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ABSTRACT 
 

Prostate cancer is the second leading cause of deaths in the male population. An important 

advance in understanding the molecular basis of prostate cancer has been the discovery of 

translocations that involve one of the genes of the ETS family (ERG, ETV1, ETV4, ETV5, 

FLI1). Each one of these translocations results in deregulated expression of one of the ETS 

proteins, expression that is likely to play a direct role in prostate cancer pathogenesis.  

The role of ERG and ETV1 has been thoroughly investigated. This project has focused on the 

investigation of the mechanism whereby over-expression of the ETV4 gene mediates 

oncogenesis in the prostate.  

We have show that ETV4 inhibition by siRNA in the PC3 and DU145 cancer cell lines reduces 

cell proliferation, cell cycle progression, anchorage-independent growth in soft agar, tumor 

growth in a xenograft model. In addition, ETV4 inhibition reduces cell mobility and 

invasiveness only in the PC3 cells. Conversely, upon ETV4 over-expression in the non–

malignant cell line RWPE we have observed increased anchorage-independent growth, cell 

mobility and cell proliferation, which is probably mediated by down-regulation of p21, 

producing accelerated progression through the cell cycle. In addition, we have observed that 

ETV4 over-expression induces a set of morphological changes associated with changes in the 

expression pattern of epithelial (E-cadherin) and mesenchymal (N-cadherin and vimentin) 

markers: these changes are characteristic of the so-called epithelial to mesenchymal transition 

(EMT). In RWPE cells over-expressing ETV4 we have shown that the EMT may result from 

the increased expression of EMT-specific transcription factors such as Twist1, Slug1, Zeb1 and 

Zeb2. These results indicate that ETV4, as other ETS proteins (ERG, ETV5 and ETV1), plays a 

major role in invasiveness and cell migration. In addition, it emerges as unique in that it 

increases at the same time also the rate of proliferation of prostate cancer cells. 

To investigate in vivo the effects of ETV4 expression in prostate we have developed a mouse 

model: FVB mice in which the truncated form of ETV4, present in patients with TMPRSS2-

ETV4 translocation, is expressed under the control of a modified rat probasin promoter that 

drives high levels of expression only in the prostate (ETV4-FVB mice). ETV4-FVB mice and 

control wild-type mice have been followed-up and studied by standard H&E staining. No 

prostate lesions have been found in any of the 6 months old mice, whereas prostatic 

intraepithelial neoplasia (PIN) lesions have been found in 57% of 10 months old ETV4-FVB 

mice (n=10) and in none of control mice.  

Pten loss is one of most common additional genetic alteration found in prostate cancer.  Thus, 
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we have investigated the possible effect of the interaction of ETV4 expression with Pten loss by 

crossing our prostate-specific FVB-ETV4 mice with C57 black PTEN+/– mice: Pten+/-|ETV4 

mice. In 7 months old animals we have observed neither prostatic hyperplasia nor PIN in wild 

type controls and FVB-ETV4 mice, PIN lesion in 33% of Pten +/- mice (n=3), and multifocal 

PIN lesions in all Pten+/-|ETV4 mice (n=9). These transgenic mice models suggest that ETV4 

over-expression is sufficient to initiate neoplastic transformation and cooperates with Pten loss 

in promoting prostate cancer progression.  

The work performed during project has proven that ETV4 induces, both in vitro and in vivo, 

most and perhaps all of the features that make a tumor aggressive. In addition, we have 

generated an mouse model of prostate cancer that will provide further insight ETV4 in biology 

of prostate cancer and that might be useful to test the effectiveness of new therapeutic 

approaches. 
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INTRODUCTION 

 

1.1 Prostate cancer  

Prostate cancer is the most common cancer in males and the second highest cause 

of  cancer‐related  mortality  in  developed  countries.  The  incidence  of  prostate 

cancer have steadily increased in the last decades,  likely because the aging of the 

population (Jemal et al., 2006).  Indeed,  the age  is one of  the most  important risk 

factors. The probability to develop the prostate cancer is very low under the age of 

40 years, but increase considerably after the age of 50 years and in most cases the 

age of diagnosis is about 70 years. Another strong risk factor is the familiarity: the 

risk to develop the prostate cancer for a person who has a consanguineous affected 

by the disease is double respect to a person with no affected relatives. Additional 

risk factors are the high‐fat diet, obesity and the reduced fitness. The incidence of 

prostate  cancer  changes  considerably  among  different  geographic  regions  and 

among different  ethnic  groups.  Indeed,  the  incidence  in  South‐east Asia  is  lower 

than  in Western  countries;  however,  it  increases  in  Asians  that  live  in Western 

countries.  These  data  indicate  that,  in  addition  to  inherited  factors,  there  are 

environmental  factors  that  may  be  directly  involved  in  the  development  of  this 

pathology (Nelson et al., 2003).  

Despite its high prevalence, the molecular mechanisms that induce prostate cancer 

progression  are  poorly  understood.  Tumor  progression  is  driven  by  stepwise 

processes  that  involve  the  genetic  alteration  of  critical  genes,  resulting  in  their 

altered expression and function (Hanahan and Weinberg, 2000).  

Prostate cancer originates from glandular epithelial cells. Initial neoplastic lesions 

shows  histological  features  similar  to  those  observed  in  others  in  situ  cancers: 

these are called prostatic intraepithelial neoplasia (PIN). The tumor usually grows 

very slowly, remaining confined to the organ and the patient may not suffer from 

any  symptom  for  years.  When  the  cancer  progress,  it  first  invades  the  capsule 

spreading locally to the near tissues and then it can metastasizes to lymph nodes, 

to  bones,  or  to  other  organs,  such  as  lung  and  liver.  Localized  intracapsular 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prostate cancer can be cured by radical prostatectomy. However, about one third 

of  cases  do  relapse  (Van  Poppel  et  al.,  2009),  and  the  rate  of  relapse  increases 

significantly if the tumor has invaded the capsule (Carver et al., 2006). 

Most of prostate cancers arise  from androgen‐dependent secretor epithelial  cells 

and androgen receptor  (AR) signaling  is a common element  that affects both  the 

development and progression of prostate cancer. Thus the androgen deprivation is 

the standard treatment for advanced prostate cancer that has been used for over 

half  a  century  (Huggins  and  Hodges,  2002).  In  physiological  conditions,  local 

androgen metabolism maintains a balance between the proliferation and apoptotic 

cell death of prostatic epithelial cells, while  in a tumor conditions,  this balance  is 

perturbed and androgen will drive proliferation and survival of the cancerous cells 

(Isaacs WB et al., 1994). Androgen deprivation is an effective therapy for prostate 

cancer,  but  prostate  cancer  may  progress  becoming  resistant  to  the  androgen 

deprivation  (so  called,  castration‐resistant prostate  cancer):  this progression has 

been found associated with several alteration of the androgen receptor (Visakorpi 

et al., 1995; Dehm et al., 2008). 

The  most  used  method  for  Prostate  Cancer  screening  is  the  measurement  of 

prostate  specific  antigen  (PSA)  in  the  serum.  However,  the  PSA  levels  is  not  a 

specific marker of prostate cancer; in fact, it can be found increased also in patients 

suffering  from prostatic  infection or  from benign prostatic  hyperplasia  (Gleason,  

1966; Papsidero et al., 1985). Nevertheless, the monitoring of PSA levels in patient 

with  known  prostate  cancer  may  be  useful  to  monitor  the  relapse  or  the 

progression of the disease 

The  prostate  cancer  patients  is  classified  according  to  both  TNM  system  and 

Gleason  score  (Epstein  et  al.,  2006).  TNM  classification  evaluates  the  size  of  the 

tumor  (T),  lymph  node  metastasis  (N),  and  distal  metastasis  (M).    The  Gleason 

score evaluate the grade of structural changes of morphology of prostate glandular 

morphology. The score is given by the sum of the primary and secondary grades of 

the  glandular  differentiation.  Gleason  grades  range  from  1  (mild  structural 

changes) to 5 (full disappearance of glandular structure). Thus, the sum of scores 

ranges  from  2  to  10.  A  high  Gleason  score  predicts  a  poorer  prognosis  for  the 

patient  (Epstein  et  al.,    2006).  Although  this  classification  works  very  well  in 

clinical  practice,  the  prognosis  can  be  inaccurate  in  individual  cases.  For  this 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reason the identification of molecular mechanisms responsible of the onset and the 

progression  of  prostate  cancer,  could  be  extremely  important  for  the  clinical 

practice. 

 

 

1.2 Genetic lesions in prostate cancer 

The accumulation of  a discrete  set of  somatic mutations  is  a driving  force  in  the 

transformation  of  a  normal  cell  into  a  neoplastic  cell.  In  this  respect,  prostate 

cancer  is  not  different  from  others  cancer,  it  results  from  the  accumulation  of 

genetic and epigenetic alterations  that  transform normal glandular epithelium to 

preneoplastic  lesions  and  to  invasive  carcinoma.  Recent  advances  in  molecular 

research highlight the role of both oncogenes and tumor suppressor genes in the 

development and progression of the disease. Although the familiarity increases the 

risk to develop prostate cancer, the large majority (about 90%) of prostate cancers 

are  sporadic  (Gronberg  et  al.,  1997).  The  sporadic  tumors  are  characterized  by 

clinical heterogeneity due to different genetic mechanisms and multiple genetically 

controlled factors involved in the evolution of  tumors. (Brothman et al., 1999).  

The  alterations  described  in  prostate  cancer  patients  are  mutation,  deletion, 

rearrangement,  amplifications,  promoter  hypermethylation  and  haplo‐

insufficiency  in  genes  to  modify  their  protein  products  with  oncogenic 

consequences (Table 1). 

Recently  it  has  been  found    a  high  frequency  of  ETS  genetic  rearrangements  in 

prostate  cancer patients  (see below);    it  is plausible  that over‐expression of ETS 

factors may represent a crucial event in prostate tumorigenesis. 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Table 1: Summary of genetic abnormalities in prostate cancers (ETS translocations not included) 

Genes identified Gene abnormality Chromosomal 
abnormality 

NKx3.1 Expression suppression  

PTEN/MMAC1 Mutation or deletions  

SPINK1 Over-expression  

AR Mutations and amplifications  

MCM7 Over-expression Amplification 

EZH2 Over-expression  

PSCA, MYC and eIF3 Over-expression  Amplification 

p16 and p14 Hypermethylation and deletion Deletion 

E-cadherin  Hypermethylation or deletions Deletion 

RB1 Hypermethylation or deletions Deletion 

P53 Mutation or deletions  

p27  Expression suppression Deletion 

p21 Expression suppression  

GSTpi Hypermethylation  

KAI1 Hypermethylation  

CD44 Hypermethylation  

KLF6 Mutation  

ras Mutation  

BRCA1 Mutation LOH 

CSR1 Methylation  

ANX7 LOH  

PCD1 Over-expression LOH 

Endothelin b receptor Hypermethylation  

Annexin II Expression suppression   

TNFRSF6 Expression suppression  

Myopodin Deletion  

N33 Expression suppression Deletion 

FEZ1 Mutation  

Dermatin Deletion  
 
Modified and updated from Yu 2007 
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1.3   Mouse models of prostate cancer 

Mouse models have been proven to be extremely useful to understand biology and 

to  model  the  spectrum  of  human  diseases.  However,  the  modeling  of  human 

prostate  cancer  is  difficult  because  of  the  great  differences  between mouse  and 

human  prostate.  First,  mice  do  not  develop  prostate  cancer  in  spontaneous 

manner.  Second,  the  life  of  mice  is  much  shorter  than  human.  Third,  cancer 

metastasis has a tendency to initiate from mesenchymal cells in mice compared to 

epithelial cells in humans (Valkenburg and Williams, 2011). Moreover the human 

prostate consists  in one  lobe, while  the mouse prostate has  four  lobes.  In  fact,  in 

contrast to the human prostate, the murine prostate is composed of multiple lobes 

arranged  at  the  base  of  the  bladder,  surrounding  the  urethra  (Figure  1).  These 

lobes are named for their anatomical position and they are: the anterior prostate 

right  and  left  (AP R, AP  L),  ventral  prostate  (VP)  and    dorsal  prostate  (DP).  The 

ductal morphology, shape, histology and secretion patterns of each lobe are unique 

(Cunha  et  al.,  1987).  For  example,  histologically  the  anterior  prostate  displays 

extensive epithelial‐infolding, while the dorsal prostate has less infolding and the 

ventral  prostate  shows minimal  infolding  (Cunha  et  al.,  2004).  Analogy  between 

murine  lobular  structures  and  zonal  structures  of  the  human  prostate  remain 

elusive;  nevertheless,  it  has  been  shown  that  organogenesis  and  steroid 

responsiveness  of  both  murine  and  human  prostates  are  similar  (Meeks  and 

Schaeffer, 2011).  

 

FIGURE 1: Comparison between the Structure of human and  prostate (modified from  McNeal, 1969  
and Cunha et al., 1987) 
 

 

Despite  these  differences  between  human  and  mice,  their  genomes  are  ~95% 

identical with structurally similar genes that are easy to manipulate (de Jong and 

Maina, 2010). Furthermore, mice are small, easy  to handle and  typically produce 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large  litters  making  generation  within  a  reasonable  amount  of  time  attainable. 

Although  the  listed  limitations,  several  transgenic  or  Knock  Out  (KO)  mouse 

models  of  prostate  cancer  have  been  generated  and  have  provided  significant 

contributions  in  identifying  molecular  mechanisms  involved  in  the  disease 

initiation and progression. 

A number of  transgenic models have been generated with  the SV40 Large‐T and 

small‐t  antigens.  One  of  the  best  characterized  of  these  models  is  the  TRAMP 

model  that  displayed  progressive  forms  of  prostatic  disease  resembling  human 

prostate  cancer,  from  mild  intraepithelial  hyperplasia  to  large  multinodular 

malignant neoplasia (Greeneberg et al., 1995). 

In most of the transgenic mice, the high levels of prostate specific expression of the 

transgenes  have  been  obtained  by  using  the  PSA  promoter,  the  rat  probasin 

promoter (PB) and its derivative ARR2PB promoter.   

The  over‐expression  of  Androgen  Receptor  (AR)  driven  by  the  PB  promoter 

resulted in lesions similar to human PIN in 4/11 animals after 12 months, showing 

that  increased  AR  levels  appear  sufficient  to  promote  moderate  to  severe 

dysplasia, but not metastasis (Stanbrough et al., 2001). Transgenic model of mouse 

prostate  cancer  have  been  obtained  also  by  over‐expressing  growth  factors  that 

are  critical  in  many  processes,  including  tumorigenesis:  mice  over‐expressing 

insulin‐like  growth  factor‐1  (IGF‐1)  under  the  control  of  the  bovine  keratin  5 

(BK5) promoter showed hyperplasia after 6 months and HGPIN after 14 months of 

age  with  metastasis  into  the  surrounding  tissue  (Culig  et  al.,  1994).  Among  the 

oncogenes  implicated  in  Prostate  Cancer  development,  the  over‐expression  of  c‐

myc resulted  in HGPIN with  locally  invasive adenocarcinoma (Ellwood‐Yen et al., 

2003), whereas the over‐expression of either Ras or fos resulted only in epithelial 

hyperplasia  with  stromal  proliferation,  but  no  evidence  of  PIN.  (Barrios  et  al., 

1996; Voelkel‐Johnson et al., 2000). 

Several KO mice models of tumor suppressor genes have been produced. The loss 

of  p53  expression  did  not  affect  prostate  development,  however,  the mice were 

more susceptible to spontaneous tumor formation (Colombel et al., 1995) and the 

mice  expressing  the  p53  His273  mutant  driven  by  PB  promoter  showed 

hyperplasia/dysplasia  at  12  months  of  age,  but  further  progression  was  not 

observed (Elgavish et al., 2004). 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The homeobox  gene Nkx3.1,  can  contribute  to  prostate  carcinogenesis,  acting  as 

tumor suppressor gene.  The KO of a single Nkx3.1 allele was sufficient to generate 

low  grade  PIN  and  similar  phenotype  was  observed  in  homozygotes  Nkx3.1‐/‐ 

mice and in mice where prostatic Nkx3.1 expression was conditionally eliminated 

(Schneider  et  al.,  2000;  Abdulkadir  et  al.,  2002).  Thus,  the  loss  of  Nkx3.1 

expression initiates the development of early‐stage disease.  

Another  tumor  suppressor  gene  whose  inactivation  has  been  associated  with 

Prostate  Cancer  is  the  phosphatase  and  tensin  homologue  (PTEN).  The  gene, 

localized  on  10q23,  encoded  for  a  protein  that  suppresses  the  effects  of  PI3K 

(Phosphoinositide‐3  kinase)  by  dephosphorylating  PIP3  (phosphatidylinositol 

3,4,5‐trisphosphate),  a  lipid  anchor  of  AKT,  a  growth  factor‐regulated  protein 

kinase. PTEN, counteracting the action of PI3K on PIP3, inhibits the AKT cascade, a 

central survival and proliferation pathway. Somatic mutations of PTEN have been 

detected  at  high  frequency  in  many  sporadic  cancers,  including  glioblastoma, 

endometrial  cancer  and  prostate  cancer  (Bonneau  and  Longy,  2000).  Complete 

PTEN inactivation has been found in 15% of primary prostate tumors, and in up to 

60%  of  prostate  cancer metastases  (Cairns  et  al.,  1997).    Although  the  PTEN‐/‐ 

genotype  is  embryonically  lethal,  heterozygote  PTEN+/‐ mice  are  viable.  In  this 

model  it  was  observed  increased  epithelial  proliferation,  hyperplasia  and  low 

grade  PIN,  indicating  that  PTEN  haploinsufficiency  was  sufficient  to  initiate 

carcinogenesis,  but  not  to  promote  metastasis  (Podsypanina  et  al.,1999;  Di 

Cristofano  et  al.,  2001).  In  another  mice  model  the  embryonic  lethality  was 

circumvented  by  inactivating  PTEN  expression  only  in  the  prostate  through  a 

Cre/LoxP system. Mice with  the  loss of  a  single PTEN allele developed only PIN; 

mice  with  the  homozygous  loss  PTEN  developed  hyperplasia,  PIN,  invasive 

adenocarcinoma  and metastasis  at  12 weeks  of  age.  The mice with  homozygous 

PTEN  loss showed  larger glands and higher proliferation  indexes  than wild‐type, 

confirming  that  loss  of  PTEN  expression  induce  the  proliferation  (Wang  et  al., 

2003). The mouse models demonstrate  that disrupting the expression of a single 

gene  leads,  in  most  cases,  to  low  grade  PIN  and  high  grade  PIN  but  not  to 

metastatic disease. Therefore, a number of bigenic models have been generated to 

determine  whether  at  least  two  genetic  events  will  promote  metastasis.  For 

example, although the loss of Nkx3.1 expression causes hyperplasia and dysplasia, 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the PTEN+/‐ Nkx3.1‐/‐ mice showed high grade PIN and early carcinoma  lesions 

(Kim et al., 2002). These bigenic models clearly demonstrate that prostate cancer 

progression requires more than a single genetic event.  

 

 

1.4 Chromosomal translocations and prostate cancer 
Chromosomal translocations are frequently associated with human leukemias and 

sarcomas. Recently, it has been found that chromosomal translocation can be also 

present  in  solid  tumors.  An  important  advance  in  the  understanding  of  prostate 

cancer pathogenesis has been the recent finding that a chromosomal translocation 

is  present  in  50‐70%  of  patients,  depending  on  the  clinical  cohorts  investigated 

(Tomlins et al.,  2005 and 2007; Saramäki et al., 2008 reviewed by Kumar Sinha et 

al., 2008;   Tomlins et al., 2009). These chromosomal translocations  juxtapose the 

promoter  of  an  androgen‐regulated  gene  or  the  promotor  of  a  gene  highly 

expressed in the prostate to the coding region of an ETS gene (Tomlins et al., 2005, 

2006 and 2007; Helgeson et al., 2008; Paulo et al.,  2012). (Figure 2).  
 

 
FIGURE 2:  Common chromosomal translocations involving the promoter of the gene TMPRSS2 and 
some ETS transcriptional factors (modified from Tomlins et al., 2005; Tomlins et al., 2006 and Helgesons 
et al., 2008) 
 

 

The most common translocation is derived from the fusion between the exon 1 or 

2 of the transmembrane protease serine 2 (TMPRSS2) and the coding sequence of 

the v‐ets erythroblastosis virus E26 oncogene homolog (ERG) (Tomlins et al., 2005 

and  2007).    These  two  genes    are  about  3 Megabase  apart  on  the  chromosomal 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region 21q22.3 (Figure 3) and thus the TMPRSS2‐Erg  fusion gene  is  the result of 

the  deletion  of  the  intervening  DNA  sequence,  but  may  also  occur  by  a 

translocation  (Yoshimoto  et  al.,  2006).  TMPRSS2  is  an  androgen‐regulated  gene 

which  is  highly  expressed  in  the  normal  and  pathological  prostate.  The  gene 

encodes  a  serine  protease  that  contains  a  type  II  transmembrane  domain,  a 

receptor class A domain, a scavenger receptor cysteine‐rich domain and a protease 

domain.  Serine  proteases  are  known  to  be  involved  in  many  physiological  and 

pathological processes. (Lin et al., 1999; Vaarala et al., 2001). The first two exons of 

TMPRSS2 are not coding thus the protein derived from the deletion/translocation 

is a truncated form of the Erg protein. 

 
 

 
 FIGURE 3:  TMPRSS2:ERG fusion is the result of a  deletion of a part of DNA present between the two 
genes (from Martinez-Piñeiro L, 2010).    
 

 

 

In  about  5%  of  patients,  the  translocation  involve  the  TMPRSS2  promoter  with 

another ETS proteins: ETV1, ETV4, ETV5, ElK4 and FLI1 (Rubin et al., 2011; Paulo 

et al., 2011). In few patients the translocation involve the promoter of other genes 

that either (1) have an androgen dependent expression or (2) have a constitutive 

expression  (reviewed  in  KumarSinha  et  al.,  2008;  Rubin  et  al.,  2011).    As  for 

TMPRSS2,  the  final result  is  the abnormal expression of a specific ETS protein  in  

prostatic tissue (Figure 4; Table 2), (Sreenath et al., 2011). 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FIGURE 4: Chromosomal translocations involving promoters of androgen-dependent genes and ERG 
found in patients with prostate cancer (from Rubin MA, 2012). 
 
 
 
 
TABLE  2 : Promoters  involved in translocation with ETS genes.  

GENES AT 5’  GENES  AT 3’ 

Androgen­Dependent   

TMPRSS2  ERG1, ETV11, ETV42, ETV53, FLI14 

SLC45A3  ERG5, ETV16, ETV411, ETV53 , ELK411 

HERVK22q11.23  ERG10 e ETV16 

KLK2  ERG10 e ETV47 

CANT1  ERG10 e ETV45 

DDX5  ETV45 

NDRG1  ERG8 

HERPUD1  ERG9 

ACSL3  ETV111 

EST14  ETV17 

Herv17  ETV17 

Constitutives   

C15orf21  ETV16 

HNRPA2B1  ETV16 

 

References:    1)  Tomlins  et  al.,  2005;  2)  Tomlins  et  al.,  2006;  3) Helgeson,  2008;  4)  Paulo  et  al., 

2011; 5) Han et al., 2008; 6) Tomlins et al., 2007; 7) Hermans et al., 2008; 8) Pflueger et al., 2009; 9) 

Maher et al., 2009; 10) Tomlins et al., 2008; 11) Rubin et al., 2011. 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1.5 The  ETS family of transcription factors 
The ETS family is a large family of the transcriptional regulators that have several 

functions and activity,  some of  them have activator  function  (as ERG and ETV4), 

others have inhibitory function (as Tel) and others have both functions (as ESE1/‐

2/‐3) (Sharrocks, 2001; Oikawa and Yamada, 2003).  The ETS family members are 

involved  in  the  regulation  of  various  signaling  cascades  that  control  diverse 

biological  process:  proliferation,  differentiation,  development,  transformation, 

apoptosis, migration, invasion and angiogenesis in various cell types, as well as in 

different neoplastic cells (Isaacs et al., 2005; Warren et al., 2002;   Patikoglou and 

Burley, 1997).  In humans,  the ETS  family   consists of 28 members, divided  in 12 

subfamilies (Figure 5) characterized by an highly conserved DNA‐binding domain, 

the  ETS  domain,  which  consist  of  85  amino  acids  with  4  tryptophan  repeats 

(Papavassiliou et al., 1995).  

 

 
FIGURE 5:  Subfamilies of ETS protein and their functional domains (modified from Hollenhorst et al., 
2011) 

 

 

The ETS domain  (indicated with ETS  in Figure 5)  consists of  three α‐helices and 

antiparallel  β‐sheet  scaffold  that  form  a  “winged  helix‐turn‐helix”  motif.  This 

domain binds a  consensus  sequence on DNA spanning  from 12  to 15 base pairs, 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but  it  displays  sequence  preference  only  for  9  bp with  a  central,  invariant  5’‐

GGA(A/T)‐3’  core.  The  most  important  direct  interactions  of  the  ETS  domain 

involve the hydrogen binding of the 2 invariant arginines (in the helix H3) with the 

2 guanines of the GGA(A/T) core. In addition, the first α‐helix, the first β‐sheet and 

the  loop  between  the  second  and  third  helixes  are  involved  in  the  binding with 

DNA residues close to the core (Hollenhorst et al., 2011). Although all ETS proteins 

bind sites with the same core sequence, each ETS family member shows a unique 

biological  function,  because  there  are  two  distinct  classes  of  binding  sites 

(Hollenhorst  et  al.,  2007  and  2009):  the  “redundant”  binding  sites,  found  in  the 

promoters of housekeeping genes,  that bind any ETS protein with relatively high 

affinity;  the  “specific”  binding  sites  in  genes  that  mediate  the  specific  biological 

functions of a particular member of the ETS family.  These “specific” binding sites 

are characterized by ETS sequence with low‐affinity and are frequently flanked by 

binding  sites  for  other  transcription  factors.  This  is  consistent  with  a  model  in 

which  low‐affinity  ETS‐binding  sites,  together  with  the  cooperative  interactions 

with neighboring transcription factors, mediate specific ETS functions.  

Other regulatory mechanism are described for the ETS proteins: 1) the presence of 

cis‐acting auto inhibitory modules that are thought to act by blocking promiscuous 

DNA binding, such as in the transcription factor ETV4 (ETS Translocations Variant 

4,  also  called  PEA3),  some  amino  acids  around  the  ETS  domain  (black  region  in 

Figure 6) that can reduce the affinity for the DNA (Laget et al., 1996; Bojovic and 

Hassell, 2001; Brown et al.,   1998; Greenall et al., 2001); 2)  phosphorylation that 

affects  the ETS‐DNA binding and  the association with other  transcription  factors 

(Baert et al., 2002; Wu and Janknecht, 2002).  

ERG,  the most  frequently  rearranged  in prostate  tumors,  and FLI1 belong  to  the 

ERG subgroup of the ETS proteins. This subgroup is characterized by the presence 

of the pointed (PNT/SAM) domain (Figure 6), that is an helix‐loop‐helix structure 

involved  in  the  omo‐oligomerization  and  in  the  etero‐dimerization  with  co‐

regulators factors (Lacronique et al.,   1997; Sharrocks,   2001; Baker et al., 2001).  

The others genes rearranged in prostate cancer (ETV1, ETV5, ETV4) belong to the 

PEA3 subgroup. The PEA3 subgroup proteins bind preferentially the sequence 5’‐

ACCGGAAGT‐3’ (Wei et al., 2010); they lack of the PNT/SAM domain, and have two 

acidic domains, at N‐   and at C‐terminus  (grey regions  in  the Figure 7),  that   are 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strong  transactivation domains  (Janknecht et al., 1996; Laget et al., 1996). These 

acidic domains are negatively regulated by the adjacent sequences (Sangphil et al., 

2012;  Bojovic  and  Hassell,  2001)  in  ETV4  and  by  central  sequences  in  ETV1 

(Janknecht et al., 1996). 

 

 
FIGURE. 6: ERG subfamily and its functional domains: ETS domain in  black and HLH domain 
(PNT/SAM) in grey (from Oikawa et al., 2003) 

 

 

 
FIGURE 7: ETS factors that belong to PEA3 subfamily and their functional domain. In black is ETS 
binding domain, in grey there  are  acidics domains (from Oh et al., 2012). 

 

 

1.6 ETS and cancer 
The ETS  genes  have  been  found  amplified  or  deleted  or  located  at  translocation 

breakpoints  in  leukemia  and  solid  tumors.    Their  altered  expression  has  been 

observed  in  various  tumors,  including  thyroid,  pancreas,  liver,  prostate,  colon, 

lung,  breast  cancers  and  leukemia.  ETS  over‐expression  resulting  from  a 

chromosomal  translocations  has  been  described  in  leukemias  and  sarcomas:  (1) 

the  ETS  domain  of  ERG2  translocated  downstream  the  gene  TLS/FUS  in  some 

cases  of  chronic  myelomonocytic  leukemia;  (2)  the  ETV6  translocation 

downstream  the MN1  gene  in  some  cases  of  acute myeloid  leukemia  (Seth    and 

Watson, 2005); (3) a fusion protein with the N‐terminal region of the EWS gene, an 

RNA binding protein, and C‐terminal portion of ETS proteins such as FLI1, ETV1, 

Erg  in Ewing’s  sarcoma. These  fusion proteins have an  increased  transactivation 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potential  in  the  respect  of wild  type  ETS  protein,  that  is  likely  contribute  to  the 

development of the malignant phenotype (Kovar, 2005).  

In other tumors it has been found the over‐expression of ETS protein without any 

chromosomal  translocation.  In  the  breast  cancer  has  been  described  the 

overespression  of  either  ETV1  and  ETV4  (Seth  and  Watson,  2005).  The  over‐

expression  of  ETV4  has  been  linked  to  increased  activity  of  Her2/Neu  receptor 

tyrosine  kinase,  a  predictor  of  aggressiveness  and  lethality  in  breast  cancer. 

Further  studies  examining  ETS  factors  expression  profiles  in  normal  and 

cancerous breast cells have shown that  the up‐regulation of multiple ETS  factors 

(ETS‐1,  ETS‐2,  ETV4,  ETV5  and  ETV1)  is  associated  with  poor  prognosis  and 

metastasis  in breast cancer and other ETS proteins  (PDEF, ESE‐2 and ESE‐3) are 

downregulated  during  breast  cancer  progression.  Other  examples  are  the  ETS1 

and  ETS2    over‐expression  found  in    thyroid  cancer,  pancreas,  liver  and  lung 

patients (Kumara et al., 2006; Seth and Watson, 2005).   All  these examples suggest 

that the ETS proteins have a key role in oncogenesis and tumor progression. 

 

 

1.7 ETS proteins in prostate cancer: clinical studies 
TMPRSS2­ETS  and  other  ETS  rearrangements  are  specific  of  prostate  cancer.  In 

fact,  TMPRSS2­ETS  rearrangement  has  been  never  found  in  benign  prostatic 

hyperplasia,  or  proliferative  inflammatory  atrophy  (De  Marzo  et  al.,  2006). 

Furthermore, the oncogenetic role of ETS rearrangements has been confirmed by 

the  fact  that  TMPRSS2­ETS  rearrangement  has  been  detected  in  neither  normal 

prostate  cells  nor  in  stromal  cells  adjacent  to  prostate  cancer  cells  carrying  the 

TMPRSS2­ETS rearrangement (Perner et al., 2006;  Mosquera et al.,  2008).  

Since  the  initial discovery of ETS  fusions  in prostate cancer,  several studies have 

tried  to  define  the  timing  of  the  appearance  of  TMPRSS2­ETS  during  prostate 

oncogenesis.  Some  studies  have  shown  that  in  prostate  cancer  carrying  an  ETS 

rearrangement, the rearrangement was present only in cancers cells but not in the 

paired PIN lesions from the same patient (Tomlins et al.,  2005; Rubin et al., 2011). 

However, other studies have shown that TMPRSS2­ERG fusion is detected in about 

20% of high grade PIN that are present in the patient with prostate cancer carrying 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the same fusion gene (De Marzo et al., 2006; Cerveira et al.,  2006), suggesting that 

the  ETS  fusions  could  mediate  the  transition  from  PIN  to  invasive  cancer.  In 

addition,  it has been shown that ETS rearrangements have similar  frequencies  in 

clinically localized prostate cancer, in hormone‐naïve cancer (33 and 46%) (Perner 

et al., 2007; Lapointe et al., 2007) and in hormone‐resistant metastatic cancer (33 

and 37%) (Mehra et al., 2008; Saramäki et al., 2008), suggesting that ETS lesions 

have a role in driving the transformation, but probably have less significance in the 

progression (reviewed by Tomlins et al., 2009). 

Several studies have investigated the association between the presence of an ETS 

fusions  with  the  clinical  outcome  of  prostate  cancer.  Population‐based 

observational  studies  in patients  conservatively  treated  for prostate  cancer have 

shown a significant association between the presence of TMPRSS2:ERG fusion with 

disease‐specific  death  (De Michelis  et  al.,  2007),  or with  shorter  overall  survival 

(Attard et al., 2009). In addition, the duplication of the TMPRSS2‐ERG fusion was a 

strong independent predictor of poor clinical outcome (Attard et al., 2009). Thus, it 

seems  that  in  untreated  patients  TMPRSS2‐ERG  prostate  cancer  are  more 

aggressive  than  fusion‐negative  cancer.  On  the  other  hand,  retrospective  studies 

investigating the possible association between TMPRSS2‐ERG and the outcome of 

radical  prostatectomy  have  produced  conflicting  results:  some  studies  reported 

the association with poor prognosis (Nam et al., 2007; Rajput et al., 2007), whereas 

other  studies  reported  no  association with  poor  prognosis  (Rouzier  et  al.,  2008; 

Lapointe et al., 2007) or, even, association with better prognosis (Saramaki et al.,  

2008) or with lower Gleason grade (Gopalan et al., 2009). Thus, in patients treated 

immediately after the diagnosis there is no consensus about the prognostic role of 

TMPRSS2‐ERG fusion because the data are still insufficient to draw any reasonable 

conclusion. 
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1.8 ETS  proteins  in  prostate  cancer:  Experimental 
Studies 
Several  functional  studies  in  vitro  and  in  vivo  on ETS over‐expression have been 

performed  in  order  to  address  its  role  in  the  development  of  pre  or  neoplastic 

lesions. 

 

In vitro studies 

The  rearrangement  TMPRSS2‐ERG  has  been  found  in  the  human V‐Cap  prostate 

cell line and the rearrangement TMPRSS2‐ETV1 has been found in the human Ln‐

Cap prostate cell  line. These  rearrangements  result,  just as  in prostate cancer,  in 

the over‐expression of either ERG (V‐Cap cells) or ETV1 (Ln‐Cap cells). Thus, V‐cap 

cell  line  and  Ln‐Cap  cell  line  have  been  extensively  used  as  cellular  model  to 

investigate the effect of ETS rearrangements. The reduction of ERG (in V‐Cap cells) 

and of ETV1 (in Ln‐Cap cells) expression  levels by RNA  interference has showed 

that  the  over‐expression  of  either  one  of  these  genes  had  a  direct  role  in 

invasiveness (Tomlins et al., 2007; Tomlins et al., 2008; Kumar‐Sinha et al., 2008). 

The inhibition of these ETS proteins determines a reduction of cell migration and 

invasion ability. This phenotypic changes were found associated with a reduction 

of  the  expression  of  proteins  involved  in  the  extracellular  matrix  remodeling 

during  the  invasiveness, as MMP‐1, MMP‐3, MMP‐7 e MMP‐9 metalloproteinases, 

uPA  (urokinase‐type  plasminogen  activator)  and  its  receptor  uPAR  (Blasi  and 

Sidenius,  2010;  Bourboulia  and  Stevenson,  2010).  In  keeping,  when  the 

immortalized but non  transformed prostate cell  line RWPE, has been  transfected 

with a vector overexpressing one of the ETS proteins (such as ERG, ETV1 or ETV5) 

they acquired the ability to migrate and invade associated with the activation of a 

transcriptional program leading to  invasiveness (Tomlins et al., 2007; Tomlins et 

al., 2008; Helgeson et al., 2008).  

 

Mouse models 

The role of  the prostate expression of ETS proteins has been  investigated also  in 

transgenic mouse models. The role of ERG has been investigated in few transgenic 

mice  models  with  controversial  results.  Some  studies  suggest  that  ERG  over‐

expression promotes cancer development. Tomlins and co‐workers (Tomlins et al., 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2009)  showed  that  transgenic  mice  expressing  the  ERG  gene  fusion  product 

develop  mouse  prostatic  intraepithelial  neoplasia  (PIN),  a  precursor  lesion  of 

prostate  cancer.  Similar  results  where  obtained  by  Klezovitch  (Klezovitch  et  al.,  

2008):  they  reported  that  the  over‐expression  of  ERG  activates  prostate  cell 

invasion  and  results  in  the  displacement  of  prostate  basal  epithelium  by  the 

luminal cells and the development of PIN. However, other studies indicate that the 

over‐expression of ERG is not sufficient to induce neither pre or neoplastic lesions, 

but it can cooperate with other molecular lesions in promoting cancer progression 

(Carver  et  al.,  2009;  King  et  al.,  2009;  Casey  et  al.,  2012).  In  these  studies  the 

transgenic mice expressing  the ERG  fusion gene  in  the prostate  failed  to develop 

any  PIN  or  other  neoplastic  prostate  lesions.  When  these  ERG‐expressing  mice 

were crossed with Pten‐deficient mice, (Carver et al., 2009; King et al., 2009; Casey 

et  al.,  2012)  their  offspring  developed  PIN,  but  only  in  Carver’s  study  it  was 

observed  prostate  cancer  progression.  These  studies  demonstrated  that  PTEN 

haploinsufficiency  cooperates  with  aberrant  ERG  expression  to  accelerate 

initiation  and  promote  progression  of  prostatic  adenocarcinoma.  It  is  intriguing 

that  similar  findings  have  been  observed  in  mice  overexpressing  ERG  together 

with the overexpression AKT that, as Pten deficiency, is associated with alterations 

in PI3K signalling (King et al. 2009; Zong et al.,  2009).  

Similar  results  have  been  observed  in  transgenic  mice  overexpressing  ETV1  in 

prostate tissue: two different studies have found that ETV1 overexpression did not 

lead  to  Prostate  Cancer,  but  is  enough  for  development  of  preneoplastic  lesions 

(Tomlins et al., 2007; Shin et al., 2009). 

These  findings  suggest  that  ETS  proteins  overexpression may  have  an  effect  on 

tumor  progression  but  have  to  synergize  with  additional  genetic  events  to 

determine the carcinoma formation and an invasive behaviour. 

Experimental  data  about  the  oncogenic  role  of  other  ETS  proteins  in  prostate 

cancer are not available. 

The research group in which I have worked has focused on investigating the role in 

prostate cancer of the over‐expression of ETV4 gene. 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1.9 ETV4 (ETS Translocation Variant 4) 
ETV4  (also  called  PEA3  or  E1AF)  is  a  protein  of  484  amino  acids  and  with  a 

molecular weigh  of  about  54  Kda.  Its  gene,  localized  on  chromosomal  17q21,  is 

long about 19 kb and has 13 exons. Until now it has been described 2 variants that 

differs for their 5’ UTR (Figure 8).  

ETV4 is the prototypic member of PEA3 subfamily of ETS proteins. As all member 

of the PEA3 subfamily, ETV4 has an ETS binding domain and two acidic domains at 

the  N‐  and  C  terminus,  each  of  which  constitutes  the  core  of  a  transcription 

activation domain with the N‐terminal activation domain that appears to be more 

potent  than  the C‐terminal  one    (Janknecht  et  al.,    1996;  Laget  et  al.,  1996).  The 

systematic  analysis  of  the  DNA  sequence  specificity  revealed  that  ETV4 

preferentially  bind  to  5’‐ACCGGAAGT‐3’,  wherein  the  importance  of  bases  in 

determining the strength of DNA‐binding diminishes with the distance from the 5’‐

GGAA‐3’ core (Wei et al., 2010). The ETS domain is regulated in an intramolecular 

manner:  amino  acids  on  both  sides  of  the  ETS  domain  inhibit  its  DNA‐binding 

ability  (Janknecht  et  al.,  1996;  Laget  et  al.,  1996;    Brown,    1998;    Grenall  et  al., 

2001). Interestingly, antibodies can relieve this intramolecular inhibition of DNA‐

binding  (Bojovic  and  Hassell,  2001).  As  the  ETS  domain,  also  the  activation 

domains are inhibited by their flanking sequences (Bojovic and Hassell,  2001).  

ETV4 is normally expressed at low levels in brain, kidney, lung, heart. It regulates 

many  physiologic  functions:  motor  axon  guidance,  mammary  gland  and  kidney 

morphogenesis. One emerging role of ETV4 is in branching morphogenesis where 

primitive  epithelial  buds  bifurcate  to  generate  branched  or  acinar  structures. 

(Chotteau‐Lelievre et al.,  2003). 

 

 
  FIGURE 8: ETV4 structure and its functional  domains . 
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ETV4 has been found over‐expressed in several types of carcinoma, including head 

and neck, lung and breast cancer (Hida et al.,  1997; Hiroumi et al. 2001; Benz et al., 

1997). ETV4 over‐expression has been associated with metastasis and with poor 

prognosis (de Launoit et al.,  2000). ETV4 expression has been correlated with the 

activation of cancer‐related genes relevant to cell proliferation and to invasiveness 

(Discenza et al.,  2004; Jiang et al.,  2007; Kaya et al.,  1996; Hiroumi et al.,  2001). On 

the other hand, some reports have suggested that ETV4 may function as a tumor 

suppressor (Xing et al.,  2000; Yu et al.,  2006). 

ETV4  has  been  found  over‐expressed  also  in  prostate  cancer  patients:  in  some 

cases over‐expression is associated with translocations of ETV4 to the promoter of 

a gene highly expressed in prostate (TMPRSS2, KLK2, DDX5, CANT1) (Tomlins et al., 

2006; Han et  al.,  2008; Hermans et  al.,  2008)  (Figure 9);  in others  it  is has been 

observed without any detectable translocation. (Iljin et al. 2006; Paulo et al.,  2011)  

 
FIGURE 9: (Left panel) Schematic diagram of prostate cancer translocations involving the ETV4: on the 
left are shown the different 5’ partners.  
(Right panel) Levels of ETV4 expression in tumors from prostate cancer patients carrying the indicated 
translocations. 
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1.10 Role of the EMT in tumor progression 
Evidence has accumulated over the last years that a major mechanism underlying 

tumor  invasion  is  that  epithelial  tumor  cells  may  acquire  a  mesenchymal 

phenotype  (Hugo  et  al.,  2007;  Thiery  et  al.,  2009).  This  is  similar  to  a  process, 

crucial  for  embryonic  development,  called  epithelial  to  mesenchymal  transition 

(EMT).   EMT plays a main role during gastrulation, neural  crest  formation, heart 

development  and  angiogenesis.  During  gastrulation,  an  early  phase  of 

embryogenesis,  certain  cells  dissolve  from  the  ectoderm  and move  towards  the 

inside of the embryo to form the mesoderm, the precursor of mesenchymal tissues, 

fibroblasts  and  hematopoietic  cells  (Weinberg  et  al.,  2007;  Kalluri  et  al.,  2009).      

During EMT, epithelial cells lose their epithelial characteristics such as cell‐to‐cell 

contacts  as  well  as  cell  polarity,  and  downregulate  epithelial‐associated  genes 

(Figure  10).  In  addition,  EMT  leads  to  upregulation  of  mesenchymal‐associated 

genes as well as initiates major cytoskeletal changes in the cells in order to enable 

acquisition of fibroblast‐like migratory phenotype (Stockinger et al., 2001) 

 
FIGURE 10. In epithelial cells, E-cadherin and integrins provide cell-cell and cell-basement adhesion, 
respectively (i). During EMT, the transcription of E-cadherin and integrins in epithelial cells is 
repressed, inducing the loss of polarity in these cells (ii). To invade the underlying tissue, the basement 
membrane is disrupted and the cytoskeleton remodeled to induce a migratory morphology (iii). This 
allows the cells to detach from the epithelial sheet and move into the surrounding stroma (iv) (from 
Acloque et al., 2009). 
 

 

In  literature  three  different  subtypes  of  EMT  are  recognized.    The  earliest  EMT 

(type  1  EMT)  in  mammals  occurs  even  before  implantation  during  embryonic 

development. Then after implantation, EMT is required to start gastrulation, which 

results in the formation of the three germ layers and proper positioning of the cells 

in relation to the body plan (Wolpert, 2002). During type 1 EMT, primary epithelial 

cells of the embryo, derived from the ectodermal germ layer, give rise to primary 

mesenchymal  cells  that  subsequently  detach  from  each  other  and  the  basement 

membrane to ingress through the primitive streak (Figure 11) (Thiery et al., 2009). 

Type  1  EMT  generates  cellular  plasticity,  in  order  to  form  new  structures  and 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tissues  in  the  developing  embryo.  Besides  playing  a  role  in  developmental 

processes, EMT is also observed in mature organisms.  

  

FIGURE 11:  Type 1 -EMT (from Kalluri and Weinberg, 2009). 

 

 

The type 2 EMT is  involved in tissue regeneration (Figure 12). During liver injury, 

for example, EMT is one of the mechanisms promoting repair. Liver cells that have 

undergone EMT and repopulate the tissue subsequently revert back to hepatocytes 

by MET (Choi and Diehl, 2009). Type 2 EMT involves the transition of an epithelial 

cell  to a  fibroblast, generated to reconstitute  the damaged tissue and  it  is closely 

linked  to  inflammation.  However,  unlike  type  1  EMT,  fibrosis  can  also  be  an 

outcome of  type 2 EMT, and so a physiological  response  to  injury can result  in a 

pathological event. (Thiery et al., 2009).  

 

FIGURE 12: Type2- EMT  (from Kalluri and Weinberg, 2009). 

 

 

The  type  3  EMT  is  associated  with  cancer  progression  and  occurs  in  epithelial 

tumors, which account for 90% of the human tumors (Kalluri and Weinberg, 2009; 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Klymkowsky  and  Savagner,  2009).  As  a  result  of  the  genetic  and  epigenetic 

alterations  that  occur  in  a  progressing  tumor,  cancer  cells  acquire  certain 

capabilities  that distinguish  them  from regular  epithelial  cells. These  capabilities 

include  increased  replicative  potential,  reduced  apoptosis  and  induction  of 

angiogenesis  (Hanahan  and Weinberg,  2000).  However,  the  capability  of  cancer 

cells to detach from the tumor, invade the tissue, enter the circulation and start a 

distant colony is what makes cancer difficult to treat. Cancer cells that obtain this 

invasive phenotype are, according to many reports, generated by activated type 3 

EMT pathways (Figure 13) (Thiery, 2002).  

 
FIGURE 13:  Type-3 EMT (from Kalluri and Weinberg, 2009). 

 

 

The  most  important  molecular  event  of  EMT  is  the  loss  of  E‐cadherin,  a 

transmembrane  protein,  which  is  important  for  cell‐cell  adhesion  and  tight  cell 

binding in normal tissue, thus suppressing tumor growth and metastasis (Cano et 

al., 2000; Angst et al., 2001).  In concomitance with loss of E‐Cadherin, there is the 

increased  expression  of  some  mesenchimal  markers:  N‐Cadherin,  Vimentin.    N‐

Cadherin  is a glycoprotein of  the cadherin  family expressed  in different cells:  for 

example:  neurons, hepatocytes (Angst et al., 2001). Vimentin belongs to the family 

of intermediate filaments and it contributes to the formation of cytoskeleton and to 

the maintenance of cell morphology; it has been also shown its role in cell motility 

(Helfand et al., 2011).  

The activation of EMT follows the induction of a network of transcriptional factors 

involved in its regulation. These transcriptional factors are divided in two groups: 

direct  regulators  and  indirect  regulators  of  EMT.  Among  transcriptional  factors 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that bind and repress directly  the promoter of E‐Cadherin  there are Snail, Slug e 

Zeb  (Peinado,  2007;  Thiery  et  al.,  2009);  Twist,  instead,  represses  indirectly  E‐

Cadherin promoter (Thiery et al., 2009). It is interesting that some transcriptional 

factors  (for  example  Snail  and  Zeb1)  regulate  also  other  EMT’s  features.  They 

repress some genes involved in cell polarity (Thiery et al., 2009) and stimulate the 

invasiveness, inducing the expression of some metalloproteinases that are able to 

degrade basal membrane (Thiery et al., 2009). 

Evidence has accumulated over the last years that a major mechanism underlying 

tumor  invasion  is  that  epithelial  tumor  cells  may  acquire  a  mesenchymal 

phenotype.  Thus,  processes  similar  to  EMT  may  play  a  central  role  in  cancer 

progression  (Klymkowsky  and  Savagner,  2009;  Thompson  et  al.,  2005). 

Accordingly,  the  acquisition  of  an  EMT‐like  phenotype  has  been  associated with 

the ability of cancer cells to migrate, to invade and to metastasize (Peinado et al., 

2004;  Thiery  and  Sleeman,  2006).  EMT  has  been  reported  in  different  cancers 

including  prostate  (Thompson  et  al.,  2005;  Armstrong  et  al.,  2011).  It  has  been 

found  that  in  patients  with  different  types  of  neoplasia,  the  reduction  of  the 

expression of E‐Cadherin  is associated with various  indices of  tumor progression 

(Loric  et  al.,  2001;  Moody  et  al.,  2005).  In  addition,  it  has  also  been  shown  an 

association  between  the  increased  expression  of  N‐Cadherin  and  the  tumor 

(Nieman, 1999; Tomita, 2000).   Recent evidences suggest that EMT could be also 

related with ability of self‐renewal of tumor cells (Polyak and Weinberg, 2009). 

Thus, EMT is a crucial event not only in development but also in tumorigenesis and 

it may be associated with invasiveness, metastatic spread of cancer cells and tumor  

progression. 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2.  AIM OF THE STUDY 
 
The aim of our study  is  the understanding the pathogenic role of  the ETV4 over‐

expression  in  prostate  cancer.  Specifically,  this  study  has  focused  on  the 

characterization of the phenotypic and molecular features induced by ETV4 over‐

expression in prostate cells both in vitro and in vivo. 

We  have  investigated  the  effect  of  ETV4  expression  on  proliferation  and 

invasiveness of prostate cells by using 2 complementary experimental approaches: 

(i) Inducible shRNA‐mediated silencing of ETV4 in human prostate cell lines over‐

expressing  ETV4;  (ii)  ETV4  over‐expression  in  non‐transformed  RWPE  human 

prostate cell line. 

Next, in order to define the role of ETV4 in the transformation of normal prostate 

cells  and  in  cancer  progression  we  have  generated  and  characterized  a  mouse 

model  of  prostate‐specific  ETV4  over‐expression.  Furthermore,  we  have 

investigated  the cooperation of ETV4 over‐expression with  the  loss of  the  tumor 

suppressor  PTEN,  a  genetic  alteration  frequently  found  in  Prostate  cancer,  to 

define the contribution of this interaction on the clinical and biological variability 

of prostate cancers. 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3.  MATHERIAL AND METHODS   

 
3.1  Cell lines  

The  prostatic  cell    line    PC3  (IST  Cell  Bank  and  Cell  Factory,  Genoa,  Italy)    was 

grown in Ham’s F12, supplemented with 10% bovine fetal serum, 2% L‐glutamine 

and 1%   penicillin/streptomycin. The non tumorigenic cell  line RWPE (American 

Type Culture Collection, Manassas,  VA, USA) was  cultured   with  serum  free KER 

(Keratinocyte  SFM,  Gibco),  supplemented    with  epidermal  growth  factor  and 

Bovine Pituitary Extract (Gibco, Carlsband, CA, USA). All cells were  maintained at 

37°C in a humidified atmosphere containing 5% CO2.  

 

3.2    Vectors and transfection 

ShRNAs  against  ETV4  (NM_001986)  were  designed  with  the  ‘siRNA  selection 

program’  (Whitehead  Institute:  http  ://jura.wi.mit.edu/siRNAext)  : 

GGCGCTTCCCAACTTCATA  (sh65)  and  CCCTGTGTACATATAAATGAA  (sh3).  These 

shRNAs and an  irrelevant  shRNA (GCCTATTTACGCCTGACAA) were cloned  in  the 

pLVTHM  plasmid:  a  vector  whose  shRNA  expression  is  doxycycline‐inducible  in 

cells  expressing  the  modified  tetracycline  repressor  tTR‐Krab.  The  fragment 

containing  the  tTR‐Krab  under  the  control  of  the  human  EF1a  promoter  was 

cloned into pcDNA3 to generate the pcEF‐Krab vector. ShRNA vectors were used to 

transduce prostate cells transfected (doxycycline‐inducible ETV4 silencing) or not 

transfected (constitutive ETV4 silencing) with pcEF‐Krab.  

PC3  cells  were  electroporated  with  pEF1‐Krab  plasmid  and  selected  with  G418 

(Sigma, St Louis, MO, USA). The clones expressing higher Krab  levels were stably 

transduced with pLVTHM vectors. shRNAs expression was induced by doxycycline 

(0.5 mg/ml, Sigma) for at  least 5 days. 

The FL‐ETV4 and  the Luc vectors were obtained cloning  the human ETV4 cDNA, 

amplified  from  PC3  cells  and  the  luciferase  cDNA,  in  a  pLG4.2  vector  (Promega, 

Madison,  WI,  USA)  derivative  containing  the  EF1a  promoter.  RWPE  cells  were 

stably  transfected  with  FL‐ETV4  and  luciferase‐containing  vector  using 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Lipofectamine (Invitrogen) and selected with 0.5 ug/ml puromycin (Sigma). 

 

3.3 Cell proliferation assay 

We tested the cell proliferation efficiency counting in log phase expansion culture 

systems and measuring of the H3 thymide uptake levels. Briefly, 5 x 104 PC3  cells 

were plated in triplicate in 75 cm2 flasks and left in the incubator. At different time 

points  they  were  trypsinized  and  measured  by  direct  counting  of  trypan‐blue 

negative  cells.  For  the  H3  thymide  uptake  assay,  500  PC3  or  RWPE  cells  were 

plated  in quadruplicate  in a 96 well dish. After  the culture  for different  time and 

the  following  incubation  time  for  12  hours with  10  uC  of H3  tymidine,  the  cells 

have  been  lysated  with  3  cycles  of  freezing  and  throwing,    transferred  to  a 

MultiScreen harvest plate FB (Millipore Corporation) containing  individual  filters 

of  glass  fibres  at  the bottom of  each microplate well  using Filtermate  (Packard). 

The plate have been  washed with water for 4 times, and allowed to dry. After the 

addition  of  50μl  of  scintillation  cocktail  to  the  filters  the  material  have  been 

counted using a Topcount β counter (Packard).  

 

3.4   Western blot analysis 

The  lysates  were  obtained  from  70%  confluent  cells.  The  protein  concentration 

was measured  by  Bradford  Protein  Assay  (BioRad,  Hercules,  CA).  Samples were 

loaded at 25 μg/lane, separated by either on 10 or 15% sodium dodecyl sulfate–

polyacrylamide  gel  electrophoresis,  transferred  to  polyvinylidene  difluoride 

(PVDF)  (Millipore)  membranes  and  probed  with  specific  primary  antibodies. 

Primary  antibody  incubation  was  performed  overnight  at  4°  C.  The  primary 

antibodies  we  used  were  the  following:  ETV4  monoclonal  antibody  (Abnova, 

Atlanta,  GA,  USA);  actin  (Sigma‐Aldrich,  St  Louis,  MO,  USA);  vimentin,  twist,  E‐

cadherin, N‐cadherin and Snail1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); 

Zeb1  Zo‐1  and  Slug  (Cell  Signaling,  Danvers,  MA,  USA).  The  detection  was 

performed  with  horseradish  peroxidase  conjugated  secondary  antibody(anti‐

rabbit  or  anti‐mouse)  (Cell  Signaling,  Danvers,  MA,  USA)  and  with  ECL 

(Superfemto  Amersham,  Piscataway,  NJ)  and  ImageQuant  350  apparatus  (GE 

Healthcare, Pittsburg, PA, USA). 



 27 

3.5 RT­PCR and Quantitative real­time PCR 

Total  RNA  was  isolated  with  RNeasy  Mini  Plus  Kit  (Qiagen)  and  reverse 

transcribed  using  the  Moloney  Murine  leukaemia  virus  (Applied  Biosystem).  In 

each reaction we used in the 1x reaction buffer:   0,5‐1 µg of RNA, 1 µl of random 

primers  (50µM),  25 mM MgCl2,  10 mM dNTPs,  20 U  of  RNasi  Inhibitor,  50 U  of 

Moloney Murine Leukemia Virus Reverse Transcriptase. The protocol we used is: 

40’  at  42°C  e  5’  at    99°C  in  a    Thermal  Cycler  (Biorad).   We  used  the  following  

protocol:  activation  of  polymerase  at  98°C  for  30’’;  35  cycles  of  denaturation  at 

98°C for 5’’ and of annealing/extension  at 60°C for 10’’. 

The  expression  level  of    each    gene  was  measured    by  relative  quantification  

respect to the control sample with the method of 2ΔΔC(T) (Livak and Schmittgen , 

2001). The expression  of the genes have been  normalized  with  2 “housekeeping 

“  genes:  GAPDH  and  TBP.    Each  experiment  has  been  performed  three  times  in 

triplicate and the  results shown are the  average of the three experiments. 

 

                             Table: primers used for quantitative PCR. m= murine; h=human 

Primer name  Forward  primer   Reverse primer  

hmETV4  5'‐GCTCGCTGAAGCTCAGGT‐3'  5'‐TCCTTCTTGATCCTGGTGGT‐3' 

hETV4  5'‐CCACCAGGATCAAGAAGGAG‐3'  5'‐CTCAGGAAATTCCGTTGCTC‐3' 

hGAPDH  5'‐AACGGATTTGGTCGTATTGGGC‐3'  5'‐TTGATTTTGGAGGGATCTCG‐3 

mGAPDH  5'‐ACCCAGAAGACTGTGGATGG‐3'  5'‐GATGACCTTGCCCACAGC‐3' 

MMP1  5'‐CGCTTAGGCTGGAGTGTAGG‐3’  5'‐CTTGAGGCCAGGAGTTTGAG ‐3' 

MMP2  5'‐CCCCTGTTCAAGATGGAGTC ‐3'  5'‐CCCAGGTTGCTTCCTTACCT ‐3' 

VIM  5'‐CGCCATCAACACCGAGTTC‐3'  5'‐ATCTTATTCTGCTGCTCCAGGAA‐3' 

E‐cadherin  5'‐GAACGCATTGCCACATACAC‐3'  5'‐ATTCGGGCTTGTTGTCATTC‐3' 

N‐cadherin  5'‐TCAGTGGCGGAGATCCTACT‐3'  5'‐GTGCTGAATTCCCTTGGCTA‐3' 

SNAIL1  5'‐GCGAGCTGCAGGACTCTAAT‐3'  5'‐GGACAGAGTCCCAGATGAGC‐3' 

SLUG  5'‐GCCTCCAAAAAGCCAAACTA‐3'  5'‐CACAGTGATGGGGCTGTATG‐3' 

TWIST1  5'‐GCCGGAGACCTAGATGTCATT‐3'  5'‐CACGCCCTGTTTCTTTGAAT‐3' 

ZEB1  5'‐GCCAATAAGCAAACGATTCTG‐3'  5'‐TTTGGCTGGATCACTTTCAAG‐3' 

ZEB2  5'‐AAGCCAGGGACAGATCAGC‐3'  5'‐CCACACTCTGTGCATTTGAACT‐3' 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3.6 Soft agar assays 

 1x104 and 1x105 cells of each cell line were suspended in 4 ml of 0.3% Noble agar 

(BD  Biosciences;  Bedford,  MA,  USA)  in  the  appropriate    medium  (0.5  mg/ml  of 

doxycycline  was  added  for  shRNA  induction).  The  4  ml  agar–cell  mixture  was 

layered on 4 ml bottom layer of 0.5% agar medium. Weekly, 300 ml of medium (or 

medium with 0.8 mg/ml doxycycline) has been added to each dish. After 21 days at 

37° C colonies were   stained and counted by microscope. Experiments have been 

performed three times in triplicate.  

 

3.7  Cell cycle analysis 

Apoptosis was analyzed using the AnnexinV/PI apoptosis kit (BD Biosciences) on 

FACScan  flow  cytometer  (BD  Bioscience).  Cell  cycle  analysis  was  performed  on 

synchronized  cells  (using  10mM  hydroxyurea  overnight)  by  flow  cytometry.  At 

different  time  points  from  hydroxyurea  removal,  cells  were  washed,  fixed  with 

70% ethanol, centrifuged and suspended  in a  lysis buffer   and   propidium iodide 

(50 mg/ml) staining buffer. Cell cycle distribution was analyzed using the ModFit 

LT software (BD biosciences).   

 

3.8   Migration assay 

A wound was created by a yellow tip on cells grown to confluence on 6‐well plates 

in  cell lines  PC3 and RWPE; fresh medium (with 0.5 mM Mitomycin C to prevent 

cell proliferation) was added and migration was measured on photographs taken 

at 0 and 48 h. 

 

3.9  Invasion assay 

Transwell  filters of 8‐mm pore size (Corning, Lowell, MA, USA) were coated with 

50 ml of 5% matrigel (BD Biosciences); 500 ml of  the appropriate   medium with 

10%  fetal  bovine  serum  was  loaded  in  the  lower  chambers.    Single‐cell 

suspensions (1 x105 PC3 or 1.5x105 RWPE cells/well) in medium without serum 

(and without  supplements  for  RWPE  cells) were  loaded  in  the  upper  chambers. 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Filters were  incubated 24 h  at 37°C  in CO2  incubator  and,  after  removal  of  cells 

from  the  upper  surface  with  a  cotton  swab,  were  stained  with  DIFF‐QUICK 

(Medicult,  Firenze,  Italy).  Invading  cells,  attached  to  the  lower  surface,  were 

counted by microscope.  

 

3.10  Mouse xenograft 

Athymic nude immunodeficient mice (Harlan, Udine, Italy) were maintained at the 

CeSAL  (University  of  Florence,  Firenze,  Italy)  and  treated    according  to  the 

European Union guidelines and to protocols approved by the local Animal Ethical 

Committee.  Xenografts  were  generated  by  subcutaneous  injection  of  200  ml  of 

phosphate‐buffered  saline  containing  4x106 PC3    cells. Half  of  the  animals were  

randomly chosen to receive doxycycline (1 mg/ml in drinking water together with 

5%  saccarose)  to  induce  shRNA.  After  8  weeks  tumor weight  and  volume were 

measured. 

 

3.11   Immunofluorescence 

Cells,  after  overnight  growth  on  sterile  cover  slips,  were  fixed  with  2% 

formaldehyde,  permeabilized with  0.1% Triton  X‐100  and  blocked  in  5%    horse 

serum.  Cells were  incubated with  primary  antibodies  against  E‐cadherin  and N‐

cadherin (Santa Cruz biotechnology)  followed by incubation with AlexaFluor488‐ 

conjugated  goat‐anti‐rabbit  secondary  antibodies  (Invitrogen)  and  nuclei 

counterstained  with  propidium  iodide  (Sigma).  Immunofluorescence  was 

examined  using  a  Leica  SP2‐AOBS  confocal  microscope  (Leica  Microsystems, 

Nussloch, Germany). 

 

3.12      Vectors  construction  and  generation  of  ETV4 
transgenic mice 
In order  to  construct  the vector pARR2PB‐dETV4, we  first  constructed  the TME‐

ETV4 replacing the 5’ end of ETV4 into the FL‐ETV4 vector with a PCR amplicon, in 

which we have introduced the 5’ portion of TMPRSS2–ETV4 fusion gene. Then, the 

TMPRSS2‐ETV4  cDNA  was  excised  from  TME‐ETV4  vector  by  the  VspI‐NheI 

restriction enzymes, both ends were blunted using Klenow enzyme; this fragment 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was  ligated  within  the  ARR2PBCAT  plasmid  (Zhang  et  al.,  2000),  that  has  been 

previously digested with ClaI‐SacII restriction enzymes to eliminate the CAT gene 

and whose ends have been blunted. Thus the plasmid contains the rat probasin PB 

promoter, with two tandem repeats of the androgen responsive region (ARR2PB), 

the  TMPRSS2‐ETV4 fusion cDNA and the SV40 polyadenylation sequence.  

The fragment of 3.96 kb containing the above sequences was released by digestion 

with  ApaLi‐SspI,  isolated  by  agarose  gel,  purified  by  a  Qiagen  gel  extraction  kit 

(Qiagen, Valencia, CA)  according to the instructions from the manufacturers, and 

then  used  for  transgenic  injections.  The  pronuclear  injection  of  the  pARR2PB‐

dETV4 fragment into FVB mouse fertilized eggs and the placement of the embryos 

into  pseudo‐pregnant  females  were  performed  at  the  LiGeMA  Facility  of  the 

University of Florence, Italy.  

 

3.13 Genotyping of the transgene mice by PCR   analysis 

The mice  carrying  the hETV4  containing  transgene  and/or  the heterozygosis  for 

the Pten allele were screened by PCR on mouse tail DNAs. The primers specific for 

human  ETV4  were:  5’‐CCACCAGGATCAAGAAGGAG‐3’    in  exon  6  and  5’‐

CTCAGGAAATTCCGTTGCTC‐3’  in  exon  7.  For  the  detection  of  the  heterozygotes 

Pten  mice  we  used  the  following  forward  primers:    5’‐

CGAGACTAGTGAGACGTGCTACTTCC‐3’,  in  neomycin  gene  and  5’‐

ACTCTACCAGCCCAAGGCCCGG‐3’  in  Pten  gene.  As  control  for  the  amplification 

reaction  we  amplified  the  murine  β‐actin  using  the  following  primers  5’‐ 

ACCACAGCTGAGAGGGAAATC ‐3’ and 5’‐ AGAGGTCTTTACGGATGTCAA ‐3’.  In each 

reaction we used in the 1x reaction buffer:  100 ng of DNA, 1.25mM MgCl2, 0.2mM 

dNTPs, 300nM forward and reverse primers, 1.25U of DNA polimerase (Amplitaq 

DNA Polymerase 5U/µl) e sterile H2O in a final volume of   25µl. The protocol we 

used is:   one cycle at 94° C for 5’ followed by 35 cycles (30’’ at 94°C, 30’’ at 57°C, 

45’’  at  72°C)  and  finally  1  cycle  at    72°C  for  5’.  We  used  the    Thermal  Cycler 

(Biorad). 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3.14   Southern blot 

Genomic DNA was digested overnight at 37°C with EcoRV restriction enzyme and 

separated  by  gel  electrophoresis,  using  an  1% agarose  gel.  For  determination  of 

DNA  size,  we  ran  also  1  Kb  DNA  ladders.  The  DNA  was  denatured  into  single 

strands by incubation for 20 minutes with a solution containing 1,5 M NaCl e 0,5 M 

NaOH. 

The DNA was transferred from the gel to a positive charged nylon membrane (Zeta 

Probe  GT  genomic,  Biorad).  We  used    a  tank  in  which  there  was  the  same 

denaturing solution (1,5 M NaCl e 0,5 M NaOH) and a paper bridge with  the  two 

sides  immersed  in  the  liquid. We  transferred  the  agarose gel  on  this bridge,  and 

then  on  the  gel  we  added  the  nylon  filter  and  filter  papers  that  help  the  DNA 

transfer by capillarity. The transfer was done overnight. DNA fragments retained 

on  the nylon membrane  the same pattern of  separation  they had on  the gel. The 

nylon membrane was neutralized with two washes in a solution containing 1,5 M 

NaCl e 200 mM Tris‐HCl ph 7,8. The membrane was then incubated with a nucleic 

acid probe with the ETV4 sequence labeled with P32. The hybridization was done 

overnight  at  65°C,  using  a  solution  containing  Dextran  sulphate  10%  (GE 

Healthcare),  SDS 1%, NaCl    1M.   After  the hybridization,  the unhybridized probe 

was removed  from the nylon membrane by several   washing with SSC (SSC 20X: 

NaCl 3 M, Na citrato 0,3 M) and SDS. The washing steps were: 

2 washes with SSC 1X, SDS 0,1% for 10 minutes at 65°C 

1 wash with SSC 0.5X, SDS 0,1% for 10 minutes at 65°C 

The  bound  labeled    probe  was  revealed  using    phosphoroimaging  instrument 

(Typhoon, GE Healthcare) 

 

3.15   Paraffin inclusion and  HE coloration 

Prostate  tissues  were  fixed  in  formalin  4%  for  24  h,  dehydrated  using  solution 

with  increasing  concentration  of  ethanol  (70%,  80%,  95%,  100%)  followed  by 

toluene  and  then  paraffin.  The  tissues  were  embedded  in  paraffin  and  then 

sectioned    at  5  μm  of  thickness.  The  tissues  sections  were  mounted  on  an 

appropriate  slide  and  let  them  dry.  For  the  HE  coloration,  the  sections  were 

deparaffinized with    two washing    in  toluene  of  10 minutes  and    hydrated with 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washing  of  5 minutes  at  decreasing  concentration  of    ethanol:  absolute  ethanol, 

ethanol 95%, ethanol 70% and ethanol 50%: After a step in distillated water, the  

sections have been  stained with hematoxylin,  specific  dye    of  the    nucleus. Then  

the sections are  stained with  eosin, a specific dye of the proteins. The sections are 

dehydrated  with increasing  concentration of  ethanol until  to  100%   and  after a 

washing in toluene mounted on slides. 

 

3.16    Immunohistochemistry  

For  immunohistochemical  detection  deparaffinized  slides  were  subjected  to 

microwave‐citrate antigen retrieval and blocking of endogenous peroxidase   with 

3%  of  H2O2.  The  slides were  then  incubated  over‐night  at  4°C with Mouse  anti 

Ki67(550609  BD  Pharmigen),  mouse  anti–p63  antibody  (MS‐1081;  NeoMarkers, 

Fremont, CA) and mouse monoclonal anti– smooth muscle actin antibody (M0851; 

DakoAb,  Carpinteria,  CA),  followed  by  the  incubation  with  the  appropriate 

secondary  antibodies.  The  visualization was  performed  using  a  standard  biotin–

streptavidin complex (Ultra‐vision) and  the diaminobenzidin  (Dako);  the nucleus 

were counter stained with hematoxylin, followed by dehydration and mounting of 

the slides. 

 

3.17  Statistical analysis 

All  data  are  expressed  as mean ±  s.d.  Statistical  analysis was performed using  t‐

test. Statistical significance was accepted for P <0.05. 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4. RESULTS 

 

4.1  ETV4  is  expressed  at  different  levels  in  human 
prostate cell lines  
We  measured  the  ETV4  expression  levels  in  normal  prostatic  tissue,  in  one 

immortalized but not‐malignant RWPE human prostate cell line and in four human 

prostate cancer cell lines: DU145, PC3, LnCap and V‐Cap. ETV4 expression was not 

detectable in LnCap and V‐Cap cell lines. The ETV4 mRNA levels were increased in 

PC3  cell  lines  by  about  7  fold;  in RWPE  and  in Du145 human prostate  cell  lines 

ETV4 mRNA levels were similar to that found in the normal prostate tissue (Figure 

14 (a) and (b)). However, the level of ETV4 protein in prostate cancer DU145 cell 

line was about 5 fold higher than in non‐malignant RWPE cell line. Thus, in DU145 

and  in  PC3  cell  lines  ETV4  is  over‐expressed  and may  be  casual  to  their  cancer 

phenotype.  

a b 

 
FIGURE 14: ETV4 expression levels in human prostate cell lines. (a) ETV4 expression level (normalized 
to the housekeeping gene GAPDH) in comparison with normal human prostate was assessed by qRT-
PCR in RWPE, Du145, PC3, LNCap and VCap . (b) Expression of ETV4 assessed by western blot 
analysis. 
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4.2  Downregulation  of  ETV4  inhibits  proliferation, 
anchorage­independent  growth  and  migration  in  PC3 
cells 
Before I started to work on this project, some preliminary experiments obtained in 

my laboratory showed that the silencing of ETV4 by RNA interference technology 

in  DU145  cells,  reduces  the  proliferation  rate  and  the  anchorage‐independent 

growth,  suggesting  that  ETV4  expression  is  important  for  both  these  features 

typical of the tumorigenesis.  

However, in the DU145 cells the ETV4 protein levels are just as high to that of the 

non‐malignant  prostate  cell  line  RWPE;  for  this  reason  I  started  to  use  another 

cellular model, the human PC3 prostate cancer cell line that expresses high levels 

of ETV4. In order to study the role of ETV4 expression I used either a constitutive 

or  a  doxycycline  inducible  vector  (Wiznerowicz  and  Trono,  2003),  expressing 

specific short hairpin (sh) RNA against ETV4. We transfected the PC3 cells stably 

with 2 different shRNA (sh3 and sh65) to down regulate the expression of ETV4. 

The expression of both shRNAs, by either the constitutive or the inducible system, 

was able to produce a stable and efficient reduction of ETV4 levels in PC3 cell line. 

In  PC3  transduced  with  these  silencing  vectors  the  expression  levels  of  ETV4 

mRNA was about 10 fold less of those transduced with the irrelevant shRNA vector 

and this reduction was seen both at mRNA by qRT‐PCR (Figure 15a) and at protein 

levels  by western  blot  analysis  (Figure  15b). We used  all  the  stable  transfectant 

PC3  cell  lines  we  have  generated  to  investigate  the  phenotypic  effects  of  ETV4 

silencing. 

a b 

 
FIGURE 15: (a)  ETV4 expression level in PC3 cell line (normalized to the housekeeping gene  GAPDH) 
assessed by qRT-PCR before and after the doxycycline (Doxy). (b) Expression of ETV4  assessed by 
western blot analysis before and after doxycycline (Doxy). 
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Cell proliferation. The usage of our doxycycline‐inducible stably transduced PC3 

cell  lines,  has  reduced  the  inherent  experimental  variability  of  growth  assays, 

because  it was possible  to  test  in parallel  exactly  the  same cells with or without 

ETV4  silencing.  Using  this  silencing  system  we  have  studied  if  the  reduction  of 

ETV4  expression  affects  the  proliferation  rate  by  counting  the  cell  number  after 

tripan  blu  exclusion  and  by  H3  thymidine  uptake  in  the  PC3  cell  line.  First,  we 

verified the effect on cell growth of the concentration of doxycycline we have used 

in our experiments: we found that at this concentration doxycycline affected only 

slightly the growth of PC3 cell lines expressing an inducible irrelevant shRNA: after 

14 days 84.8±12.0% reduction of  cell number.  In contrast, doxycycline  induction 

reduced  the  growth  of  this  cell  line  and  after  14  days  we  had  the  reduction  of 

20.7±5.6%.  Similar  results  were  obtained  by  H3  thymidine  uptake  experiments 

(Figure  16).  After  doxycicline  induction  of  either  one  of  the  two  shRNA  against 

ETV4,  the  cells  showed reduced uptake of H3  in  comparison with  the  same cells 

without doxycicline  induction, whereas there was no difference  in  the H3 uptake 

with and without induction of the control shRNA. 

 

 

 
FIGURE 16: Analysis of cell proliferation by uptake with H3 in PC3 transduced with two different 
shRNA against ETV4 (sh65 e sh3) and a control shRNA (CTL) before and after induction with 
Doxycycline. 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Anchorage­independent  cell  growth.  The  anchorage‐independent  growth  is 

another typical characteristic of cancer phenotype. We have used a classical soft‐

agar assay to evaluate the ability ETV4–silenced PC3 cells to grow independently 

from  the  substrate. We  found  that  the  reduction  of  ETV4  expression  (figure 17a 

and b), with either sh3 and sh65, strongly impaired the ability to form colonies in 

soft  agar and  the  reduction of  the PC3 colonies was about 55% (sh65) and 68% 

(sh3). These effects of ETV4 inhibition suggest that in PC3 cell lines the expression 

of  ETV4  is  important  in  determining  their  proliferation  rate  and  their  ability  to 

grow  independently  from  anchorage.  These  results,  obtained with  two  different 

shRNA  molecules,  support  the  notion  that  their  effect  is  mediated  by  specific 

reduction of ETV4 mRNA and not to off‐target modulation. 

 

a b 

              
 
FIGURE 17: Doxycycline-induced ETV4 silencing reduces the substrate-independent growth of PC3 cell 
line. A representative experiment of PC3 transduced either with the shRNA against ETV4 (shRNA: 
lower row) or with a control irrelevant shRNA (CTL: upper row) without (no Doxy, on the left) and with 
Doxycycline (+Doxy, on the rigth). (b) In the bar diagram each bar represents the ratio between the 
number of colonies from plates with doxycycline and the number of colonies from plates without 
doxycycline (mean of three experiments in triplicates).  
 

 

Migration and invasion. ETS proteins such as ERG and ETV1 play an  important 

role in cell motility and invasiviness of prostate cell  lines (Klezovitch et al., 2008;  

Tomlins et al., 2008; 2007), and ETV4 is important for motility of prostate, breast, 

oral  squamous,  colon cancer cells etc  (Hollenhorst et al., 2011; Kaya et al., 1996; 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Shindoh et al., 1996; Horiuchi et al., 2003). Furthermore,  I  tested  if PC3 cells are 

able to efficiently migrate in the wound‐healing assay and to invade matrigel. The 

wound healing assay evaluates the ability of the cells to migrate in a wound made 

by  a  yellow  tip  on  a  monolayer  of  cells  grown  to  confluence  and  where  the 

proliferation  is  inhibited  by  mitomycin  C.  After  doxycycline  induction,  the 

migration of PC3 containing an inducible ETV4 shRNA was 3.5±0.8 fold less of PC3 

containing an irrelevant shRNA (P<0.01) ( Figure 18).  
 

 
 FIGURE 18: Monolayer of stably transduced PC3 cells after culture for 5 days with doxycycline was  
scored and then cultured in medium for the time shown in the picture and in presence of mitomycin C. 
Cell migration into the wound was examined by phase contrast microscopy.  
 

 

Furthermore, I tested the ability of PC3 cells to invade a matrigel matrix, a material 

that  reproduce  the  basal  membranes  of  tissues.  Single  cell  suspensions  were 

loaded on filters coated with matrigel; only the cells able to degrade the matrigel 

moved through pores of the membrane. Doxycycline induction reduced of 2.9±0.2 

fold  the  number  of matrigel  invading  cells  of  PC3  containing  an  inducible  ETV4 

shRNA  whereas  slightly  reduced  (about  1.5  fold)  the  invading  ability  of  PC3 

containing  the  irrelevant  shRNA. Matrix metalloproteinases  (MMPs)  play  pivotal 

roles  in  invasion  through  the  degradation  of  extracellular  matrix  of  tissues 

surrounding tumors (Crawford et al., 1994) and ETV4 is known to regulate some of 

them (Higashino et al., 1995;   Kaya et al., 1996; Horiuchi et al., 2003). We  found 

that the reduction of the ETV4 levels in PC3 was associated with decreased levels 

0 hours 

PC3 CTL PC3 ETV4 shRNA 

48 hours 
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of  MMP1  (0.28±0.2)  and  MMP3  (0.14±0.1)  mRNA  and  only  a  slight  decrease  of 

MMP9 (0.7±0.2), whereas there was no variation in the expression level of MMP7, 

PLAU and ADAMs (ADAM9, ADAM10, ADAM17, ADAMTS1). In addition, there was 

an increased level of the metalloproteinase inhibitor TIMP1 (3.24±0.1) but not of 

TIMP2 (Bourboulia et al., 2010)  (Figure 19). Thus, ETV4 expression  is  important 

for the migration and the invading ability of PC3 cells. 
 

 
FIGURE 19: Expression mRNA level of methalloproteinases (MMP) and their inhibitors (TIMP) in cell 
lines PC3 where ETV4 is silenced.  
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4.3  Overexpression  of  ETV4  stimulates  proliferation, 
anchorage­independent  growth,  migration  and 
invasiviness in the non­malignant RWPE prostate cells 

In order to study the effect of ETV4 over‐expression I used as model the RWPE, a 

commercially available non  tumoral prostatic cell  line  (Webber et al., 2001). The 

RWPE cell line was obtained immortalizing by infection with the human papilloma 

18  (HPV‐18)  virus.  The  RWPE  cells  do  not  show  any  of  the  phenotypic  features 

associated to the neoplastic transformation. In fact, the RWPE cells are not able to 

growth  in  soft‐agar,  to  invade  and  to  develop  tumors  in  immunodeficient  mice 

(Bello et al., 1997). For my experiments, I stably transfected the RWPE with either 

a  vector  encoding  the  human  full  length  ETV4  cDNA  (RWPE‐ETV4)  or  a  vector 

encoding the luciferase gene (control RWPE). Cells transfected with ETV4, showed 

an  expression  of  ETV4  about  7.5  fold  higher  than  untransfected  or  luciferase‐

vector  transfected RWPE cells; at protein  level  the  increase of ETV4 was about 5 

fold (Figures 20a and 20b). 

 

a b 

 
FIGURE 20: ETV4 expression in RWPE cells untransfected (untr), mock-transfected (LUC) or  with 
ETV4 expression vector. (a) ETV4 expression (normalized to the housekeeping gene GAPDH) assessed 
by quantitative real time PCR.  (b) ETV4 expression level assessed by western blot.  
 
 

By H3 thymidine incorporation assay, I have tested the rate of proliferation in the 

RWPE cells, and I showed that the over‐expression of ETV4 increased the rate the 

proliferation by about 2 fold compared to control cells (Figure 21). 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Furthermore, we  tested  the ability of  these cells  to grow  in  soft agar. The RWPE 

cells  over‐expressing  ETV4  were  able  to  form  a  number  of  colonies  three  fold 

higher  than  control  RWPE  (Figure  22);  in  addition,  the  size  of  the  RWPE‐ETV4 

colonies was much bigger than that of control RWPE colonies. These experiments, 

in  triplicate,  show  that  over‐expression  of  ETV4  provides  the  RWPE  with 

anchorage‐independent growth, a typical characteristic of the tumor cells.  

 

 

FIGURE 21: ETV4 overexpression increases the rate of proliferation of RWPE cell line assessed by H3-
thymidine uptake. It is represented the ratio between initial and the actual c.p.m.(average of 3 
experiments done in quadruplicate). 

 
 

 
FIGURE 22: ETV4 over-expression increases the substrate-independent growth of RWPE cell lines. 
Each bar represents the average number of colonies (3 experiments done in triplicate). 

Then,  we  studied  the  effect  of  the  ETV4  over‐expression  on  the  migration  in  a 

wound‐healing  assay.  After  48  hours,  the  RWPE  over‐expressing  ETV4  heals 

almost  totally  the wound, while  the  control  RWPE  cells  are  not  able  to  heal  the 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wound  (Figure  23);  showing  that  ETV4  over‐expression  increases  the migratory 

capacities of the RWPE cells. 
 

 
FIGURE 23: Monolayer of mock transfected, ETV4 transfected RWPE cells was scored and then 
cultured in medium for 48 hours in the presence of mitomycin C. Cell migration into the wound was 
examined by phase contrast microscopy. 
 
  

Finally,  we  have  analyzed  the  effect  of  ETV4  over‐expression  in  invasion  assay 

through matrigel matrix. In our experiments we found that the over‐expression of 

ETV4 increased the invasion ability of about 3.5 fold when compared with control 

cells (Figures 24 and 25).  

 

 
FIGURE 24: ETV4 over-expression increases the migration through matrigel of RWPE cell lines: mock-
transfected (LUC) vs. ETV4 transfected (ETV4-RWPE) RWPE.  
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FIGURE 25: Migration through matrigel of mock-transfected (LUC) and ETV4 transfected (ETV4-
RWPE) RWPE cell lines. Cells that migrated out of the chamber were stained and counted. Each bar 
shows the number of migrating cells normalized to that of the mock-transfected cells. The mean + SD of 
three experiments done in triplicates is shown. 
 

 

These  results  confirmed  that  ETV4,  also  in  RWPE  cells,  has  a  role  in  cell 

proliferation, anchorage‐independent growth, migration and invasion ability. 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4.4  Downregulation  of  ETV4  inhibits  tumor  growth  in 
immune­deficient mice 
Many  types  of  cancer  cells  give  tumors when  injected  in  immune‐deficient mice 

(xenograft  model):  this  is  true  for  also  for  PC3  (Ware  et  al.,  1985).  To  reduce 

experimental  variability of  such experiments we have used PC3  transfected with 

the  doxycycline‐inducible  shRNA  against  ETV4.  Thus,  we  have  injected  in  each 

mouse cells derived from exactly the same culture and, after two months, we have 

compared the size of the xenograft of mice assigned randomly to drink water with 

or without doxycycline. 

We  found  that  the  average  weight  of  PC3  xenografts  from  mice  treated  with 

doxycycline  was  about  half  of  control  mice  (P<0.04)  (Figure  26  and  27).  It  is 

interesting  that  in  PC3  xenografts  harvested  from  doxycycline‐treated  mice  the 

ratio ETV4‐silencing vector/GAPDH at DNA level was 4% of the ratio in xenografts 

from  control  mice,  suggesting  that  the  tumors  in  doxycycline‐treated  mice  are 

mainly  derived  from  the  few untransfected  cells  included  in  the  initial  injection. 

Thus,  ETV4  downregulation  in  PC3  cells  reduces  their  ability  to  form  tumors  in 

mice  supporting  the  notion  that  ETV4  expression  is  necessary  to  maintain  the 

cancer status of these human prostate cancer cell lines. 

 

  No doxy   + Doxy 

 
FIGURE 26: Tumors derived from PC3 cells stably transduced with doxycycline-inducible vectors 
expressing the anti-ETV4 shRNA 65 and injected in athymic nude mice (representative experiment). 
Tumors have been excised from the immunodeficient mice treated with doxycycline after 8 weeks from the 
injection. 
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FIGURE 27: In the histogram is indicated the ratio between the average weight of the tumors recovered 
from doxycycline treated mice and the average weight of tumor recovered from untreated mice. The bar of 
errors represents the Standard Deviation. 
 
 

4.5  The  role  of  ETV4  in  the modulation  of  proliferation 
through the cell cycle regulation 
 In  principle  cell  growth  could  be  increased  either  by  an  increased  rate  of  cell 

proliferation  or  by  a  decreased  rate  of  apoptosis.  To  identify  the  mechanism 

involved  in  growth  alterations  caused  by  ETV4  silencing  or  over‐expression  in 

prostate cell lines, we have analyzed apoptosis and cell cycle.  

The apoptosis was studied by flow cytometry using Annessin V/7ADD staining; the 

Annessin V is a specific staining for apoptotic cells, while the 7AAD is specific for 

the necrotic  cells. We did not observe  any  significant  variation of  apoptotic  cells 

percentage after ETV4 silencing  in PC3 nor after ETV4 over‐expression  in RWPE 

cells (data not shown).  

Next, we  analyzed  cell  cycle  progression. We  synchronized  the  cells  in G1 phase 

with hydroxyurea and then we removed the hydroxyurea at different time points 

and we analyzed the cells by flow cytometry. Four hours after synchronization the 

fraction of PC3 cells expressing the shRNA against ETV4 in S phase was reduced in 

comparison with controls (Figure 28a). This result indicates that silencing of ETV4 

causes a slower cell cycle progression. The analysis of the cell cycle in RWPE cells 

overexpressing ETV4 were a mirror image of the above: there was an increase in 

the  fraction  of  cells  in  S  phase  after  4  h  after  synchronization  compared  with 

controls (Figure 28 b).  

In order to investigate the molecular basis of the observed changes, we have tested 

some of  the proteins known to be  involved  in cell  cycle regulation (Herold et al., 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2009;  Malumbers  et  al.,  2009).  In  RWPE‐overexpressing  ETV4,  we  have  found 

reduced expression of P21 (WAF1/CIP1) and P27, together with a slight increase 

of MYC, CHECK1 and MCM7 expression. In the ETV4‐ silenced PC3, we have found 

increased expression of P21 (Figures 28c and d) and reduced expression of MYC, 

CHECK1 and MCM7 (Figure 28c). These results suggest that ETV4 play a direct or 

an indirect role in cell cycle regulation. 

a b 

 
 

c d 

 
FIGURE 28: Cell cycle analysis carried out in PC3(a) and RWPE (b) cells after the treatment with 10 
mM hydroxyurea for 14 hours followed by culture in normal medium. The analysis of the cell cycle 
phases was performed at 0, 4, 8 and 24 hours. (c) Fold changes of expression levels (normalized to the 
housekeeping gene GAPDH) of genes known to be involved in cell cycle in PC3 sh3 compared with PC3 
CTL and RWPE cells transfected with ETV4 compared with LUC-transfected cells. (d) Expression by 
western blot analysis of the protein level of p21(Waf1/Cip1) in PC3 and RWPE cell lines. 
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4.6  ETV4  overexpression  induces  EMT  in  non­malignant 
RWPE prostate cells 
ETV4 over‐expression  in  the non‐malignant RWPE  cells  results  in  an  increase of 

their ability to invade and to migrate and it is paralleled by the modulation of the 

expression of genes involved in this  function such as metalloproteinase and their 

inhibitors.  In  fact,  we  found  the  increased  expression  of  MMP2  where  the    FL‐

RWPE  results  increased  about  41±5.5  fold  and    the  expression  of  MMP3  is 

increased  about  16±1.2  fold; while   we  found  a  slight  reduction  of  TIMP1  about 

0.8±0.1 fold (Figure 29).  

 

 
FIGURE 29:    Expression mRNA level of metalloproteinases(MMP) and of an MMP inhibitor (TIMP) 
in cell lines RWPE where ETV4 is over-expressed. 
 

 

Moreover, we observed that RWPE cells transfected with ETV4 expression vectors 

underwent shape changes. The RWPE cells show a polygonal morphology typical 

of the epithelial cells and only rarely spindle‐shaped (mesenchymal‐like) cells are 

present  in  control  RWPE  cells  (about  1%);  in  RWPE  over‐expressing  ETV4  the 

frequency  of  spindle‐shaped  cells  raised  to  53%  (Figure  30).  Thus,  the  over‐

expression  of  ETV4  in  RWPE  cells  does  not  only  increase  the  invasiveness  and 

migratory abilities, but induces RWPE cells to acquire a mesenchymal‐like shape. 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FIGURE 30: Representative microphotographs of RWPE cells.  The cells transfected with a control 
vector (RWPE-LUC) displayed a rounded epithelial cell shape with rare spindle-shaped cell. A large 
fraction of cells RWPE transfected with ETV4 displayed a spindle-like shape 

 

 

In  the  last  years  evidence  has  accumulated  that  a major mechanism  underlying 

tumor  invasion  is  the  activation  of  a  transcriptional  program  of  the  Epithelial 

Mesenchymal Transition (EMT). In order to verify if the cell morphology changes 

we have observed in RWPE cells upon ETV4 expression are due to the activation of 

the  transcriptional  program  EMT,  we  studied  the  expression  of  EMT  molecular 

markers. We analyzed by Real Time–PCR and Western Blot the expression levels of 

E‐Cadherin,  a  glycoprotein  expressed  on  the  membrane  of  epithelial  cells  in 

adherent  junctions,  a marker  of  the  epithelial  phenotype  and  of N‐Cadherin  and 

Vimentin, two mesenchymal markers. 

Over‐expression of ETV4 was associated with decreased expression of E‐cadherin 

(epithelial  markers)  and  increased  expression  of  Vimentin  and  N‐cadherin 

(mesenchymal markers) both at RNA and protein levels (Figures 31a and 31b).  



 48 

a b 

 
 
FIGURE  31 (a): Fold changes of expression levels (normalized to the housekeeping gene GAPDH) of 
epithelial (E-Cadherin) and mesenchymal (N-Cadherin,Vimentin) markers in RWPE cells transfected 
with ETV4 vector compared with the RWPE control cells. (b) Expression of these Epithelial-
mesenchymal markers assessed by western blot analysis. 

 

 

In  addition,  with  analysis  by  confocal  microscopy,  we  have  found  that  the 

luciferase transfected RWPE cells do not express N‐cadherin whereas E‐cadherin is 

expressed and localized on the plasma membrane. In keeping with the acquisition 

of mesenchymal morphology we found that  in RWPE cells over‐expressing ETV4, 

the epithelial marker protein E‐cadherin is reduced and migrates from the plasma 

membrane to  the cytoplasm (Figure 32).  In parallel,  there  is up‐regulation of  the 

mesenchymal protein N‐cadherin and it is now seen in both cytoplasm and plasma 

membrane (Figure 32). We can therefore presume that the morphological changes 

of RWPE cells induced by ETV4 expression are mediated by changes in the levels 

and distribution of E‐cadherin and N‐cadherin typical of mesenchymal cells.  

 

 

b 
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 RWPE-LUC RWPE-ETV4 

 
 

FIGURE 32 : Analysis by confocal microscopy of E-Cadherin and N-Cadherin in RWPE cells transfected 
with mock and ETV4 vector. The control cells do not express the mesenchymal marker protein N-
Cadherin and the epithelial marker protein E-Cadherin is expressed and localized on the plasma 
membrane. In RWPE cells overexpressing ETV4, the E-Cadherin is reduced and has migrated from the 
plasma membrane to the cytoplasm; the N-Cadherin is upregulated and appeared either in the cytoplasm 
and plasma membrane. 
 

 

 

Next we have tested for proteins that are known to be direct repressors of the E‐

Cadherin (SLUG, ZEB1, ZEB2, SNAIL), and others are indirect repressors (TWIST1). 

The  expression  levels  of  these  transcriptional  factors  were  measured  by  Real 

Time‐PCR. The RWPE cells over‐expressing ETV4 have increased expression levels 

of TWIST (10 fold), ZEB (40 fold) and ZEB2 (4 fold), while there is a slight increase 

of SLUG (2 fold) (Figure 33a); we did not observe variation of SNAIL1 expression 

level. These results were confirmed also at protein  level by western blot analysis 

(figure 33b). 

These data indicate that ETV4 is a powerful inducer of EMT: the increase of several 

transcription factors relevant to EMT is in keeping with this notion. 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a b 

 
 
FIGURE 33: The effect of ETV4 over-expression on the expression of genes involved in EMT in the 
RWPE. (a) Expression level (normalized to the housekeeping gene GAPDH) of transcription factors 
associated with EMT in RWPE cells transfected with mock and ETV4 plasmid. (b) ETV4 expression 
level assessed by western blot analysis of some transcription factors (TWIST1, ZEB1, SNAIL1 and 
SLUG1) associated with EMT in RWPE cells transfected with either mock (Luc) or ETV4 expressing 
plasmids. 
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4.7  Generation  of  mice  with  prostate­specific  ETV4 
expression 
The  in  vitro  studies  we  have  performed  during  this  research  project  have 

generated a very interesting amount of the data about the role of ETV4 expression 

in prostate cells. These studies have shown that in prostate cells ETV4 expression 

may  induce most  of  neoplastic  features,  such  as  increased  proliferation  and  cell 

motility. In addition, they have provided some information about the down‐stream 

pathways through which ETV4 expression induce such neoplastic features.  

Although  suggestive,  these  in  vitro  experiments  alone  are  not  sufficient  to 

determine  whether  ETV4  may  play  a  causal  role  in  the  development  and 

progression of human prostate cancer. The study of the human diseases has taken 

advantage  of  the  presence  of  animal  model  that  have  been  useful  to  verify 

hypothesis on the molecular mechanisms involved in the disease derived from  in 

vitro study or from the analysis of the clinical phenotype of the patients. In order to 

verify  the  pathogenetic  role  of  the  ETV4  over‐expression  in  prostate  carcinoma 

initiation or progression in a in vivo model we have resorted in developing a mouse 

model  over‐expressing  ETV4  in  prostate  epithelial  cells.  We  have  generated  a 

transgenic mice in which we have inserted the TMPRSS2­ETV4 fusion cDNA found 

in prostate cancer patients. First, we have modified the vector used for the in vitro 

study,  replacing  the  5’  end  of  ETV4  with  a  PCR  amplicon,  in  which  we  have 

engineered  the  5’  portion  of  TMPRSS2–ETV4  fusion  gene  (see  “Material  and 

Methods  for details”).  Second,  the TMPRSS2­ETV4  fusion  cDNA was  inserted  in  a 

vector  containing  :  (1)  the androgen  inducible and prostate  specific modified rat 

probasin  (ARR2PB) promoter  that  includes  two  tandem repeats of  the  androgen 

responsive  region,  and  (2)  the  poliA  signal  from  the  SV40  virus  (Zhang  et  al., 

2000).  A  schematic  representation  of  the  ARR2PB‐ETV4  construct  is  shown  in 

Figure 34. 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FIGURE  34:  Schematic representation of the ARR2PB-ETV4 construct. The promoter is in red, the 
coding sequence of the fusion TMPRSS2-ERT4 gene is in blue and the SV Poly A in green. The position 
of the unique Eco RV site is shown. 
 
 

The fragment containing the ARR2PB promoter, the TMPRSS2‐ETV4 and the poly 

A sequences (ARR2PB‐ETV4) was released from the vector and then used for the 

pronuclear  injection  into FVB mouse  fertilized eggs at  the LiGeMA Facility of  the 

University  of  Florence,  Italy. We  obtained  3  ARR2PB‐dETV4  founders  that,  after 

PCR  analysis,  resulted  to  be  positive  for  the  presence  of  the  ARR2PB‐ETV4 

transgene. These founders were crossed with wild type FVB mice and each of them 

generated viable offspring: thus, we have obtained 3 mouse lines that we named A, 

B  and C. The  litters  of  each of  the 3  lines were  screened  for  the presence of  the 

ARR2PB‐ETV4  transgene  by  PCR  on  mouse  tail  DNA,  using  primers  specific  for 

human  ETV4  and  primers  from  murine  β‐actin  as  control  (see  Material  and 

Methods).  All  the  mice  from  the  litter  A  were  negative  for  the  presence  of  the 

ARR2PB‐ETV4  transgene  thus  the  founder of  the  line A was not able  to  transmit 

the  transgene.  At  variance,  mice  carrying  the  ARR2PB‐ETV4  transgene  were 

present in the offspring of both B and C mouse lines (Figure 35).  

 
FIGURE  35: Analysis by PCR of the offspring of the 3 mouse lines. In the offspring of the 
founders A there were no mice carrying the ARR2PB-ETV4 transgene. 
 

 

The  founders  of  line  B  and  C  and  their  F1  offspring  were  characterized  for 

construct integration by Southern blot analyses (Figure 36). The genomic DNA was 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digested  with  a  restriction  enzyme  Eco  RV  that  cuts  once  in  the  ARR2PB‐ETV4 

transgene: specifically, the Eco RV is at 3’ end of the ETV4. The hybridization with 

the  human  ETV4  cDNA  labeled  probe  (see  figure  34)  showed  the  presence  of  a 

band of about 4 kb in all  the mice positive for the presence of the ARR2PB‐ETV4 

transgene by PCR, an additional band was present only in the mice from the line B, 

no bands were present in the mice negative by PCR.  

 

 

 
FIGURE 36: Southern blot analysis of B and C ARR2PB-ETV4 transgenenic mouse lines.  
 
 

Because  the  length  of  the  transgene  used  for  the  injection  was  of  3.96  kb,  the 

presence of a band of the same length suggests that in both mouse lines there were 

multiple  integrations  in  tandem. The presence  of  an  additional  band  is  expected 

because  it derives  from  the  combination of  the Eco RV  site within  the  transgene 

and an Eco RV present in the genomic DNA flanking the 5’ of the integration site of 

the transgene (see Figure 37) we found an additional band in the mice from line B, 

but not in mice from the line C. The absence of such additional band in the line C 

can  be  explained  by  the  fact  that  the  Eco  RV  site  in  genomic  DNA  flanking  the 

integration  site  of  the  transgene  was  either  too  far  or  too  close  to  generate  a 

fragment with a size detectable by Southern blotting. In conclusion, mice from both 

lines  had  only  one  transgene  integration  site  but  with  multiple  copies  of  the 

transgene. 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Figure 37: Schematic representation of a tandem insertion of the ARR2PB-ETV4 transgene. 

 

 

Finally,  we  evaluated  the  expression  of  the  transgene  in  the  prostate  by 

quantitative RT‐PCR using a pair of primers localized in 2 different exons of ETV4 

in a  region  identical  in both human and murine ETV4 sequence  (see  the  table of 

primers in Material and Methods). 

The  gene  expression  has  been  normalized  using  as  reference  the  GAPDH 

expression level. This analysis showed that the ETV4 expression was increased ten 

fold  in  line  C  compared  with  the  control  wild  type  mouse,  whereas  the  line  B 

showed  similar  levels of ETV4‐espression  than  the wild  type mouse  (Figure 38). 

This  result  suggested  that  the  mice  from  line  B  were  not  able  to  express  the 

transgene.  
 

 
Figure 38: Analysis by real time PCR of the ETV4 expression in the mice of lines B and C. The mean of 
three experiments is shown. 



 55 

4.8 Transgenic Expression of ETV4 in the Mouse Prostate 
Induces Prostatic Intraepithelial Neoplasia (PIN)  
We expanded the line C by crossing the mice carrying the ARR2PB‐ETV4 transgene 

with wild  type mice;  the mice resulting  from this crossings have been genotyped 

for the presence of the ARR2Pb‐ETV4 transgene and male mice have been followed 

up. We analyzed the prostate of both wild type and ARR2Pb‐ETV4 transgenic male 

mice at 6 and at 10 months: after careful dissection of prostate from each mouse, 

the prostate was embedded in paraffin for classical hematoxylin and eosin staining 

studies and for further studies. 

We  found neither  gross nor microscopic prostate  lesions  in  any of  the wild  type 

mice (6 months: n=4; 10 months: n=10) (Figure 39a and 40a). We also did not find 

prostate  lesions  in  5  ARR2Pb‐ETV4  transgenic mice  at  6 months  of  age  (Figure 

39b).  

 

a b 

                       
   FIGURE 39:   Hematoxylin and eosin stained sections of anterior prostates from 6 months old WT 
FVB (a)  and ARR2Pb- ETV4 FVB (b) mice. There  are no evidence of lesions in both mice. The 
magnification is 4x. 

 

 

At variance, in some of older ARR2Pb‐ETV4 mice we observed that in the context 

of prostate with normal architecture were present  focal  lesions  characterized by 

nuclear atypia and altered cellular stratification,  consistent with  the definition of 



 56 

mPIN  (Figure  40b).  Specifically we  found  that  by  10 months  of  age, mPIN were 

present in about 55% of 18 ARR2Pb‐ETV4 mice (10 out 18 mice).  

These  results  show  that  over‐expression  of  ETV4  is  sufficient  to  induce  pre‐

neoplastic lesions in a fraction of our ARR2Pb‐ETV4 mice.  

 

a b             

                   

FIGURE 40:   Hematoxylin and eosin stained sections of anterior prostates from 10 months old (a)  WT 
FVB and (b) ARR2Pb-ETV4 FVB mice. Histological characterization of prostate in ARR2Pb-ETV4 FVB 
mouse  shows a morphological alterations similar to PIN lesion. The magnification is 10X. 

 

 

Currently, we  are  analyzing  the  specimens  from  these mice by  immune‐staining. 

One of the critical hallmarks distinguishing the normal human prostate gland from 

prostate cancer is the loss of basal cells and we will test the loss of basal cells by 

using the anti–p63 antibody a specific marker of those type of cells. The results of 

the  immune‐staining with  anti–p63  and with  anti–smooth muscle  actin  (marker 

for  the  stromal  cell  compartment)  antibodies  will  show  the  presence  of  the 

displacement of the basal cells. In addition we will measure the proliferation rate 

in the wild type and ETV4 mice by the immune‐staining with anti Ki67 and BrdU, 

both markers of proliferation. 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4.9  Interaction  of  ETV4  prostate  expression  with  Pten 
deficiency 
Next,  we  decided  to  test  whether  the  interaction  of  the  aberrant  prostatic 

expression  of  ETV4 with  another  gene would  cooperate  and promote  carcinoma 

and eventually, metastasize. One of the most common genetic alterations found in 

prostate  carcinoma  is  the  loss  of  the  tumor  suppressor  Pten.  Pten  heterozygous 

(Pten+/–) mice  develop  HGPIN with  an  increased  proliferative  rate  after  a  long 

latency with  incomplete penetrance (Di Cristofano et al. 2001). For our study we 

have  obtained  this mouse model  of  heterozygous Pten  loss  (Pten+/– mice)  from 

Pier  Paolo  Pandolfi  (Boston). We  crossed  our  ARR2Pb‐ETV4 mice  with  Pten+/– 

mice: this cross generates offspring with a mixed genetic background because the 

strain of ARR2Pb‐ETV4 mice is FVB and that of Pten+/– mice is C57/Bl6. We have 

systematically analyzed only the first generation (F1) of mouse derived from this 

crossing. 

The F1 mice deriving from this ARR2Pb‐ETV4;Pten+/‐ cross were screened by PCR 

on mouse tail DNA for the presence of the ETV4 transgene (see above) and for the 

inactivated  Pten  allele  by  a  specific  PCR  amplification  of  the  neomycin  gene, 

present  only  in  the  inactivated  Pten  allele  (see  “Material  and  Methods”).  This 

crossing may result in four different genotypes in the respect of the ARR2Pb‐ETV4 

and  the  inactivated  Pten:  (i)  wild  type;  (ii)  ARR2Pb‐ETV4;  (iii)  Pten  +/‐;  (iv) 

ARR2Pb‐ETV4;Pten+/‐ (Figure 41). All these F1 male mice derived from this cross 

were followed up, and sacrificed at 7 (n=18) and at 10 (n=11) months of age. 

 

 
 

FIGURE 41: PCR genotyping of Pten deletion and of ETV4 transgene in the mice. In lane 1 there is a 
mouse positive for pten deletion (PTen+/-), in lane 2 a mouse positive for both pten deletion and etv4 
transgene, in lane 3 a wild type mouse, and in lane 4 a mouse positive for etv4 transgene, in the last lane 
there is H20 as negative control of PCR. 
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The analysis of the hematoxylin‐eosin stained specimens showed neither prostate 

hyperplasia  nor  PIN  in  both  7 months wild  type  (n=3)  and ARR2Pb‐ETV4  (n=3) 

mice,  and  we  observed,  as  expected,  PIN  only  in  one  third  of  the  age‐matched 

Pten+/– mice (n=3) (Figure 42, 43 and 44). 

 

                   
FIGURE 42: :   Hematoxylin and eosin stained sections of ventral prostates from 7 months old WT 
mouse (4x on the left, 10 x on the right). Histological characterization of prostate shows a normal tissue.  

 

                   
FIGURE 43: Hematoxylin and eosin stained sections of ventral prostates from 7 months old ARR2Pb-
ETV4  mouse (4x on the left, 10 x on the right). Histological characterization of prostate shows normal 
tissue.  

 

                    
FIGURE 44: Hematoxylin and eosin stained sections of ventral prostates from 7 months old Pten+/– 
mouse (4x on the left, 10 x on the right). Histological characterization of prostate shows normal tissue 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The number of control mice and of those with a single genetic alteration we have 

so  far  analyzed  is  still  small,  nevertheless  the  phenotype  we  have  observed  in 

ARR2Pb‐ETV4; Pten+/‐ mice is strikingly different. In fact, we have found that all 

our ARR2Pb‐ETV4; Pten+/‐ mice(n=9) mice showed PIN lesions and that PIN were 

multifocal  in  most  of  the  case.  These  findings  indicate  that  ETV4  expression 

combined with Pten loss reduces cancer latency, increases cancer penetrance and 

produce a more severe phenotype in the respect of parental mice (Figure45).  

 

           
 FIGURE 45: Hematoxylin and eosin stained sections of ventral prostates from 7 months old ARR2Pb-
ETV4; Pten+/-  mouse (4x on the left, 10x on the right). Histological characterization of prostate shows 
multifocal PIN lesions. The arrows indicate the PIN. 

 

Furthermore, we have analyzed few ARR2Pb‐ETV4;Pten+/‐ mice at 10 months of 

age:  in all ARR2Pb‐ETV4;Pten+/‐ mice (n=3) we found the presence of multifocal 

PIN  with  architectural  and  cytological  modifications  more  florid  than  those 

observed in the same mice at younger age (7 months) (Figure 46).  

           
 FIGURE 46: Hematoxylin and eosin stained sections of ventral prostates from 10 months old ARR2Pb-
ETV4; Pten+/-  mouse ( 4x on the left, 10x on the right). Histological characterization of prostate shows 
multifocal PIN lesions more atypical evident than in 7 months old mice. 
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We  are  currently  analyzing  the  specimens  from  these mice  by  immune‐staining 

using the anti–p63 antibody, anti–smooth muscle actin and anti Ki67 and BrdU.  

These  transgenic mice models  suggest  that ETV4 over‐expression  is  sufficient  to 

initiate  neoplastic  transformation  and  cooperates  with  Pten  loss  in  promoting 

prostate cancer progression. 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5. DISCUSSION 

 
The  discovery  of  translocations  involving  ETS  proteins  is  a  major  advance  in 

understanding  the  molecular  basis  of  Prostate  cancer.  Among  the  ETS  proteins, 

ERG,  ETV5  and  ETV1  have  emerged  as  major  factors  in  invasiveness  and  cell 

migration, but not in fostering cell proliferation; (Tomlins et al., 2008; Klezovitch 

et al., 2008; Tomlins et al., 2007). Indeed,  in a mouse model the prostate‐specific 

overexpression of ERG has proven important in cancer progression, but its ability 

to initiate cancer is still controversial (Tomlins et al., 2008; Klezovitch et al., 2008;  

Carver  et  al.,  2009;  King  et  al.,  2009).  In  contrast,  we  know  that  ETV4,  an  ETS 

protein  over‐expressed  in  several  types  of  carcinomas  as  breast,  lung  and  colon 

(Hiroumi et al., 2001; Horiuchi et al., 2003; Bieche et al., 2004), and a partner of 

TMPRSS2  in  chromosomal  translocations  found  in  Prostate  cancer,  exerts  a 

powerful  function  not  only  in  invasiveness  and  in  migration,  but  also  in  cell 

proliferation. During my PhD I have investigated the effect of ETV4 expression by 

using  2  complementary  experimental  approaches:  (i)  Inducible  shRNA‐mediated 

silencing of ETV4 in human prostate cell line PC3 over‐expressing ETV4; (ii) ETV4 

over‐expression  in non‐transformed RWPE human prostate  cell  line.  In  addition, 

we are currently  investigating a mouse model of prostate‐specific ETV4 we have 

generated during my PhD. 

 

 

5.1  ETV4  confers  migration  and  invading  ability  to 
prostate cancer cells 
The  PC3  cells  are  able  to  efficiently  migrate  in  the  wound‐healing  assay  and  to 

invade  in  the matrigel assay. Our experiments confirmed that  the ETV4 silencing 

reduces  the migration  and  invasion  of  PC3  cells  (  Hollenhorst  et  al.,  2011).  In  a 

variety of tissues ETV4 is a transcriptional activator of several MMPs (Higashino et 

al., 1995; Habelhah et al., 1999; Crawford et al., 2001), endopeptidases capable of 

degrading  the  extracellular  matrix  and  thus  promoting  tumor  invasion 

(Kessenbrock  et  al.,  2010).  Indeed,  when  we  silenced  ETV4  in  PC3  cells  the 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expression of MMP1, MMP3 and MMP9 decreased. In complementary experiments, 

ETV4 overexpression confers migration and  invading ability  to  the nonmalignant 

RWPE cells, and this  is probably mediated by  increased expression of MMP2 and 

MMP3. 

 

 

5.2 ETV4 is involved in cell proliferation and in cell cycle 
regulation 
We have confirmed previous evidence that ETV4 silencing reduces the anchorage‐

independent  growth  of  PC3  cells  (Hollenhorst  et  al.,  2011).  In  addition, we have 

shown  that  ETV4  expression  increases  anchorage‐independent  growth  of  RWPE 

cells. Whereas these data already suggest that ETV4 over‐expression is oncogene‐

like,  we  have  also  uncovered  an  effect  of  ETV4  directed  onto  cell  proliferation. 

Indeed, the progression of PC3 cells through the cell cycle is slowed down by ETV4 

silencing;  whereas  the  progression  of  RWPE  cells  through  the  cell  cycle  is 

accelerated  by  ETV4  expression.  This  effect  on  the  rate  of  cycling  appears  to  be 

mediated  by  or  associated  with  the  modulation  of  the  cell  cycle  genes  P21 

(WAF1/CIP1), MYC, MCM7 and CHECK1;  in RWPE  cells  also P27  (KIP1)  is  down 

regulated. 

Thus, ETV4 over‐expression promotes cell cycle progression of the nonmalignant 

RWPE  prostate  cells  probably  by  causing  a  reduction  in  P21  expression: 

accordingly, ETV4 silencing increases the levels of P21 in PC3 cells. These data are 

strengthened  by  the  fact  that  for most  genes  the  down  regulation  in  PC3  is  the 

mirror  image of  the upregulation  in RWPE cells. The mechanism by which ETV4 

hinders P21 transcription remains to be investigated. As P53 is a major activator of 

P21  transcription, one might have presumed that  the ETV4 effect  is mediated by 

P53 (el‐Deiry et al., 1993; Abbas et al., 2009). However, this effect is seen even in 

PC3  that do not have P53 cells  (Isaacs WB et al.,   1991).  It  is possible  that ETV4 

down  regulates  directly  P21  gene,  resembling  the  down  regulation  of  the ErbB2 

(HER‐2/neu) gene reported in breast and ovarian cancer cells as a result of ETV4 

binding to the ErbB2 promoter ( Xing et al., 2000; Yu et al., 2006). However,  it  is 

also  possible  that  part  of  the  effect  of  ETV4  on  P21  is  mediated  by  a  slightly 



 63 

increase of the expression of MYC and of its targets ( Herold et al.,  2009; Coller et 

al., 2000), which we have observed in prostate cell lines over‐expressing ETV4. 

 

 

5.3 ETV4 overexpression activates EMT 

The acquisition of invasiveness and metastatic capabilities by epithelial tumor cells 

is associated with a set of morphological and functional changes that are similar to 

EMT ( Thiery et al., 2009; Klymkowsky et al., 2009). Various studies have reported 

about EMT‐like process in prostate cancer (reviewed in Nauseef and Henry, 2001) 

and in prostate cell lines after different stimuli (transforming growth factor‐b),(Ao 

et  al.,  2006;  Slabakova  et  al.,  2011)  DAB2IP(Min  et  al.,  2010;  Xie  et  al.,  2010).  

Recently,  it has been reported  that  the TMPRSS2‐ERG  translocation  is associated 

with  EMT  (Leshem  et  al.,  2011;  Gupta  et  al.,  2011).  Here,  we  have  shown  that 

overexpression of ETV4 in RWPE cells induces EMT changes: in fact, not only the 

cells  did  acquire  a  fibroblast‐like  shape,  but  this  was  also  associated  with  an 

increased  expression  of  mesenchymal  markers  (vimentin,  N‐cadherin  and 

cadherin‐11) and a decreased expression of epithelial markers (E‐cadherin, zonula 

occludens 1). Specifically, the reduction of the epithelial marker protein E‐cadherin 

paralleled  quantitatively  an  increase  in  the  mesenchymal  marker  protein  N‐

cadherin on the cell membrane. Thus, just as in lung cancer cells (Upadhyay et al., 

2009) and in ovarian cancer cells (Cowden et al., 2009) ETV4 expression is able to 

induce EMT transition also in prostate cancer cells. 

As for the mechanism whereby ETV4 can induce EMT, this is probably mediated by 

several  transcription  factors,  including  members  of  the  Snail  family  (SNAIL1, 

SNAIL2/SLUG),  of  the  zinc  finger  E‐box‐binding  homeobox  family  (ZEB1  and 

ZEB2), that directly repress E‐cadherin transcription, and others that are indirect 

E‐cadherin repressors (such as the basic helix loophelix factor TWIST1). (Yang et 

al.,  2004;  Thiery  et  al.,  2009) Recently,  it  has  been  found  that  ETV4 upregulates 

TWIST1  in  a  murine  breast  cancer  cell  line  (Qin  et  al.,  2009)  and  SNAIL1  in 

MCF10a  (an  immortalized  non  tumorigenic  human  breast  cell  line)  (Yuen  et  al., 

2011);  in  addition,  a  direct  correlation  between  the  mRNA  levels  of  ETV4  and 

SNAIL1 has been observed in breast cancer patients (Yuen et al., 2011). We show 

here  that ETV4 expression  in  the nonmalignant RWPE prostate  cells  results  in  a 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strong  increase of TWIST1, ZEB1 and ZEB2 expression; but,  unlike  in breast  cell 

lines, not that of SNAIL1: this suggests, that the mechanism whereby ETV4 induces 

EMT  is  at  least  in  part  tissue  specific.  ETV4  resembles  ERG  in  some  of  the 

mechanisms leading to EMT, such as activation of the WNT pathway (Gupta et al., 

2011)  and  induction  of  ZEB1  and  ZEB2  (Leshem  et  al.,  2011).  However,  ETV4 

differs  from ERG because  it does not affect  the expression of ZEB2 regulators. At 

any rate, although the mechanism through which ETV4 and ERG induce EMT may 

be  somewhat  different,  it  appears  that  EMT  is  a  final  common pathway  through 

which these ETS proteins exert their oncogenic potential in prostate cells. 

 

 

5.4  ETV4  induces  early  neoplastic  lesions  in  transgenic 
mice 
Despite the high frequency of cases of human prostate cancer that are associated 

with  the  presence  of  ETS  gene  fusions,  the  role  of  these  genes  in  prostate 

oncogenesis  is  not  yet  completely  defined.  The  expression  of  ETS  genes, 

specifically  ERG  and  ETV1,  confer  various  neoplastic  characteristics  to  prostate 

cells  in vitro; however,  the  investigations of  their role by using transgenic mouse 

model  has  produced  conflicting  results.  For  this  reason,  although  the  suggestive 

results of our in vitro experiments, we have decided to generate a transgenic model 

with  prostate‐specific  expression  of  ETV4  protein  under  the  control  of  the 

modified probasin (ARR2PB) promoter.  

We have succeeded in generating a transgenic line that effectively express ETV4 in 

the prostate tissue. The pathological analysis of our ARR2PB‐ETV4 mice has shown 

that focal lesions with cytological and architectural alterations are present only in 

a  fraction of mice with  advanced  age  (10 months).  The  alterated  cytological  and 

histological  organization  of  the  epithelial  cells  observed  in  ARR2PB‐ETV4 

prostates resemble  the early modifications observed  in human Pin; however,  the 

specific  nature  of  these  lesions  has  to  be  confirmed  by  additional  immuno‐

histochemical  stainings  that  are  in  progress.  These  observations  indicate  that 

ETV4  expression  is  able  to  induce  focal  PIN  with  a  long  latency  and  a  partial 

penetrance.  It  is  intriguing,  that only similar early  lesions have been observed  in 

most of mouse models of prostate cancer carrying ETS fusion genes (ERG, ETV1) 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[REF]  or  other  single  genetic  lesion  (i.e.  NKX3‐1+/−  and  PTEN+/−  mice):  this 

suggest  that  for  prostate  cancer  progression  and  invasion  are  required multiple 

genetics events. Having this in mind, we decided to investigate the outcome of the 

combined  expression  of  ETV4 with  a  genetic  lesion  frequent  in  human  prostate 

cancer,  namely  the  heterozygote  loss  of  PTEN.  Thus,  we  have  crossed  our mice 

with mice  carrying  the  deletion  of  one  Pten  allele.  The  preliminary  pathological 

analysis of  few mice deriving  from  this  cross has  shown  that  the  combination of 

ETV4 expression with the heterozygote PTEN loss results in a full penetrance and a 

shorter latency in the development of focal PIN. In addition, these lesions appear to 

be  more  aggressive  of  those  observed  in  ARR2PB‐ETV4  mice  because  are 

multifocal and show more severe morphological abnormalities.  

Overall, this very preliminary analysis of the transgenic ARR2PB‐ETV4 mice and of 

their cross with mice carrying the deletion of the tumor suppressor PTEN indicate 

that ETV4 expression contribute to the neoplastic transformation of prostate cells 

in vivo. The ongoing analysis of these mouse models we have generated will clarify 

the  role  of  ETV4.  In  addition,  by  using  these  mouse  models  we  will  have  the 

possibility  to  verify  whether  the  pathways  we  have  identified  in  vitro  are  also 

responsible of the ETV4 oncogenic activity in vivo.  

 
 

5.5 Perspectives 

The studies performed during my thesis have shown by using two complementary 

models (silencing and over‐expression) that the over‐expression of ETV4 is likely 

to  be  responsible  of  several  characteristic  in  the  transformation  of  prostate 

epithelial  cells:  down  regulation  of  ETV4  inhibits  proliferation,  anchorage‐

independent growth and migration in prostate cells. Furthermore ETV4 can induce 

EMT regulating  the expression of  several  transcription  factors    that are direct or 

indirect repressors of E‐cadherin. These findings strongly support the notion that a 

certain  level of expression of ETV4, by affecting positively both proliferation and 

invasiveness,  is  capable  of  inducing most  and  possibly  all  neoplastic  features  of 

prostate  cancer.  Most  important,  the  oncongenic  ability  of  ETV4  has  been 

confirmed  in  vivo  by  the  results  of  the  xenograft  experiments  and  by  the 

preliminary  observations  in  the  transgenic  mice  we  have  generated.  Thus,  it  is 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possible that ETV4 over‐expression, whether driven by the TMPRSS2 promoter or 

otherwise,  may  turn  out  to  be  a  powerful  oncogene.  This  is  of  considerable 

importance, since the correlation between translocations involving ETS genes and 

the clinical course of prostate cancer is still controversial. From this point of view, 

it is tempting to regard ETV4 and its down‐stream pathways as a potential target 

for new therapeutic approaches.  It  is also possible,  that some of  the ETV4 down‐

stream genes are deregulated in the same way, but by different mechanisms, also 

in prostate cancers that do not express ETV4. This will extend the relevance of our 

results to a larger number of patients. The identification of these genes directly or 

indirectly  regulated  by  ETV4  in  prostate  cancer  will  take  advantage  from  the 

genetic tools, both cell lines and transgenic mouse, that has been generated during 

the work of my thesis. Finally, the transgenic mice will be also useful   models for 

the in vivo preclinical testing of drugs and of other therapeutic approaches. 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