct 

ATO-binding by SPR. 

We continued to dissect the mechanism of ATO inhibition of GLI1 by 

evaluating ATO’s effects on DNA binding. We immobilized GLI1 protein to a CM5 

chip in a Biacore T-100 instrument (Figure 15C).  DNA binding kinetics were 

measured by injecting double stranded oligonucleotides that contain a consensus GLI 

DNA binding sequence from the PTCH1 promoter (94).  As a negative control we 

used the same 19 base pair oligonucleotide in which the consensus sequence 5’-

TGGGTGGTC-3’ is mutated to 5’-CTCCCACTT- 3’. GLI1 bound to its putative 

wild-type DNA consensus site with 8.15 nM KD, but did not bind to the mutated 

sequence. Co-injection of 10 M ATO did not significantly alter the binding of wild-

type oligonucleotide to GLI1. A reciprocal experiment, in which biotinylated 

oligonucleotides were immobilized onto a streptavidin surface as the ligand and GLI1 

injected as the analyte, demonstrated similar results (data not shown). 





Figure 15. ATO directly binds to GLI1 but does not inhibit its DNA binding. (A) 

Coomasie stained gel shows induction of full length GLI1 protein expression in 

bacteria. Protein in the inclusion bodies was bound to Ni+ NTA column, refolded on 

the column and eluted with an imidazole gradient.  (B) 40 nM full length GLI1 

protein was pre incubated with either BAL at 50 μM for 10 min or ATO at 200, 100, 

50, and 25 μM for 2 hrs. 200 nM FlAsH-EDT was then added for 20 minutes. 

Relative fluorescence intensity is expressed as the fold change over the control 

(FlAsH alone). EWS-FLI1 with 200 nM FlAsH was used as negative control. 

Fluorescence intensity was measured with excitation at 508 nm and emission at 528 

nm (* - p = 0.02 using a two-tailed Student’s t-test). (C) GLI1 was immobilized on a 

CM5 Biacore chip and an SPR analysis was performed by injecting DNA oligos that 

contained a single GLI consensus binding site (Wild type oligo) with or without 10 

μM ATO in running buffer. A DNA oligo that contained a mutated consensus site 

(Mutant oligo) was used as a negative control. Each colored line represents a single 

concentration oligo injection, which was repeated 3 times in every experiment.  

Oligos were injected at 100 nM, 50 nM, 25 nM, 12.5 nM, 6.25 nM, 3.13 nM, and 

1.56 nM. Black lines represent curve fit for a 1:1 binding model using Biacore T-100 

evaluation software.  



3.B4. ATO is cytotoxic towards cells with active Smoothened/GLI pathway.  

Our prior investigations, along with publications in other groups, have 

established GLI1 as an important transcription factor for ESFT tumorigenesis (84, 95, 

96). GLI activation as a downstream target of the Hedgehog pathway has been 

actively studied in tumors with constitutively activated Smoothened (due to PTCH1 

mutation or loss) such as basal cell carcinoma (BCC) and meduloblastoma. Since 

ATO is able to inhibit GLI1 transcriptional activity, we hypothesized that ATO would 

be cytotoxic in cell lines dependent on GLI, such as Ewing’s Sarcoma (ES) and 

medulloblastoma. We treated TC-71 (ES), DAOY (medulloblastoma), and HepG2 

(lacks GLI, heptocellular carcinoma) cell lines with either vehicle or a dosage range 

from 0.1 to 30 μM ATO for 1 and 5 days (Figure 16A).  The ESFT cell line TC-71 

expresses high levels of GLI1 whereas DAOY only expresses GLI2 (Figure 16C). 

DAOY undergoes an increase in Hedgehog signaling because it has been found to 

have one PTCH1 allele hypermethylated, which results in haploinsufficiency (97-99). 

We found that ATO has a half-maximal inhibitory concentration (IC50) of 0.35 μM 

for the TC-71 cell line and 0.76 μM for the DAOY cell line as compared to 23.3 μM 

for the HepG2 cell line (Figure 16B).  This 66-fold difference in IC50 values between 

TC-71 and HepG2 cells further supports the hypothesis that ATO may have selective 

specificity against GLI1 function and cells dependent on active GLI signaling may be 

more sensitive to ATO treatment.  We performed similar experiments with four other 

ESFT cell lines (TC-32, A4573, ES925, and SKES) and observed comparable results 

(Figure 16B). TC-71, SKES, and A4573, which expressed the highest levels of GLI1 



and/or GLI2, were also the most sensitive. TC-32 was the least sensitive ESFT cell 

line and also has the least GLI1 and GLI2 protein expression (Figure 16C). Therefore, 

sensitivity to ATO correlated with GLI protein levels (Figure 16D). The relative total 

GLI levels as measured by densitometry of the immunoblot (Figure 16C) plotted 

versus the IC50 values from Figure 16B results in a statistically significant correlation 

with a Spearman r-value of -0.963 and a p-value of 0.017 for day 5 IC50 values.  Day 

1 IC50 values gave similar correlation results (Figure 16D). 



 

Spearman r = -0.96
p= 0.017

Spearman r = -0.96
p= 0.017



Figure 16. Arsenic Trioxide inhibits proliferation of ESFT and medulloblastoma 

cell lines. (A) TC-71, DAOY, and HepG2 cells were plated in triplicate in a 96-well 

plate at 5,000 cells per well. Cells were treated for 1 and 5 days with varying 

concentrations of Arsenic Trioxide and then proliferation was measured by a WST 

assay. Values are shown as percentage of growth over the vehicle alone control. 

Error bars represent the standard deviations. (B) IC50 values for ESFT and 

medulloblastoma cell lines compared to HepG2. (C) Whole cell lysates were subject 

to SDS-page followed by immunoblotting with the following antibodies anti-GLI1, 

anti-GLI2, and anti- -tubulin was used as a loading control. (D) Plot of relative GLI 

expression as measured by densitometry of western blots in C versus IC50 for day 1 

and 5. Correlation was assessed using non-parametric Spearman test (r = -0.96 , p = 

0.017). 



3.B5. ATO inhibits in vivo growth of ESFT. 

We established ESFT xenografts by orthotopically injecting TC-71 cells into 

the gastrocnemius of severe-combined immunodeficient beige (SCID) mice. Tumor 

growth was monitored daily with caliper measurements. Animals with palpable tumor 

masses were randomly assigned to either control or treatment groups.  Intraperitoneal 

injections of 0.15 mg/kg of ATO or vehicle (PBS) were given every other day and 

tumor volume measurements were continued daily. Animals were euthanized when 

their tumor volume reached 1 cm3. The tumor growth rate of TC-71 xenografts was 

extremely rapid.  Mice developed palpable tumors within 2 to 4 weeks after 

implantation and control mice had to be euthanized 7 days after the start of treatment. 

Despite the rapid growth rate of tumors, a statistically significant decrease in tumor 

growth was measured in mice treated with ATO (Figure 17A). Tumors from mice 

treated with ATO were compared with those who received vehicle treatment by 

histology and immunohistochemistry (IHC) for TUNEL staining as a measure of 

apoptosis (Figure 17B). The tumors of mice treated with ATO showed marked gross 

necrosis when compared to control mice at the initial dissection. Liquefied necrotic 

tissue was not a part of the formalin fixed sections. The tissue that can be analyzed by 

H&E also showed large areas of necrosis in ATO treated tumors. In areas of non-

necrotic tissue, the ATO treated mice tumors showed a trend towards increased 

apoptosis by TUNEL staining compared to the control tumors; however, this was not 

statistically significant. There was no significant difference in the morphology of the 

tumors in viable tumor areas, or in the number of mitoses per slide between control 



and ATO treated animals. We also examined whether GLI1 was being degraded in 

vivo in tumors (Figure 17C). Similar to in vitro studies with ESFT cell lines, there 

was no difference in GLI1 protein levels between control and ATO treated animals.  





Figure 17. Arsenic Trioxide inhibits ESFT cell proliferation in vivo in a mouse 

xenograft model. (A) TC-71 ESFT cells were implanted intramuscularly to SCID 

mice.  When xenografts became palpable, animals were treated with IP injections of 

the PBS control (n= 8) or 0.15 mg/kg of ATO (n=8) every other day until their tumors 

reached 1 cm3 (p<0.001, using a curve regression and F-test).  (B) Tumors from the 

mice in (A) were analyzed by H&E and immunohistochemistry for TUNEL as a 

marker of apoptosis. Insets show selected areas with viable cells in higher 

magnification. (C) Protein was extracted from frozen tumor samples (4 ATO treated, 

4 control) and was subject to SDS-page followed by immunoblotting with anti-GLI1, 

anti-FLI1, and anti- -tubulin antibodies.  



Target gene expression was examined by qRTPCR for PTCH1, GLI1, and 

GAS1 in frozen tissue from control and ATO treated mice (Figure 18). No differences 

were observed between the control and treated animals. This may be due to the fact 

that the tissue was harvested too long after the time period during which ATO has an 

effect on GLI signaling. Another possibility explaining why target gene changes were 

not seen is that the tumors were harvested when they were already necrotic, especially 

in the treated animals. Therefore, the cells in which Hedgehog target genes were 

reduced were not viable to extract RNA; the cells that were viable for RNA extraction 

did not undergo a reduction in target gene expression.  



 

Figure 18. qRT-PCR of Hedgehog Target genes control vs. ATO treated mice. 

Quantitative-RT-PCR was performed in order to quantify changes in GLI1 mRNA 

levels as well as the GLI target genes PTCH1 and GAS1 from frozen mouse tissue. 

Expression was normalized to GAPDH levels. Bars represent the means of the 

relative expression levels as calculated using the comparative Ct method. Each 

condition was run in duplicate with 4 mice analyzed per group. 

0.0

2.5

5.0

7.5



3.B6. ATO increases the survival of a constitutively activated Smoothened 

transgenic mouse with high penetrance for medulloblastoma. 

The ND2:SmoA1 transgenic model contains an activated Smoothened receptor in 

which codon 535 is changed from Trp to Leu. The transgene is under the control of 

the ND-2 promoter, which results in expression in granule neuron precursor cells of 

the cerebellum,; these mice thus have a high incidence of medulloblastoma (9, 74). In 

our study we used mice that were homozygous for the transgene. In our experience 

approximately 50% of the animals showed medulloblastomas.  Only animals with 

tumors were included in this study. Tumors were detected by monitoring for the 

presence of clinical signs of disease such as decreased motor and coordination 

functions, a deformed cranium, megaencephaly, hunched back, and weight loss. MRI 

was subsequently performed to confirm the presence of a defined medulloblastoma in 

the cerebellum (Figure 19A). Once a visible tumor was detected, animals were placed 

on treatment with ATO at a dose of 0.15 mg/kg 3 times per week. The survival of 

these mice was compared to the survival of untreated mice (Figure 19B). The average 

age at the start of treatment for the ATO treated mice was 4.3 months with a range of 

2.4 to 6.0 months. The median age at death for the untreated mice was 4.4 months 

whereas it was 6.4 for the treated mice. All of the untreated mice were euthanized due 

to tumor burden. One of the ATO treated mice was euthanized due to non-tumor 

related health issues. ATO treatment increased survival significantly with a p-value of 

less than 0.0001 as assessed by Kaplan-Meier analysis. The tumors from mice treated 

with ATO were compared with those who received vehicle treatment by histology 



and immunohistochemistry (IHC) for TUNEL. H&E sections in both groups showed 

a malignant small blue cell tumor with occasional pseudorosettes, numerous mitoses, 

and apoptotic bodies (Figure 19C).  There wer no significant differences in the 

morphology of the tumors, number of mitoses, degree of necrosis, and proliferative 

index. The number of apoptotic bodies and cells stained in the TUNEL assay 

appeared more abundant in the treated group, but statistically no significant 

differences were observed.  





Figure 19.  Survival of ND2:SMOA1 mice is increased with ATO treatment. (A) 

MRI images of an animal with a normal cerebellum versus an animal that has a 

distinct medulloblastoma. A dashed circle marks the location of the tumor. (B) The 

survival of 0.15 mg/kg 3 times per week ATO treated (n = 18) to untreated (n = 24) 

ND2:SMOA1 mice were compared. (p = 0.0001, using a Kaplan-Meyer analysis). 

The ticks on the graph represent animals that are still alive at the time of analysis (C) 

Representative H& E sections from control and ATO treated brain tumors. In each 

case a histologically classical medulloblastoma was observed arising in cerebellum (i 

and ii, low power showing tumor and normal cerebellum, iii and iv, high power 

showing tumor). 



Chapter 4.  

DISCUSSION 



The ability of EWS-FLI1 to cause a malignant phenotype is dependent in part 

on its ability to act as a transcription factor and alter gene expression. Many targets 

have been described as either directly or indirectly regulated by EWS-FLI1. Previous 

studies have suggested that EWS-FLI1 increases GLI1 expression. One study 

demonstrated, by microarray analysis, that GLI1 gene expression decreased in an 

ESFT cell line when EWS-FLI1 was knocked down by RNA interference (82). 

Another study showed that NIH3T3 cells transformed with EWS-FLI1 had increased 

expression of GLI1 and its transcriptional targets (84). However, neither study 

proposed a mechanism for how EWS-FLI1 increases GLI1 expression. Zwerner et al. 

(84) argued that increased expression of GLI1 protein could be an indirect effect of 

EWS-FLI1. Their work provided evidence that EWS-FLI1-induced expression of c-

Myc may regulate GLI1 expression. In this study, we show that EWS-FLI1 directly 

binds to the GLI1 promoter and increases expression of GLI1 protein. The results in 

this study do not rule out the potential role of c-Myc involvement in GLI1 gene 

expression; nonetheless, they strongly suggest that direct activation of the GLI1 

promoter by EWS-FLI1 is the primary mechanism behind increased GLI1 protein 

expression. Inhibiting GLI1 with a small molecule inhibitor can decrease ESFT 

proliferation and anchorage-independent growth. Knocking down GLI1 with siRNA 

and showing a subsequent decrease in proliferation validated these results. Zwerner et 

al. (84) also showed that an ESFT cell line, TC-32, had reduced anchorage- 

independent growth when GLI1 expression was inhibited by shRNA. The results of 

this study support their hypothesis that GLI1 is important for the ESFT tumor 



phenotype. Inhibition of GLI1 function reduced growth of TC-71 and TC-32 cell 

lines in culture and TC-32 growth in soft agar. Many of the experiments in this study 

utilized a small molecule inhibitor of GLI1 as opposed to shRNA. Even though 

shRNA, siRNA, and antisense oligonucleotides are excellent experimental tools to 

reduce protein expression in vitro, their clinical applications have not been possible 

for any target in any tumor type. Small molecules provide drugable properties that 

allow them to be optimized for better pharmacokinetics and pharmacodynamics. The 

small molecule NSC75503 used in part III.A of this study has only been used in 

preclinical studies and, currently, no other GLI inhibitors have made it into clinical 

trials. Since ATO is an already FDA approved small molecule, it led us to investigate 

it as a GLI inhibitor in part 3B as a potential new therapy for ESFT.  

A study of GLI1 gene amplification in childhood sarcomas examined eight 

ESFT cell lines and found that none of them had rearrangements or amplification of 

the GLI1 gene (12). These data support this study’s findings that increased GLI1 

expression in ESFT cells is due to EWS-FLI1 and not by other mechanisms such as 

gene amplification. Our work supports adding GLI1 to the list of genes that are 

directly regulated by EWS-FLI1 and contribute to ESFT tumorigenicity.  

 Interestingly, the ESFT cell lines have highly varying levels of GLI1 expression. 

TC-32 has very low GLI1 expression; yet, one would expect that the GLI1 expression 

would be more uniform since GLI1 is a target of EWS-FLI1.  Type 1 fusion 

transcripts have been shown to have lower transactivation when compared to type 2; 

however, if GLI1 expression of Type 1 cell lines (TC-71, A673, TC-32 and ES925) is 



compared to the type 2 cell line (SKES), there appears to be no correlation between 

fusion type and GLI1 expression.  It is possible that other pathways with an effect on 

GLI1 activation, such as RAS, AKT, and TGF- , may play a role in the level of 

expression of GLI1. The cell lines that have lower expression of GLI1, such as TC-

32, may have high levels of negative regulators like PKA or PKC. Another possibility 

is the cell lines exhibiting higher GLI1 expression, such as TC-71 and SKES, have 

higher activation of the RAS or AKT pathways, which further enhances GLI1 

activation.  

NSC75503 has been characterized as a specific inhibitor of GLI1 

transcriptional activity (91); yet, its specificity for GLI1 has not been proven. It is 

likely that NSC75503 can also inhibit the other GLI isoforms, specficially GLI2 and 

GLI3. TC-32 cells express both GLI1 and GLI2 in contrast to TC-71 cells, which 

only express GLI1 (Figure 9). Therefore, the differences observed between these two 

cell lines in respect to their NSC75503 sensitivity (Figure 11) could potentially be 

due to expression levels of the different GLI isoforms. Nevertheless, the difference in 

response to cyclopamine and NSC75503 suggests an activation of the Hedgehog 

pathway at the GLI level. Hence, the findings presented in this study support the 

hypothesis that EWS-FLI1-induced GLI1 expression is an important contributor to 

ESFT carcinogenesis. GLI1 is often up-regulated in cancer by Hh pathway-dependent 

mechanisms, such as overexpression of Hh ligand, inactivation of Patched1, or 

activation of Smoothened. However, recent evidence has also shown that Hedgehog-

independent activation of GLI1 by the Ras or transforming growth factor-  signaling 



pathways is important for tumor formation of many cancer types, including pancreas, 

lung, and colon (31, 33, 100, 101). Even so, the effect of RAS and transforming 

growth factor-  signaling on GLI1 activation has not been shown to be a direct 

mechanism. This study proposes a novel mechanism of Hh-independent GLI1 

activation whereby EWS-FLI1 directly activates GLI1 by binding to the GLI1 

promoter, leading to an increase in abundance of the GLI1 protein. RT-PCR analysis 

of ESFT cell lines compared with the control cell line showed higher expression 

levels of GLI1 and its target gene GAS1 (Figure 9.). Most ESFT cell lines showed no 

detectable Hedgehog ligand expression or very low levels compared with the control. 

Consistent with this finding, cyclopamine did not inhibit GLI1 transcriptional activity 

in ESFT cells (Figure 11D). These findings further supported the hypothesis that the 

molecular mechanism of EWS-FLI1 activating GLI1 is independent of the upstream 

Hedgehog pathway.  

 In this study, the effect of other ETS transcription factors on GLI1 expression as 

another non-canonical mechanism for active Hedgehog signaling was not 

investigated. Yet it could be hypothesized that in specific cell types, such as 

leukemia, other ETS transcription factors could lead to active Hedgehog signaling via 

direct activation of GLI1. Several recent studies showed that a mouse model with a 

conditional knockout of Smoothened had little to no effect on hematopoiesis and 

hematopoietic stem cells (HSC) (102, 103). In contrast, another study demonstrated 

that GLI1 is required for proliferation and differentiation of HSCs and progenitors.  

Researchers showed GLI1 homozygous knockout animals had impaired myeloid 



differentiation and the HSC had a lower proliferative index (104). This indicates that 

there is not complete redundancy between SMO and GLI1, and that GLI1 may have 

effects independent of SMO. It was also shown that approximately one third of 

leukemia patient samples had GLI1 expression independent of SMO (105).  A 

possible explanation for this is that ETS transcription factors such as ERG and FLI1 

may directly activate GLI1 in the same manner as EWS-FLI1. Since all ETS family 

members can bind to the GGAA consensus site, it is possible that ERG or FLI1 could 

directly bind to the GLI1 promoter in cell types other than ESFT cells. In fact, ERG 

and FLI1 have been shown to be important in leukemia. Both ERG and FLI1 have 

been shown to be essential for proper hematopoiesis and maintenance of HSCs (106, 

107). ERG expression has shown to be an important risk factor for both acute 

myeloid leukemia (AML) and acute T-lymphoblastic leukemia (T-ALL) (108-110). 

FLI1 is important for F-MuLV-induced erythroleukemia (111). A similar 

translocation to EWS-FLI1, TLS-ERG, has been found in cases of AML (112). 

Though other non-canonical signaling pathways may be involved in SMO-

independent GLI1 activation, it is possible that ERG or FLI1 could play a role in non-

canonical activation of GLI1 in leukemia and thus warrants further investigation. 

  Cyclopamine and other Smoothened antagonists have entered phase I and II trials 

(113). However, the growing evidence that GLI1 activation in many cancers occurs 

by a Hedgehog-independent mechanism, as presented in this study, suggests that the 

development of GLI inhibitors should be pursued. These novel agents could be used 

to treat cancers, including ESFT, which have activation of the pathway at the level of 



GLI. Because cancers have multiple dysregulated pathways, it is unlikely that 

inhibition of GLI1 alone can provide a cure for ESFT. EWS-FLI1 activates other 

important genes contributing to cellular transformation. Therefore, the greatest 

benefit from specific GLI1 inhibitors will most likely come from combinatorial 

therapies. 

 The activation of GLI1 by EWS-FLI1 may provide insights into the cell of origin 

of ESFT.  One of the possible cell types of origin is a mesenchymal stem cell. 

Mesenchymal stem cells have high Hedgehog signaling activation and many studies 

utilize mesechymal cells to probe the Hedgehog pathway (20, 92, 114). It has been 

shown in human mesenchymal cells that active Hh signaling prevents osteoblast 

differentiation (115). A newly published study proposes that EWS-FLI1 reprograms a 

pediatric mesenchymal stem cell to display the ESFT phenotype (116). Perhaps EWS-

FLI1’s activation of GLI1 leads, in part, to increased proliferation and inhibition of 

differentiation of a mesenchymal stem cell, thus enhancing tumorigenesis. 

Interestingly, the role of Hh signaling in mesechymal stem cells between mouse and 

humans is different. Mouse studies show that in vitro Hh signaling induces osteoblast 

differentiation instead of restricting it (117-122). These data could explain why mice 

do not develop Ewing’s Sarcoma even when EWS-FLI1 is targeted to mesechymal 

stem cells in the mouse. The differences in effects between mice and humans of 

downstream targets like GLI1 in mesenchymal stem cells could alter tumor 

development. Thus it may prove very difficult to construct a proper transgenic mouse 

model of Ewing sarcoma.  



In APL, ATO’s proposed mechanism of action is degradation of the PML-

RAR fusion protein (76). In acute myelogenous leukemia (AML), arsenic has been 

shown to degrade another fusion protein AML1/MDS1/EVI1 (123). We present data 

indicating that ATO inhibits GLI1 activity but does not induce degradation of the 

GLI1 protein (Figure 13 and Figure 14). Earlier work has shown that ATO is 

cytotoxic in ESFT cells at similar concentrations.  Jung et al. showed ATO induced 

apoptosis via an increase in the phosphorylation status of JNK, but did not propose a 

molecular mechanism to explain it (124).  Matheiu et al. provided evidence that ATO 

caused apoptosis of ESFT in a p53-independent manner and proposed that ATO 

inhibition of NF B was the possible mechanism (125). However, NF B knockdown 

in ESFT cells has no effect on viability under normal growth conditions. Therefore, it 

is unlikely that inhibition of NF B alone by ATO is the molecular mechanism for 

ATO-mediated ESFT cytotoxicity in our studies (126).   

It was presented in this work that GLI1 is a direct transcriptional target of 

EWS-FLI1 and that it is activated by a novel, non-canonical mechanism irrespective 

of Hh ligand and Smoothened. Furthermore, proper GLI1 activity is required to 

maintain malignant phenotype of ESFT cells (84, 95, 96). We propose that ATO is 

cytotoxic in ESFT cells at least in part through the inhibition of GLI1. ATO does not 

alter intracellular localization of GLI1 protein or GLI1 binding to DNA. ATO does 

appear to be directly binding to GLI1. The molar excess of ATO needed to displace 

the FlAsH compound indicates that the stoichiometry is not 1:1 or the binding affinity 

of FlAsH is greater than ATO. Arsenic has previously been shown to bind to cysteine 



residues (79, 81, 127). A recent paper published in Science showed that arsenic 

causes degradation of the PML-RAR by directing binding to cysteine residued in the 

zinc finger domain of the PML portion of the fusion protein (128). The authors 

showed that this interaction occurs in the nucleus and results in a conformational 

change that allows increased sumoylation and subsequent ubiqitilation leading to 

degradation. GLI1 is a cysteine-rich protein and has five zinc finger binding domains 

that contain cysteine residues. Figure 20 shows the GLI1 protein sequence with the 

cysteine residues highlighted in yellow and the zinc finger domains highlighted in 

cyan. Given the evidence, it is highly plausible that Arsenic binds to the zinc fingers 

in PML and that ATO binds to the zinc finger domains in GLI1. How this direct 

binding inhibits GLI is still unknown and necessitates further investigation. The effect 

could occur in the nucleus by preventing protein-protein interactions of 

transcriptional co-activators that bind to GLI1. Another possible mechanism may 

involve increased acetylation of GLI1 by ATO, thus inhibiting its activity.  



Figure 20. GLI1 protein sequence 

 We did not see a significant effect of ATO on apoptosis in either animal model. 

This may be due to the use of a lower dose of ATO. In most animal studies a dose of 

2.5 – 5 mg/kg of ATO has been used. However, these previous animal studies used a 

compound purchased from Sigma Aldrich, which was not pharmaceutical grade.  Our 

decision to  use pharmaceutical grade ATO prompted us to use a much lower dose 

since we possessed a higher purity compound. We decided to start with the dose of 

0.15 mg/kg that is used in human patients. We were able to see a significant increase 

in survival of the SMOA1 mouse and a decrease in growth of the ESFT xenografts in 

animals treated with ATO. It is possible that if we had used a higher dose we would 

see a significant increase in apoptosis in both animal models.  

Many studies have demonstrated that ATO is cytotoxic in multiple leukemia 
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types. In CML, the presence of the fusion protein BCR-ABL appeared to correlate 

with ATO sensitivity (129). Studies demonstrated that the combination of imatinib 

and arsenic was better than either agent alone in a mouse model of CML (130). A 

recent publication indicates that expansion of the BCR-Abl leukemic stem cells was 

dependent on Hedgehog signaling and that the Hedgehog pathway is a potential drug 

target for patients who relapse after imatinib treatment (131). Another recent study 

suggests that GLI1 regulates the proliferation and differentiation of hematopoietic 

stem cells and myeloid progenitors independent of Smoothened (104). This study also 

indicates that using Smoothened inhibitors may not be successful in treating leukemia 

and that GLI inhibitors may be more effective.  The toxicity of ATO in CML and 

other leukemia types may be due to its inhibition of GLI in the leukemia stem cell 

compartment.  

Hedgehog signaling has been shown to play an important role in basal cell 

carcinoma (BCC) (1, 3, 5). Anecdotally, a Dutch population study that examined the 

effects of low doses of arsenic concentrations in drinking water on cancer risk found 

that arsenic did not increase the risk of multiple cancer types. In fact, increasing 

concentration of arsenics in the water correlated with a decreased risk of non-

melanoma skin cancers (132). This reduction of non-melanoma skin cancer (which 

includes BCC) risk may be partially due to the effects of arsenic on Hedgehog 

signaling. A newly published study showed that arsenic activated Hedgehog signaling 

in primary lung cells and NIH3T3 cells, and attemped to link this discovery  to 

arsenic-induced bladder cancer (133). The authors showed that arsenic activated 



Hedgehog signaling in these cells by inhibiting the GLI3 repressor. However, in this 

study sodium arsenite was used, which is obviously a different compound than 

arsenic trioxide. Perhaps sodium arsenite has preferential binding to GLI3 over GLI1 

and GLI2 and thus activates signaling instead of repressing it. The difference in 

activation versus repression could also be cell type- or species-specific, given that a 

majority of the data in the study used mouse cells instead of human cells.  

A recent phase I trial of a Hedgehog pathway inhibitor that targets 

Smoothened, GDC-0449, showed promising results in BCC (134). As a result, ATO 

potentially could be a new therapy for BCC.  The Hedgehog pathway inhibitor GDC-

0449 used in the BCC trial was also administered to one medulloblastoma patient 

with metastatic disease who was refractory to multiple treatments. The patient first 

showed regression of tumor after two months of treatment, but eventually relapsed 

(135).  The cause of the relapse was discovered to be a mutation in Smoothened in the 

patient’s tumor that prevented the binding of the drug to Smoothened.  The same 

resistance to the drug was also recapitulated in a medulloblastoma mouse model (23). 

Since we propose that ATO is a GLI inhibitor and inhibits the pathway downstream 

of Smoothened, it may thus be an effective therapy in medulloblastoma patients that 

develop resistance to Smoothened inhibitors.  

In summary, our results provide strong evidence that ATO inhibits GLI1 

protein function in the nucleus.  ATO exhibited marked cytotoxicity on ESFT and 

medulloblastoma cell lines in vitro and showed promising effects in vivo on ESFT 

xenografts and a transgenic medulloblastoma mouse model. The Pharmokinetics from 



a published pediatric phase 1 trial indicate that the peak ATO levels at the maximum 

tolerated dose are briefly in the 0.5 μM range, with prolonged exposure to levels of 

about 0.1 μM (136). Our data support continued preclinical evaluation of ATO in 

tumors that either have upstream pathway activation or transcriptional activation of 

GLI1. The combination of significant clinical experience with ATO and these novel 

mechanistic insights should lead to extended clinical applications of ATO. 

 Figure 21 shows the final model of how EWS-FLI1 activates GLI1 in a non-

canonical mechanism. Input by other oncogenic pathways help to increase GLI1 

activity. ATO can inhibit GLI1 and lead to cell death in ESFT and other cancer types 

that have activated Hedgehog signaling.  
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