
 

 

Identification of novel small-molecule inhibitors of ETS-related 

gene (ERG) oncoproteins as potential anti-prostate cancer agents 

by 

Ka Yee Chan 

 

Master of Science 

 

Department of Medicine, Division of Experimental Medicine 

 

 

McGill University 

Montreal, Quebec 

December 2013 

 

 

A thesis submitted to McGill University in partial fulfillment of 

the requirements for the degree of Master of Science  

 



 

 

 

 

 

 

 

 

© Ka Yee Chan 

2013 

 

 

 

 

 

 

 

 

 



i 
 

TABLE OF CONTENTS 

ABSTRACT ............................................................................................................................... iii-iv 

RÉSUMÉ .................................................................................................................................... v-vi 

DEDICATION .............................................................................................................................. vii 

ACKNOWLEDEMENTS ........................................................................................................ viii-ix 

LIST OF TABLES  ..........................................................................................................................x 

LIST OF FIGURES .................................................................................................................. xi-xii 

ABBREVIATIONS ............................................................................................................... xiii-xiv 

 

CHAPTER 1. BACKGROUND, RATIONALE AND OBJECTIVES 

1.1. Prostate cancer ....................................................................................................................1 

1.2. Current treatment options for prostate cancer and the limitations 

1.2.1. Current treatment options for prostate cancer ...................................................... 2-3 

1.2.2. The limitations of androgen receptor-targeting modalities for prostate cancer ... 3-4 

1.3. TMPRSS2-ETS gene fusions in prostate cancer 

1.3.1. Discovery of TMPRSS2-ERG, TMPRSS2-ETV1 and TMPRSS2-ETV4 in 

prostate cancer .........................................................................................................4 

1.3.2. Prevalence of TMPRSS2-ETS gene fusions in prostate cancer...............................5 

1.4. ERG is an oncogenic protein ..............................................................................................5 

1.4.1. ERG structure and functions ................................................................................ 5-7 

1.4.2. In vitro studies..........................................................................................................7 

1.4.3. In vivo studies ...................................................................................................... 7-8 

1.4.4. Clinical evidences ....................................................................................................8 

1.5. Other ETS transcription factors  in prostate cancer ........................................................ 8-9 

1.6. Current small-molecule inhibitors of ETS transcription factors .................................. 9-10 

1.7. Objectives .........................................................................................................................10 

 

 

CHAPTER 2. MATERIALS AND METHODS 

2.1. Strategies to identify ERG inhibitors and overall workflow ...................................... 10-11 

2.2. Structural model of ERG DNA-binding and virtual screening  ........................................11 

2.3. Chemicals and plasmids .............................................................................................. 11-12 

2.4. Cell lines ...........................................................................................................................12 



ii 
 

2.5. Transient transfection and luciferase reporter assay ................................................... 13-14 

2.6. Surface plasmon resonance ...............................................................................................14 

2.7. Western blot analysis .................................................................................................. 14-15 

2.8. Boyden chamber invasion assay .......................................................................................15 

2.9. MTT assay ........................................................................................................................16 

2.10. Statistical analysis ...........................................................................................................16 

 

 

CHAPTER 3. RESULTS 

3.1. Homology model of ERG DNA binding domain .............................................................16 

3.2. Discovery of novel ERG and ETV1 inhibitors by virtual screening .......................... 16-17 

3.2.1. Discovery of compounds V131 and V154 from the NCI chemical database ..........17 

3.2.2. Discovery of compound #648 from the in-house chemical database ......................18 

3.3. Surface plasmon resonance analysis of #648 ...................................................................18 

3.4. #648 suppressed expression of ERG-regulated genes ......................................................19 

3.5. V131 and #648 inhibited ERG, FLI1, and ETS2 but not ELF3 ................................. 19-20 

3.6. V131 and #648 inhibited invasion of VCaP cells but not in DU145 .......................... 20-21 

3.7. Cytotoxicity of V131, V154 and #648 in VCaP, LNCaP and DU145 cells .....................21 

 

 

CHAPTER 4. DISCUSSION 

4.1. #648 as a novel ERG inhibitor .................................................................................... 22-23 

4.2. V131 as a novel ERG inhibitor .........................................................................................23 

4.3. V154 as a novel ETV1 inhibitor .......................................................................................24 

4.4. The challenge of discovery of ERG inhibitors ........................................................... 24-25 

4.5. Clinical implications  ........................................................................................................25 

 

 

FIGURES LIST  ...................................................................................................................... 26-62 

REFERENCES  ....................................................................................................................... 63-68 

 

 

 

 

 



iii 
 

ABSTRACT 

More than 30,000 men in North America annually die from prostate cancer. Currently, 

mainstay therapy for advanced prostate cancer is to suppress androgen receptor (AR) signaling. 

Since AR can be activated via multiple mechanisms, inhibition of one or two of these 

mechanisms is typically initially effective, but drug resistance can rapidly develop due to kick-in 

of other AR-activating mechanisms, resulting in incurable castration-resistant prostate cancer 

(CRPC). Therefore, the therapeutic effects of most currently available AR-targeting agents are 

short-lived. To achieve long lasting therapeutic effect for prostate cancer, it appears we need to 

get out of the box of AR. Here, we propose to develop chemical inhibitors of oncogenic protein 

ERG, which is an ETS transcriptional factor. The rationale for inhibiting ERG as a possible 

treatment for prostate cancer is of two folds: 1) ERG plays a critical role in prostate cancer 

initiation and progression, and 2) Half of all prostate cancer patients are TMPRSS2-ERG fusion 

positive, which result in high level of ERG oncoprotein. ERG is a transcriptional factor that 

directly regulates EZH2, c-Myc, and the tumor suppressor NKX3.1 and many other targets in 

prostate cancer. ERG cooperates with PI3K/AKT and AR in tumor initiation. ERG knockdown 

inhibits tumor growth in xenograft of VCaP cells.  

In this thesis, my goal was to discover novel small-molecule inhibitors of ERG as anti-

prostate cancer agents. I have built a structural model of ERG DNA-binding domain and 

performed virtual screening studies against National Cancer Institute chemical database and our 

in-house chemical database. I have discovered a novel compound called V131, which 

substantially inhibits ERG-dependent reporter activity in HEK293 cells. V131 inhibits invasion 

of VCaP cells (TMPRSS2-ERG positive), but not the DU145 cells (TMPRSS2-ERG negative) in 

Boyden chamber invasion assay. Importantly, our lab has also discovered a novel in-house 
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synthetic compound referred to as #648 that potently inhibits ERG transcriptional activity, and 

invasion of VCaP cells but not DU145 cells. Furthermore, surface plasmon resonance analysis 

has confirmed direct binding of #648 and recombinant human ERG protein. TMPRSS2-ETV1 is 

also found in advanced PCa patients. Alongside, I have identified another novel compound 

V154, which showed substantial inhibitory activity against ETV1.  

AR inhibitors capable of effectively suppressing the sustained AR signaling in CRPC 

cells has been a major challenge in the field. Metastatic disease presents a continuing therapeutic 

challenge and is the most common cause of cancer-related deaths. As recent studies indicated 

that localized PCa with TMPRSS2-ERG positive is prone to lymph node metastasis, ERG 

inhibitor could potentially prevent patients with localized PCa from progression to metastatic 

PCa. Our future work will focus on further characterization of the mechanism of action and 

chemical optimization of our lead compounds V131, V154 and #648. 
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Résumé 

Chaque année, plus de 30, 000 hommes meurent du cancer de la prostate en Amérique du 

Nord. Actuellement, la suppression de la voie de signalisation du récepteur à l'androgène (AR) 

constitue la principale option thérapeutique dans les cas avancés du cancer de la prostate. Une 

résistance aux inhibiteurs d’AR peut apparaître rapidement si la tumeur développe des 

mécanismes activant le récepteur AR indépendamment de la liaison avec son ligand. De telles 

tumeurs sont appelées cancers de la prostate résistants à la castration et sont responsables pour la 

majeure partie de la mortalité associée au cancer de la prostate. Une résistance à la castration 

apparaît relativement tôt dans la progression du cancer de la prostate, ce qui limite la durée 

d’efficacité des inhibiteurs d’AR. Il semble donc nécessaire de trouver des alternatives afin d'  

améliorer l' efficacité thérapeutique à long-terme. Nous proposons de développer une voie 

alternative ciblant l’oncogène ERG, un facteur de transcription régulant des gènes importants 

dans la formation de métastases tels que EZH2 et c-Myc. De nombreuses études ont montré que 

la surexpression de ERG est associée avec une augmentation de la capacité des cellules à 

proliférer et à envahir d’autres tissus. ERG est utilisé comme cible thérapeutique afin de traiter le 

cancer de la prostate pour les raisons suivantes. 1) ERG joue un rôle critique lors de l’initiation et 

la progression du cancer de la prostate. 2) La moitié des patients souffrant du cancer de la 

prostate possède la fusion TMPRSS2-ERG, ce qui conduit à des niveaux élevés de la forme 

oncogénique de ERG. ERG coopère avec PI3K/AKT et AR lors de l’initiation de la tumeur. 

Au cours ma thèse, mon objectif fut de découvrir et caractériser de nouveaux inhibiteurs 

de ERG possédant des propriétés anti-tumorales. J’ai construit un modèle structurel du domaine 

de liaison à l’ADN de ERG, et après avoir examiné in silico la base de donnée de composés 

chimiques du National Cancer Institut et la base de donnée de notre laboratoire, j’ai pu identifier 
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une molécule (V131) capable d’inhiber l’activité de ERG dans un système rapporteur luciférase 

dans les cellules HEK293. V131 a montré une inhibition importante du potentiel invasif des 

cellules VCaP (TMPRSS2-ERG positive) mais n’a pas eu d’effet sur les cellules DU145 

(TMPRSS2-ERG négative). Parallèlement, un autre composé (V154) capable d’inhiber cette 

fusion dans des expériences de système rapporteur luciférase a été identifié. Le composé #648 

synthétisé dans notre laboratoire a montré des résultats identiques à ceux obtenus avec le 

composé V131. De plus, des expériences de résonance des plasmons de surface ont confirmé la 

liaison directe entre #648 et la protéine ERG. En parallèle, j’ai pu montrer que le composé V154 

possédait aussi une activité inhibitrice contre ETV1. 

La mise au point d’inhibiteurs d'AR capable d’inhiber efficacement la voie de 

signalisation d' AR dans les cellules CRPR est un des principaux défis du domaine. L’apparition 

de métastases représente un obstacle et est la principale cause de décès pour les patients atteints 

de cancer. De récentes études ont montré que les cancers de la prostate surexprimant la fusion 

TMPRSS2-ERG avaient plus de risque de métastaser au niveau des ganglions lymphatiques. Les 

inhibiteurs de ERG pourraient potentiellement prévenir l’apparition de ces métastases. Nos 

travaux futurs vont se concentrer sur la caractérisation plus approfondie du mécanisme d’action 

des nouveaux composés identifiés : V131, V154 et #648. 
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CHAPTER 1. BACKGROUND, RATIONALE AND OBJECTIVES 

1.1. Prostate cancer 

Prostate cancer (PCa) is a heterogeneous, multi-factorial disease with genetic alternations 

and environmental factors perplexed in its etiology. However, the key molecular mechanisms 

responsible for the initiation and progression of PCa remain largely under investigation. PCa is 

the most common diagnosed solid non-skin tumor in men worldwide, with high number of cases 

in the United States, Western Europe [1]. The incidence of PCa in Asia is on the rise [2, 3]. Risk 

factors of PCa were found associated with age, family history, and ethnicity [4-6]. Like many 

other types of cancer, early detection of PCa can significantly improve patient survival rate. 

Prostate specific antigen (PSA) testing and Gleason score on biopsy are currently in use to 

stratify patients into risk groups [7, 8]. Nevertheless they are not reliable enough to distinguish 

localized cancer from aggressive cancer, which often leads to over-diagnosis and subsequently 

causes large amounts of unnecessary treatments [9].  

Over the last 5 years, age-adjusted PCa deaths have been decreasing (Figure 1.1) [37]. 

Nevertheless, PCa is the second leading cause of cancer death in men [38]. In 2013, Canadian 

Cancer Society estimated that 23,600 men will be diagnosed with PCa in Canada, whereas 3,900 

men would die from PCa. About one in seven Canadian men is expected to develop PCa during 

his lifetime and one in 28 men will die from it. In USA, it was predicted that 28,170 men would 

die from prostate cancer in 2012 [1]. About one in six American men will be diagnosed with PCa 

during his lifetime. It is clear that PCa remains a serious medical health issue. 

 

1.2. Current treatment options for prostate cancer and the limitations 
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1.2.1. Current treatment options for prostate cancer 

Current treatments of clinically localized PCa include digital rectal examination, radical 

prostatectomy and radiotherapy, which provide high survival rates in localized PCa men [10]. 

For locally advanced PCa with extracapsular extension of the tumor, radiotherapy remains the 

standard treatment [11].  

Charles Huggins's work establishing that PCa was androgen dependent and could be 

treated by castration earned him the Nobel Prize [10]. Androgen-deprivation therapy (ADT) has 

been the mainstay treatment of metastatic prostate cancer since 1940s [12]. ADT is to suppress 

the AR signaling by surgical or chemical castration to reduce the production of the male sex 

hormone testosterone. Chemical castration is done by GnRH agonists or antagonists. As shown 

in Figure 1.2, GnRH agonists initially increase testosterone levels briefly and then result in low 

testosterone levels through a feedback loop. On the other hand, GnRH antagonists reduce 

testosterone levels more quickly and avoid initial surging of the testosterone level. In addition, 

ADT is frequently combined with antiandrogens, such as bicalutamide, which inhibit binding of 

androgens to the AR ligand-binding domain (LBD). Flutamide, nilutamide and bicalutamide are 

nonsteroidal antiandrogens that are currently used in the clinic (Figure 1.3) [13]. Despite of 

initial response to ADT and conventional antiandrogens, most of patients progress to an 

incurable status called castration-resistance prostate cancer (CRPC). Current treatment 

modalities for CRPC are limited to docetaxel-based chemotherapy, which provides only a 

modest improvement in overall patient survival (few months) [14, 15].  

Abiraterone and enzalutamide were recently approved by the U.S. Food and Drug 

Administration (FDA) as oral agents for CRPC patients (Figure 1.4). They can improve overall 

survival by a few months [12, 13]. Abiraterone is a potent inhibitor of 17α-hydroxylase/ 17,20-
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lyase, a key enzyme for androgen synthesis (Figure 1.5) [16]. Enzalutamide is a second-

generation antiandrogen with stronger binding affinity to the AR than bicalutamide [17]. 

Enzalutamide inhibits nuclear translocation of the AR and is an antagonist of the W741C 

mutated AR [17, 18].  In phase III clinical trials, abiraterone and enzalutamide have extended the 

overall survival of CRPC patients by 4.6 and 4.8 months [19, 20], respectively.  

 

1.2.2. The limitations of androgen receptor-targeting modalities for prostate cancer 

As mentioned earlier, most patients under ADT therapy still progress to a more 

aggressive and incurable disease status called castration resistance prostate cancer (CRPC) [21].  

The efficacy of abiraterone and enzalutamide in CRPC patients has revealed that most CRPC 

cells remain hormone-driven [18, 22]. However, reports to date suggest that resistance to 

abiraterone and enzalutamide invariably develops within 1-3 years and is characterized with a 

rising serum prostate-specific antigen (PSA), suggesting aberrant reactivation of the AR signaling 

[22-24]. Recently, the F876L mutation in AR-LBD has been found to confer enzalutamide 

resistance, and worse yet, enzalutamide becomes an agonist of the F876L mutated AR [25, 26]. 

Intensive research studies have unraveled multiple possible mechanisms that may account 

for aberrant AR reactivation in the CRPC cells: 1) Elevated expression of AR driven by gene 

amplification [27, 28]; 2) AR gene mutations that result in mutated ARs that could be activated by 

a broader range of ligands, even antiandrogens [29, 30]; 3) Increased intratummoric androgen 

synthesis [31]; 4) Increased expression of coactivators [32, 33]; 5) Expression of androgen 

receptor variants lacking ligand-binding domain (LBD) [34, 35], and 6) Androgen-independent 

activation of the AR via cross-talk with growth factors and cytokines [36] in CRPC patients. 

Thus, inhibition of one or two of these AR-activating mechanisms might be initially effective, but 
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drug resistance could rapidly develop due to kick-in of other AR-activating mechanisms. 

Persistent recurrent AR signaling remains a driver of CRPC. Therefore, it is highly desirable to 

explore non-AR- targeting therapies.  

 

1.3. TMPRSS2-ETS gene fusions in prostate cancer 

1.3.1. Discovery of TMPRSS2-ERG, TMPRSS2-ETV1, and TMPRSS2-ETV4 in prostate 

cancer 

The ETS related gene (ERG) is a transcriptional factor. In 2005 Chinnaiyan’s research 

group used cancer outlier profile analysis to survey 132 gene-expression PCa datasets from the 

Oncomine database (Compendia Bioscience). Two erythroblastosis virus E26 transformation-

specific (ETS) transcription factors, ETS variant 1 (ETV1, 7p21.3) and ETS-related gene (ERG, 

21q22.2), were identified as high-ranking outliers in several independent gene-expression 

profiling datasets [27]. This study reported 92% of radical prostatectomy samples (23/29 

samples) harbored a fusion of the 5' untranslated region of TMPRSS2 with the coding sequences 

of either ERG or ETV1 (referred to as TMPRSS2-ERG and TMPRSS2-ETV1, respectively) 

[37]. Shortly thereafter, the fusion gene of TMPRSS2-ETV4 was identified in PCa [38].  

 TMPRSS2 is a transmembrane serine protease and it is regulated by the AR. 

Importantly, it is the promoter region of TMPRSS2 that is fused with ERG, ETV1 or ETV4 

(Figure 1.6).  Importantly, because TMPRSS2 is a target of the AR, the TMPRSS2-ERG fusion 

results in regulation of ERG expression by AR signaling (Figure 1.7). 
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1.3.2. Prevalence of TMPRSS2-ETS gene fusions in prostate cancer 

The TMPRSS2-ERG gene fusion is found in approximately 50% of Caucasian localized 

PCa patients and in similar percentage of metastatic PCa patients [39, 40]. But this fusion gene is 

with a lower reported frequency in African-American men and is less common in Asian cohorts 

[41-44]. However, more subsequent studies showed TMPRSS2-ERG gene fusion was 

exceptionally variable and inconsistent in the literature, ranging from 27% to 79% in radical 

prostatectomy and biopsy samples, generally from PSA screened cohorts among different ethnic 

groups [37, 42, 45-48].  Aberrant expression of ERG also occurs in Ewing’s sarcoma and acute 

myeloid leukemia [28, 29]. 

 

1.4. ERG is an oncogenic protein 

A series of studies indicated that expression of ERG enhances cell invasion in vitro and 

induces prostate intraepithelial neoplasia (PIN) in mouse models [30-32]. It was demonstrated 

that ERG cooperates with loss of PTEN to promote PCa progression in mouse models [33, 34]. 

Knockdown of ERG resulted in inhibition of xenograft tumor growth of VCaP prostate cancer 

cells, which is TMPRSS2-ERG positive. Overall, accumulating evidences suggest that ERG 

could be a promising therapeutic target for PCa.   

 

1.4.1. ERG structure and functions 

The human ERG and FLI1 are ETS family members and share 96% homologous to each 

other [49]. Human ERG was first cloned in 1987 [50]. ERG is a transcription factor. Full-length 
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ERG contains one pointed (PNT) domain (residues 120-206) and one ETS DNA binding domain 

(DBD) (residues 318-398) (Figure 1.8 A) [51, 52]. To date, the NMR structure of PNT domain 

is available (PDB entry: 1sxe), but there is no functional sites for the design of inhibitors. The 

crystal structure of ERG DBD was not available until January 2013 (PDB entry: 4irg) [53].  

The pointed (PNT) domain is the second most conserved domain found in ETS genes. Of 

the 28 human ETS genes, only 11 contain a PNT domain.  This domain forms a helix-loop-helix 

structure which can dimerize with other proteins [54, 55]. The conserved ETS DBD consists of 

three α–helices on a small four-stranded, antiparallel β–sheet scaffold [56-58]. This DBD domain 

binds directly to the major-groove DNA over a region covering 12 – 15 base pairs, focused in the 

region of the 5’-GGA(A/T)-3’ sequence motif. Interaction with this DNA sequence is mediated 

by hydrogen bonding with the two guanine of the GGA(A/T) core. All 28 human ETS genes and 

all PCa and Ewing’s sarcoma derived ETS gene fusions contain an ETS DNA binding domain.  

The biological functions of ERG have been examined in xenopus, zebra fish, and mouse 

and primary prostate cancer cells [59-65]. In mouse models, ERG was found to regulate the 

normal platelet development, stem-cell function, definitive hematopoiesis and the normal 

megakaryopoiesis [65, 66]. ERG is shown to be a critical early regulator of fetal hematopoietic 

stem cell maintenance, and is therefore required to sustain definitive hematopoiesis [66]. On the 

other hand, ERG has been found to directly regulate a series of targets that are critical for PCa 

progression. These findings could be summarized as follows: 1) ERG promotes epithelial to 

mesenchymal transition in immortalized prostate epithelial cell through the ZEB1/ZEB2 axis 

[67]; 2) ERG promotes invasiveness and migration of PCa cells by upregulating expression of 

EZH2, CXCR4, ADAM19, PLAU, PLAT, PLA1A, ostepontin, MMP1, MMP3 and MMP9 [68-

71]; 3) ERG regulates prostate inflammation via HPGD, NK-κB and TLR4 [72, 73]; 4) ERG 
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regulates PCa cells’ epigenetic reprogramming through EZH2, HAT and HDACs [71, 74]; 5) 

ERG inhibits a number of prostate differentiation genes such as SLC45A3/Prostein and 

abrogates the prostate epithelial differentiation program [59, 75]; and 6) ERG upregulates c-Myc 

oncogene and down-regulates tumor-suppressor NKX3.1 expression in PCa cells [59, 71].  

 

1.4.2. In vitro studies 

In cellular models, knockdown of ERG by siRNA in VCaP cells substantially inhibits 

their invasiveness and proliferation [59, 75]. Conversely, ERG overexpression in normal prostate 

cell line, PrEC, was found to increase invasiveness [75] and proliferation rates [61]. In addition, 

ERG overexpression in normal epithelial cells RWPE and PNT1a, and benign prostatic 

hyperplasia epithelial cells BPH-1 was found to substantially increase their invasiveness and 

cellular migration [61, 76].  

 

1.4.3. In vivo studies 

In mouse models, ERG overexpression induces PCa progression. Carver et al. showed 

that aberrant ERG expression cooperates with loss of PTEN to promote cancer progression [77]. 

Importantly, Yang et al. demonstrated strong in vivo synergistic effects between high levels of 

ERG and enhanced AR signaling or aberrant PI3K pathway. Moreover, combined AR and ERG 

overexpression, but not the AR overexpression alone, resulted in the progression of ERG-

induced PIN lesions to invasive adenocarcinoma [78]. Alternatively, when ERG knockdown 

using siRNA in VCaP cells in xenograft model, only 2 out 9 of the ERG siRNA SCID mice 
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developed tumors, compared to 5 out of 5 SCID mice in the control group [59]. A study using 

shRNA ERG demonstrated that loss of ERG expression causes a loss in proliferation of 

hematopoietic cells [79, 80] and ectopic expression of ERG in fetal hematopoietic progenitors 

was shown to promote megakaryopoiesis and induce rapid-onset leukemia when transplanted 

into sub-lethally irradiated syngeneic mice [80]. These studies indicate ERG is oncogenic and 

ERG could be a drug target for PCa, and possibly for leukemia. 

 

1.4.4. Clinical evidences 

In patients, TMPRSS2-ERG status has been linked to poor outcomes and PCa specific 

death [81-83]. Fusion positive prostate cancers have been associated with high grade tumors 

[46], and are prone to metastasis [84, 85]. In particular, Perner et al. [84] and Gao et al. [86] 

have found that localized PCa with TMPRSS2-ERG fusion have greater predilection for lymph 

node metastasis. Bismar et al. found that ERG protein expression reflected hormonal treatment 

response and was associated with Gleason score and PCa specific death [87]. Spencer et al. 

showed that the relative intensity and composite score for ERG expression was prognostic for the 

development of biochemical relapse, metastases, and prostate cancer-specific mortality [88].  

 

1.5. Other ETS transcription factors play a role in prostate cancer 

The human ETS family of transcription factors consists of 28 evolutionarily related genes in 

humans that control unique transcriptional process by binding to the specific DNA recognition 

sequence 5’-GGA(A/T)-3’ and by recruiting transcriptional machinery [89]. ETS genes have 

roles in cellular proliferation, differentiation, development, transformation, and apoptosis [90, 
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91]. ETS transcriptional factors contain a conserved “ETS DNA binding domain (DBD)”. Most 

ETS members contain a second conserved domain called “pointed domain” [89].  

FLI1, ETS2 and ELF3 are ETS transcriptional factors. In Ewing’s sarcomas, EWS gene 22 is 

aberrantly juxtaposed to FLI1 and it is frequently found in highly aggressive small round blue 

cell malignancies of the bone and soft tissue [92]. ETS2 contributes to neoplastic transformation 

and maintenance of the malignant phenotype in various cancer types, including prostate, breast 

and thyroid cancers [93-97]. Whereas, ELF3 is a repressor of androgen receptor action in PCa 

cells [98]. Exogenous expression of ELF3 represses AR transcriptional activity when was 

assessed using reporter assays. The interaction between endogenous ELF3 and AR was 

demonstrated through co-immunoprecipitation (CoIP) assay in LNCaP cells.  

 

1.6. Current small-molecule inhibitors of ETS transcription factors  

In 2009, Erkian et al. identified a compound YK-4-279 (Figure 1.9) that binds with EWS-

FLI1 and block its interaction with RNA helicase A in Ewing’s sarcoma [99]. It was later found 

that YK-4-279 also inhibited transcriptional activity of ERG and ETV1, but mechanism of action 

underlying this activity is not clear [100].  

A collaboration among French and American scientists have identified DB1255 as an 

ERG/DNA binding inhibitor in the DNA minor groove in 2012 (Figure 1.9) [101]. This 

compound specifically interacts with the same DNA and consequently decreases the 

transcription by diminishing the binding of ERG transcription factor with DNA. By ELISA-

derived Protein/DNA binding inhibition assay, DB1255 at 5 µM was shown to inhibit 

protein/DNA complex formation by more than 90%. It appears that DB1255 targets the protein-
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DNA interface of the ERG/DNA complex. As ETS DBD domain is highly conserved, it remains 

to be verified whether DB1255 inhibits other ETS members that contain the ETS DBD domain.  

 

1.7. Objectives 

Overall, accumulating evidences suggest that ERG could be a promising therapeutic target 

for PCa. My objective of this project is to identify chemical compounds as ERG inhibitors. 

 

CHAPTER 2. MATERIALS AND METHODS 

2.1. Strategies to identify ERG inhibitors and overall workflow 

 It is well-known that it is very difficult to identify chemical inhibitors for a transcriptional 

factor. Although the NMR structure of the ERG PNT domain is available, no functional binding 

site are available on this domain for the binding of chemical compounds. I therefore turned to the 

ERG DBD domain. When this project began, there was no experimental structure for ERG DBD 

domain (to note that the crystal structure of ERG is now available as PDB entry of 4irg). I firstly 

constructed a structural model of human ERG DBD by homology modeling using the crystal 

structure of FLI1 DBD as a template (PDB entry: 1fli). Secondly, our strategy was to scan the 

molecular surface of ERG and combine structural findings with known biochemical data to 

identify a putative binding site for the design of chemical inhibitors. Recently, Loughran et al. 

found that a missense mutation (S329P) in the mice Erg DBD does not affect the protein stability 

and the mutant has binding affinity with DNA similar to that of the wild type, but the mutation of 

S329P abolished Erg transcriptional activity [65]. I found residue 329 is on the molecular surface 
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opposite to the DNA-interacting surface and identified a cavity near residue 329 (referred to as 

Site 2).  

Since residue 329 is critical to the Erg transcriptional function, we reasoned site 2 could be 

a putative binding site for ERG inhibitors. Next, I have performed virtual screening against the 

three-dimensional NCI chemical database and our in-house database based on site 2 of the ERG 

DBD. Top-ranking candidates were first verified by ERG-dependent luciferase reporter assays. 

Hits were further evaluated a series of in vitro assays, including surface plasmon resonance 

analysis, Western blot, invasion assays and MTT assays. The overall workflow is illustrated in 

Figure 2.1. 

 

2.2. Structural model of ERG DNA-binding domain and virtual screening 

The ERG homology model was constructed using the Modeller software as implemented 

in Discovery Studio 2.5. Virtual screening was performed using software Gold against 50,000 

compounds from the NCI chemical database and an in-house chemical database which include 

about 1000 compounds that were synthesized by our laboratory.  Each Ser, Thr and Tyr OH was 

allowed to rotate to optimize hydrogen-bonding to the ligand, whereas other parts of the protein 

were kept rigid. Compounds were ranked according to Goldscore.  

 

2.3. Chemicals and plasmids 

The 39 top-ranked chemicals from the virtual screening were obtained from NCI. 

Compound #648 was synthesized by our laboratory. Dimethyl sulfoxide (DMSO) of 0.7 % was 
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use as a solvent control. pMAX deltaN-ERG (Addgene, 29447), FLAG-ETS2 (Addgene, 28128) 

and pi-RES-puro-ELF3 (Addgene, 25728) were purchased from Addgene. The pCMV6-XL5-

ETV1 was purchase from Origene (Catalog number: SC108403). Null was the internal control 

and purchased from Promega. pMSCV-ERG was kindly provided by Dr. Pandolfi, P., Harvard 

Medical School, Boston MA, U.S.A. pSG5-FLI1 was kindly provided by Dr. Trojanowska, M., 

Boston University, U.S.A.  pTK-100-PUx3-Luc luciferase reporter was a kind gift from Dr. 

Oikawa, T., Tokyo, Japan. The plasmids were amplified by QIAGEN Plasmid Maxi Kit.  

 

2.4. Cell lines 

The human embryonic kidney HEK293 cells, and six prostate cancer cell lines, VCaP, 

LNCaP, 22Rv1, C4-2B, PC3 and DU145 were obtained from American Type Culture Collection 

(ATCC, Rockville, MD, USA) and maintained in DMEM (HEK293, VCaP) or RPMI-1640 (all 

others) supplemented with 10% fetal bovine serum (FBS) incubating with 5% CO2 at 37
o
C. 

VCaP cells are TMPRSS2-ERG positive, AR-positive and androgen dependent. LNCaP cells are 

AR-positive, express T877A mutated AR, androgen-dependent and are TMPRSS2-ETV1 

positive [102]. 22Rv1 cells are AR-positive, express the H874Y mutated AR, and androgen-

independent. C4-2B is an LNCaP variant isolated from castrated mice with preferential growth in 

bone. PC3 cells are AR negative, androgen independent prostate cancer and express ETV4 [103]. 

DU145 cells are AR-negative and androgen independent.  
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2.5. Transient transfection and luciferase reporter assay 

HEK293 cells were seeded in 24-well plates with 1 x 10
5
 of culture media and incubated 

for 24 hours. The cells were transfected using the calcium phosphate method with designated 

target plasmid, pTK-100-PUx3-Luc reporter and null as the internal control. Calcium phosphate 

transfection was involved the following two agents: 2X HBS, pH 7.05 (50 mM HEPES, 10 mM 

KCl, 12 mM Dextrose, 280 mM NaCl, 1.5 mM Na2HPO4) and 2.5 M CaCl2. For the 24-well 

plate, HEK293 cells were at 70 – 80% confluence at the day of the transfection. Designated 

plasmids were mixed with 2.5M CaCl2 solution (called Mixture 1). Then, the transfection 

complex was prepared with the same amount of volume of 2X HBS with the CaCl2 solution, and 

was added dropwise while vortexing into Mixture 1. After 5 hours of transfection, the 

transfection complex was removed and then cells in phenol-red free DMEM medium with 10% 

charcoal-stripped FBS were exposed to DMSO vehicle control or compounds at designated 

concentrations. After further 24-hour, medium was removed and cells were harvested by 1x lysis 

buffer of 100 μL in each well (Promega dual-luciferase reporter assay kit, Canada). The 

harvested cells were stored in -80
o
C prior to luciferase activity examination. 

Luciferase activity was measured in 20 µL of sample using 50 µL luciferase assay 

reagent II to generate a “glow-type” luminescent signal, and thereafter adding 50 µL Stop & Glo 

® reagent in the same tube to quench the reaction (Promega dual-luciferase reporter assay kit, 

Canada) in Promega Glomax 20/20 
TM

 Luminometer.  

Experiments were done in triplicate and were repeated at least 3 times. The relative 

luciferase unit (RLU) was calculated by dividing the firefly luciferase reporter by the Renilla 

luciferase internal control. The RLU units of vehicle control were normalized into 1. The fold of 
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suppression was calculated by dividing the fold of induction of the DMSO vehicle control by the 

fold of induction of the compound. The bigger the fold of suppression of the compound indicated 

the stronger inhibitory activity. The fold of suppression could still vary from one experiment to 

another experiment slightly, but this parameter was a good measurement for the potency and it 

was comparable among different experiments using the same protocol.  

 

2.6. Surface plasmon resonance assay 

Purified recombinant human ERG protein was purchased from Origene (Catalog number: 

TP308093). Similar to Rahim et al. [100], high-density ERG (6000 response units (RU)) and 

reference surfaces (no ERG) were amine-coupled to CM5 sensors using BIACORE 3000 

instrumentation.  To examine binding specificity, compounds (5 mM stocks in 80% DMSO / 

20% water) were diluted to 50 μM (in HBS-EP running buffer containing 5% DMSO final 

concentration) and injected over reference and ERG-immobilized surfaces in tandem (25 

µL/minute x 2 minutes association + 2 minutes dissociation). Between sample injections, 

surfaces were regenerated at 50 μL/minute using 30 second pulses of solution A (1M NaCl in 

running buffer) and solution B (0.05% Empigen in Pierce Gentle Elution buffer).  To examine 

binding affinity, concentration series for #648 and YK-4-279 (0, 10, 20, 30, 40, 50 μM) were 

titrated in the similar manner. SPR data were double-referenced and was representative of 

duplicate injections acquired from two independent trials.   
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2.7. Western blot analysis 

Cell lines were plated in two wells of a 6-well plate at 0.5x10
6
 cells/mL incubated for 24 

hours at 37°C, 5% CO2. After allowing cells to attach, cells were harvested and homogenized in 

NP-40 lysis buffer (Sigma) containing a complete protease inhibitor cocktail (Roche). Forty 

micrograms of each protein extract were boiled in SDS sample buffer, size fractionated by 10% 

SDS-PAGE gels, and transferred onto a PVDF membrane (GE Healthcare). Next, blocking in 

5% nonfat dry milk, membranes then were incubated with one of the following primary 

antibodies: anti-EZH2 mouse polyclonal (1:500, BD Biosciences, 612666), anti-ERG1/2/3 rabbit 

polyclonal (1:1000, Santa Cruz, C-17), anti-c-Myc rabbit polyclonal (1:500, Santa Cruz, N-262), 

anti-AR mouse monoclonal (1:1000, Santa Cruz, 441), anti-nucleoli mouse monoclonal (1:1000, 

Millipore, MAB1277), or anti-β-actin mouse monoclonal (1:5000, abcam, AC-15, ab6276). 

Following three washes in TBS-T, the blot was incubated with horseradish peroxidase 

conjugated secondary antibody and the signals visualized by enhanced chemiluminescence 

system as described by the manufacturer (GE Healthcare). 

 

2.8. Boyden chamber invasion assay 

Cell culture transwell inserts (24-well format, 8 µM pores, Falcon) were precoated with 2 

µg Matrigel Basement Membrane Matrix (BD Biosciences). VCaP, LNCaP, and DU145 were 

plated at respectively 5×10
5
, 1×10

5
, and 1×10

4
 cells/well in media with 0.5% FBS in transwells. 

Medium containing 20% serum was added to the lower chamber as chemoattractant, and cells 

were incubated for 48 hours (VCaP and DU145) and 24 hours (LNCaP) at 37°C, 5% CO2. 

Invading cells on the lower surface of the transwell were fixed with 3.7% formaldehyde (Sigma, 

F8775) and stained with 0.5% crystal violet (Sigma, C3886). 
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2.9. MTT assay 

Prostate cancer cells were plated in 96-well plate at 0.3-0.5 x10
4
 cells/well and were 

incubated for 72 hours at 37°C, 5% CO2. The number of viable cells was measured by methyl 

thiazolyl diphenyl tetrazolium bromide (MTT) assay. The OD values (OD570) were evaluated 

by BMG LabTech POLARstar OPTIMA microplate reader. Each experiment was at least in 

triplicate and repeated three times. 

 

2.10. Statistical analysis   

The students’ t-test was used to test for statistical significance, using GraphPad Prism for 

Windows, v4.0 (Graphpad Software, San Diego, CA). A p-value less than 0.05 was considered 

statistically significant and represented by *. A p-value less than 0.001 was represented by **, 

and A p-value less than 0.0001 was represented by ***.  

 

CHAPTER 3. RESULTS 

3.1. Homology model of ERG DNA binding domain 

Sequence alignment of the ERG DBD with the sequence from the NMR structure of 

the human FLI1 DBD (PDB entry: 1fli) revealed 91.9% identity between them (Figure 3.1). A 

structural model of ERG DBD was built, using the structure of FLI1 DBD as a template. 

Importantly, based on the ERG DBD structural model, we have identified a binding cavity near 

the residue S329 (referred to as Site 2) (Figure 3.2). Molecular surface of ERG DBD is shown in 

Figure 3.3, indicating that Site 2 is opposite to the protein-DNA interface of the ERG/DNA 

complex. 
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3.2. Discovery of novel ERG and ETV1 inhibitors by virtual screening 

Using software GOLD (The Cambridge Cystallographic Data Cetre), our team has 

virtually screened 50,000 compounds from NCI-3 dimension database and our in-house database 

against the binding pocket (Site 2). Each Ser, Thr, and Tyr OH was allowed to rotate to optimize 

hydrogen-bonding to the ligand, whereas other parts of the protein were kept rigid. The 

compounds were ranked according to the GOLD scores. I have selected 39 top-scored 

compounds to perform luciferase assays. Chemical structures of the 39 top-scored compounds 

are shown in Figure 3.4. 

 

3.2.1. Discovery of compounds V131 and V154 from the NCI chemical database 

I have evaluated the 39 NCI compounds by ERG-dependent reporter assays in HEK293 

cells (Figure 3.5). Western blotting analysis indicated that HEK293 cells did not express 

detectable level of ERG. ERG-expressing plasmid MSCV-ERG, pTK-100-PUx3-luc reporter and 

Null internal control were transiently transfected into HEK293 cells. Cells were exposed to NCI 

compounds at 10 μM for 24 hours. My reporter assays of these compounds resulted in discovery 

of V131 and V154 as ERG inhibitors. V131 dose-dependently suppressed ERG-dependent 

reporter activity, whereas V154 showed only modest activity (Figure 3.6).  Further reporter 

assays using pCMV6-XL5-ETV1 plasmid, I found that V154 significantly inhibited ETV1 

transcriptional activity (Figure 3.7). Western blot analysis indicated that V131 and V154 at 10 

μM and 20 μM did not substantially affect expression of ERG protein in VCaP cells, which were 

exposed to compounds for 48 hours (results not shown). Their chemical structures are shown in 

Figure 3.8. 
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3.2.2. Discovery of compound #648 from the in-house chemical database  

In the past few years, our laboratory has accumulated about 1,000 chemical compounds 

(referred to as in-house chemical database). The chemical structure is shown in Figure 3.8. 

Some of these compounds were from other project of this lab and some other compounds were 

synthesized with an aim to expanding the in-house chemical database (without any specific 

targets in mind). Based on Site 2 of the ERG DBD, we have performed in silico screening 

against this in-house chemical database and top-scored compounds were subjected to ERG-

dependent reporter assay in HEK293 cells. This study leaded to discovery of #648 as a novel 

ERG inhibitor (Figure 3.9). We showed that #648 dose-dependently suppressed transcriptional 

activity of the wild-type ERG as well as the N-terminally truncated ERG (Figure 3.10).  

 

3.3. Surface plasmon resonance analysis confirmed direct binding of compound #648 to the 

ERG protein 

Recombinant ERG (Origene, TP308093) proteins were immobilized on CM5 chips by 

amine coupling and 50 μM of #648 compounds at 50 μM, with a negative control (bicalutamide) 

and a positive control (YK-4-279) were injected the surface (25 μL/minute x 120 seconds 

association + 120 seconds dissociation) Bicalutamide (negative control) yielded non-significant 

signal responses similar to the DMSO/buffer blanks, whereas #648 yielded specific, significant 

ERG binding responses (Figure 3.11, see top).   As an internal control to validate our SPR data, 

the 12 response unit (RU) binding response that we observed with the YK-4-279 standard 

(Figure 3.11, see bottom) correlated well with previous literature [100]. Possible direct binding 

of V131 with ERG will be investigated by our further work. 
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3.4. #648 suppressed expression of ERG-regulated genes 

We showed that #648 potently suppressed ERG-dependent reporter activity in luciferase 

assays. To further confirm that #648 inhibits transcriptional activity of ERG, we evaluated effect 

of #648 on the expression ERG-regulated genes by Western blot analyses. VCaP cells were 

exposed to #648 at 5 μM and 10 μM for 48 hours. Our Western blot analyses indicated that #648 

substantially suppressed expression of EZH2 and c-Myc, which are direct target genes of ERG 

(Figure 3.12).  Our study also revealed that #648 potently upregulated expression of the tumor 

suppressor NKX3.1. Interestingly, #648 also inhibited expression of ERG. In addition, our 

western blot analysis indicated that V131 at 10 μM did not substantially inhibit the expression of 

EZH2 and c-Myc in VCaP cells, which were exposed to 10 μM of V131 for 48 hours (results not 

shown). 

 

3.5. V131 and #648 inhibited ERG, FLI1, and ETS2 but not ELF3  

In addition to ERG, ETV1 and N-terminally truncated ERG (dN-ERG), we have also 

evaluated V131, V154 and #648 against ETS2, FLI1 and ELF3 by reporter assays (Figures 

3.13−3.15). The fold of suppressions of our compounds against ERG, dN-ERG, ETV1, ETS2, 

FLI1 and ELF3 were summarized in Table 1.    

As shown in Table 1, V131, V154 and #648 at 10 μM potently inhibited transcriptional 

activity of ERG. However, these compounds showed selectivity against other ETS factors. V131 

was active against ETS2 and FLI1, but inactive against dN-ERG, ETV1 and ELF3. V154 at 10 

μM potently inhibited ETV1 and is modestly active against ELF3, but was inactive against ETS2 
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(Table 1). Compound #648 at 10 μM substantially inhibited ERG, ETS2 and FLI1, and modestly 

inhibited dN-ERG, but was inactive against ELF3.   

 

Table 1. A summary of the fold of suppression of V131, V154 and #648 at 10 μM against 

selected members of ETS transcriptional factors in reporter assays. 

 V131 V154 #648 

ERG 5.4 2.1 5.8 

dN-ERG 1.2 N.D. 1.6 

ETV1 0.8 2.6 N.D. 

ETS2 1.7 1.2 1.8 

ELF3 0.6 1.6 0.7 

 FLI1 1.9 N.D. 2.3 

                Note:  N.D, not determined. 

 

3.6. V131 and #648 reduced invasion ability of VCaP cells, but not in DU145 

Our Western blot analysis confirmed the previous finding that VCaP cells express 

substantial level of ERG protein, whereas LNCaP, C4-2B, 22Rv1, PC3 and DU145 cells did not 

express detectable level of ERG (Figure 3.16). The analysis also confirmed that VCaP, LNCaP, 

C4-2B and 22Rv1 are AR positive, whereas PC3 and DU145 were AR negative (Figure 3.16).  

By Boyden chamber assay, we demonstrated that V131 at 10 μM inhibited invasion in VCaP 

cells by ~80% when compared to the DMSO vehicle control, whereas V131 at 10 μM had no 
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effect on invasion of DU145 cells (Figure 3.17). Compound #648 at 10 μM potently suppressed 

invasion of VCaP cells and had no effect on invasion of DU145 cells (Figure 3.18). These 

results indicated that V131 and #648 selectively inhibited invasion of ERG positive PCa cells.  

ETV1 directs androgen metabolism and confers aggressive prostate cancer in mice and 

patients [104]. LNCaP cells endogenously express ETV1. By Boyden chamber invasion assay, 

compound V154 at 10 μM substantially inhibited invasion of LNCaP cells when compared to the 

DMSO vehicle control (Figure 3.19).  This was consistent with our finding from reporter assays 

that V154 at 10 μM significantly inhibited transcriptional activity of ETV1.   

 

3.7. Cytotoxicity of compounds V131, V154, and #648 against VCaP, LNCaP, and DU145 

cells 

To evaluate cytotoxicity of V131, V154, and #648 in VCaP, LNCaP and DU145 cell lines, 

cells were exposed to compounds at designated concentrations for 3 days and the number of 

viable cells were evaluated by MTT assays. Compound V131 at a dose up to 40 µM showed no 

significantly cytotoxicity against VCaP cells. Compound #648 at 10 µM was not cytotoxic to 

VCaP cells, but at 40 µM #648 showed significant cytotoxicity against VCaP cells (Figure 

3.20). V131 at 40 µM and #648 at 10 µM were not cytotoxic to DU145 cells, but #648 at 20 and 

40 µM showed dose-dependent cytotoxicity against DU145 cells (Figure 3.21).  

V154 showed weak cytotoxicity against LNCaP cells.  When LNCaP cells were exposed to 

V154 at 20 µM for 3 days, there were ~80% viable cells, whereas exposure to V154 at 40 µM for 

3 days resulted in 60% viable cells when compared with DMSO vehicle control. In contrast, 

V154 at doses up to 40 µM showed no cytotoxicity against DU145 cells (Figure 3.22). 
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CHAPTER 4. DISCUSSION 

4.1. #648 as a novel ERG inhibitor  

Compound #648 was identified as a novel ERG inhibitor. #648 at 5 and 10 μM 

substantially inhibited the invasion of VCaP cells (ERG positive) (Figure 3.18). Such activity 

was not due to the toxicity as my MTT assay revealed that #648 at 10 μM was not cytotoxic to 

VCaP cells (Figure 3.20). By Western blot analysis, we showed that #648 significantly 

suppressed expression of ERG, EZH2 and c-Myc in VCaP cells (Figure 3.12).  As EZH2 is a 

driver of metastasis [105], the inhibition of VCaP cells invasion by #648 could be at least in part 

mediated by inhibition of EZH2 expression. c-Myc is a oncogenic transcription factor and is one 

the most frequently activated oncogenes in many human cancers with various influence on cell 

proliferation and survival. A recent study has shown c-Myc acts a downstream effector of AR to 

reinforce androgen signaling [106] and overexpression of ERG was positively correlated to the 

overexpression c-Myc [68]. In addition, Mani et al. found upregulation of TMPRSS2–ERG 

resulted in the concomitant upregulation of wild-type ERG transcription in VCaP cells, 

suggesting dN-ERG protein may upregulate expression of wild-type ERG by a feed-forward 

mechanism [107]. Therefore, inhibitory activity of #648 against dN-ERG (Figure 3.10) could 

suppress expression of ERG protein in VCaP cells (Figure 3.12). 

Our SPR analysis indicated that #648 inhibited ERG through direct binding with ERG 

protein. However, further work is required to verify whether #648 binds with ERG at Site 2, 

which is near the residue S329  (Figure 3.3). Further studies on molecular mechanisms of action 

of #648, V131 and V154 are needed. It has been found that PARP1 and DNA-PKcs are 

coactivators of the ERG transcriptional activation [108]. It remains to be verified whether #648 
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and V131 disrupts association of ERG with its coactivators. Furthermore, our team will design 

and synthesize a series of derivatives of our lead compounds V131, V154 and #648 to optimize 

the bioactivities. 

 

4.2. V131 as a novel ERG inhibitor 

V131 was also identified as a novel ERG inhibitor. V131 at 5 and 10 μM inhibited the 

invasion of VCaP cells (ERG positive) (Figure 3.17). Such activity was not due to the toxicity 

since my MTT assay revealed that V131 at 10 μM was not cytotoxic to VCaP cells (Figure 

3.20). In the Western blot analysis, V131 at 20 μM did not have a substantial effect on the 

expression of ERG, EZH2 and c-Myc in VCaP cells (results not shown). The limitation of my 

experiment design was there might be other target genes associated with invasion and metastasis, 

such as MMP3 and MMP9, which I have not investigated. Further work should investigate the 

effect of V131 on MMP3 and MMP9 expression by Western blot analyses.  

In addition, in my reporter assays, I have obtained a wide range of fold of induction, 

ranging from 2 folds to 50 folds for plasmids expressing different members of ETS factors. First 

of all, these plasmids are not in the same vectors. The low folds of induction (below 5 folds) for 

the results of pMSCV-ERG (Figure 3.6 & 3.9), pMAX dN-ERG (Figure 3.10) and pSG-FLI1 

(Figure 3.14) might be due to low transfection efficiency.  Therefore, I propose to clone the 

cDNA into pcDNA 3.1 expression vector since pcDNA3.1-ETS2  has produced ~50 folds of 

induction in the DMSO control (Figure 3.13). I also propose to include more low concentration 

doses in MTT assays so that I can know clearer how low the toxicity of V131 in the cell lines. 

SPR analysis will be done to confirm whether V131 has direct binding to ERG or not. 
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4.3. V154 as a novel ETV1 inhibitor 

V154 was identified as a novel ETV1 inhibitor. V154 at 5 and 10 μM inhibited the 

invasion of LNCaP cells (ETV1 positive) (Figure 3.19). Such activity was not due to the toxicity 

as my MTT assay revealed that V154 at 10 μM was not cytotoxic to LNCaP cells (Figure 3.22).  

Chromosomal rearrangements involving TMPRSS2-ETV1 can result in the overexpression of 

ETV1 [37]. ETV1 mRNA and protein are up-regulated in response to ligand-activated AR in 

androgen-dependent LNCaP cells, which endogenously express TMPRSS2-ETV1 fusion gene 

[109].    

My preliminary data will need more experiments to be further strengthened. I will need a 

negative control experiment in ETV1-negative, such as DU145 cells so that I have stronger 

evidence that V154 has selectivity in both luciferase assay and invasion assay targeting ETV1. 

ETV1 protein expression will be examined after the treatment of V154 in LNCaP cells. I propose 

SPR analysis to confirm possible direct binding to ETV1 protein. 

.  

4.4. The challenge of discovery of ERG inhibitors  

Transcription factors are historically considered to be “undruggable” [110]. Although the 

NMR structure of the ERG PNT domain is available, no functional binding site are available on 

this domain for the binding of chemical compounds. A key step in target-based virtual screening 

is to identify a binding site on the 3D structure. We have successfully identified V131, V154 and 

#648 as ERG inhibitors based on virtual screening study. Inspired by the recent finding that 

S329P mutation resulted in loss of transcriptional activity of Erg, I have boldly hypothesized that 
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Site 2 near reside S329 could be a binding site for ERG inhibitors (Figure 3.3). However, it 

remains to be verified whether compounds V131, V154 and #648 bind ERG at Site 2.   

 

4.5. Clinical implications 

To develop AR inhibitors that are capable of effectively suppressing the sustained AR 

signaling in CRPC cells has been challenging in the field. Metastatic disease presents a 

continuing therapeutic challenge and is the most common cause of cancer-related death [111]. As 

recent studies indicated that localized PCa with TMPRSS2-ERG positive is prone to lymph node 

metastasis, ERG inhibitor could potentially prevent patients with localized PCa from progression 

to metastatic PCa.  
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FIGURES LIST 

 

 

Figure 1.1. Prostate cancer incidence and mortality in USA from 1975 to 2010 [37].  
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Figure 1.2. The endocrine control of the prostate gland. The main regulator is testosterone, 

which is produced from the testes (95%) and the adrenals (5%). Testosterone production is 

regulated by LH (testes) and ACTH (adrenals). The pituitary production of LH is regulated by 

GnRH from the hypothalamus [129]. Abbreviations: GnRH, gonadotropin-releasing hormone ; 

LH, luteinizing hormone; ACTH, adrenocorticotropic hormone 
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Figure 1.3. Nonsteroidal antiandrogens are currently used in the clinic. 
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Figure 1.4. Abiraterone acetate and enzalutamide have been recently approved by FDA for 

CRPC patients.  
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Figure 1.5. Enzymatic pathways of androgen synthesis, and target sites of recent approved 

drugs. Abiraterone is a CYP17 inhibitor and enzalutamide (or previously referred as MDV3100) 

is an antagonist of AR [45]. 
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Figure 1.6. TMPRSS2-ERG fusion gene. A) Ideogram of chromosomal 21. B) Interstitial 

deletion and formation of the TMPRSS2-ERG fusion. C) Schematic illustration of the exons and 

gene sequences in the TMPRSS2-ERG gene fusion. The grey box represents the open reading 

frame (ORF) of TMPRSS2 while the striped box represents the open reading frame of ERG. 

Each exon is indicated by numbers in the boxes and the numbers above the boxes are the last 

base of each exon. Sequences at the fusion junction are indicated and the sequence from 

TMPRSS2 is underlined [131].  
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Figure 1.7. Possible roles of TMPRSS2-ERG fusion gene in prostate cancer progression. 

The protein product of TMPRSS2-ERG fusion is the ERG protein. The ERG upregulates 

expression of EZH2. ERG also upregulates c-Myc oncogene and down-regulates tumor 

suppressor NKX3.1. 
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Figure 1.8. ERG pointed domain, DNA binding domain, and their 3D structural protein 

models. Pointed domain (PBD entry of pointed domain: 1sxe). The crystal structure of ERG 

DBD was not available until January 2013 (PBD entry: 4irg).  
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Figure 1.9. The chemical structure of YK-4-279 and DB1255 are ERG inhibitors.  
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Figure 2.1. A workflow from the dry lab to the wet lab for discovery of ERG inhibitors. 
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Figure 3.1. ERG and FLI1 amino acid sequence alignments (91.9% identity).  
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Figure 3.2. Human ERG DBD homology model. The DBD is shown in white ribbon. DNA is 

in sticks (in blue). The identification of a possible binding site (referred to as Site 2) is inspired 

by biochemical data involving Erg residue S329 [82]. A compound (in purple) is docked on the 

binding site (in green). Residue S329 is shown (in orange). 
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Figure 3.3. Molecular surface of ERG DBD. DNA is in sticks and is colored according to the 

atomic-coloring scheme (C in green, N in blue, O in red and P in pink). Binding site 1 interacts 

with DNA. Molecular surface of residue S329 is in red. We discovered there is a binding site 

(Site 2) near residue 329. A compound (in orange sticks) is docked into Site 2.  

 

DNA 
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Figure 3.4. Chemical structures of 39 top-scored NCI compounds. (continued) 
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Figure 3.4. Chemical structures of 39 top-scored NCI compounds. (continued) 
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Figure 3.4. Chemical structures of 39 top-scored NCI compounds. (continued) 
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Figure 3.4. Chemical structures of 39 top-scored NCI compounds. (continued) 
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Figure 3.4. Chemical structures of 39 top-scored NCI compounds. 
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Figure 3.5. Endogenous expression of ERG in VCaP but not in HEK293 cells. VCaP is a 

prostate cancer cell line which is TMPRSS2-ERG positive but the human embryonic kidney 

HEK293 cells are not.  
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Figure 3.6. V131 and V154 dose-dependently suppressed ERG-dependent luciferase 

activity in HEK293 cells. pMSCV-ERG, pTK-100-PUx3-Luc luciferase reporter, and Null 

(internal control) were transfected into HEK293 cells using calcium phosphate method. NT 

(internal control) was transfected with empty vector pMSCV, pTK-100-PUx3-Luc and Null, and 

treated with DMSO. Cells were exposed to treatments for 24 hours. The experiment was repeated 

three times in triplicate. *** p-value < 0.0001 when compared with DMSO vehicle control.  
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Figure 3.7. V154 dose-dependently suppressed ETV1-dependent luciferase activity in 

HEK293 but V131 promoted ETV1 luciferase activity. pCMV6-XL5-ETV1, pTK-100-PUx3-

Luc luciferase reporter, and Null were transfected into HEK293 cells using calcium phosphate 

method. NT (internal control) was transfected with empty vector pCMV2, pTK-100-PUx3-Luc 

and Null, and treated with DMSO. The experiment was repeated three times. The experiment 

was repeated three times in triplicate. ** p-value < 0.001 or *** p-value < 0.0001 when 

compared with DMSO vehicle control. 
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Figure 3.8. Chemical structures of V131, V154 and #648.  
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Figure 3.9. Compound #648 dose-dependently suppressed ERG-dependent luciferase 

activity in HEK293 cells. pMSCV-ERG, pTK-100-PUx3-Luc luciferase reporter, and Null were 

transfected into HEK293 cells using calcium phosphate method. NT (internal control) was 

transfected with empty vector pMSCV, pTK-100-PUx3-Luc and Null, and treated with DMSO. 

Cells were exposed to treatments for 24 hours. The experiment was repeated three times in 

triplicate. *** p-value < 0.0001 when compared with DMSO vehicle control.  
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Figure 3.10. Compound #648 dose-dependently suppressed dN-ERG -dependent luciferase 

activity in HEK293 cells but not compound V131. pMAX deltaN-ERG, pTK-100-PUx3-Luc 

luciferase reporter, and Null were transfected into HEK293 using calcium phosphate method. NT 

(internal control) was transfected with pTK-100-PUx3-Luc luciferase reporter and Null, and 

treated with DMSO. Cells were exposed to treatments for 24 hours. The experiment was repeated 

three times in triplicate. ** p-value < 0.001 or *** p-value < 0.0001 when compared with DMSO 

vehicle control.  
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Figure 3.11. SPR analysis confirmed direct binding of #648 with ERG protein. SPR data to 

characterize binding specificity of #294 and #648 compounds at 50 μM, with a negative control 

(Bic) and a positive control (YK-4-279). The data indicated that #294, #648 and YK-4-279 have 

A 

B 
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direct binding with ERG protein: A) Steady-state kinetics of #294, #648, YK-4-279 (positive 

control) and bilcalutamide (Bic) (negative control) over amine-coupled ERG surfaces with 50 

μM injection (25 μL/min x 120 sec association + 120 sec dissociation); B) published titration 

series of YK-4-279 for comparison, taken from recent work of Rahim and co-workers [36]. 
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Figure 3.12. Compound #648 decreased the protein expression of ERG, EZH2 and c-Myc, 

and increased tumor suppressor NKX3.1 in VCaP cell.  EZH2, c-Myc, and ERG decreased 

protein expression when the dose increased and the loading control was comparable. Tumor 

suppressor, NKX 3.1 showed increased expression at doses 5 μM and 10 μM and the intensity of 

these two bands were comparable. The cells were exposed to the treatment for 48 hours. These 

Western blots were repeated twice. 
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Figure 3.13. V131 and #648 suppressed ETS2-dependent luciferase activity in HEK293 

cells. pcDNA 3.1-ETS2, pTK-100-PUx3-Luc luciferase reporter, and Null were transfected into 

HEK293 cells using calcium phosphate method. NT (internal control) was transfected with 

empty vector pcDNA 3.1, pTK-100-PUx3-Luc luciferase reporter and Null, and treated with 

DMSO. Cells were exposed to treatments for 24 hours. The experiment was repeated three times 

in triplicate. * p-value < 0.05 or ** p-value < 0.001 when compared with DMSO vehicle control.  
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Figure 3.14. V131 and #648 dose-dependently suppressed FLI1-dependent luciferase 

activity in HEK293 cells. pSG5-FLI1, pTK-100-PUx3-Luc luciferase reporter, and Null were 

transfected into HEK293 cells using calcium phosphate method. NT (internal control) was 

transfected with pTK-100-PUx3-Luc and Null, and treated with DMSO. Cells were exposed to 

treatments for 24 hours. The experiment was repeated three times in triplicate. * p-value < 0.05 

or ** p-value < 0.001 when compared with DMSO vehicle control.  
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Figure 3.15. ELF3- dependent luciferase assay in HEK293 indicated V131 and #648 

were inactive against ELF3, but V154 was active. pi-RES-puro-ELF3, pTK-100-PUx3-

Luc luciferase reporter, and Null were transfected into HEK293 cells using calcium 

phosphate method. NT (internal control) was transfected with pTK-100-PUx3-Luc and 

Null, and treated with DMSO. The experiment was repeated three times in triplicate. * p-

value < 0.05 or ** p-value < 0.001 when compared with DMSO vehicle control. 
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Figure 3.16. Western blot analysis to detect endogenous expression of AR and ERG in six 

prostate cancer cells. This experiment was repeated twice. 
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Figure 3.17. Boyden chamber invasion assay of V131 against VCaP and DU145 cells. 

V131 at 10 μM inhibited invasion substantially in ERG-positive, VCaP cells but not in 

ERG-negative, DU145 cells after 48-hour treatment. ** p-value < 0.001, *** p-value < 

0.0001 when compared with DMSO vehicle control. 
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Figure 3.18. Boyden chamber invasion assay of #648 against VCaP and DU145 cells. 

#648 at 10 μM inhibited invasion substantially in ERG-positive, VCaP cells but not in 

ERG-negative, DU145 cells after 48-hour treatment. *** p-value < 0.0001 when 

compared with DMSO vehicle control. 
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Figure 3.18. Boyden chamber invasion assay of V154 against LNCaP cells. V154 at 

10 μM inhibited invasion in ETV1-positive, LNCaP cells by ~40% compared to the 

DMSO vehicle control after 24-hour treatment. * p-value < 0.05 when compared with 

DMSO vehicle control. 
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Figure 3.20. Cytotoxicity of V131 and #648 against VCaP cells. Evaluated by MTT 

assays for 3-day treatment time. * p-value < 0.05, ** p-value < 0.001 when compared with 

DMSO vehicle control. 
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Figure 3.21. Cytotoxicity of V131 and #648 against DU145 cells. Evaluated by MTT 

assays for 3-day treatment time. * p-value < 0.05, ** p-value < 0.001 when compared 

with DMSO vehicle control. 
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Figure 3.22. Cytotoxicity of V154 against LNCaP and DU145 cells. Evaluated by 

MTT assays for 3-day treatment time. * p-value < 0.05, ** p-value < 0.001 when 

compared with DMSO vehicle control. 
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