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Prostate cancer is the most frequently diagnosed type of cancer in men in countries with a Western 

lifestyle [1]. Yearly, in the Netherlands approximately 9,000 men are diagnosed with prostate 

cancer, of which 25 percent dies as a result of the disease (KWF Cancer FoundaƟ on). Clinically 

localized prostate cancer can be treated by surgery or radiotherapy [2, 3]. A third treatment 

opƟ on is acƟ ve surveillance, where the paƟ ent is not treated iniƟ ally but closely monitored. If the 

prostate tumor is metastasized, androgen deprivaƟ on therapy by orchiectomy or gonadotropin-

releasing hormone agonists or antagonists is standard therapy [4]. Although most tumors 

show an iniƟ al good response, unfortunately, the majority of the paƟ ents eventually develop 

castraƟ on-resistance prostate cancer (CRPC) within 1-3 years. In CRPC aberrant acƟ vaƟ on of the 

androgen receptor (AR), by amplifi caƟ on of the AR locus at Xq12, resulƟ ng in AR overexpression, 

AR mutaƟ on, aberrant cofactor expression and funcƟ on, ligand-independent AR acƟ vaƟ on and 

intratumoral androgen synthesis, is common [5-10]. Following failure of endocrine therapy, CRPC 

paƟ ents can be treated with docetaxel that has been shown to prolong survival for a few months 

[11]. UnƟ l recently, CRPC paƟ ents had limited treatment opƟ ons aŌ er docetaxel chemotherapy, 

however, novel therapies emerged, like vaccines-based immunotherapy, administraƟ on of the 

novel AR antagonist MDV3100 or the inhibitor of cytochrome p450 c17 abiraterone acetate, 

which inhibits androgen synthesis in the adrenal gland [7, 11]. Overall, CRPC paƟ ents have a poor 

prognosis with an average survival of 9-13 months [12]. 

1. GENETICS OF PROSTATE CANCER

During recent years our knowledge of mechanisms of prostate tumorigenesis and the role of 

individual genes in this process has rapidly increased, but there are sƟ ll many quesƟ ons to be 

addressed. To off er prostate cancer paƟ ents a beƩ er and more effi  cient treatment, it is crucial to 

increase our knowledge of the process of tumor development. ProstaƟ c intraepithelial neoplasia 

(PIN) is generally accepted as the precursor of prostate cancer [13]. PIN is characterized by cell 

proliferaƟ on within prostate ducts, with nuclear and nucleolar enlargement similar to prostate 

cancer. Unlike cancer, PIN retains a basal epithelial cell layer. 

 Like other tumors, prostate cancer development and progressive growth is driven by the 

accumulaƟ on of geneƟ c and epigeneƟ c changes [14]. Screening of the genome for chromosomal 

losses or gains has been instrumental in the idenƟ fi caƟ on of potenƟ al tumor suppressor genes 

or oncogenes, respecƟ vely.

 In PIN lesions early geneƟ c events, including a gene fusion between transmembrane protease, 

serine 2 (TMPRSS2) and the oncogene V-ets erythroblastosis virus E26 oncogene homolog (ERG) 

and mono-allelic loss of the tumor suppressor gene Phosphatase and tensin homologue (PTEN) 

are detected [15, 16]. The TMPRSS2-ERG fusion gene, published in 2005, occurs in 40-60% of 
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all prostate cancer paƟ ents [17-19]. A 21q22 intersƟ Ɵ al deleƟ on spanning TMPRSS2 and ERG is 

frequently detected in prostate cancer [10, 19]. Another common early event is loss of one allele 

of the tumor suppressor gene PTEN. Loss of 10q23, the PTEN locus, is detected in more than half 

of the paƟ ents with localized disease [20-22]. 

 In primary, localized prostate cancer chromosomal alteraƟ ons like gain of parts of 

chromosome 8q and 7 and loss of regions on 6q, 8p, 13q and 16q are frequently observed. Less 

frequently observed regions of gain are 3q, 17q and Xq and loss of regions on 2q, 5q, 10q, 17p 

and 18q [10, 23, 24]. In most of these regions a tumor suppressor gene or oncogene has not been 

idenƟ fi ed. For example, no classical oncogene has been idenƟ fi ed in the regions of amplifi ed 

DNA at chromosome 7q [10, 23]. Another frequent alteraƟ on in the prostate oncogenome is 

loss of chromosome 8p, a large region that harbours the homeobox gene NKX3.1, a gene with 

a role in prostate development and diff erenƟ aƟ on [9, 10, 21, 25, 26]. Loss of the short arm of 

chromosome 8 is found in 50-85% of all prostate cancer paƟ ents [9, 21]. So far, it is unclear which 

gene or genes located in this region is/are involved in prostate tumor. In contrast to loss or gain 

of large chromosomal regions, some focal alteraƟ ons are observed in prostate cancer poinƟ ng 

to specifi c genes. Amplifi caƟ on of 8q24 in 20-40% of the prostate cancer paƟ ents points to the 

oncogenic role of c-MYC in prostate cancer. C-MYC amplifi caƟ on is most frequent in prostate 

tumors with a more advanced phenotype [9, 10, 21]. Furthermore, focal losses of 10q23, 13q14 

and 17p13 point to inacƟ vaƟ on of established tumor suppressor genes. PTEN, located at 10q23, 

is the most frequently inacƟ vated tumor suppressor gene in prostate. In primary prostate cancer 

30-60% of the paƟ ents harbour loss of one PTEN allele [16, 22, 27]. The tumor suppressor gene 

ReƟ noblastoma 1 (RB1) is located at chromosome 13q14. Loss of the RB1 locus occurs in at least 

30% of the prostate cancer paƟ ents of which 10% showed bi-allelic loss [21, 28]. Mono-allelic 

loss of the TP53 locus at 17p13 was detected in 30% of prostatectomy and biopsy samples [20]. 

In general TP53 alteraƟ ons are associated with advanced stages of prostate cancer, like CRPC 

[10, 20]. 

 A schemaƟ c representaƟ on of the process of prostate tumorigenesis is given in Figure 1. 

The presence of geneƟ c alteraƟ ons, like TMPRSS2-ERG fusion gene, PTEN inacƟ vaƟ on, TP53 

inacƟ vaƟ on and AR acƟ vaƟ on per tumor stage are indicated.

 New techniques like whole genome sequencing, especially whole exome sequencing, and 

RNA sequencing, will help to understand further the prostate cancer genome [29]. In addiƟ on to 

the geneƟ c alteraƟ ons in prostate cancer, epigeneƟ c modifi caƟ ons, like promoter methylaƟ on, 

histone modifi caƟ ons and modifi ed expression of microRNA (miRNA), can alter gene expression 

in prostate cancer. Currently, epigeneƟ c modifi caƟ ons are increasingly recognized to have 

important roles in prostate tumorigenesis [30, 31]. In this thesis we will mainly focus on the role of 

geneƟ c events in prostate cancer. Combining data from both analyses of geneƟ c and epigeneƟ c 



12  |  Chapter 1

events in prostate cancer will create a complete picture of alterations in tumors. Ultimately this 
will lead to improved targeted therapies of cancer patients. 

Normal 
prostate PIN

Primary
prostate cancer 

Metasta�c 
prostate cancer

TMPRSS2-
ERG

PTEN
inac�va�on

TP53
inac�va�on

CRPC

AR
ac�va�on

Figure 1. Schematic representation of the process of prostate tumorigenesis. The presence of genetic 
alterations, like TMPRSS2-ERG fusion gene, PTEN inactivation, TP53 inactivation and AR activation per 
tumor stage are indicated by grey bars.

1.1 The TMPRSS2-ERG fusion gene
Until recently, fusion genes were thought to be exclusively the oncogenic mechanism of 
haematological malignancies and sarcomas [32]. In 2005, a fusion between the prostate specific, 
androgen regulated gene TMPRSS2 and the oncogene ERG was found in prostate cancer 
patients [19]. This fusion gene occurs in 40-60% of the clinical prostate cancers [17, 18]. ERG is 
a E26 transformation-specific (ETS) transcription factor family member found overexpressed in 
sarcomas, acute myeloid leukemias and prostate cancers. In prostate cancer the generation of 
the TMPRSS2-ERG fusion gene leads to ERG overexpression. Currently, much effort is focused 
on the identification of candidate target genes of the ERG transcription factor and determining 
its oncogenic role [17, 32, 33]. So far, the prognostic role of ERG alterations in prostate cancer is 
unclear [33].
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In addiƟ on to TMPRSS2-ERG, other gene fusions were discovered between the regulatory 

sequences and fi rst exons of androgen-induced genes, such as TMPRSS2, NDRG1, SLC45A3 

and C15orf21 and members of the ETS gene family, like ETV1, ETV4 and ETV5 [21, 32-37]. All 

these fusion genes occur at much lower frequency in prostate cancer than TMPRSS2-ERG fusion 

genes. In addiƟ on to the fusion genes discussed here, it is known that full-length ETV1 can be 

translocated and overexpressed [38, 39]. 

 New techniques as discussed above, like whole genome sequencing and RNA sequencing, 

recently lead to the idenƟ fi caƟ ons of new less frequent genomic rearrangements in prostate 

cancer [40-42]. The data presented above indicate that chromosomal rearrangements are 

common in human prostate cancer, however, the roles of these newly idenƟ fi ed alteraƟ ons for 

prostate cancer growth and progression are unclear.

1.2 The PTEN tumor suppressor gene
1.2.1 PTEN funcƟ on
PTEN is a phosphatase, that counteracts phosphoinosiƟ de-3-kinase (PI3K) signaling by balancing 

phosphaƟ dylinositol (4,5)-phosphate (PIP2) and phosphaƟ dylinositol (3,4,5)-phosphate (PIP3) 

levels in the cell [22, 27, 43]. AcƟ vaƟ on of the PI3K pathway by binding of growth factors to 

receptor tyrosine kinases induces PIP3 accumulaƟ on. This results in the recruitment of PDK1 and 

the AKT isoforms (AKT1, AKT2 and AKT3) to the membrane, where AKT isoforms are acƟ vated by 

phosphorylaƟ on [27]. Phosphorylated, acƟ vated AKT (pAKT) regulates diff erent cellular processes 

by phosphorylaƟ ng downstream substrates, including glycogen synthase kinase 3 (GSK3), BCL2-

associated agonist of cell-death (BAD), p21 (encoded by CDKN1A), p27 (encoded by CDKN1B), 

members of the forkhead transcripƟ on factor family (FOXO1, FOXO3 and FOXO4) and mTOR 

acƟ vity regulator tuberous sclerosis 2 (TSC2) [22, 27, 44, 45] (Figure 2). PhosphorylaƟ on of TSC2 

can impair the ability of the TSC1/2 complex to inhibit the mTORC1 complex, which ulƟ mately 

leads to its acƟ vaƟ on [46]. This complex is also directly acƟ vated by pAKT, which leads to 

enhanced translaƟ on of mRNA into protein, a hallmark of many cancers [22, 27, 45, 46]. Recently, 

it was discovered that loss or inacƟ vaƟ on of the TSC1/2 complex not only leads to acƟ vaƟ on of 

the mTORC1 complex, but also results in upregulaƟ on of PTEN [47, 48]. This feedback mechanism 

prevents overacƟ vaƟ on of the mTORC1 complex via inhibiƟ on of AKT phosphorylaƟ on by PTEN 

(Figure 2). Changes in phosphorylaƟ on of AKT downsteam targets alter the acƟ vity and/or 

localizaƟ on of these proteins within the cell, which in turn aff ects processes such as proliferaƟ on, 

apoptosis, cell size, polarity, metabolism, adhesion, migraƟ on and angiogenesis [27, 43, 49-51] 

(Figure 2). 

 Although regulaƟ on of the AKT pathway seems to be a major funcƟ on of PTEN, PTEN can 

have some funcƟ ons independent of the AKT pathway. For example, the JNK signaling pathway 

was idenƟ fi ed as a funcƟ onal target of PTEN [52]. Furthermore, some new funcƟ ons of PTEN 
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were proposed independent of the lipid phosphate acƟ vity of PTEN, which is thought to occur 

mostly at the cell membrane [45]. For example, the binding of PTEN to centromere C1 (CENP-C1) 

is required for centrosome stability, and its nuclear localizaƟ on may be required for DNA double-

strand break (DSB) repair mediated by DNA repair protein RAD51 [53]. This mechanism was 

proposed to play a role in the protecƟ on against chromosomal instability. In addiƟ on, regulaƟ on 

of the tumor suppressor funcƟ on of anaphase-promoƟ ng- complex (APC) and its regulator 

E-Cadherin (encoded by CDH1) in the nucleus, independently of the lipid phosphatase acƟ vity, 

is menƟ oned as a new funcƟ on of PTEN [54]. Finally, increasing evidence suggests that PTEN 

controls stem cell self-renewal [55, 56]. 

PI3K
PIP3

PIP2
PTEN

AKT

BAD, MDM2, CASP9
Apoptosis 

FOXO, p21, p27
Prolifera�on

GF

RTK p pp

pp

p
p

TSC1/2

GSK3
Glycogen synthesis 

mTORC1 complex
Protein synthesis

PDK1

Polarity

Migra�on,
Adhesion 

Angiogenesis

Figure 2. An overview of AKT-dependent targets of PTEN and the biological processes regulated 
by PTEN. In blue: AKT/PTEN targets, In black: biological processes. GF: growth factor, RTK: receptor 
tyrosine kinase. The grey arrow indicates the new feedback loop recently idenƟ fi ed [47, 48].

 

1.2.2 PTEN alteraƟ ons in prostate cancer
The tumor suppressor gene PTEN is the most frequently inacƟ vated gene in prostate cancer. 

SomaƟ c alteraƟ ons of PTEN are not only common in prostate cancer, but also in glioblastomas and 

endometrial cancers [22]. Germ line mutaƟ ons of PTEN are the cause of the cancer suscepƟ bility 
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syndromes Cowden disease, LhermiƩ e-Duclos disease, Bannayana-Riley-Ruvalcaba syndrome, 

and Proteus-like syndrome [22, 27]. PaƟ ents suff ering these syndromes show developmental 

disorders, develop hamartomas and are prone to develop cancer, especially breast, thyroid and 

endometrium cancer. This confi rms that PTEN is a gene with crucial funcƟ ons in development 

and tumor suppression.

 In the prostate, mono-allelic loss of PTEN is detected in approximately 25% of the PIN lesions, 

whereas in clinically localized tumors loss one copy of 10q23 is observed in 30-60% of the paƟ ents 

[16, 22, 27]. In metastaƟ c prostate cancer somaƟ c PTEN alteraƟ ons, including bi-allelic deleƟ ons, 

are detected most frequently [22]. Complete deleƟ on of PTEN can occur in up to 50% of the 

metastaƟ c prostate tumors and less frequently in primary prostate tumors, in ~15% of the cases 

[22]. Next to inacƟ vaƟ on by loss, PTEN can also be inacƟ vated by mutaƟ on [22, 27]. Mutated PTEN 

is detected in approximately 15% of the primary prostate cancers [22]. In prostate cancer PTEN 

inacƟ vaƟ on is associated with an unfavorable prognosis [22, 57-59].

 

1.3 The TP53 tumor suppressor gene 
TP53 is a DNA-binding protein containing transcripƟ on acƟ vaƟ on, DNA-binding, and 

oligomerizaƟ on domains. It binds to p53-binding sites and acƟ vates expression of downstream 

genes, like CDKN1A encoding P21, BAX and BCL2, which inhibit tumor growth and/or invasion 

[60, 61]. The transcripƟ on factor TP53 responds to diverse cellular stresses to regulate target genes 

that induce processes, including cell cycle arrest, apoptosis, senescence, DNA repair, or changes 

in metabolism. In human tumors TP53 is frequently inacƟ vated. AlteraƟ on of TP53 expression by 

genomic loss or alteraƟ on of its properƟ es by point mutaƟ on can aff ect all processes described 

above [60-62]. Recently, new funcƟ ons of TP53 were proposed, like inhibiƟ on of the infl ammatory 

response, inhibiƟ on of stem cell renewal and micro-RNA (mi-RNA) regulaƟ on [63-66].

 Germ-line mutaƟ ons of TP53 are the cause of Li-Fraumeni syndrome, which predisposes 

to develop of a variety of tumors, including sarcomas, breast tumors, brain tumors and 

adrenocorƟ cal tumors, during childhood and in adult life [60, 67, 68]. In human tumors TP53 is 

most frequently altered by genomic loss or mutaƟ on, whereas TP53 can also be inacƟ vated by 

gene amplifi caƟ on of key negaƟ ve regulators of TP53, such as MDM2 and MDM4 [60, 61]. Loss 

of properly funcƟ oning of TP53 is associated with an unfavorable prognosis in various types of 

cancer [20, 69]. 

 As discussed, loss of one TP53 allele is observed in ~30% of the prostatectomy and biopsy 

samples, however loss of the TP53 locus at 17p13 occurs most frequently in advanced prostate 

cancer [10, 20]. In addiƟ on to loss of heterozygozity, TP53 mutaƟ ons occur in prostate [70, 71]. 

InacƟ vaƟ on of TP53 can also be caused by overexpression of MDM2 and MDM4 [60, 61]. In 

contrast to high expression of MDM2 in advanced prostate cancer associated with distant 

metastasis and poor prognosis, overexpression of MDM4 is not reported [72, 73]. 
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2. MOUSE MODELS OF PROSTATE CANCER

To increase insight into mechanisms of prostate tumorigenesis and the role of individual genes 

in this process, in vivo models for prostate cancer are needed. Although in vitro growing prostate 

cancer cell lines have their advantages, they also have their limitaƟ ons. To obtain more knowledge 

of the complex three-dimensional growth of prostate tumors in humans, in vivo experimental 

systems, like mouse models, have to be used. TransplantaƟ on experiments on immuno-defi cient 

mice and the use of geneƟ cally engineered mouse models (GEMMs) that mimic human disease 

are crucial for validaƟ ng the importance of geneƟ c events in prostate cancer [74, 75]. In in vivo 

model systems the interacƟ on between diff erent cell types can be studied. UlƟ mately, these 

models can provide a plaƞ orm for preclinical tesƟ ng of novel therapies for prostate cancer 

paƟ ents. Here mouse models of prostate cancer are discussed with a special focus on GEMMs.

 The fi rst in vivo models of prostate cancer were rats, which developed spontaneous 

prostate tumors, in contrast to mice [76, 77]. The best-defi ned rat model is the Dunning model, 

characterized by development of well-diff erenƟ ated, non-metastaƟ c and slow-growing tumors. 

 Despite the diff erence in prostate anatomy between humans and mice, much eff ort has been 

put in manipulaƟ ng mice in such a way that they develop prostate cancer that recapitulates 

human disease. The mouse prostate has a lobular structure with four lobes, the anterior, ventral, 

dorsal and lateral lobe (Figure 3A, leŌ ), whereas the human prostate is divided in three zones; 

the peripheral zone, the central zone and the transiƟ onal zone (Figure 3A, right). Based on gene 

expression data, it was proposed that the dorsal and lateral mouse prostate lobes most closely 

resemble the peripheral zone of the human prostate, where most prostate tumors develop 

[78, 79]. However, a consensus was reached by experts that no direct relaƟ onship exists between 

any of the mouse prostate lobes and zones of the human prostate [76]. Furthermore, the process 

of tumorigenesis and the histopathology is diff erent in mice as compared to humans [76]. Despite 

all concerns, the mouse is one of the best animals to model cancer, including prostate cancer, 

because the sequence of genomes of mouse strains is largely known. Another advantage of 

mouse models is that mice are relaƟ vely easy to geneƟ cally modify and because of the size and 

the short gestaƟ on Ɵ me, it is pracƟ cal and aff ordable to house and breed mice for scienƟ fi c 

research. 

 Both the human and mouse prostate consists of ducts lined by three diff erent types of 

epithelial cells: luminal epithelial cells, basal epithelial cells and neuroendocrine cells (Figure 3B). 

At the apical side, prostate ducts are lined by a single layer of luminal epithelial cells which are 

dependent on androgens for their funcƟ on and survival and produce prostaƟ c fl uid. The basal 

epithelial cell layer is located beneath the layer of luminal epithelial cells. Neuroendocrine cells 

are very rare epithelial cells, interspersed between other epithelial cell types. 
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These subtypes of epithelial cell types diff erenƟ ally express cell-type specifi c markers. For 

example, luminal epithelial cells express CytokeraƟ n 8 and 18, CytokeraƟ n 5 and 14 and P63 

are expressed by basal epithelial cells and neuroendocrine cells express Chromogranin A and 

Synaptophysin. In contrast to the high AR expression levels in luminal epithelial cells and the low 

to negaƟ ve AR staining in basal epithelial cells, neuroendocrine cells do not express AR.

 

A B

Figure 3. SchemaƟ c overview of the prostate anatomy. (A) SchemaƟ c comparison of mouse (leŌ ) and 
human (right) anatomy. (B) SchemaƟ c depicƟ on of the cell types within a cross-secƟ on of a prostate 
duct. This fi gure is adapted from [80]. 

In the 1980s the fi rst generaƟ on GEMMs was generated through zygote pronuclear injecƟ on 

methods that allowed the addiƟ on of any cloned gene to the germ line to determine eff ects 

of expression of a parƟ cular gene on the phenotype [81]. AŌ er injecƟ on of DNA containing 

the transgene in a pronucleus of a ferƟ lized zygote, an oocyte, two-cell stage embryos are 

reimplanted into the oviducts of pseudopregnant foster mothers. A disadvantage of this method 

to generate transgenic models is that the transgene will be randomly integrated in the mouse 

genome [82, 83]. 

 An alternaƟ ve method frequently applied to generate a GEMM involves the use embryonic 

stem (ES) cells and constructs designed to homogonously recombine into the genome. ES cells 

are derived from the inner cell mass of a mouse blastocyst. These cells can be transfected or 

injected with DNA constructs designed to undergo homologous recombinaƟ on with regions of 

idenƟ cal sequence in the genome. In contrast to microinjecƟ on of oocytes, this procedure allows 

the modifi caƟ on of a specifi c gene in the genome. GeneƟ cally modifi ed ES cells are implanted 

in blastocysts, which will be implanted in the uterus of a pseudopregnant foster mother [82, 83]. 

Recent progress in mouse geneƟ c engineering technology has led to generaƟ on of a new series 

of mouse models for cancer research [84]. Several new technique are used, including generaƟ ng 
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models with inducible mutaƟ ons or enƟ re human loci, to generate novel mouse models of 

prostate cancer [85, 86]. 

2.1 ConvenƟ onal and condiƟ onal geneƟ cally engineered mouse models of prostate cancer
Two types of GEMMs can be discriminated, convenƟ onal and condiƟ onal models. In convenƟ onal 

mouse models the geneƟ c alteraƟ on is present in all cells and Ɵ ssues of the mouse and might 

be expressed at all developmental stages. In condiƟ onal mouse models the alteraƟ on of the 

gene of interest can be induced by, for example, the use of a specifi c promoter or virus infecƟ on. 

Then, the modifi caƟ on takes place in specifi c cells and Ɵ ssues and/or at a specifi c Ɵ me point. 

CondiƟ onal mouse models are useful to circumvent embryonic lethality of a geneƟ c alteraƟ on or 

to study the eff ect of an alteraƟ on in a specifi c cell populaƟ on. The DNA recombinaƟ on technique 

most frequently used for condiƟ onal inacƟ vaƟ on or acƟ vaƟ on of a gene is the bacterial Cre-loxP 

system [77]. In mouse models using the Cre-loxP system, a specifi c promoter drives the expression 

of the sequence specifi c DNA recombinase Cre, which mediates intramolecular recombinaƟ on 

and deleƟ on of DNA between the 34bp loxP sequences. 

 It is also possible to regulate DNA recombinaƟ on in condiƟ onal models by, for example, using 

inducible variants of Cre, like the tamoxifen-inducible variant (CreERTM) [87]. Here, a fusion 

gene is created between Cre and a mutant form of the ligand-binding domain of the estrogen 

receptor (ERTM). This mutant prevents binding of the natural ligand (17β-estradiol) at normal 

physiological concentraƟ ons, but renders the ERTM domain responsive for tamoxifen, a drug 

normally funcƟ oning as an antagonist of the estrogen receptor. Upon addiƟ on of tamoxifen, Cre 

can be expressed and DNA recombinaƟ on takes place. 

 For the generaƟ on of condiƟ onal mouse models for prostate cancer either the prostate 

specifi c, androgen regulated rat probasin (PB) or the human prostate specifi c anƟ gen (PSA) 

promoter is most frequently used. In these models, the PB or PSA promoter drives the expression 

or inacƟ vaƟ on of a gene specifi cally in the mouse prostate. Recently Nkx3.1-CreERT2 mice 

were added to the transgenic prostate specifi c mouse lines [88]. In condiƟ onal prostate cancer 

models, several versions of the PB promoter can be used [77, 89]. Next to the short PB promoter 

(-426/+28 bp), a longer (12kb) fragment of the PB promoter can be used, which elicits a higher 

expression level than the short version. To generate a PB promoter effi  cient in direcƟ ng high 

expression levels specifi cally in the prostate, the composite ARR2PB promoter was created. In 

this promoter two androgen responsive elements regions (ARR) were linked to the PB promoter. 

The PSA promoter used for prostate specifi c transgene expression was a 6 kb fragment, which 

mimics the prostate specifi c and androgen regulated expression of the endogenous PSA gene in 

humans [90]. As menƟ oned, in addiƟ on to the prostate specifi c PB and PSA promoter, the Nkx3.1 

promoter was used in condiƟ onal mouse models of prostate cancer [88]. Furthermore, models 

were generated using other promoters proposed to be prostate specifi c, like the C3, PSP94 and 
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MMTV promoter [77, 89]. Mouse models driven by these promoters show no alteraƟ ons specifi c 

to the prostate and histological abnormaliƟ es were detected in a broader range of Ɵ ssues. An 

overview of the condiƟ onal mouse prostate cancer models driven by the PB, PSA or Nkx3.1 

promoter is given in Table 1. A selected number of mouse models of prostate cancer will be 

discussed below.

Table 1. Overview of prostate specifi c condiƟ onal mouse models for prostate cancer.

Mouse model GeneƟ c 
background

Phenotype Reference

PB-targeted

PB-AR FVB/N PIN [91]

PB-AR FVB/N No phenotype [92]

PB-AR T857A FVB/N No phenotype [92]

PB-AR E231G FVB/N MetastaƟ c prostate carcinoma [92]

PB-Cre;AR-loxP/loxP C57BL/6 Dediff erenƟ aƟ on of prostate epithelium [93]

PB-AKT1 FVB/N PIN [94]

PB-Cre;APC-loxP/loxP Mixed Invasive prostate carcinoma [95]

PB-Bcl2 C57BL/6 No phenotype [96]

PB-Cre;Brca2-loxP/loxP Mixed PIN [97]

PB-Cre;Catnb-+/loxP C57BL/6 Invasive prostate carcinoma [98]

PB-Erbb2 FVB/N PIN [99]

PB-EcoR1 FVB/N Invasive prostate carcinoma [100]

PB-ERG FVB/N PIN [101] 

PB-ERG 129 PIN [102]

PB-ETV1 FVB/N PIN [38]

PB-ETV1 Mixed Prostate hyperplasia/PIN [103]

PB-ETV1 Mixed PIN [103]

PB-FGF2 Mixed Prostate hyperplasia [104]

PB-FGF7 C57BL/6 Prostate hyperplasia [105]

PB-FGFR2iiib C57BL/6 Prostate hyperplasia [105]

PB-FGF8b Mixed PIN [106]

PB-iFGFR1 FVB/N MetastaƟ c sarcoma, invasive prostate 
carcinoma

[107]

PB-FGFR1 K656E FVB/N PIN [108]

PB-Fos FVB/N No phenotype [100]

PB-Hepsin C57BL/6 DisorganizaƟ on basement membrane [109]

PB-IGF1 Mixed No phenotype [110]

PB-IGF1des FVB/N Prostate hyperplasia [111]

PB-Cre;K-ras+/V12 C57BL/6 Invasive prostate carcinoma [98]
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Mouse model (ConƟ nued) GeneƟ c 
background

Phenotype Reference

PB-targeted

PB-15-LO-1 C57BL/6 PIN [112]

PB-Myc-low FVB/N Invasive prostate carcinoma [113]

PB-Myc-High FVB/N Invasive prostate carcinoma [113]

PB-Cre;Z-Myc Mixed PIN [114]

PB-Neu C57BL/6 Invasive prostate carcinoma [115]

PB-Cre;Pten-loxP/loxP Mixed MetastaƟ c prostate carcinoma [116]

PB-Cre;Pten-loxP/loxP Mixed Invasive prostate carcinoma [117]

PB-CreERTM;Pten-loxP/loxP Mixed Invasive prostate carcinoma [118]

PB-rPRL Mixed Prostate hyperplasia [119]

PB-p110ß FVB/N PIN [120]

PB-Cre;p44/WDR44-loxP/loxP C57BL/6/J PIN [121]

PB-HRAS Mixed PIN [122]

PB-Cre;RB1-loxP/loxP C57BL/6 PIN [123]

PB-SKP2 CD1 PIN [124]

PB-SV40 large T anƟ gen B6D2F1 Invasive prostate carcinoma [125]

PB-SV40 largeT/smallT (TRAMP) C57BL/6 MetastaƟ c prostate carcinoma [126]

PB-SV40 LargeT, line 12T-7f (Lady model) CD1 Invasive prostate carcinoma [127]

PB-SV40 LargeT, line 12T-10 (Lady model) CD1 MetastaƟ c prostate carcinoma [128]

PB-Trp53/His273 B6SJLF2 PIN [129]

PB-Cre;Trp53-loxP/loxP Mixed PIN [130]

PB-Cre;Trp53-loxP/loxP Mixed No phenotype [131]

PSA-targeted

PSA-Cre;Nkx3.1-loxP/loxP C57BL/6 PIN [132]

PSA-Cre-ERTM;Pten-loxP/loxP Mixed Invasive prostate carcinoma [133]

PSA-Cre;Pten-loxP/loxP Mixed MetastaƟ c prostate carcinoma [134]

Nkx3.1-targeted

Nkx3.1-CreERT2;Pten-loxP/loxP Mixed PIN and microinvasive carcinoma [88]

PIN: Prostate intraepithelial neoplasia

2.2 First generaƟ on mouse prostate cancer models 
The fi rst prostate cancer model was the transgenic adenocarcinoma mouse prostate model 

(TRAMP) [126]. In this model overexpression of the SV40 small and large T anƟ gen in prostate 

epithelium is driven by the short PB promoter. TRAMP mice develop lesions resembling PIN by 

10 weeks of age in the ventral and dorsolateral lobe of the prostate and invasive adenocarcinoma 

was observed at 12 weeks. Elevated levels of nuclear P53 and a heterogeneous staining paƩ ern 

of the AR was observed in prostate tumors of these mice. In older TRAMP mice (18-24 weeks) 
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distant prostate cancer metastases were observed [135]. MetastaƟ c prostate cancer cells were 

found in lymph nodes, lung, kidney, adrenal glands and bone.

 In the LADY model the large version of the PB promoter was used to drive the expression 

of the SV40 Large T anƟ gen [80]. The disease progression in this prostate cancer model is less 

aggressive than in TRAMP mice. All mice develop prostate tumors without metastases at older 

age (12-20 weeks). Remarkably, prostate tumors of both TRAMP and LADY mice expressed 

neuroendocrine markers, like synaptophysin. Neuroendocrine transdiff erenƟ aƟ on in human 

prostate cancer is associated with prostate cancer progression and worse prognosis [136].

2.3 Single gene overexpression mouse prostate cancer models
2.3.1 Mouse prostate cancer models with overexpression of ERG and ETV1 
As discussed in paragraph 1, fusion genes involving ETS transcripƟ on factors are genomic 

alteraƟ ons already detected in PIN lesion and most prominent in localized primary prostate 

cancer. Mouse models can be used to unravel to the funcƟ on of individual ETS gene family 

members [137, 138]. For example, homozygous convenƟ onal Etv1 knockout mice exhibited 

postnatal lethality by 5 weeks of age, probably caused by neural defects. 

 To unravel the funcƟ on of overexpression of two ETS transcripƟ on factors frequently involved 

in fusion genes in prostate cancer, ERG and ETV1, and its truncated variants, targeted mouse 

prostate cancer models were generated. ARR2PB;ERG mice with targeted expression of the most 

commonly expressed variant of human truncated ERG (exon 4-11) [101, 102] were generated, 

whereas in other studies ARR2PB;TMPRSS2(exon1)-ERG(exon4-11) mice were characterized [139] 

(Korsten et al., unpublished results). The reported prostate phenotypes in these mouse models 

with ERG overexpression varied from PIN with nuclear atypia, hyperchromasia and macronucleoli 

to a normal prostate histology [101, 102, 139, 140] (Korsten et al., unpublished results). In ARR2PB-

ERG mice which developed PIN lesions, loss of basal epithelial cell markers and smooth muscle 

acƟ n staining was observed [101, 102]. None of the transgenic mice with ERG overexpression 

developed prostate cancer, suggesƟ ng that addiƟ onal events are required for tumor formaƟ on. 

 The group of Tomlins and colleagues characterized a mouse model with overexpression of 

an ETV1 isoform (exon 5-12) driven by the ARR2PB promoter [38]. AŌ er 3 months, PIN lesions 

were detected in ~75% of the prostates of these transgenic mice. None of these mice developed 

prostate tumors at older age. In prostate cancer paƟ ents both overexpression of truncated and 

full-length ETV1 can be observed [38, 39]. To compare the eff ect of targeted overexpression of full-

length and truncated ETV1, both ARR2PB-ETV1 and ARR2PB-ETV1(exon 6-12) mice, expressing 

the most common ETV1 variant, were generated and characterized [103]. Mice overexpressing 

full-length ETV1 developed PIN lesions at older age (>12 months), whereas in prostates of 

ARR2PB-ETV1(exon6-12) mice both prostate hyperplasia and PIN lesions were observed aŌ er 6 
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months. Like the mouse models overexpressing (truncated) ERG, overexpression of full-length or 

truncated ETV1 seems not to be suffi  cient for tumor formaƟ on. 

2.3.2 The PB-Myc model 
Amplifi caƟ on of the c-MYC locus at 8q24 is observed in a considerable part of the prostate 

cancer paƟ ents (Paragraph 1). Two related mouse models were generated with prostate specifi c 

overexpression of human c-MYC [113]. In both models c-MYC expression is driven by the PB 

promoter, however the strength of the promoters used was diff erent. In the Lo-Myc model 

the transgene expression was driven by the short PB promoter, whereas in the Hi-Myc model 

the modifi ed ARR2PB promoter was used. Hi-Myc mice develop PIN lesions at 2 weeks of age 

and at 3-6 months the mice develop invasive adenocarcinoma. In prostates of Lo-Myc mice the 

prostate tumor development is slower and starts at 10-12 months. These data show that MYC 

overexpression in the prostate is suffi  cient to induce tumorigenesis and that the gene dosage 

aff ects the rate of disease progression. Recently, in a new mouse model of prostate cancer 

induced by c-MYC overexpression, loss of Pten and Trp53 was observed in early stages of prostate 

tumorigenesis [141]. 

2.3.3 The PB-Akt model 
Cell signaling mediated by acƟ vated AKT occurs frequent in tumors, including prostate tumors. 

As discussed in paragraph 1.2 in prostate tumors AKT is acƟ vated by inacƟ vaƟ on of PTEN. To 

invesƟ gate whether AKT acƟ vaƟ on in normal epithelial cells is suffi  cient for transformaƟ on, 

transgenic mice were generated with acƟ vated human AKT expression in luminal epithelial cells 

driven by the short version of the PB promoter (PAKT mice) [94]. In this mouse model, downstream 

targets of AKT, such as GSK3 and P70S6K, were phosphorylated, indicaƟ ng that the acƟ vated AKT 

was funcƟ onal. PAKT mice did not develop prostate carcinoma, but PIN lesions were observed in 

prostates of these mice. Expression profi ling showed that markers for neovascularizaƟ on were 

higher expressed in prostates of PAKT mice as compared to prostates of control liƩ ermates. 

This model shows that phosphorylated, acƟ vated AKT regulates biological processes, but is 

insuffi  cient for tumor formaƟ on. 

2.3.4 The androgen receptor mouse models of prostate cancer 
As menƟ oned before, in CRPC aberrant acƟ vaƟ on of the AR pathway is frequently observed [5-9]. 

To study the eff ect of alteraƟ on of the AR in prostate cancer, mouse models with prostate specifi c 

overexpression of mutant or wild type AR driven by the short PB promoter were generated 

[89, 91, 92]. AR overexpression caused prostate dysplasia resembling PIN lesions in humans in 

45% of the older mice (>12 months) [89, 91]. These mice never developed prostate carcinoma, 

indicaƟ ng that sole AR overexpression in luminal cells is insuffi  cient to induce prostate cancer. 
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In addiƟ on to these mice, mouse models were generated with targeted expression of two types 

of mutant AR, the AR-T857A (mouse AR equivalent to human T877A AR mutant) and the AR-

E231G mutaƟ on [92]. Mice expressing the AR-T857A mutaƟ on were used to study the AR ligand 

binding response, whereas expression of an AR-E231G mutaƟ on leads to an altered AR funcƟ on. 

InteresƟ ngly, mice with targeted overexpression of wild type AR or the T857A AR mutant show 

no aberrant prostate histology up to 12 months, whereas mice with targeted expression of the 

E231G AR mutant develop PIN lesions at 12 weeks, which developed into metastaƟ c prostate 

cancer at 12 months of age. These data demonstrate that in contrast to a mutaƟ on in the ligand 

binding domain (LBD) of the AR (the T857A mutaƟ on), a mutaƟ on in the N-terminal domain 

(NTD) (E231G mutaƟ on), which leads to increased AR sensiƟ vity, can iniƟ ate cancer.

  In addiƟ on to studies on the eff ect of overexpression of wild type and mutant AR in the 

mouse prostate, the eff ect of targeted AR inacƟ vaƟ on was invesƟ gated [93]. ARR2PB-Cre driven 

inacƟ vaƟ on of the AR in prostate epithelial cells induced loss of diff erenƟ aƟ on, cell death of 

CK8/18+ luminal epithelial cells and proliferaƟ on of the remaining epithelium, especially the 

CK5+ basal epithelial cells. In older AR knockout mice (24 weeks), nearly all prostate ducts 

contained a dediff erenƟ ated epithelium with lack of glandular infolding. In line with these 

data decreased expression of androgen regulated genes, like Probasin, Psp94 and Nkx3.1, was 

detected in prostates of these targeted AR knockout mice. RestoraƟ on of AR funcƟ on via knockin 

of the consƟ tuƟ vely acƟ vated T857A AR mutant rescued the phenotype observed in prostates of 

targeted AR knockout mice. 

2.4 Single gene loss of funcƟ on mouse prostate cancer models 
2.4.1 The Nkx3.1 knockout mouse model 
Loss of chromosome 8p harbouring the homeobox gene NKX3.1 is detected in more than 

half of the prostate cancer paƟ ents (Paragraph 1). Although specifi c NKX3.1 inacƟ vaƟ on by 

homozygous deleƟ on or mutaƟ on is not detected in prostate cancer, this gene is subject of 

invesƟ gaƟ ons, since NKX3.1 is involved in important processes in the prostate, like prostate 

development and diff erenƟ aƟ on [25, 26]. To invesƟ gate the eff ect of inacƟ vaƟ on of Nkx3.1 in 

the mouse prostate, Nkx3.1 knockout mouse models were generated. Complete inacƟ vaƟ on of 

Nkx3.1 in mice results in developmental eff ects of the prostate gland, including defects in ductal 

branching morphogenesis, reduced producƟ on of prostaƟ c secreƟ ons and induced hyperplasia 

and dysplasia of epithelial cells. This phenotype was observed both in mono-allelic as well as in 

bi-allelic Nkx3.1 knockout mice [142]. At older age (>1 year) homozygous Nkx3.1 knockout mice 

develop PIN lesions, which never progressed to invasive cancer [143]. 

PSA-Cre driven inacƟ vaƟ on of one or two fl oxed copies of Nkx3.1 specifi cally in the mouse 

prostate also resulted in the development of PIN [132]. Epithelial cells within PIN foci in prostates 

of heterozygous Nkx3.1 knockout mice had lost the wild type Nkx3.1 allele. InteresƟ ngly, in 
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both convenƟ onal and condiƟ onal Nkx3.1 knockout mice the diff erenƟ aƟ on status of luminal 

epithelial cells within PIN lesions was disturbed. This suggests that Nkx3.1 is an important gene 

to establish and maintain the terminal diff erenƟ aƟ on of luminal epithelial cells in the prostate. 

2.4.2 The Pten knockout mouse models 
The most intensively studied tumor suppressor gene in mouse cancer models is Pten. ConvenƟ onal 

Pten-/- mice have developmental defects and are embryonic lethal. Heterozygous Pten knockout 

mice are viable and are suscepƟ ble for tumor development [144, 145]. These mice develop a 

broad range of tumors, including germ cell, gonadostromal, thyroid and colon tumors. Prostates 

of Pten+/- mice contained foci of hyperplasƟ c and dysplasƟ c cells. These histological changes 

resembled those observed in paƟ ents suff ering the cancer predisposiƟ on syndrome Cowden 

disease caused by germline mutaƟ ons in PTEN [146]. Recently, in addiƟ on to convenƟ onal Pten+/- 

knockout mice, transgenic mice were generated carrying PTEN mutaƟ ons idenƟ fi ed in paƟ ents 

with Cowden disease, the C124R and G129E PTEN mutaƟ ons [84]. During development similar 

abnormaliƟ es were observed in these mutant Pten mice, however the frequency and severity 

of proliferaƟ ve lesions/tumors at older age (9 months) was diff erent. This allele-specifi c tumor 

spectrum may explain diff erences in cancer suscepƟ bility between paƟ ents suff ering Cowden 

disease. 

 To study the eff ect of complete Pten inacƟ vaƟ on in the prostate, condiƟ onal mouse prostate 

cancer models were generated based on Pten inacƟ vaƟ on driven by the prostate specifi c, 

androgen dependent PB, PSA and Nkx3.1 promoter [88, 116, 117, 134]. In these models, embryonic 

lethality caused by complete Pten inacƟ vaƟ on in convenƟ onal mouse models was circumvented. 

Bi-allelic PB-Cre targeted Pten knockout mice developed prostate hyperplasia by 4 weeks 

of age, PIN lesions at 6 weeks and ulƟ mately invasive prostate tumors were observed at full 

penetrance (>9 weeks) [116]. Lymphovascular invasion resulƟ ng in prostate cancer metastases 

in lymph nodes and pulmonary alveolar spaces was detected in ~50% of the homozygous Pten 

knockout mice at older age (>12 weeks). To test the androgen responsibility of Pten negaƟ ve 

tumor cells, targeted PB-Cre;Pten-loxP/loxP knockout mice were castrated at 16 weeks, when 

invasive tumor had already formed. Despite the induced apoptoƟ c response at 3 days post-

castraƟ on aŌ er castraƟ on in these mice, 2.5 months aŌ er castraƟ on a considerable amount 

of residual tumor cells was detected. These data indicate that the majority of cancer cells in 

this model are androgen dependent and do not survive androgen ablaƟ on therapy, in contrast 

to a subpopulaƟ on of cancer cells which does not depend on androgens. Expression profi ling 

revealed similariƟ es between Pten negaƟ ve prostate tumors and human prostate cancer. For 

example, genes associated with prostate cancer metastases, like Col1a1, Col1a2 and Myh11, 

were diff erenƟ ally expressed in this mouse model. 
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Like observed in PB-Cre;Pten knockout mice, PSA-Cre;Pten knockout mice also developed 

invasive prostate cancer [134]. Prostate cancer metastases were rare in this mouse model. Mono-

allelic Pten knockout mice developed hyperplasƟ c foci at older age (>10 months), which never 

progressed into prostate cancer. A major diff erence between PB-Cre and the PSA-Cre models is 

the latency Ɵ me for prostate tumor development. Complete Pten inacƟ vaƟ on in PB-Cre mice 

results in tumor development aŌ er 2.5 months, whereas in PSA-Cre driven Pten knockout mice 

tumors are observed at 10 months of age or older. Because of the slower process of prostate 

tumorigenesis in the PSA-Cre driven model, the process of tumor formaƟ on can be studied very 

accurately. Like the PB-Cre and PSA-Cre targeted model Pten knockout model, NKX3.1-CreERT2 

targeted Pten knockout mice can developed PIN with microinvasive cancer [88].

 In contrast to the TRAMP and LADY mouse model, targeted Pten knockout prostate cancer 

models develop prostate tumors composed of cells with characterisƟ cs of luminal epithelial cells. 

Here, most tumor cells expressed CytokeraƟ n 8 and AR, whereas expression of neuroendocrine 

markers in these cells was rare, like in human tumors. Although tumor cells in both the 

PB-Cre;Pten and PSA-Cre;Pten knockout models shared many characterisƟ c and showed large 

overlap in expression profi le, diff erent candidate tumor iniƟ aƟ ng cells were idenƟ fi ed. In our 

PSA-Cre targeted Pten knockout model Clu+Tacstd2+Sca-1+ cells in the luminal epithelial layer 

were proposed as tumor iniƟ aƟ ng cells [147], whereas in Pten knockout mice targeted by PB-Cre 

candidate tumor iniƟ aƟ ng cells located in the P63+ basal epithelial cell layer were idenƟ fi ed 

[148, 149]. 

 In addiƟ on to prostate specifi c Pten knockout mouse models, Pten knockout mice driven 

by the mouse mammary tumor virus (MMTV) promoter developed prostate cancer [150]. In 

these mice, Pten inacƟ vaƟ on was detected in mammary epithelial cells, epidermis, prostate and 

thymus, resulƟ ng in epidermal hyperplasia, invasive prostate carcinoma and thymic lymphomas. 

MMTV-Cre;Pten-loxP/loxP mice died of lymphoid malignancy at 3 months, making it impossible 

to study the progression and metastasis of prostate tumors. Analysis of lesions in the epidermis 

and the prostate suggested that in this mouse model neoplasia results from expansion of the 

basal epithelial cell populaƟ on. 

 Analysis of Pten knockout mice increased our knowledge of Pten, its funcƟ on in tumor 

development and the use of GEMM as models for human cancer. It was shown that Pten is 

haploinsuffi  cient in tumor suppression and that even a small variaƟ on in Pten expression level 

infl uences the phenotype observed in the mice [117]. Furthermore, Trotman and colleagues 

showed that the choice of the promoter determines the rate of prostate tumor development 

in these condiƟ onal Pten knockout mice due to diff erences in the strength of the promoter. The 

tumor development was faster in ARR2PB driven Pten knockout mice than in a mouse model 

driven by the short PB promoter. This eff ect was also observed in Myc transgenic mice (paragraph 

2.3.2). In addiƟ on, controlled ablaƟ on of Pten in Tamoxifen-inducible ARR2PB-CreER(T2);Pten-
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loxP/loxP and PSA-CreER(T2);Pten-loxP/loxP mice demonstrated that Ɵ ming of Pten inacƟ vaƟ on 

is crucial for the rate of prostate tumor development [118, 133]. 

 Studies of Pten knockout mice also increased our knowledge about signaling pathways and 

cellular processes controlled by Pten. For example, Pten knockout models showed that next 

to the Akt pathway, also the Erk pathway can be acƟ vaƟ on upon Pten inacƟ vaƟ on [151]. The 

acƟ vaƟ on of these pathways and possibly yet unknown mechanisms will lead to alteraƟ ons in 

cellular processes. Pten appeared to be essenƟ al for processes like proliferaƟ on, diff erenƟ aƟ on, 

regulaƟ on of cell size and stem/progenitor cell renewal [134, 147, 148, 152]. Furthermore, it 

was shown that Pten inacƟ vaƟ on in PB-Cre targeted mice induces the expression of cellular 

senescence markers in the prostate [131]. 

2.4.3 Trp53 knockout and mutant Trp53 mouse models 
In the last 20 years the molecular and biological signifi cance of TP53 mutaƟ ons and inacƟ vaƟ on of 

Trp53 was studied in geneƟ cally engineered mice [153]. In 1989, the fi rst convenƟ onal transgenic 

mice carrying mutant Trp53 were described and three years later the fi rst convenƟ onal Trp53 

knockout mice were characterized [154, 155]. Remarkably, both mice carrying the acƟ vaƟ ng 

Trp53 mutaƟ on and Trp53 knockout mice were viable and developed normally. This corresponds 

with a role for the tumor suppressor gene TP53 as responder to DNA damage and oncogenic 

stress, so, not surprisingly, both mouse models are prone to develop tumors. In these models the 

funcƟ on of Trp53 could be studied and insight into mechanisms of Trp53 protein stabilizaƟ on in 

tumor Ɵ ssue was provided by mutant Trp53 mouse models. Furthermore, analysis of the tumor 

spectrum of mutant Trp53 transgenic mice led to the discovery of germline Trp53 mutaƟ ons as 

the cause of most cases of Li-Fraumeni syndrome, a hereditary disorder with predisposiƟ on to 

develop cancer [68]. InteresƟ ngly, next to the enhanced tumor suscepƟ bility caused by loss of 

Trp53 funcƟ on, reduced longevity was observed in these mice [156]. 

 RestoraƟ on of the Trp53 funcƟ on in Trp53 knockout mice leads to regression of the 

tumor, however the mechanism of tumor suppression appeared to depend on the Ɵ ssue type 

[153, 157, 158]. In lymphomas restoraƟ on of Trp53 funcƟ on induces apoptosis, whereas in 

sarcomas and liver tumors a cellular senescence response was observed. InteresƟ ngly, transgenic 

mice with an extra copy of Trp53 (Super p53 mice) confi rmed that Trp53 is an important tumor 

suppressor gene [153, 159]. These mice are resistant to tumor formaƟ on and show no premature 

aging. 

 The phenotype observed in mutant Trp53 mice depends on the type of Trp53 mutaƟ on, 

which is introduced [153]. For example, mice carrying the R172H mutaƟ on developed 

spontaneous, metastaƟ c tumors, whereas mice carrying the S389A mutaƟ on only showed skin 

tumor development aŌ er ultraviolet inducƟ on. Remarkably, even the tumor spectrum between 

convenƟ onal Trp53+/- and Trp53-/- mice was slightly diff erent [153]. Bi-allelic knockout Trp53-/- 
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mice developed mainly lymphomas and some soŌ  Ɵ ssue sarcomas, whereas Trp53+/- knockout 

mice developed lymphomas, soŌ  Ɵ ssue sarcomas and osteosarcomas in equal amounts.

 So far, three prostate specifi c ARR2PB-Cre driven Trp53 knockout mouse models are described 

[130, 131, 160]. In one of these models dysplasƟ c foci were observed in prostates of old Trp53 

knockout mice [130], whereas the other prostate specifi c Trp53 knockout mouse model showed 

no aberrant prostate histology [131]. In our laboratory PSA-Cre;Trp53-loxP/loxP knockout mice 

were generated (Korsten et al., to be published). The characterizaƟ on of these mice is described 

in Chapter 4. Furthermore, the eff ect of prostate specifi c expression of mutant TP53 with a 

mutaƟ on at amino acid 273 was invesƟ gated [129]. These mice developed PIN lesions containing 

cells with nuclear atypia. In prostates of these mice, expressing mutant TP53, the apoptoƟ c 

response was inhibited by castraƟ on. 

2.5 Double geneƟ cally engineered mouse models for prostate cancer
In addiƟ on to single geneƟ cally modifi ed mouse models for prostate cancer, double geneƟ cally 

engineered mouse models can be generated to address the quesƟ on whether synergism can 

be detected between pathways. These bigenic models are generated by crossing two diff erent 

geneƟ cally modifi ed mouse lines. They recapitulate beƩ er the complex human situaƟ on, because 

in prostate tumors mulƟ ple geneƟ c alteraƟ ons are found within one tumor. Because for prostate 

cancer the number of double transgenic mouse models is very large, here as an example mouse 

models involving the most frequently inacƟ vated tumor suppressor gene in prostate cancer Pten 

are discussed. The eff ect of secondary events in both convenƟ onal and condiƟ onal Pten knockout 

mouse models is discussed in paragraph 2.5.1. and 2.5.2. respecƟ vely.

2.5.1 The eff ect of a second event in convenƟ onal Pten+/- knockout mice
As described previously, convenƟ onal Pten+/- knockout mice develop PIN lesions at older age 

[144]. In contrast to the mono-allelic Pten knockout mouse model, in combinaƟ on with other 

geneƟ c alteraƟ ons the prostates in these double geneƟ cally engineered mice are more severely 

aff ected. For example, convenƟ onal Nkx3.1 knockout mice developed hyperplasia and dysplasia 

of the prostate epithelial cells [142]. InacƟ vaƟ on of Nkx3.1 in Pten+/- mice (Nkx3.1-/-Pten+/- 

and Nkx3.1+/-Pten+/- mice) resulted in the development of PIN lesions containing poorly 

diff erenƟ ated cells with prominent nucleoli and frequent mitoƟ c fi gures in most prostate lobes 

at 12 months of age [143, 161]. Correspondingly, in these prostate parts of Nkx3.1-/-Pten+/- 

knockout mice relaƟ vely more clusters of cells overexpressing pAkt were detected and the 

wild type Pten allele was frequently lost. ExaminaƟ on of the prostate histology showed lesions 

resembling adenocarcinoma in the dorsal-lateral lobes of Nkx3.1/Pten knockout mice at older 

age (>12 months) [161]. Part of these tumors (25%) metastasized to lymph nodes. Recent work 

demonstrated that a subpopulaƟ on of prostate epithelial cells in Nkx3.1/Pten knockout mice are 
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androgen independent for their growth [162]. It was proposed that acƟ vaƟ on of the Akt and Erk 

signaling in this mouse model promotes androgen-independent growth of prostate cells [162]. 

 Another tumor suppressor gene that can be inacƟ vated in advanced prostate cancer is 

CDKN1B, encoding p27 [163]. ConvenƟ onal Cdkn1b-/- mice develop prostate hyperplasia at older 

age which never progressed to prostate tumors [164]. InacƟ vaƟ on of this gene in convenƟ onal 

Pten knockout mice promoted prostate tumor development and had a negaƟ ve eff ect on the 

survival rate due to tumor formaƟ on in mulƟ ple organs, including the prostate. The proliferaƟ on 

rate in prostates of Cdkn1b-/-Pten+/- knockout mice was higher than in prostates of single 

knockout mice. EssenƟ ally similar data were described in a study where the INK4a/ARF gene, a 

negaƟ ve regulator of the cell cyclus, was inacƟ vated in Pten+/- mice. These mice also developed 

prostate cancer at older age, in contrast to the single knockout mouse models [165]. 

 As discussed in Chapter 1, PTEN inacƟ vaƟ on results in acƟ vaƟ on of the AKT pathway, so it is 

interesƟ ng to invesƟ gate whether it is possible to inhibit the process of PIN/tumor development 

in Pten knockout mice by inacƟ vaƟ on of Akt1 [166]. Complete inacƟ vaƟ on of Akt1 in Pten+/- mice 

signifi cantly inhibited the formaƟ on of PIN/tumorigenesis in several organs. The most profound 

eff ects were detected in the prostate, endometrium and the small intesƟ ne. In these organs 

even heterozygous loss of Akt1 had a negaƟ ve eff ect on PIN/tumor development. In line with 

these results, the expression levels of phosphorylated S6 (pS6) ribosomal protein, a marker for of 

the mTOR pathway acƟ vity, was lower in prostates of Pten+/-Akt1-/- knockout mice. These data 

confi rm that downstream targets of Akt1 are indeed aff ected in these mice. 

 The eff ect of inacƟ vaƟ on of an Akt downstream target, Tuberous scleroses (TSC) 2, in Pten+/- 

mice was also studied [134]. TSC2 inhibits the acƟ vaƟ on of the mTOR pathway. In contrast to 

Pten+/- mice, Pten+/-Tsc2+/- mice had a shorter survival Ɵ me and developed prostate cancer in 

75% of the mice at 8 months of age. In prostates of these mice the expression of Phospho-mTOR 

and its downstream target Phospho-p70S6 was increased as compared to single knockout mice. 

These data underscore the relevance of mTOR pathway acƟ vaƟ on for prostate tumorigenesis.

 In addiƟ on to Pten inacƟ vaƟ on in combinaƟ on with loss of funcƟ on of genes, the eff ect of 

oncogenic events was invesƟ gated in Pten+/- mice. As described prostate specifi c overexpression 

of truncated ERG in the mouse prostate did not result in a signifi cant phenotype and is insuffi  cient 

for prostate cancer development. Recently, mono-allelic loss of Pten in combinaƟ on with targeted 

overexpression of the most common ERG isoform was twice reported to promote prostate 

cancer development [139, 140]. Analysis of the prostate histology resulted in confl icƟ ng data. In 

one model at the age of 6 months all PB-ERG;Pten+/- mice developed prostaƟ c adenocarcinoma 

in contrast to PIN lesions observed in Pten+/- mice, whereas in another model overexpression 

of truncated ERG in combinaƟ on with mono-allelic Pten inacƟ vaƟ on only PIN lesions were 

observed. Targeted overexpression of the TMPRSS2-ERG fusion gene in PB-AKT transgenic mice 

resulted in more severe PIN lesions than observed in single AKT transgenic mice, but no tumors 
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was observed [139]. Remarkably, in prostates of PB-Cre;TMPRSS2-ERG;Myc mice no synergisƟ c 

eff ect of TMPRSS2-ERG and Myc overexpression was observed [139]. 

 Mono-allelic loss of Pten in PB-Erbb2 mice resulted in the development of adenocarcinomas 

[167]. The proliferaƟ on markers CyclinD1 and Pcna were high expressed in these tumors. 

EssenƟ ally idenƟ cal data were observed aŌ er overexpression of FGF8b in Pten+/- mice [168]. PB-

Cre driven FGF8b mice develop PIN lesions at older age. Mono-allelic loss of Pten in this model 

triggers the development of metastaƟ c adenocarcinomas at an age of 9 months or older. 

 Finally, Pten+/- mice were also crossed with TRAMP mice, which were known to develop 

prostate tumors (paragraph 2.2). In TRAMP mice haploinsuffi  ciency of the Pten gene promotes 

the progression of prostate cancer [169]. Pten+/-TRAMP mice developed larger prostate tumors 

at a faster rate than observed in Pten+/- or TRAMP mice. InteresƟ ngly, in 68% of the prostate 

tumors of Pten+/-TRAMP mice loss of the wild type Pten allele was found. The survival rate of 

these mice was inversely correlated to the dose of Pten.

 In conclusion, these data show that mono-allelic loss of Pten can have profound eff ects on the 

observed phenotype and the prostate characterisƟ cs in GEMMs. The eff ects observed depend on 

the mouse model used to test the eff ect of Pten inacƟ vaƟ on. 

2.5.2 The eff ect of a second geneƟ c event in condiƟ onal Pten knockout mice
Next to the eff ect of secondary events in convenƟ onal Pten+/- knockout mice, the impact of 

two geneƟ c alteraƟ ons was also studied in condiƟ onal Pten knockout mice. TP53 is frequently 

inacƟ vated in advanced prostate tumors (Paragraph 1). Combined PB-Cre driven inacƟ vaƟ on of 

both Pten and Trp53, resulted in an acceleraƟ on of the prostate tumor development compared 

to the cancer development in targeted Pten knockout [131, 160]. Targeted Pten/Trp53 knockout 

mice start to develop prostate tumors as early as 2 months of age. These tumors were 32-Ɵ mes 

bigger as compared to tumors in PB-Cre driven Pten knockout mice. A proposed mechanism 

important for this observed eff ect was the inhibiƟ on of TP53 dependent cellular senescence in 

Pten/Trp53 knockout mice. The analysis of prostate tumor development and progression in PSA-

Cre;Pten;Trp53 double knockout mice is described in Chapter 4.

 Another frequent event in prostate cancer is the overexpression of MYC (Paragraph 1). 

Loss of one Pten allele in a mouse model with targeted Myc overexpression induced cancer in 

~20 percent of the mice [114]. In this mouse model Pten loss induced acƟ vaƟ on of the c-jun 

N-terminal kinase (JNK) pathway, which appeared to be an anƟ -apoptoƟ c pathway. Remarkably, 

the p53-dependent cellular senescence response in Pten knockout mice was switched to an 

apoptoƟ c response by repression of P21 by c-Myc. In addiƟ on to this model, the eff ect of RAS 

pathway acƟ vaƟ on was also assessed in condiƟ onal Pten knockout mice [170]. Although sole RAS 

acƟ vaƟ on was not suffi  cient for prostate cancer iniƟ aƟ on, in combinaƟ on with Pten inacƟ vaƟ on 
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the prostate cancer progression was accelerated associated with epithelial-mesenchymal 

transiƟ on and macrometastases in all mice. 

 Recently, acƟ vaƟ on of the TGFβ/BMP-SMAD signaling was detected in prostate tumors of 

Pten negaƟ ve mice [171]. GeneƟ c co-deleƟ on of Smad4 in PB-Cre targeted Pten knockout mice 

resulted in full penetrance of invasive, metastaƟ c and letal prostate tumors. This suggests that 

SMAD4 can funcƟ on as a suppressor of tumor progression.

 These data again show that Pten loss can have profound eff ects on the characterisƟ cs of 

prostate lesions in GEMMs. Studies in these double geneƟ cally engineered mouse models will 

provide insight into the working mechanisms of PTEN. 
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3. SCOPE OF THIS THESIS

The invesƟ gaƟ ons described in this thesis are mainly focused on analysis of prostate tumorigenesis 

in mouse models of prostate cancer induced by targeted inacƟ vaƟ on of Pten, the most 

frequently inacƟ vated tumor suppressor gene in clinical prostate cancer. The characterizaƟ on 

of the mouse models increases our general knowledge of iniƟ aƟ on and progression of prostate 

tumor development. Although mice are not idenƟ cal to men, aspects of the mouse model will 

be of importance for human prostate cancer. In Chapter 2 we addressed the quesƟ on what the 

characterisƟ cs are of tumor iniƟ aƟ ng cells from which prostate hyperplasia/tumors developed 

in PSA-Cre;Pten-loxP/loxP knockout mice. The mechanism of hyperplasia development in 

PSA-Cre;Pten-loxP/loxP knockout mice was studied and candidate tumor iniƟ aƟ ng cells were 

idenƟ fi ed. In contrast to previous studies in diff erent models, the results showed that epithelial 

progenitor cells in the luminal epithelial cell layer can funcƟ on as tumor iniƟ aƟ ng cells. The later 

stages of prostate tumorigenesis in targeted Pten knockout mice are described in Chapter 3. 

CharacterizaƟ on of prostate tumors of Pten knockout mice showed histological heterogeneity. 

Furthermore, biological processes associated with tumorigenesis were idenƟ fi ed. Heterogeneity 

was also detected between in vitro growing prostate cancer cell lines derived from the targeted 

Pten knockout mice. As menƟ oned in Chapter 1, TP53 is frequently inacƟ vated in late stage clinical 

prostate cancer. The eff ect of Trp53 inacƟ vaƟ on in Pten knockout mice is described in Chapter 

4. Here also, the morphological, biological and molecular aspects of diff erent stages of tumor 

development were invesƟ gated and tumors were characterized. Cell lines derived from prostate 

cancers of either targeted Pten and Pten;Trp53 knockout mice were also used to invesƟ gate the 

eff ect of Trp53 inacƟ vaƟ on in tumor cells. In addiƟ on to the characterizaƟ on of mouse models 

as described in Chapter 2-4, gene expression array data of human prostate cancer samples were 

analyzed in an aƩ empt to idenƟ fy target genes of the ERG oncogene (Chapter 5). Here a new 

direct target gene of ERG was idenƟ fi ed. TMPRSS2-ERG gene fusion causing ERG overexpression 

is a common event in prostate cancer. Our data will help elucidaƟ ng the role of ERG in prostate 

cancer. Finally, in Chapter 6 the results described in this thesis are discussed and suggesƟ ons for 

further research are proposed. 
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ABSTRACT 

The PSA-Cre;Pten-loxP/loxP mouse prostate cancer model displays clearly defi ned stages 

of hyperplasia and cancer. Here, the iniƟ al stages of hyperplasia development are studied. 

Immunohistochemical staining showed that accumulated pAkt+ hyperplasƟ c cells overexpress 

luminal epithelial cell marker CK8, and progenitor cell markers CK19 and Sca-1, but not basal 

epithelial cell markers. By expression profi ling we idenƟ fi ed novel hyperplasƟ c cell markers, 

including Tacstd2 and Clu. Further we showed that at young age prostates of targeted Pten 

knockout mice contained in the luminal epithelial cell layer single pAkt+ cells, which overexpressed 

CK8, Sca-1, Tacstd2 and Clu; basal epithelial cells were always pAkt-. Importantly, in the luminal 

epithelial cell layer of normal prostates we detected rare Clu+Tacstd2+Sca-1+ progenitor cells. 

These novel cells are candidate tumor iniƟ aƟ ng cells in Pten knockout mice. Remarkably, all 

luminal epithelial cells in the proximal region of normal prostates were Clu+Tacstd2+Sca-1+. 

However, in PSA-Cre;Pten-loxP/loxP mice, the proximal prostate does not contain hyperplasƟ c 

foci. Small hyperplasƟ c foci in prostates of PSA-Cre;Pten-loxP/+ mice found at old age, showed 

complete Pten inacƟ vaƟ on and a progenitor marker profi le. Finally, we present a novel model of 

prostate development and renewal, including lineage-specifi c luminal epithelial progenitor cells. 

It is proposed that Pten defi ciency induces a shiŌ  in the balance of diff erenƟ aƟ on to proliferaƟ on 

in these cells. 
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INTRODUCTION

Prostate cancer is the most common tumor in men in countries with a western lifestyle, and 

a major cause of cancer-related mortality [1]. Complete PTEN inacƟ vaƟ on is found in ~20% of 

primary prostate tumors and in up to 60% of prostate cancer metastases [2]. InacƟ vaƟ on of 

one PTEN allele is even more common. High frequency of PTEN inacƟ vaƟ on is found also in 

endometrium cancer and in glioblastoma [3]. Germ line mutaƟ ons of PTEN are the cause of 

Cowden disease and Bannayan-Zonana syndrome, which are characterized by hamartomas and 

predisposiƟ on to breast and thyroid tumors [2, 3]. 

 PTEN counteracts phosphoinosiƟ de-3-kinase (PI3K) signaling by balancing phosphaƟ dylinositol 

(4,5)-phosphate (PIP2) and phosphaƟ dylinositol (3,4,5)-phosphate (PIP3) levels in the cell 

[2-4]. PIP3 accumulaƟ on leads to phosphorylaƟ on of downstream targets, including AKT. As a 

consequence the acƟ viƟ es of further downstream eff ectors are modulated and cell biological 

funcƟ ons, including proliferaƟ on, apoptosis, cell size, polarity, metabolism, adhesion, migraƟ on 

and angiogenesis are changed [3-6]. Nuclear PTEN might play a role in maintaining genomic 

stability [7]. Moreover, it has recently been described that PTEN can control stem cell self-renewal 

[6, 8, 9]. 

 Complete Pten inacƟ vaƟ on in mice is embryonic lethal. Pten+/- mice are viable but develop 

several hyperplasƟ c and dysplasƟ c lesions in diff erent organs [10, 11]. CondiƟ onal Pten knockout 

mouse models confi rmed that Pten inacƟ vaƟ on plays an important role in cancer development 

and tumor progression. Mice with prostate-specifi c Pten inacƟ vaƟ on develop hyperplasia, mPIN 

and ulƟ mately prostate cancer [12-15]. 

 As fi rst idenƟ fi ed for hematopoieƟ c cells, it is now generally accepted that all Ɵ ssues contain 

rare Ɵ ssue-specifi c stem cells that are capable of self-renewal and of diff erenƟ aƟ on through 

asymmetrical cell division [16, 17]. These cells are not only essenƟ al for organogenesis during 

development, but also for Ɵ ssue renewal in the adult species. As clearly shown in diff erent 

types of leukemia, tumors might develop by modifi caƟ on of hematopoieƟ c stem cells or, 

alternaƟ vely, from mulƟ potent or lineage-specifi c progenitor cells that have acquired stem 

cell-like characterisƟ cs [18]. Although less clear, the same mechanism has been proposed for 

the development of solid tumors, including prostate cancer. According to the stem cell model, 

each tumor contains a small number of cells with properƟ es related to normal stem cells, that 

are essenƟ al for tumor maintenance [16, 19-21]. Complementary to the tumor stem cell theory, 

the clonal evoluƟ on model proposes that tumors can develop by expansion of dominant clones 

[22-24]. 

 Study of tumor development in mouse prostate cancer models can be instrumental in 

understanding human prostate cancer. In the normal human and mouse prostate, stem cells and 

progenitor cells, or transit-amplifying cells, are proposed to be present in the basal epithelial 
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cell layer [21, 25-27]. In addiƟ on, in mice, the proximal region of the prostate has been indicated 

as a putaƟ ve stem/progenitor cell niche [28-30]. So far, our knowledge of iniƟ al steps in tumor 

development in mouse models of prostate cancer is limited. In the Probasin(PB)-Cre induced 

Pten knockout model, Pten inacƟ vaƟ on in a p63+ stem/progenitor cell populaƟ on in the basal 

epithelial cell layer has been postulated [31]. In a prostate-specifi c Trp53/Rb knockout model, 

luminal/neuroendocrine progenitor cells in the proximal prostate have been indicated as 

potenƟ al tumor iniƟ aƟ ng cells [32]. 

 In the present study we invesƟ gated early steps in prostate tumor development in a diff erent 

targeted Pten inacƟ vaƟ on model, based on PSA-Cre expression. Previously, we described that 

in this model clearly defi ned stages of prostate hyperplasia and cancer can be discriminated 

[13]. Here we showed that hyperplasƟ c cells in Pten knockout mice have a phenotype of luminal 

epithelial progenitor cells, including overexpression of CK8, CK19 and Sca-1. By expression profi ling 

novel hyperplasƟ c cell markers were idenƟ fi ed. The fi rst hyperplasƟ c pAkt+ cells in prostates of 

young Pten knockout mice were found in the luminal epithelial cell layer. Importantly, we also 

idenƟ fi ed at low frequency novel lineage-specifi c progenitor cells in the luminal epithelial cell 

layer of normal prostates. Our fi ndings indicate that Pten inacƟ vaƟ on in this mouse model leads 

to accumulaƟ on of the novel idenƟ fi ed luminal epithelial progenitor cells by a drasƟ c change of 

the diff erenƟ aƟ on/proliferaƟ on balance of these cells. Although all cells in the luminal epithelial 

cell layer in the proximal prostate showed expression of the novel lineage-specifi c markers, 

hyperplasƟ c foci did not develop from this region of the prostate. 

RESULTS

HyperplasƟ c cells in prostates of PSA-Cre;Pten-loxP/loxP mice have a phenotype of luminal 
epithelial cells and express epithelial progenitor cell markers
Previously, we described prostate cancer development in PSA-Cre;Pten-loxP/loxP mice [13]. In 

prostates of 4-5 months (4-5m) old PSA-Cre;Pten-loxP/loxP mice hyperplasƟ c epithelial cells 

overexpress Phospho-Akt (pAkt) and the luminal epithelial markers CytokeraƟ ns 8/18 (CK8/18). 

HyperplasƟ c cells were negaƟ ve for the basal epithelial markers CytokeraƟ ns 5/14 (CK5/14). The 

androgen receptor (AR) was expressed at equal levels in normal and hyperplasƟ c prostates [13]. 

 In the present study we characterized by QPCR and immunohistochemistry hyperplasƟ c 

prostate cells of PSA-Cre;Pten-loxP/loxP mice. First, the expression of addiƟ onal progenitor, basal 

and luminal epithelial cell markers was analyzed at 2m and at 4-5m. At these ages prostates 

of PSA-Cre;Pten-loxP/loxP mice are for ~70% and >90% hyperplasƟ c, respecƟ vely (Figure S1A). 

Expression of Probasin and Nkx3.1, markers of diff erenƟ ated luminal cells, was much lower in 

hyperplasƟ c prostates, but CK8 was higher expressed in these Ɵ ssues. Low expression of the 
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basal epithelial cell markers CK5 and p63 was detected. InteresƟ ngly, expression of the epithelial 

progenitor cell marker CK19 [33, 34] was high in hyperplasƟ c prostates. Nkx3.1, CK8, CK19 and p63 

mRNA expression data were confi rmed by immunohistochemistry of normal and hyperplasƟ c 

prostates (4-5m) (Figure S1B-S1I). Nuclear Nkx3.1 staining was seen in luminal epithelial cells 

of normal prostates, but nuclei of hyperplasƟ c cells were hardly posiƟ ve (Figure S1B-S1C). A 

faint CK8 staining was observed at the apical side of luminal epithelial cells in normal prostates, 

whereas in hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP mice CK8 was overexpressed 

(Figure S1D-S1E). Importantly, CK19 was clearly higher expressed in hyperplasƟ c cells than in 

normal prostate epithelial cells (Figure S1F-S1G). HyperplasƟ c cells were negaƟ ve for the basal 

epithelial cell marker p63, but an apparent normal p63+ basal epithelial cell layer was present 

below a mulƟ layer of hyperplasƟ c cells (Figure S1H-S1I). From these data we conclude that 

Pten inacƟ vaƟ on in prostates of PSA-Cre;Pten-loxP/loxP mice results in the accumulaƟ on of 

hyperplasƟ c cells with luminal progenitor cell characterisƟ cs (Nkx3.1+/-CK8+CK19+p63-). 

Expression profi ling idenƟ fi es novel genes with high expression in hyperplasƟ c prostate 
epithelium 
Expression profi ling was performed to idenƟ fy novel genes diff erenƟ ally expressed in hyperplasƟ c 

prostates of PSA-Cre;Pten-loxP/loxP mice (4-5m). Principal Component Analysis (PCA) and 

unsupervised hierarchical clustering (Figure 1A and 1B) of the cDNA array data showed a clear 

diff erenƟ al gene expression profi le between hyperplasƟ c prostates and normal prostates.

 To idenƟ fy genes preferenƟ ally expressed in hyperplasƟ c prostate cells, diff erences in mean 

expression levels were calculated. The mouse progenitor/stem cell marker Sca-1 was one of the 

top twenty genes with the highest expression in hyperplasƟ c prostates (Figure 1C); CK19 was in 

the top fi Ō y diff erenƟ ally expressed genes (data not shown). Genes that showed high expression 

in hyperplasƟ c prostates by calculaƟ on of diff erences in mean expression level (Figure 1C), like 

Expi, Wfdc2, Tacstd2 (Trop2), Clu, Ppp1r1b, Sca-1 and CK19, were also found overexpressed by 

Signifi cance Analysis of Microarray (SAM) (Figure 1D). Full names of the top twenty overexpressed 

genes are listed in Table S1. A more extensive list of all signifi cantly upregulated or downregulated 

genes idenƟ fi ed by SAM analysis is provided in Table S2. Note that CK19 is in the top twenty of 

upregulated genes.
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Figure 1. IdenƟ fi caƟ on of new hyperplasƟ c cell markers in prostates of PSA-Cre;Pten-loxP/loxP 
mice. (A) Principal component analysis (PCA) of gene expression in normal prostates (blue circles) 
and hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP mice (red circles) at 4-5m. (B) Unsupervised 
hierarchical clustering of the gene expression profi les of fi ve normal prostates (NP) and fi ve hyperplasƟ c 
prostates (HP). Green indicates lower gene expression and red indicates higher expression. (C) 
The twenty genes with the largest diff erenƟ al expression in HP as compared to NP as determined 
by calculaƟ on of the diff erence in mean expression level. (D) Signifi cance Analysis of Microarrays 
(SAM) of the same samples as shown in C. Note that by SAM analysis essenƟ ally idenƟ cal genes 
were idenƟ fi ed as by calculaƟ on of the diff erence in mean expression level. (E) QPCR analysis of the 
fi ve genes with the highest expression in HP as compared to NP and of Sca-1. Each subgroup was 
composed of fi ve prostate samples. The expression levels in hyperplasƟ c prostates of 2m and 4-5m 
old mice and in prostates of control liƩ ermates are shown as average expression level +/- SE relaƟ ve 
to Hprt expression. (F-M) Immunohistochemical analysis of new hyperplasƟ c cell markers in NP and HP 
of PSA-Cre;Pten-loxP/loxP mice (4-5m). (F) Tacstd2 NP, (G) Tacstd2 HP, (H) Clu NP, (I) Clu HP, (J) Ppp1r1b 
NP, (K) Ppp1r1b HP, (L) Sca-1 NP and (M) Sca-1 HP. 
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The expression profi les of the fi ve genes with the highest overexpression in hyperplasƟ c prostates 

of targeted Pten knockout mice, Expi, Wfdc2, Tacstd2, Clu and Ppp1r1b (Figure 1C), and of Sca-1, 

were verifi ed by QPCR in prostates of Pten knockout mice and in normal prostates at 2m and at 

4-5m (Figure 1E). QPCR showed that the expression of Expi and Tacstd2 in PSA-Cre;Pten-loxP/

loxP mice was already high at 2m; Clu and Sca-1 showed a gradually increasing expression level. 

However, for Wfdc2 and Ppp1r1b the sharpest raise in expression was observed in completely 

hyperplasƟ c prostates (4-5m). 

 Next, expression of markers for which appropriate anƟ bodies were available, Tacstd2, Clu, 

Ppp1r1b and Sca-1, was studied by immunohistochemistry in normal and hyperplasƟ c prostates 

(Figure 1F-1M). Tacstd2 immunohistochemistry showed membrane staining in hyperplasƟ c 

Ɵ ssues, in agreement with its known locaƟ on as a transmembrane protein [35]. Clu was mainly 

present in the cytoplasm of hyperplasƟ c cells. As predicted from the QPCR data, the expression 

paƩ ern of Ppp1r1b in hyperplasƟ c cells was more heterogeneous. In agreement with the 

CK19 staining (Figure S1), Sca-1 staining indicated that hyperplasƟ c cells have a progenitor cell 

phenotype. 

 Genes with lower expression in hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP mice 

were also idenƟ fi ed both by calculaƟ on of the diff erence in mean expression level and by SAM 

(Figure 1C and 1D). The expression profi les of genes with the lowest expression in hyperplasƟ c 

prostates, Hs3st3b1, Ccdc16, Mcoln2, C1r and Mt1 (Figure 1C), were confi rmed by QPCR (Figure 

S2). Expression of all genes was already low in hyperplasƟ c prostates at 2m in PSA-Cre;Pten-loxP/

loxP mice. 

 

IniƟ al pAkt+ hyperplasƟ c cells in the luminal epithelial cell layer in prostates of PSA-
Cre;Pten-loxP/loxP mice express Clu, Tacstd2 and Sca-1 
To collect informaƟ on of candidate tumor iniƟ aƟ ng cells, we examined in detail the early 

development of hyperplasia in prostates of PSA-Cre;Pten-loxP/loxP mice, which starts at 4-5 

weeks (4-5w). Prostates of wild type mice at 4-5w were half the size of those of adult mice (2m 

and 4-5m) (Figure 2A). In contrast to prostate weights of older mice (2m and 4-5m), prostate 

weights of young PSA-Cre;Pten-loxP/loxP mice (4-5w) were not diff erent from control liƩ ermates 

(Figure 2A). At 4-5m the prostate weights of PSA-Cre;Pten-loxP/loxP mice were ~3-fold higher 

than those of controls, caused by the increased number and size of hyperplasƟ c cells. 
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Figure 2. Single pAkt+ luminal epithelial cells in prostates of young PSA-Cre;Pten-loxP/loxP mice 
(4-5w) are Clu+Tacstd2+Sca-1+. (A) Prostate weights (average +/- SE) of wild type mice and PSA-
Cre;Pten-loxP/loxP mice at 4-5w, 2m and 4-5m. (B) pAkt staining of hyperplasƟ c foci/cells in the 
luminal epithelial cell layer of a prostate of a 4-5w old PSA-Cre;Pten-loxP/loxP mouse. Magnifi caƟ ons 
of three indicated regions are shown in B1, B2 and B3. Arrow heads in B1 and B2 indicate single pAkt+ 
cells. Phospho-Akt staining of prostates of 2m (C) and 4-5m (D) old PSA-Cre;Pten-loxP/loxP mice shows 
that respecƟ vely ~70% and 100% of the luminal epithelial cells were pAkt+. (E) ConsecuƟ ve slides 
of a prostate of a 4-5w old PSA-Cre;Pten-loxP/loxP mouse stained for Clu, Tacstd2 and Sca-1 shows 
coexpression of these markers in a small hyperplasƟ c focus. Immunofl uorescent double stainings 
confi rmed co-localizaƟ on of (F) Tacstd2 and pAkt, (G) Clu and pAkt and (I) CK8 and pAkt. (H) pAkt+ cells 
were not observed in the p63+ basal epithelial cell layer. 

Phospho-Akt expression was used as marker of Pten inacƟ vaƟ on to visualize the fi rst Pten 

negaƟ ve cells. At 4-5w, scaƩ ered throughout all prostate lobes, single pAkt+ hyperplasƟ c cells and 

small pAkt+ foci were detected (Figure 2B). Importantly, all pAkt+ cells were exclusively present in 

the luminal epithelial cell layer and not in the basal epithelial cell layer. At 2m and at 4-5m ~70% 

and almost 100% of the luminal epithelial cells showed pAkt membrane staining, respecƟ vely 

(Figure 2C and 2D). Basal epithelial cells remained pAkt negaƟ ve. Sca-1 and the new hyperplasƟ c 

cell markers Clu and Tacstd2 were also expressed in the iniƟ al hyperplasƟ c foci (Figure 2E), but 

Ppp1r1b expression could not yet be detected in hyperplasƟ c cells at 4-5w (data not shown). 

 To allow accurate characterizaƟ on of iniƟ al hyperplasƟ c pAkt+ cells, immunofl uorescent 

double staining was carried out (Figure 2F-2I). Importantly, all pAkt+ cells showed expression 

of Clu and Tacstd2. Moreover, all pAkt+ cells overexpressed CK8 and were negaƟ ve for the basal 



IdenƟ fi caƟ on of tumor iniƟ aƟ ng cell  |  47

epithelial cell marker p63. This fi nding strongly suggests that the fi rst pAkt+ cells, which were 

exclusively observed in the luminal epithelial layer, are idenƟ cal to the majority of accumulaƟ ng 

hyperplasƟ c cells with an epithelial progenitor cell phenotype at 4-5m. 

PSA-Cre;Pten-loxP/+ mice develop hyperplasƟ c foci with the same marker profi le as 
hyperplasƟ c foci in prostates of PSA-Cre;Pten-loxP/loxP mice 
Previously, we reported that heterozygous PSA-Cre;Pten-loxP/+ mice do not develop prostate 

tumors, but that they can develop hyperplasƟ c foci at older age [13]. The availability of novel 

hyperplasƟ c cell markers allowed a more accurate study of hyperplasia development in these 

mice. Clu staining of prostates of PSA-Cre;Pten-loxP/+ mice showed that already at 4-5m a few 

small hyperplasƟ c foci could be detected (Figure S3). At 7-8m the number of hyperplasƟ c foci 

was sƟ ll very low, but a clear increase of hyperplasƟ c foci was detected in older mice (>11m). Clu+ 

hyperplasƟ c foci were not observed in prostates of control liƩ ermates (data not shown). 

 InteresƟ ngly, like in prostates of young PSA-Cre;Pten-loxP/loxP mice hyperplasƟ c Clu+ foci of 

PSA-Cre;Pten-loxP/+ mice (Figure 3A) showed pAkt overexpression (Figure 3B). In line with this 

observaƟ on Pten staining was negaƟ ve in these foci (data not shown), indicaƟ ng that the second 

Pten allele was inacƟ vated in the pAkt+ hyperplasƟ c cells. HyperplasƟ c cells in PSA-Cre;Pten-

loxP/+ mice were also Tacstd2 and Sca-1 posiƟ ve (Figure 3C and 3D). So, hyperplasƟ c cells in 

prostates of PSA-Cre;Pten-loxP/+ mice had an idenƟ cal expression profi le as hyperplasƟ c foci in 

young PSA-Cre;Pten-loxP/loxP mice.

Figure 3. HyperplasƟ c cells in prostates of PSA-Cre;Pten-loxP/+ mice and PSA-Cre;Pten-loxP/loxP 
mice express idenƟ cal markers. ConsecuƟ ve secƟ ons of a hyperplasƟ c focus in the prostate of a PSA-
Cre;Pten-loxP/+ mouse were stained for (B) pAkt and the hyperplasƟ c cell markers (A) Clu, (C) Tacstd2 
and (D) Sca-1 by immunohistochemistry.
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Single Clu+Tacstd2+Sca-1+ epithelial progenitor cells are present in the luminal epithelial 
cell layer of normal prostates
Next, we invesƟ gated whether hyperplasƟ c cell markers were expressed in normal prostates at 

diff erent ages. InteresƟ ngly, at 4-5w single Clu+Tacstd2+Sca-1+ cells were detected in the luminal 

epithelial cell layer of normal prostates (Figure 4A-4C). Some basal epithelial cells stained posiƟ ve 

for Tacstd2 and Sca-1, however, Clu+ cells were never observed in the basal epithelial layer. The 

presence of Clu+Tacstd2+Sca-1+ cells in the luminal epithelial cell layer of normal mouse prostates 

suggests that these cells are previously not yet idenƟ fi ed lineage-specifi c progenitor cells of 

the luminal epithelial cells. It is tempƟ ng to speculate that in Pten knockout mice hyperplasƟ c 

prostate cells with similar characterisƟ cs as these progenitor cells originate from these cells. This 

hypothesis is in line with the observaƟ on that pAkt+ hyperplasƟ c cells were exclusively found in 

the luminal epithelial cell layer (Figure 2B, 2H, and 2I). 

 To esƟ mate the frequency of Clu+Tacstd2+Sca-1+ epithelial progenitor cells at diff erent ages, 

prostates from developing (4-5w) and from adult (4-5m) mice were stained for Clu expression. 

At 4-5w 1/250, and at 4-5m 1/25.000 luminal epithelial cells were Clu+, respecƟ vely (Figure 

4A and 4D), indicaƟ ng that in developing prostates the number of lineage-specifi c progenitor 

cells is much higher than in fully mature prostates. The presence of Clu+Tacstd2+Sca-1+ luminal 

progenitor cells in normal adult prostates makes these cells candidates from which hyperplasƟ c 

foci develop in PSA-Cre;Pten-loxP/+ mice, due to inacƟ vaƟ on of the second Pten allele.

 Clu+Tacstd2+ luminal epithelial progenitor cells in young normal prostates (4-5w) were 

further characterized by co-localizaƟ on studies. pAkt overexpression in Clu+Tacstd2+ cells in the 

luminal epithelial cell layer of normal prostates was never observed (Figure 4E-4F). However, like 

hyperplasƟ c cells in PSA-Cre;Pten-loxP/loxP mice, Clu+Tacstd2+ cells in the luminal epithelial cell 

layer of normal prostates overexpressed CK8 (Figure 4G-4H). Clu+ cells were exclusively found in 

the luminal epithelial cell layer, whereas Tacstd2+ cells were present in both the luminal and the 

basal epithelial cell layer (Figure 4G-4J, and Figure S4). Recently, high expression of Tacstd2 has 

been idenƟ fi ed in basal epithelial cells of the proximal prostate, but not in basal epithelial cells in 

the more distal prostate [36].

HyperplasƟ c foci do not develop from epithelial cells in the proximal prostate 
The proximal region of the mouse prostate has been proposed as a stem/progenitor cell niche 

[28-30]. A schemaƟ c view of the proximal and distal parts of a mouse prostate lobe is shown in 

Figure 5A. We studied the properƟ es of the epithelial cells in the proximal prostate in more detail 

in PSA-Cre;Pten-loxP/loxP mice and in normal liƩ ermates.
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Figure 4. Single Clu+Tacstd2+Sca-1+ cells are present in the luminal epithelial cell layer of the normal 
prostate. (A) Clu staining of a normal prostate of a 4-5w old mouse. ScaƩ ered throughout the prostate 
lobe, single Clu+ cells in the luminal epithelial cell layer were observed. An overview of a whole prostate 
lobe and higher magnifi caƟ ons of three indicated regions are shown. Arrows indicate posiƟ ve cells. 
(B) Tacstd2+ and (C) Sca-1+ cells in the luminal epithelial cell layer of the developing prostate (4-5w). 
(D) Clu staining of an adult normal prostate (4-5m) showed rare Clu+ cells in the luminal epithelial cell 
layer. (D1) Higher magnifi caƟ on of the indicated region in (D). (E-J) Immunofl uorescent double staining 
of Clu+ and Tacstd2+ cells in the luminal epithelial cell layer of the normal prostate. In normal prostates 
Clu+ and Tacstd2+ cells were negaƟ ve for pAkt (E,F), overexpressed CK8 (G,H) and did not express p63 
(I,J). 

As visualized in longitudinal secƟ ons of normal prostate lobes, luminal epithelial cells in the 

proximal prostate are more compact with less cytoplasm than luminal cells in distal parts of the 

prostate (Figure 5B). Like in the distal prostate, in the proximal prostate a p63+ basal epithelial 

cell layer was present below the luminal epithelial cells (Figure 5C). InteresƟ ngly, all luminal 

epithelial cells in the proximal prostate overexpressed CK8 (Figure 5D), like observed in rare 

lineage-specifi c luminal progenitor cells in the distal prostate and in hyperplasƟ c cells in PSA-
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Cre;Pten-loxP/loxP mice. Sca-1 was also high expressed in proximal cells (Figure 5E), confi rming 

that luminal epithelial cells in the proximal prostate have a luminal progenitor phenotype. As 

indicated by the interrupted line (Figure 5C-5E), there is an abrupt transiƟ on from epithelial cells 

with proximal characterisƟ cs to cells with properƟ es of more distal luminal epithelial cells.

Figure 5. All luminal epithelial cells in the proximal prostate express luminal epithelial progenitor 
cell markers. (A) SchemaƟ c picture of a mouse prostate lobe indicaƟ ng the urethra, the proximal and 
the distal prostate region. (B) Heamatoxylin eosin staining of a longitudinal posiƟ oned mouse prostate 
lobe. Magnifi caƟ ons of the distal (B1) and the proximal (B2) prostate, as indicated in B, showed a 
diff erence in morphology of the luminal epithelial cells in the proximal and the distal prostate. (C-E) 
Immunohistochemical analysis of luminal epithelial cells in the proximal region of a normal mouse 
prostate. (C) p63; (D) CK8 and (E) Sca-1 staining. Dashed lines indicate the abrupt transiƟ on of 
epithelium of the proximal to the distal prostate.

Next, expression profi ling of proximal and distal regions of normal adult prostates was performed 

(Figure 6A). Strikingly, Ppp1r1b, Clu, Wfdc2 and Tacstd2 were among the genes with the highest 

expression in the proximal prostate. Expression array data were confi rmed by QPCR (Figure 6B). 

As described above, these markers were also overexpressed in accumulated hyperplasƟ c prostate 

cells of PSA-Cre;Pten-loxP/loxP mice (Figure 1) and in rare luminal progenitor cells in the distal 

prostate (Figure 4). Immunohistochemistry showed high Clu, Tacstd2 and Ppp1r1b expression 

in the luminal epithelial cells of the proximal prostate (Figure 6C-6E). The cDNA array data 

confi rmed high expression of the luminal progenitor cell markers CK8 and Sca-1 in the proximal 

prostate (data not shown). In conclusion, a correlaƟ on was detected between the marker profi le 

in hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP mice, rare lineage-specifi c progenitor cells in 

the distal prostate and the proximal luminal epithelial cells.
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Figure 6. HyperplasƟ c prostates of PSA-
Cre;Pten-loxP/loxP mice and luminal 
epithelial cells in the proximal prostate 
overexpress idenƟ cal genes. (A) 
Expression profi ling of the proximal and 
distal prostate region of a normal mouse 
prostate (4-5m) shows that genes high 
expressed in hyperplasƟ c prostates 
of PSA-Cre;Pten-loxP/loxP mice are 
among the ten genes with the highest 
expression in two proximal prostates as 
compared to two distal prostates. (B) 
QPCR analysis of hyperplasia markers 
with high expression in the proximal 
prostate. (C-E) Immunohistochemical 
analysis confi rms high expression of 
hyperplasƟ c cell markers in the luminal 
epithelial cell layer of the proximal 
region of the normal prostate. (C) Clu 
staining of a normal prostate lobe, (C1) 
magnifi caƟ on of the transiƟ on of the 
proximal to the distal region as indicated 
in C. Staining for (D) Ppp1r1b and (E) 
Tacstd2. Hyperplasia development did 
not occur in the proximal prostate of 
PSA-Cre;Pten-loxP/loxP mice (4-5m). 
Proximal luminal epithelial cells of the 
hyperplasƟ c prostates were negaƟ ve 
for pAkt (F, magnifi caƟ on of transiƟ on 
proximal/distal prostate in F1), although 
these cells overexpressed (G, G1) Clu, 
(H) Ppp1r1b and (I) Tacstd2. 
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We invesƟ gated in PSA-Cre;Pten-loxP/loxP mice (4-5m) whether hyperplasƟ c foci developed 

from luminal epithelial cells in the proximal prostate. Longitudinal secƟ ons of prostates showed 

that, although the distal prostate was completely hyperplasƟ c, the epithelium in the proximal 

prostate was unaff ected (Figure 6F-6I). Immunohistochemistry showed that, in contrast to the 

distal prostate, pAkt was not overexpressed in the proximal prostate (Figure 6F), indicaƟ ng that 

Pten is not inacƟ vated in this region of the prostate. 

 Further, we determined the marker profi le of epithelial cells in urethral epithelium adjacent 

to the proximal prostate. In the superfi cial diff erenƟ ated layer of the urothelium, the umbrella 

cells, high CK8 expression was observed. The highest expression of p63, Clu, Tacstd2, and Sca-1 

was found in the intermediate/basal epithelial cell layers (Figure S5). The urethra data extend 

the prostate expression data indicaƟ ng that Clu, Tacstd2 and Sca-1 show high expression in less 

diff erenƟ ated epithelium.

DISCUSSION

In this study we defi ned the early stages of hyperplasia development in the PSA-Cre;Pten-loxP/

loxP mouse prostate cancer model. Important aspects of early hyperplasia development and 

normal prostate development were sequenƟ ally addressed. We showed that: (i) AccumulaƟ ng 

hyperplasƟ c pAkt+ cells in prostates of PSA-Cre;Pten-loxP/loxP mice have a luminal epithelial cell 

phenotype with expression of known and novel idenƟ fi ed markers of epithelial progenitor cells. 

(ii) The earliest single pAkt+ (Pten-) hyperplasƟ c cells in the prostates of young targeted Pten 

knockout mice are exclusively present in the luminal epithelial cell layer. (iii) At low frequency, 

in the normal prostate, similar cells, but without pAkt overexpression, could be idenƟ fi ed. (iv) 

Our data indicate further that Pten inacƟ vaƟ on inhibits diff erenƟ aƟ on of luminal epithelial 

progenitor cells to mature cells. (v) We observed that the luminal epithelial cell layer of the 

proximal prostate is composed of cells that express the same markers as rare progenitor cells 

in more distal prostate regions. However, hyperplasƟ c foci did not develop from the proximal 

prostate. (vi) Finally, we showed that at older age PSA-Cre;Pten-loxP/+ mice developed in the 

prostate pAkt+ hyperplasƟ c foci with an idenƟ cal marker profi le as in young PSA-Cre;Pten-loxP/

loxP mice. 

 Our data accumulate into a hierarchical model of prostate renewal in which we defi ne novel 

Clu+Tacstd2+Sca-1+ lineage-specifi c progenitor cells in the luminal epithelial layer of the normal 

prostate (Figure 7). According to previous fi ndings, prostate stem/mulƟ -potent progenitor cells 

are situated in the basal epithelial cell layer [21, 25-27]. This cell layer might also contain lineage-

specifi c progenitor cells of the basal epithelial cells. CK19 and Sca-1 posiƟ ve cells are present 

both in the luminal and basal epithelial cell layer of the prostate [33, 34], but the expression of 



IdenƟ fi caƟ on of tumor iniƟ aƟ ng cell  |  53

other epithelial cell markers diff ers in these cell populaƟ ons. In contrast to previous papers on 

tumor iniƟ aƟ ng cells in mouse prostate cancer models [31, 32], our data show that lineage-specifi c 

progenitor cells in the luminal epithelial cell layer can funcƟ on as candidate tumor iniƟ aƟ ng cells.

Figure 7. Model for hyperplasia development in PSA-Cre;Pten-loxP/loxP mice. The model shows 
novel idenƟ fi ed lineage-specifi c luminal epithelial progenitor cells in the luminal epithelial cell layer as 
candidate tumor iniƟ aƟ ng cells in the prostate cancer mouse model, as indicated by a red background.

It is well-established that complete Pten inacƟ vaƟ on in Pten-/- mice is embryonic lethal. These 

mice die at embryonic days 7-9, indicaƟ ve for an important role of Pten in development. 

Pten+/- mice are viable, but develop during aging several tumor types, mostly T-cell lymphomas 

[10, 11]. During recent years, several mouse prostate cancer models based on Pten inacƟ vaƟ on 

have been generated. In essenƟ ally all models, mice with prostate-specifi c Pten inacƟ vaƟ on 

showed development of hyperplasia, mPIN lesions and ulƟ mately prostate cancer [12-15]. 

Prostate hyperplasia in Pten knockout mice is characterized by cell enlargement, in line with the 

properƟ es of Pten as regulator of cell size and protein synthesis [6, 37]. AccumulaƟ on of enlarged 

hyperplasƟ c cells is unique for Pten inacƟ vaƟ on in the prostate, and has not been seen in mouse 

prostate cancer models based on diff erent geneƟ c alteraƟ ons [38-43]. 
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Most studies in targeted Pten knockout prostate cancer models use mice with Pten inacƟ vaƟ on 

by PB-Cre [14, 15, 31]. These mice develop hyperplasia early during prostate development, 

rapidly progressing to invasive tumors, accompanied by metastases [15, 31]. In our Pten knockout 

prostate cancer model, the PSA promoter is used to inacƟ vate Pten. Previously, the PSA promoter 

has been proven to target transgene expression to the luminal epithelial cells [44]. In contrast 

to PB-targeted mouse models, PSA-driven Pten inacƟ vaƟ on induces clearly separate stages of 

hyperplasia and cancer progression at a slow rate [13]. This makes this model suitable to study 

the fi rst altered cells.

 Although hyperplasƟ c Pten negaƟ ve cells express AR [13], they are blocked in diff erenƟ aƟ on 

to mature cells, as deduced from the low expression of Nkx3.1 and Probasin (Figure S1). So 

far, a role of Pten in diff erenƟ aƟ on of prostate luminal epithelial cells was unknown. Available 

data on the eff ect of Pten on diff erenƟ aƟ on in other systems is incomplete and confl icƟ ng. Pten 

defi ciency was shown to sƟ mulate neural stem cell proliferaƟ on without aff ecƟ ng diff erenƟ aƟ on 

[45, 46]. Mice with Pten inacƟ vaƟ on in osteoblasts showed enhanced diff erenƟ aƟ on [47]. Based 

on the sƟ mulaƟ on of cell proliferaƟ on by PTEN defi ciency in many systems, it might be assumed 

that Pten inacƟ vaƟ on sƟ mulates proliferaƟ on of the accumulaƟ ng progenitor cells, however, a 

high proliferaƟ on rate might also be an intrinsic property of these cells [13]. 

 None of the genes with clear diff erenƟ al expression in hyperplasƟ c prostates compared 

to normal prostates (Figure 1 and Figure S1) could be directly correlated to Pten signaling. 

Expression of known FOXO targets, one of the best studied downstream eff ectors of pAkt, were 

not clearly detected amongst the diff erenƟ ally expressed genes in hyperplasƟ c prostates [48]. 

So, the diff erenƟ ally expressed genes are markers of the cell populaƟ on enriched in hyperplasƟ c 

prostates, indirectly induced by Pten inacƟ vaƟ on. 

 The gene expression profi le of the hyperplasƟ c prostate presented in this study showed 

overlap with the gene expression profi les of prostate tumors of PB-Cre;Pten-loxP/loxP mice 

[15] and tumors from PSA-Cre;Pten-loxP/loxP mice (H. Korsten, unpublished). Out of the 50 

genes with the highest expression in prostate tumors of PB-Cre;Pten knockout mice, 22 genes 

were present on our expression arrays. Almost all these genes showed higher expression in 

hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP mice. Five genes, Expi, Clu, Anxa3, Tacstd2 and 

Cbr2, were among the top 20 genes with the highest expression in hyperplasƟ c prostates (Figure 

1C). Overexpression of genes in both hyperplasia and tumor indicates that altered expression 

of these specifi c genes is not suffi  cient for development of invasive tumors. A limited number 

of genes, including Col3a1, seems preferenƟ ally overexpressed in tumors [15]. These genes are 

candidate prostate tumor markers.

 An important issue addressed in this study concerns the properƟ es of the fi rst altered cells. 

We scanned thoroughly prostates at 4-5w for cells overexpressing pAkt, as very sensiƟ ve marker 

for Pten inacƟ vaƟ on. We never observed pAkt+ cells in the basal epithelial cell layer, although 
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in the luminal epithelial cell layer single pAkt+ cells and small foci of pAkt+ cells were easily 

detected. High expression of hyperplasia markers Clu, Tacstd2 and Sca-1 was also found in the fi rst 

hyperplasƟ c cells in the luminal epithelial cell layer at 4–5w. Importantly, the Clu+Tacstd2+Sca-1+ 

cells, which also overexpress CK8, are at low frequency detectable in the luminal epithelial cell 

layer of normal prostates. Hence, we propose that these lineage-specifi c progenitor cells, as fi rst 

idenƟ fi ed in this study, are the target cells for Pten inacƟ vaƟ on in the prostate cancer model 

(Figure 7). This would be in line with the properƟ es of the PSA promoter/enhancer used to drive 

Cre expression, which is acƟ ve in luminal epithelial cells of the mouse prostate [44] and in the 

more diff erenƟ ated luminal epithelial cells in the human prostate. Our data indicate expansion 

of a rather homogeneous hyperplasƟ c progenitor cell populaƟ on induced by Pten inacƟ vaƟ on 

as the fi rst step in tumorigenesis. Follow-up studies, including orthotopic transplantaƟ on of 

hyperplasƟ c cells in syngenic mice with a homogeneous geneƟ c background should reveal 

further informaƟ on on the mechanism of tumor development. 

 The newly idenƟ fi ed lineage-specifi c Clu+Tacstd2+Sca-1+ progenitor cells in the luminal 

epithelial cell layer share characterisƟ cs with late luminal transient-amplifying/intermediate cells 

(CK8+CK19+CK5/14-) described earlier [33, 34, 49, 50]. Early transient-amplifying/intermediate 

cells co-express basal epithelial cell and luminal epithelial cell markers, whereas the more 

diff erenƟ ated transient-amplifying/intermediate cells in the luminal epithelial cell layer are 

negaƟ ve for basal epithelial cell markers [33, 34]. It was postulated that cell of origin for prostate 

cancer is an early transient-amplifying/intermediate cell in the basal epithelial cell layer [49, 50]. 

Now, we show that cells with characterisƟ cs of late transient-amplifying/intermediate cells in the 

luminal epithelial cell layer can also funcƟ on as tumor iniƟ aƟ ng cells in prostate cancer (Figure 7). 

 Our fi ndings are substanƟ ally diff erent from the PB-Cre;Pten knockout mouse model [31]. In 

these mice it was proposed that Pten inacƟ vaƟ on in stem/mulƟ potent progenitor cells in the 

basal epithelial cell layer is the iniƟ al event in prostate tumor development. In contrast to the 

PSA-Cre;Pten knockout mouse model, in this model proliferaƟ on of p63+ basal epithelial cells 

was observed. Hence, the modifi ed Probasin promoter seems already acƟ ve in early mulƟ potent 

progenitor cells, whereas the PSA promoter/enhancer is acƟ ve in lineage-specifi c luminal 

progenitor cells (Figure 7). Although comparison with human prostate cancer has its limitaƟ ons, 

it should be noted that human prostate tumors do not show an increase in p63+ cells. In fact, 

negaƟ ve staining for p63 is considered as indicaƟ on of prostate cancer [51]. 

 Although preliminary data are available [30, 52-54], further idenƟ fi caƟ on and characterizaƟ on 

of candidate prostate stem cells and diff erent types of progenitor cells is essenƟ al for unraveling 

prostate development and tumor iniƟ aƟ on in mouse models. In normal mouse prostates a Sca-

1+Integrinα6+ (CD49f) enriched cell populaƟ on in the basal epithelial cell layer was reported to 

possess stem cell characterisƟ cs [36, 54]. Preliminary QPCR analysis of hyperplasƟ c prostates 

of PSA-Cre;Pten-loxP/loxP mice indicated that integrina6 (CD49f) mRNA expression was not 
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substanƟ ally altered (H. Korsten, unpublished). However, we did fi nd higher expression in 

hyperplasƟ c prostates of the cell surface marker integrina2 (CD49a) (H. Korsten, unpublished), 

known to be overexpressed in human and possibly in mouse prostate stem/progenitor cells 

[30, 55, 56]. Recently, another stem cell populaƟ on was defi ned by a Sca-1+CD133+CD44+CD117+ 

phenotype [30]. Sca-1, CD44 and CD117 are expressed in both basal as luminal epithelial 

progenitor cells, whereas CD133 is exclusively expressed in basal epithelial cells [30, 57]. QPCR 

analysis showed a lowered CD133 expression in prostates of PSA-Cre;Pten-loxP/loxP mice, whereas 

the expression of Sca-1, CD44 and CD117 was increased (H. Korsten, unpublished). These data 

suggest that the CD49f+ and the Sca-1+CD133+CD44+CD117+ cells share more characterisƟ cs with 

mulƟ potent progenitor cells than with the lineage-specifi c luminal progenitor cells idenƟ fi ed in 

this study (Figure 7). The laƩ er fi ndings can form the basis for further isolaƟ on and funcƟ onal 

characterizaƟ on of hyperplasƟ c cells from prostates of PSA-Cre;Pten-loxP/loxP mice, and of 

luminal epithelial progenitor cells from the more distal region of the normal prostate.

 The proximal region of the prostate has been proposed as a stem/progenitor cell niche 

[28-30]. As shown here, the more compact Sca-1+ cells in the luminal epithelial cell layer in the 

proximal prostate express many markers of hyperplasƟ c prostate cells and of progenitors of 

luminal epithelial cells in the more distal prostate (Figure 5 and 6). High expression of integrinα2 

(CD49a) and CD44 was observed in the proximal prostate (H. Korsten, unpublished) [30].

 Despite a similar gene expression profi le, hyperplasia in Pten knockout mice did not develop 

from luminal epithelial cells in the proximal prostate. In contrast to the distal cells, we did not 

observe pAkt overexpression in the proximal cells, suggesƟ ng that Pten is not inacƟ vated in the 

proximal prostate. At present, it is unknown whether this is due to low Cre expression or limited 

suscepƟ bility of the Pten locus to recombinaƟ on in this specifi c part of the prostate. AlternaƟ vely, 

Pten is inacƟ vated, but PI3K/PTEN signaling in these cells is not induced. It should be noted 

that in PB-Cre;Trp53/Rb knockout mice tumors arise from the proximal prostate, indicaƟ ng that 

proximal cells can funcƟ on as tumor iniƟ aƟ ng cells in cancer models [32]. 

 Recently, fusions between genes encoding ETS transcripƟ on factors and genes encoding 

prostate-specifi c genes, mostly TMPRSS2-ERG, have been reported as most frequent geneƟ c 

alteraƟ on in early stages of human prostate cancer [58]. InteresƟ ngly, Tmprss2 expression is 

induced late during mouse prostate development [59]. We also found a fusion between the KLK2 

gene and the ETS gene ETV4 in clinical prostate cancer [60]. KLK2 is highly homologous to the PSA 

(KLK3) gene used in our mouse prostate cancer model for Cre expression. Although it is unknown 

in which cell type the gene fusions occur, because of the high prostate-specifi city of most genes 

that are coupled to ETS genes it is tempƟ ng to speculate that the geneƟ c alteraƟ ons occur and/

or become manifest in progenitors of luminal epithelial cells and not in Ɵ ssue stem cells or mulƟ -

potent progenitor cells. These fi ndings clearly indicate the high importance of idenƟ fi caƟ on of 

progenitor cells of luminal epithelial cells in the human prostate and further characterizaƟ on of 

the mouse progenitors.
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MATERIALS AND METHODS

GeneraƟ on of Prostate Targeted Pten Knockout Mice
The generaƟ on of PSA-Cre mice (strain FVB), mice carrying the Pten-loxP allele (strain 129Ola), and 

bi-allelic and mono-allelic prostate Pten knockout mice have been described previously [13, 61]. 

Mice were housed according to guidelines of the Erasmus Medical Center, and procedures were 

carried out in compliance with standards for use of laboratory animals. Animal experiments 

performed in this manuscript have been approved by the animal experimental commiƩ ee of the 

Erasmus Medical Center (DEC-consult).

RNA extracƟ on, cDNA preparaƟ on and QPCR analysis 
RNA was isolated from frozen mouse prostates using the Qiagen RNeasy RNA extracƟ on Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s guidelines, including an on column 

DNAseI digesƟ on. RNA quality was checked by agarose gel electrophoresis. For RNA extracƟ on 

from normal and hyperplasƟ c prostates at 2m and 4-5m a pool of prostate lobes of one mouse 

was used. Pools of prostates from fi ve mice were used for each RNA sample from proximal and 

distal prostate regions of control liƩ ermates (4-5m).

 The methods for cDNA preparaƟ on and QPCR analysis were described previously [60]. Primer 

sequences are given in Table S3. The expression level of target genes was determined relaƟ ve to 

the endogenous reference Hypoxanthine-guanine Phosphoribosyltransferase (Hprt). 

Immunohistochemistry and Immunofl uorescent double staining 
Tissues were fi xed in buff ered 4% formalin for ~16h at room temperature, dehydrated, embedded 

in paraffi  n and secƟ ons were cut at 4 mm. AnƟ bodies used for immunohistochemistry and 

immunofl uorescence are listed in Table S4. The Nkx3.1 anƟ body was a kind giŌ  from Dr. Cory 

Abate-Shen. Microwave treatment was applied for anƟ gen retrieval by boiling in 10 mM sodium 

citrate (pH 6.0) for 15 min. For CK19 staining, Ɵ ssue secƟ ons were pepsine (0.5%) treated for 30 

min at 37°C. Primary anƟ bodies incubaƟ on was overnight at 4°C. For immunohistochemistry, 

Ɵ ssue secƟ ons were incubated with bioƟ n labeled secondary anƟ body for 1h at room 

temperature. ImmunoreacƟ vity was visualized by streptavidin-peroxidase incubaƟ on (HK320-

UK, 1:50, BioGenex, San Ramon, CA). For immunofl uorescent pAkt, CK8 and p63 staining, 

Ɵ ssue secƟ ons were incubated with FITC/TRITC labeled secondary anƟ bodies (Table S4). The 

signals for Clu and Tacstd2 were visualized by incubaƟ on with Rabbit AnƟ -Goat bioƟ n followed 

by Streptavidin-TRITC. AnƟ -fading fl uorescent mounƟ ng medium (H-1000, Vector laboratories, 

Burlingame, CA) containing DAPI (1:2000, Sigma Chemical, St.Louis, MO) was used to cover 

the slide. Immunofl uorescent stained slides were analyzed with a DMRXA microscope (Leica, 

Wetzlar, Germany).
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To esƟ mate the number of progenitor cells in the luminal epithelial cell layer of normal prostates 

at 4-5w and at 4-5m, slices of the mouse anterior lobe were stained for Clu. By counƟ ng the total 

cell number and the number of Clu+ cells in a prostate lobe, an esƟ maƟ on of the frequency of 

Clu+ cells could be made. 

cDNA microarray hybridizaƟ on and analysis 
The cDNA microarrays were hybridized and normalized as described previously [62, 63]. The 

common reference, a mixture of RNAs isolated from mouse adult tesƟ s and prostate, was in all 

experiments Cy5-labeled. The cDNA microarrays were manufactured at the Central Microarray 

Facility at the Netherlands Cancer InsƟ tute (NKI, Amsterdam, The Netherlands) and contained 

16,416 spots. 

 Principal component analysis was performed using the Spoƞ ire soŌ ware package (Spoƞ ire, 

Inc., Sommerville, MA; spoƞ ire decision site V8.1). For unsupervised hierarchical clustering and 

visualizaƟ on of diff erenƟ ally expressed genes the programs Cluster and Treeview were used [64]. 

AŌ er seƫ  ng criteria for unsupervised hierarchical clustering of normal and hyperplasƟ c prostates 

(100% signal and at least 2 observaƟ ons of |0.8|) 528 genes were selected. Within Treeview, the 

image contrast and mask value seƫ  ngs were 1.5 and 0.2 respecƟ vely for all fi gures. 

 The diff erence in mean mRNA expression level of a gene was calculated by substracƟ ng the 

log2 transformed average expression level in normal prostates from the average expression level 

in hyperplasƟ c prostates. Genes were ranked based on gene expression level diff erence. Figure 1 

shows the mean expression level diff erences of known genes, which gave a signal in at least two 

experiments in one group. In addiƟ on, by performing Signifi cance Analysis of Microarrays (SAM) 

(Version 1.21) [65] gene expression levels diff erences relaƟ ve to the standard deviaƟ on of these 

expression levels within one group was calculated. By SAM genes with an at least 2 fold change in 

raƟ o were idenƟ fi ed. The q-value (false discovery rate) for genes idenƟ fi ed by SAM analysis was 

0.15%. 

 Microarray data have been submiƩ ed to the ArrayExpress public database (Accession 

E-MEXP-2029). 
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Supplementary informaƟ on

Figure S1. HyperplasƟ c prostate cells of PSA-Cre;Pten-loxP/loxP mice have an epithelial progenitor 
cell phenotype. (A) QPCR analysis of epithelial cell marker expression in hyperplasƟ c prostates at 
2m and 4-5m. Per group the gene expression in 5 prostate samples was measured. The expression 
levels are shown as average expression levels +/- SE relaƟ ve to Hprt expression. NP: normal prostate, 
HP: hyperplasƟ c prostate. (B-I) Immunohistochemical analysis of epithelial cell markers in the mouse 
anterior lobe of normal and hyperplasƟ c prostates at 4-5m. (B) Nkx3.1 NP, (C) Nkx3.1 HP, (D) CK8 NP, 
(E) CK8 HP, (F) CK19 NP, (G) CK19 HP, (H) P63 NP and (I) P63 HP. 
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Figure S2. QPCR analysis of the fi ve genes with the lowest expression in hyperplasƟ c prostates 
(4-5m) as determined by calculaƟ on of the mean expression level diff erence (See Figure 1C). Each 
group was composed of fi ve prostate samples. The expression levels in 2m and 4-5m old hyperplasƟ c 
prostates are shown as average expression level +/- SE relaƟ ve to Hprt expression.

Figure S3. At older age (>11m) the number of Clu+ hyperplasƟ c foci increased in prostates of PSA-
Cre;Pten-loxP/+ mice. Clu+ hyperplasƟ c foci were counted in fi Ō een consecuƟ ve slides of a longitudinal 
embedded anterior prostate lobe. At each Ɵ me point the prostates of three mice were analyzed. 

Figure S4. Rare Tacstd2+ cells in the P63+ basal epithelial cell layer of a normal mouse prostate 
(4-5w).
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Supplement Figure 5. Immunohistochemical analysis of epithelial cell markers and hyperplasƟ c cells 
markers in urethra of wild type mice. (A) CK8, (B) P63, (C) Ppp1r1b, (D) Tactsd2, (E) Clu and (F) Sca-1. 

Table S1. Full names of genes overexpressed in hyperplasƟ c prostates of PSA-Cre;Pten-loxP/loxP 
mice.

AbbreviaƟ on Gene Name

Expi Extracellular proteinase inhibitor

Wfdc2 WAP four-disulfi de core domain 2

Tacstd2 Tumour-associated calcium signal transducer 2

Clu Clusterin

Ppp1r1b Protein phosphatase 1, regulatory (inhibitor) subunit 1B

Lcn2 Lipocalin 2

Slc39a4 Solute carrier family 39 (zinc transporter), member 4

Zfand2b Zinc fi nger, AN1 type domain2B

Ckmt1 CreaƟ ne kinase, mitochondrial 1, ubiquitous

Anxa3 Annexin 3

Mlp Marcks-like protein

Otud1 OUT domain containing 1

Klf5 Kruppel-like factor 5

Ly6a Lymphocyte anƟ gen 6 complex, locus A 

Cbr2 Carbonyl reductase 2

ScoƟ n ScoƟ n

Slc12a2 Solute carrier family 12, member 2

Pank3 Pantothenate kinase 3

Nupr1 Nuclear protein 1

Ptpn21 Protein tyrosine phosphatase, non-receptor type 21 



IdenƟ fi caƟ on of tumor iniƟ aƟ ng cell  |  65

Table S2. Signifi cantly diff erenƟ ally expressed genes in hyperplasƟ c prostates of PSA-Cre;Pten-loxP/
loxP mice as assayed by SAM analysis. 

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG071358 Mm.1650 Expi 11.47 22,35956

BG071688 Mm.250165 Mamdc1 10.57 8,98338

BG066797 Mm.154045 Tacstd2 8.77 8,23533

BG072238 Mm.27289 Wfdc2 8.58 10,00670

BG065849 Mm.5574 Slc22a19 7.41 5,48686

BG071114 Mm.20675 Otud1 7.02 5,50665

BG070865 Mm.259645 Pank3 6.96 4,69510

BG072793 Mm.8180 Sca-1 6.91 5,19812

BG064167 Mm.2769 Mlp 6.46 5,54302

BG070413 Mm.7612 Lƞ 6.41 3,49584

BG065106 Mm.2769 Mlp 6.38 5,46968

BG071309 Mm.28497 Ppp1r1b 6.25 8,09515

BG069030 Mm.4420 Ptpn21 6.23 4,40579

BG066823 Mm.970 Ckmt1 6.19 6,15851

BG064706 Mm.1012 CK19 6.15 3,65135

BG076188 Mm.29483 Slc39a4 6.00 6,18341

BG069863 Mm.154660 Plat 5.99 3,80224

BG065118 Mm.90587 Eno1 5.68 3,90298

BG070839 Mm.7214 Anxa3 5.45 5,33097

BG069367 Mm.32646 Zfand2b 5.25 6,17232

BG074576 Mm.4168 Slc12a2 5.12 4,41512

BG074344 Mm.17510 Msln 5.03 11,64736

BG065116 Mm.90587 Eno1 5.01 3,25239

BG071514 Mm.235090 Tcfcp2l1 4.97 3,20175

BG072403 Mm.250158 Rnf11 4.89 3,77734

BG067864 Mm.29587 LOC227616 4.87 3,63909

BG076074 Mm.18814 Baiap2l1 4.86 3,64365

BG071705 Mm.30262 Klf5 4.76 5,24630

BG074971 Mm.24510 Slc12a7 4.74 2,86031

BG068045 Mm.38441 Galnt3 4.66 2,78278

BG067918 Mm.903 Btg2 4.62 4,18896

BG067532 Mm.1662 Fxyd3 4.60 2,82506

BG064389 Mm.30010 Arpc1b 4.60 2,69594

BG074458 Mm.234242 Dhcr24 4.57 3,24006

BG064659 Mm.23575 Gprc5a 4.52 3,17411
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Table S2. (ConƟ nued)

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG067693 Mm.25613 Ier3 4.47 2,94791

BG075912 Mm.206505 Timp2 4.47 3,13271

BG071245 Mm.21454 Cbr2 4.38 4,97431

BG068068 Mm.27365 Fat1 4.37 2,34774

BG067727 Mm.28518 Tnfrsf12a 4.37 3,73157

BG073464 Mm.28986 Sqrdl 4.35 2,46512

BG075943 Mm.219635 Ptplad1 4.34 3,28708

BG063173 Mm.23961 Actn1 4.33 2,76328

BG067375 Mm.23939 Tpo1 4.21 2,30059

BG074770 Mm.195800 Rgnef 4.19 2,76110

BG071322 Mm.21454 Cbr2 4.18 3,85257

BG069628 Mm.12246 Ier5 4.14 3,10972

BG064378 Mm.24745 Bzw2 4.11 2,44005

BG072100 Mm.9772 Chdh 4.10 2,69430

BG071742 Mm.22547 Asah1 4.10 2,11695

BG075635 Mm.29619 Gga2 4.09 2,10064

BG070491 Mm.100144 S100a6 4.08 2,19837

BG069386 Mm.11662 Slco4c1 4.07 2,34379

BG069616 Mm.70573 Pde2a 4.04 2,29157

BG065926 Mm.35523 Adnp 4.03 2,64795

BG069516 Mm.41401 Slc6a8 4.02 2,24963

BG071387 Mm.30239 Slc39a8 4.01 4,46718

BG065159 Mm.200936 Sh2b3 3.98 2,38959

BG075302 Mm.135092 Slc4a7 3.96 3,04537

BG064186 Mm.28954 Arhu 3.95 2,44913

BG069782 Mm.4426 Cd63 3.94 2,10084

BG071171 Mm.282 Gsto1 3.93 3,45906

BG072122 Mm.18814 Baiap2l1 3.93 3,08255

BG072291 Mm.205601 CƩ n 3.92 2,15382

BG064085 Mm.3963 Elf3 3.92 2,66938

BG063081 Mm.3532 Tmsb10 3.91 4,27950

BG072110 Mm.18742 Nupr1 3.90 3,96276

BG066817 Mm.154725 Ppapdc1 3.89 4,23496

BG065384 Mm.30017 Gabarapl2 3.88 2,36392

BG065470 Mm.101062 Ctnnb1 3.85 2,40472

BG063612 Mm.21203 Zfp265 3.84 2,52583

BG064050 Mm.6800 CK8 3.81 2,74686
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Table S2. (ConƟ nued)

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG065103 Mm.788 Sca-2 3.81 2,92747

BG063271 Mm.44552 Txnrd1 3.79 2,04798

BG073255 Mm.28484 Tspan3 3.79 2,31680

BG073025 Mm.222584 Pygb 3.77 2,47069

BG071200 Mm.95879 Jarid1a 3.76 2,31542

BG069505 Mm.4168 Slc12a2 3.75 3,93525

BG064087 Mm.25161 Sirt2 3.73 2,17960

BG068640 Mm.11935 Fbxo34 3.72 2,44193

BG064070 Mm.183102 Actr3 3.71 2,01388

BG070640 Mm.26223 Hace1 3.71 2,41787

BG070089 Mm.4259 Tacstd1 3.70 2,23965

BG066212 Mm.34497 Ltb4dh 3.69 2,94193

BG074931 Mm.4303 Ezh2 3.66 2,26496

BG071031 Mm.4825 Mmp7 3.66 2,67935

BG072281 Mm.7286 Ctbp1 3.65 2,84219

BG074474 Mm.31672 Cdk6 3.65 2,64506

BG064176 Mm.4554 Lgals3 3.63 2,58095

BG069726 Mm.4168 Slc12a2 3.63 3,16789

BG073116 Mm.29524 Clic2 3.62 2,69005

BG075859 Mm.73682 Tmepai 3.61 2,66887

BG072707 Mm.2734 Sat 3.61 2,84646

BG070245 Mm.4168 Slc12a2 3.61 3,58739

BG063000 Mm.30060 Avpi1 3.59 2,56568

BG074494 Mm.22119 Fcgr3 3.59 2,29876

BG075383 Mm.27790 Sfrs2ip 3.58 2,22605

BG072209 Mm.200608 Clu 3.57 5,76677

BG074542 Mm.196533 ScoƟ n 3.55 5,28095

BG072254 Mm.1377 Tgĩ r2 3.55 2,47781

BG072077 Mm.22248 Igĩ p4 3.54 2,94279

BG063426 Mm.30142 CK7 3.54 2,26024

BG063109 Mm.21117 Itgb4 3.54 2,20503

BG075666 Mm.8155 Tgif 3.52 2,48134

BG063729 Mm.5289 Gapd 3.50 2,57073

BG070289 Mm.448 Cyba 3.50 4,07125

BG069415 Mm.1519 Ald 3.50 2,15556

BG069211 Mm.3204 FdŌ 1 3.49 2,03582

BG063090 Mm.30108 Actr2 3.49 2,17786
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Table S2. (ConƟ nued)

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG070902 Mm.18742 Nupr1 3.47 3,44853

BG074463 Mm.38450 SepƟ n9 3.46 2,03440

BG072109 Mm.390590 Cntnap3 3.46 2,64455

BG070106 Mm.9537 Lcn2 3.45 6,09852

BG064639 Mm.259329 Cd2ap 3.45 2,31525

BG072676 Mm.24808 Fxyd6 3.43 2,86438

BG063567 Mm.14860 Anxa1 3.43 2,19141

BG069483 Mm.205010 Adipor1 3.43 2,27557

BG066697 Mm.1775 Hn1 3.41 2,44874

BG074171 Mm.133872 Sƞ a1 3.41 2,43656

BG074532 Mm.2159 Bnip3 3.39 2,22193

BG065385 Mm.22192 Slc31a1 3.38 2,49869

BG065686 Mm.1359 uPar 3.37 2,12928

BG067214 Mm.34268 Cdc42ep5 3.36 2,03345

BG068207 Mm.11827 Comtd1 3.36 2,26367

BG076240 Mm.28814 Casp6 3.34 2,16681

BG065049 Mm.2423 Col2a1 3.34 2,98133

BG073190 Mm.2662 Gsta4 3.33 3,34865

BG064907 Mm.35581 RIKEN cDNA 2310009O17 gene 3.31 2,49474

BG071601 Mm.26700 Tmem16a 3.30 2,07314

BG075211 Mm.381 Adfp 3.29 2,80754

BG067123 Mm.35605 Cdh1 3.27 2,79853

BG069891 Mm.231266 Sestd1 3.26 2,25431

BG074704 Mm.27764 Rnf128 3.26 2,01757

BG067911 Mm.7775 Gdpd1 3.26 2,47217

BG064165 Mm.1620 Anxa5 3.26 2,02078

BG067594 Mm.18718 Scml1 3.24 2,02643

BG071713 Mm.214958 Srebf1 3.22 2,05412

BG070656 Mm.18789 Sox4 3.21 2,04055

BG067160 Mm.2538 Pld2 3.19 2,38822

BG071672 Mm.18941 Chmp2b 3.18 2,03898

BG072807 Mm.156583 CARP 3.17 3,37532

BG070386 Mm.218846 Lbp 3.16 4,73538

BG067840 Mm.33819 Trpm7 3.16 2,71071

BG075881 Mm.260643 Ywhaz 3.15 2,08537

BG074954 Mm.197280 Nr2c2 3.15 2,04957

BG066006 Mm.25743 Tmprss2 3.14 2,33231
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Table S2. (ConƟ nued)

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG067543 Mm.258286 Sp100 3.13 2,01155

BG067807 Mm.29373 Mmp23 3.12 2,67757

BG070560 Mm.220901 Lpgat1 3.12 2,48754

BG075474 Mm.148155 Mod1 3.12 2,69955

BG076253 Mm.29823 Mgst3 3.11 2,48683

BG068718 Mm.1921 Fryl 3.10 2,08242

BG071707 Mm.259949 Slc6a8 3.10 2,74026

BG074067 Mm.28083 Cd164 3.08 2,05864

BG071644 Mm.3786 Slc34a2 3.07 2,23328

BG071673 Mm.26888 Camk1d 3.05 2,10487

BG074507 Mm.4394 Kit 3.03 2,03778

BG067642 Mm.24584 Tmem49 2.99 2,28150

BG064110 Mm.27764 Rnf128 2.99 2,10969

BG074800 Mm.173718 Gtl6 2.99 2,00323

BG070225 Mm.196382 Rsnl2 2.99 2,86828

BG073604 Mm.14796 Mgst1 2.96 2,15358

BG075145 Mm.183034 Stk38 2.95 2,00919

BG071101 Mm.27832 Ralb 2.91 2,05288

BG068674 Mm.26378 Tesc 2.91 3,22152

BG075016 Mm.30713 Socs6 2.90 2,25740

BG071728 Mm.12915 Nit1 2.89 2,57440

BG075920 Mm.126525 Dagk 2.88 2,02924

BG067012 Mm.1639 Mcl1 2.87 2,32342

BG072263 Mm.1639 Mcl1 2.86 2,32033

BG073809 Mm.2608 Bgn 2.85 2,33563

BG069187 Mm.6958 Capn2 2.84 2,14908

BG074814 Mm.370 C1qa 2.83 2,98528

BG074366 Mm.243085 Etv6 2.81 2,32457

BG071506 Mm.27917 Tanc1 2.79 2,03085

BG072227 Mm.21119 Litaf 2.78 2,16970

BG071169 Mm.439733 Camk2b 2.72 2,45339

BG075625 Mm.22179 Ergic2 2.71 2,00587

BG075073 Mm.142729 Tmsb4x 2.68 2,00811

BG064913 Mm.154286 Ralgps2 2.67 2,17799

BG071456 Mm.57225 Gpx2 2.65 3,19882

BG067321 Mm.28262 Rgs2 2.64 2,25183

BG074621 Mm.239470 Abca3 2.60 2,11436
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Table S2. (ConƟ nued)

Signifi cant upregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG071381 Mm.135621 Ncald 2.59 2,13839

BG070686 Mm.3863 Por 2.59 2,14565

BG073108 Mm.22506 G7e 2.57 6,43094

BG070117 Mm.43957 Bxdc1 2.55 2,93736

BG076077 Mm.41078 Wdr72 2.53 2,58964

BG069051 Mm.28034 Plcl2 2.50 2,01685

BG069421 Mm.29133 Bub1b 2.49 2,67433

BG067192 Mm.30217 Cib1 2.49 2,07899

BG074809 Mm.28099 Soat1 2.43 2,11402

BG071465 Mm.259998 Igf1 2.43 3,44328

BG075595 Mm.38387 Qk 2.43 2,01164

BG076042 Mm.182855 Cbara1 2.43 2,70131

BG070255 Mm.5034 Pde7a 2.42 2,04881

BG063978 Mm.18626 Capg 2.41 2,02424

BG076032 Mm.29254 Igĩ p3 2.40 2,02024

BG069253 Mm.140761 Dnajc5 2.36 2,09158

BG067845 Mm.206775 Oas1c 2.34 2,00554

BG064710 Mm.22478 Smarcf1 2.31 2,49634

BG064661 Mm.29586 Basp1 2.28 2,56368

BG075814 Mm.25227 Klhl24 2.28 2,35980

BG074327 Mm.147387 Col3a1 2.27 2,18133

BG070107 Mm.25880 LOC218453 2.25 2,70188

Signifi cant downregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG076333 Mm.443 Mthfd2 -6.66 0,20999

BG072212 Mm.17655 Hs3st3b1 -6.59 0,13937

BG064480 Mm.192991 Mt1 -6.31 0,19619

BG072125 Mm.173903 Sntb1 -6.01 0,22808

BG071962 Mm.29622 Ccdc16 -5.48 0,18301

BG064958 Mm.227925 Csrp2bp -5.08 0,41595

BG067541 Mm.116862 Mcoln2 -5.03 0,17331

BG076017 Mm.2942 Asns -4.98 0,27563

BG072041 Mm.78861 Nolc1 -4.85 0,27603

BG074372 Mm.17403 GlyRS -4.53 0,35065

BG065320 Mm.196135 Gemin6 -4.43 0,36424

BG067706 Mm.200423 Gpt2 -4.41 0,28800
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Table S2. (ConƟ nued)

Signifi cant downregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG067809 Mm.27307 Gng3 -4.33 0,38194

BG076068 Mm.4952 Irs1 -4.16 0,35708

BG066832 Mm.172850 Abcc1 -4.06 0,43383

BG070042 Mm.104920 Sdh1 -4.02 0,35005

BG071862 Mm.56915 Csf3r -4.02 0,41670

BG069760 Mm.206417 Cbs -4.01 0,33962

BG074462 Mm.646 Tpm2 -4.00 0,33178

BG071147 Mm.200423 Gpt2 -4.00 0,29977

BG073164 Mm.258010 Pgm2l1 -3.98 0,26260

BG072435 Mm.32041 Pgm2l1 -3.96 0,28198

BG063880 Mm.255729 Slc30a2 -3.96 0,20991

BG064735 Mm.6587 Prdx5 -3.94 0,41365

BG069752 Mm.206417 Cbs -3.94 0,29896

BG066347 Mm.172736 Wnk2 -3.88 0,48940

BG074541 Mm.24276 C1r -3.82 0,21732

BG065084 Mm.4876 Rcn -3.80 0,31595

BG071189 Mm.29902 Psat-pending -3.79 0,45440

BG063304 Mm.30250 Aldh7a1 -3.76 0,48219

BG064323 Mm.7819 Pld1 -3.74 0,42185

BG074268 Mm.2011 Gstm1 -3.73 0,39590

BG069852 Mm.221029 Fastkd1 -3.67 0,46734

BG069444 Mm.24128 C1s -3.66 0,31526

BG074546 Mm.182726 Dock9 -3.61 0,38908

BG075740 Mm.39038 Itpk1 -3.55 0,37387

BG067514 Mm.39038 Itpk1 -3.52 0,43114

BG070290 Mm.154307 IŌ 20 -3.52 0,45908

BG074397 Mm.2011 Gstm1 -3.48 0,41030

BG063736 Mm.9001 Nlk -3.42 0,45846

BG065196 Mm.4419 Rpl5 -3.39 0,49496

BG065154 Mm.18737 Kntc1 -3.37 0,47502

BG067972 Mm.25530 Plekha4 -3.36 0,49303

BG066852 Mm.153315 Aƞ 6 -3.34 0,42313

BG073197 Mm.27944 Acsl3 -3.33 0,38014

BG069966 Mm.203125 Pan3 -3.32 0,32431

BG073280 Mm.33650 Pycr1 -3.31 0,47403

BG066941 Mm.10 Srm -3.24 0,38187

BG063119 Mm.16972 Chd7 -3.16 0,40761
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Table S2. (Continued)

Significant downregulated genes

Accesion Code Unigene Number Gene Name Score(d) Fold Change

BG070044 Mm.27680 Mylk -3.14 0,34409

BG065409 Mm.155620 Pla2g6 -3.12 0,44252

BG071956 Mm.18652 Sms -3.12 0,46322

BG072053 Mm.180553 Nr2e1 -3.04 0,38362

BG067357 Mm.4356 Cnn1 -2.88 0,42385

BG069668 Mm.104920 Sdh1 -2.87 0,43166

BG075348 Mm.24210 Bcat2 -2.80 0,37178

BG075019 Mm.143603 Sh3gl2 -2.75 0,49452

BG063438 Mm.28665 Edem2 -2.71 0,45748

BG065337 Mm.34388 Nudt16l1 -2.70 0,49022

BG074523 Mm.25848 Bckdha -2.65 0,46688

BG071284 Mm.23352 Suox -2.65 0,45828

BG069993 Mm.200423 Gpt2 -2.64 0,45515

BG063884 Mm.196080 Wdr42a -2.60 0,47434

BG066444 Mm.38154 Bcas3 -2.59 0,46205

BG072362 Mm.42255 Atp2a2 -2.58 0,42757

BG066796 Mm.16898 Phgdh -2.57 0,44819

BG072224 Mm.138100 Tssc8 -2.53 0,43942
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Table S3. Primer sequences of genes analyzed by QPCR.

Gene name Forward primer Reverse primer

Hprt  5’-TCCCTGGTTAAGCAGTACAG-3’  5’-TTCCAGTTTCACTAATGACAC-3’

Nkx.3.1 5’-ACTGAACCCGAGTCTGATGC-3’ 5’-CTTGGGTTTCGGTGAGTTTG-3’

Probasin 5’-ACAACTGTCCAAGCAAGATC-3’ 5’-TGATGTTTCAGGTTCCAGGA-3’

CK8 5’-CTCCGGCAGATCCATGAAG-3’ 5’-GGTACATGGTTTCAGCCTC-3’

CK19 5’-GGGCCTTGAGATTGAGCTGC-3’ 5’-GGTTCTGGCGCTCTATGTCG-3’

CK5 5’-CAGGACATGGCCAGGCTG-3’ 5’-CAACTCCTTCCCCACTCAGC-3’

p63 5’-CCCACAGACTGCAGCATTG-3’ 5’-GAGATGAGGAGGTGAGGAGAAG-3’

Expi 5’-GGAGATGGATCGTGCTCTGG-3’  5’-GGCTAGCCATCAGTCCTGC-3’

Wfdc2 5’-TGTGACCAGGGAAGGCTTAGG-3’ 5’-CTCCAGATGCACAGTCCGGC-3’

Tacstd2 5’-GACCTCTTCCTTCTCTCTCACC-3’ 5’-CAAGTCCCTGGGAAACAAGTG-3’

Clu 5’-GTGAAGCTGTTTGACTCTGACC-3’ 5’-GATTCCCTCCCAGACACTCC-3’

Ppp1r1b 5-CTGAGGACCAAGTGGAAGGC-3’ 5’-CAGGGTACAAAGGAGGGTGG-3’

Sca-1 5’-GTCCCATTTGAGACTTCTTGCC-3’ 5’-AGGAGGGCAGATGGGTAAGC-3’

Hs3st31b 5’-CCAGTCCCATCTCCAGCTTC-3’ 5’-GGCATCAAGTCTCGGTACCAG-3’

Ccdc16 5’-TGCTCTGTAGTTTACTGTACTCC-3’ 5’-GCAACTTACCTATCTTCCTGCC-3’

Mcoln2 5’-GGAGAGCGGAAGCAAAGATGG-3’ 5’-ACCTCTGCATAAAGGGATCTGG-3’

C1r 5’-TGGAAGAATGAAGAGGAAGGAG-3’ 5’-CGTGGGTAGTGGTGAAGGC-3’

Mt1 5’-CTCCAGCTTCACCAGATCTCG-3’ 5’-CCTTTGCAGACACAGCCC-3’
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Table S4. InformaƟ on of anƟ bodies used for immunohistochemistry and immunofl uorescence.

AnƟ body Company Product number Method DiluƟ on

CK8 Covance, Berkeley, CA MMM-162P IHC 1:1000

IF 1:1000

CK19 Abcam, Cambridge, UK ab15463 IHC 1:200

Nkx3.1 ‒ ‒ IHC 1:1000

p63 DAKO, Glostrup, Denmark M7247 IHC 1:100

IF 1:50 

Tacstd2 R&D systems, Minneapolis, MN AF1122 IHC 1:100

IF 1:100

Clu Santa Cruz, Santa Cruz, CA SC-6420 IHC 1:800 

IF 1:400 

Ppp1r1b Cell Signaling Technology, Beverly, MA 2302 IHC 1:100

Sca-1 R&D systems, Minneapolis, MN AF1226 IHC 1:100

pAkt Cell Signaling Technology, Beverly, MA 4058 IHC 1:100 

IF 1:50 

Goat AnƟ -Mouse-bioƟ n DAKO, Glostrup, Denmark E0433 IHC 1:400

Swine AnƟ -Rabbit-bioƟ n DAKO, Glostrup, Denmark E0431 IHC 1:400

Rabbit AnƟ -Goat-bioƟ n Santa Cruz, Santa Cruz, CA SC-2774 IHC 1:400

IF 1:400

Streptavidin-TRITC Invitrogen, Carlsbad, CA 43-4314 IF 1:50

Rabbit AnƟ -Mouse-FITC DAKO, Glostrup, Denmark F0261 IF 1:40

Rabbit AnƟ -Mouse-TRITC DAKO, Glostrup, Denmark R0270 IF 1:100

Swine AnƟ -Rabbit-FITC DAKO, Glostrup, Denmark F0205 IF 1:100

IHC: Immunohistochemistry, IF: immunofl uorescence
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ABSTRACT

Previously, we generated a mouse prostate tumor model based on PSA-Cre driven inacƟ vaƟ on 

of Pten. In this model consecuƟ ve stages of hyperplasia and tumor development were clearly 

defi ned. A homogeneous populaƟ on of Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells 

was idenƟ fi ed as candidate tumor iniƟ aƟ ng cells. Tumors were derived from homogeneous 

hyperplasƟ c cells. Here, we describe the molecular and histological characterizaƟ on of the 

tumors and a model for tumor development is proposed. 

 In PSA-Cre targeted Pten knockout mice homogeneous hyperplasƟ c prostates (4-5m) 

developed at older age (>10m) into heterogeneous tumors. In these tumors diff erent 

histopathological growth paƩ erns could be idenƟ fi ed. We discriminated carcinomas, that included 

intraductal carcinoma (IDC), adenocarcinoma and undiff erenƟ ated carcinoma, which stained 

strongly posiƟ ve for the epithelial cell marker CytokeraƟ n (CK) and carcinosarcomas, that were 

weakly posiƟ ve or negaƟ ve for CK. IDC was detected earlier than other growth paƩ erns (7-8m), 

indicaƟ ng that it could be a precursor stage. IDC and carcinosarcoma were the most frequent 

growth paƩ erns. Gene expression profi ling revealed increased expression of genes involved in the 

infl ammatory response associated with prostate tumor development. Moreover, analysis of gene 

expression paƩ erns of heterogeneous prostate tumors discriminated essenƟ ally two molecular 

types, denoted tumor class (TC) 1 and 2. The dominant histopathological growth paƩ ern in TC1 

was carcinoma, corresponding with high expression of epithelial markers, including Msmb, Tff 2, 

CK8, and E-cadherin. TC2 tumors were mainly characterized by high expression of mesenchyme/

stroma markers, like Star, Adam12, Snail and FibronecƟ n. FuncƟ onal markers for senescence, 

proliferaƟ on, angiogenesis and apoptosis were higher expressed in all heterogeneous tumors 

compared to hyperplasia, but highest expression of proliferaƟ on and angiogensis markers was 

detected in TC2 tumors. Remarkably, Trp53 and associated senescence/apoptosis markers 

showed not only increased expression in hyperplasƟ c prostates, but expression in tumors was 

even higher. Finally, characterizaƟ on of cell lines generated from prostate tumors indicated 

genomic homogeneity with frequent loss of chromosomes 4 and 12. However, again molecular 

analysis of tumor cell lines and in vitro and in vivo biological assays demonstrated heterogeneity.

 Our data show that in the geneƟ cally homogeneous well-defi ned PSA-Cre;Pten-loxP/loxP 

prostate tumor model, histopathological, molecular and biological heterogeneity occur during 

later stages of tumor development. 
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INTRODUCTION 
 

Prostate cancer is recognized as a clinical and geneƟ c heterogeneous disease [1-3]. Heterogeneous 

prostate tumors can be classifi ed by expression profi ling into subtypes with a diff erent prognosis 

[4-6]. However, liƩ le is known about mechanisms of development of heterogeneous tumors. 

Unraveling processes associated with tumor development is a prerequisite to elucidate the 

molecular and biological mechanisms of tumor heterogeneity. 

 It has been proposed that during mulƟ step tumor development, prostate cells acquire 

malignant characterisƟ cs by the accumulaƟ on of geneƟ c and epigeneƟ c alteraƟ ons [7-9]. Many 

biological processes, including infl ammatory response, proliferaƟ ve signaling, angiogenesis and 

apoptosis are involved in tumor development [7, 10, 11]. Diff erent contribuƟ ons of biological and 

molecular processes might lead to tumor heterogeneity. Moreover, tumor heterogeneity might 

be caused by diff erences in tumor iniƟ aƟ ng cells that can drive tumor growth and progression. 

AlternaƟ vely or complementary, clonal expansion of diff erent dominant tumor cell populaƟ ons 

has been proposed to contribute to tumor heterogeneity [12-15]. In a clinical setup, study of the 

dynamics of prostate tumor development is impossible and iniƟ al stages of tumor development 

are not available. Therefore, well-defi ned model systems are very helpful in unraveling 

mechanisms of tumor development including tumor heterogeneity.

 PTEN inacƟ vaƟ on is together with ERG overexpression the most frequent early geneƟ c 

alteraƟ on in prostate cancer [16, 17]. Several geneƟ cally engineered mouse prostate tumor 

models (GEMMs) based on targeted bi-allelic deleƟ on of the Pten tumor suppressor gene have 

been developed [18-21]. AddiƟ onally to the Pten models, models have been developed based on 

c-Myc or Erg overexpression [22-25]. None of the iniƟ al publicaƟ ons on mouse prostate tumor 

models based on Pten inacƟ vaƟ on or other geneƟ c alteraƟ ons reported tumor heterogeneity 

[18-21], however, tumor heterogeneity, including epithelial mesenchymal transiƟ on (EMT), was 

reported in tumors that develop in Pten/Trp53 double knockout mice and in mice with acƟ vaƟ on 

of Fibroblast Growth Factor Receptor-1 (FGFR1) in the prostate epithelium [26, 27]. 

 Previously, we studied the development of a homogeneous hyperplasia in the early 

stages of tumor development in PSA-Cre targeted Pten knockout model and we idenƟ fi ed 

Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells as candidate tumor iniƟ aƟ ng cells 

[28, 29]. Here, processes involved in the development of prostate tumors were analyzed. 

Increased expression of genes involved in the infl ammatory response was associated with 

tumor development. Remarkably, Trp53 and genes associated with senescence show the highest 

expressed in tumors. Tumors were histological heterogeneous, and composed of diff erent 

carcinoma growth paƩ erns and carcinosarcomas. Tumors could also be classifi ed based on 

diff erenƟ al gene expression. CharacterizaƟ on of prostate cancer cell lines derived from the 
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tumors demonstrated frequent loss of chromosomes 4 and 12, heterogeneous gene expression 

paƩ erns and diff erent in vitro and in vivo biological properƟ es.

MATERIAL AND METHODS

GeneraƟ on of Prostate Targeted Pten Knockout Mice
PSA-Cre mice, mice carrying the Pten-loxP allele and PSA-Cre;Pten-loxP/loxP mice have been 

described previously [28, 30]. All PSA-Cre;Pten-loxP/loxP mice had a mixed 129/FVB background. 

Cre negaƟ ve liƩ ermates were kept as controls. Mice were housed according to institutional 

guidelines, and procedures were carried out in compliance with the standards for use of 

laboratory animals.

DNA isolaƟ on, PCR analysis and array-CGH analysis
Protocols for DNA isolaƟ on were described earlier [31]. To check Pten recombinaƟ on, a PCR 

analysis was performed with primers fl anking a loxP site and with primer combinaƟ ons showing 

recombinaƟ on as described [28]. The whole-genome mouse BAC microarrays used for array-

based comparaƟ ve genomic hybridizaƟ on (aCGH) analysis were kindly provided by Jos Jonkers 

(NKI, The Netherlands) and published previously [32]. Protocols for DNA labeling, hybridizaƟ on 

and analysis of BAC microarrays was published previously [31]. Instead of human Cot-1 DNA, 

mouse Hybloc was used to inhibit nonspecifi c hybridizaƟ on. 

RNA extracƟ on, cDNA preparaƟ on and QPCR analysis
RNA was isolated from snap frozen mouse prostates and cell lines using the Qiagen Easy RNA 

isolaƟ on Kit (Qiagen, Hilden, Germany) according to the manufacturer’s guidelines, including an 

on column DNAseI digesƟ on. RNA quality was assessed using the RNA 6000 Nano kit in a 2100 

Bioanalyser (Agilent, Palo Alto, CA). For RNA extracƟ on from normal, hyperplasƟ c prostates and 

prostate tumors a pool of diff erent prostate lobes of one mouse was used. 

 For reverse transcripƟ on 2 μg total RNA was incubated for 1 h at 37°C in buff er containing 

50mM Tris-HCl pH 8.3, 75 mM KCl, 3mM MgCl2, 10mM DTT and 1mM dNTPs, supplemented 

with 400 U M-MLV-reverse transcriptase (Invitrogen, Carlsbad, CA), 80 U RNAguard (Amersham 

Biosciences, LiƩ le Chalfont, UK) and 1 mg oligodT primer. The procedure for QPCR analysis was 

described earlier [29]. Primer sequences for both PCR as QPCR are provided in Table S1.

Probe preparaƟ on and hybridizaƟ on, and analysis of Aff ymetrix gene expression arrays
Five ug total RNA was used to prepare anƟ sense bioƟ nylated RNA according to the manufacturer’s 

one-cycle protocol (Aff ymetrix, Santa Clara, CA). HybridizaƟ on to Aff ymetrix Mouse Genome 
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430 2.0 GeneChips (>39000 transcripts), staining, washing and the scanning procedures were 

performed by ErasmusMC Center for Biomics according to the Aff ymetrix protocol. The Aff ymetrix 

gene expression data were normalized based on the average signal intensity. Before transforming 

expression array data to log2 values, low expression values (<4) were set at 4. For unsupervised 

hierarchical clustering and visualizaƟ on of genes with the highest diff erenƟ al expression the 

programs Cluster and Treeview were used [33]. In addiƟ on, by performing Signifi cance Analysis 

of Microarrays (SAM) [34] gene expression relaƟ ve diff erences to the standard deviaƟ on of these 

expression levels within one group was calculated. 

Cell culture, western blot analysis, soŌ  agar assay and subcuteneous transplantaƟ on 
studies
To generate cell lines, prostate Ɵ ssue was digested in Collagenase A soluƟ on (250U/ml, Roche, 

Mannheim, Germany) for ~1 hour. The culture medium used was described previously [35]. 

 Western blot analysis was performed according to standard procedures. The primary 

anƟ bodies used were rabbit polyclonal anƟ bodies to Akt (Cell signaling technology), pAkt (Ser473, 

Cell signaling technology) and Androgen Receptor (own producƟ on) and a mouse monoclonal 

β-acƟ n anƟ body (Sigma, St. Louis, MO). 

 Procedures used in the soŌ  agar assay and in subcuteneous transplantaƟ on studies were 

described earlier [36, 37]. Per cell line six mice were injected with 5*106 cells.

Immunohistochemical analysis
Procedures for immunohistochemistry were described earlier [28, 29]. Detailed anƟ body 

informaƟ on is provided in Table S2. 

RESULTS

Prostate tumors of targeted Pten knockout mice are heterogeneous
Previously, we described prostate tumor development in PSA-Cre;Pten-loxP/loxP mice [28]. At 

4-5 months (4-5m) prostates of targeted bi-allelic Pten knockout mice were completely fi lled 

with homogeneous, CytokeraƟ ne (CK) posiƟ ve hyperplasƟ c epithelial cells lined by P63+ basal 

epithelial cells (Figure 1). Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells were idenƟ fi ed 

as candidate tumor iniƟ aƟ ng cells [29]. UlƟ mately, all mice developed invasive prostate tumors at 

>10m. In the present study, the tumors are characterized and processes associated with tumor 

development are idenƟ fi ed. Furthermore, cell lines derived from tumors of PSA-Cre targeted 

Pten knockout mice were generated and characterized.
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Figure 1. CharacterizaƟ on of hyperplasƟ c prostates and prostate tumors of targeted Pten knockout 
mice. The prostate histology (HE staining) of hyperplasƟ c prostates (4-5m) and diff erent growth paƩ erns 
in prostate tumors is shown (Intraductal carcinoma, adenocarcinoma, undiff erenƟ ated carcinoma and 
carcinosarcoma) (Magnifi caƟ on: 200x). Note that normal prostate (NP) is included as a reference. 
A detailed picture of the nuclear structure in these prostates is shown at higher magnifi caƟ ons. To 
characterize the prostates a consecuƟ ve slide stained for P63 and CK is included.
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Although hyperplasƟ c prostates (HP) were histological very homogeneous, the tumors were not. 

In contrast to the regular nucleï of hyperplasƟ c cells at 4-5m, tumor cells showed nuclear atypia 

with prominent nucleoli (Figure 1). HP developed into heterogeneous tumors containing areas 

showing many diff erent histopathologic growth paƩ erns. At 7-8m foci of cells with atypical nuclei, 

which we named intraductal carcinoma (IDC), because of the histologic resemblance to human 

IDC, could be detected (Figure S1). Prostates with characterisƟ cs of IDC contained dysplasƟ c cells 

that showed a cribriform growth paƩ ern surrounded by an interrupted P63+ basal epithelial cell 

layer (Figure 1, Figure S1). 

 In all older mice (>10m) heterogeneous prostate tumors were detected with diff erent 

cell types and Ɵ ssue growth paƩ erns that we disƟ nguished as carcinoma. Three carcinoma 

growth paƩ erns were defi ned: IDC, adenocarcinoma and undiff erenƟ ated carcinoma. The 

undiff erenƟ ated carcinosarcoma was composed of spindle form cells. Tumor cells in IDC, 

adenocarcinoma and undiff erenƟ ated carcinoma showed strong CK staining. Carcinosarcoma 

cells were weakly posiƟ ve or negaƟ ve for CK staining. IDC and carcinosarcoma were the 

dominaƟ ng growth paƩ erns. Because foci of IDC were already detected at 7-8 months, it might 

represent a precursor stage of other tumor types. However, transiƟ ons from one growth paƩ ern 

to another were not very clear.

 Prostate tumors are associated with increased expression of genes associated with an 

infl ammatory response. To invesƟ gate diff erences in gene expression profi les between HP and 

tumors, global gene expression profi ling of RNA of three HP samples and thirteen prostate 

tumors was undertaken. Unsupervised hierarchical clustering separated two clusters (Figure 2A). 

Surprisingly, one cluster contained eight tumors (indicated in red), and the second cluster was 

composed of the three HP and the remaining fi ve tumors (indicated in blue).

 Although part of the tumor samples showed overlap in gene expression profi le with HP, we 

fi rst carried out SAM to idenƟ fy genes diff erenƟ ally expressed in all prostate tumor as compared 

to HP (Figure 2B, Table S3, S4). In Figure 2B the 20 genes with the highest expression in prostate 

tumors as compared to HP are visualized. Remarkably, six out of the top 20 genes, Cpn1, 

Tnfrsf9, Gzmf, Zap70, Il18rap and Gzmd, were idenƟ fi ed as genes involved in the infl ammatory 

response [38-43]. Expression of Cpn1, Tnfrsf9 and Zap70 in individual HP samples and tumor 

samples are shown as examples (Figure 2C). Strong diff erenƟ al expression of genes involved in 

the infl ammatory response between tumor and HP samples was supported by Ingenuity analysis 

(Figure 2D). Here, infl ammatory response was by far the top process associated with the prostate 

tumors.
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Figure 2. Increased expression of markers associated with infl ammatory response in prostate 
tumors of targeted Pten knockout mice. (A) Unsupervised hierarchical clustering of hyperplasƟ c 
prostates and prostate tumors. Blue and red boxes indicate tumors with diff erences in expression 
profi les. (B) Top20 of genes high expressed in prostate tumors as compared to HP idenƟ fi ed by SAM. 
A blue and red bar indicate the tumors as in Figure 2A. Green indicates lower gene expression and red 
indicates higher expression. The expression levels of the genes indicated by a black dot (Cpn1, Tnfrsf9 
and Zap70) in individual HP samples and prostate tumors are shown in (C). (D) Top5 of processes 
annotated by Ingenuity analysis based on genes diff erenƟ ally expressed between HP and prostate 
tumors. (E) RelaƟ ve expression analysis for CD45 in NP, HP and prostate tumors. (F) CD45 staining of 
immune cells in NP, HP and prostate tumors (Magnifi caƟ on: 125x). In (C) and (E) the gene expression 
was ploƩ ed relaƟ ve to the housekeeping gene Hypoxanthine guanine phosphoribosyl transferase 1 
(Hprt).
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As shown in Figure 2A part of the tumor samples co-clustered with HP. We compared the 

expression profi les of these fi ve tumor samples to the three HP samples present in this cluster 

by SAM to obtain paƩ erns of the most specifi c expressed genes in these tumors. InteresƟ ngly, 

again here genes associated with immune response were diff erenƟ ally expressed. Members of 

the immunoglobulin family (Igh-6, Igh-4 and IgVH) were among the top ten genes high expressed 

in tumor samples as compared to HP (Figure S2A). The expression of Igh-6 and IgVH in individual 

HP samples and prostate tumor samples are shown (Figure S2B). These markers were also higher, 

but more variable expressed in the eight tumor samples in the second tumor cluster indicated by 

red in Figure 2A (data not shown). 

 Further studies showed that RNA expression of the common leukocyte marker CD45 was 

already higher in HP as compared to normal prostate (NP), however the expression of this 

marker was the highest in prostate tumor samples (Figure 2E). Immunohistochemical staining of 

prostates for CD45 confi rmed that both HP and prostate tumors were infi ltrated by immune cells 

that stained posiƟ ve for the common leukocyte marker (Figure 2F). 

Based on expression profi ling two subclasses of prostate tumors in PSA-Cre targeted Pten 
knockout mice were discriminated: TC1 and TC2
To extend the analyses of gene expression paƩ erns in all heterogeneous tumor samples, 

unsupervised clustering of the thirteen tumor samples analyzed in Figure 2A was undertaken, 

but now leaving out the HP samples. As expected from Figure 2A, based on gene expression 

profi ling again two clusters could be discriminated: red and blue samples in Figure 2A were 

again separated in two clusters (data not shown). To address the quesƟ on whether diff erences in 

expression profi les were associated with prostate tumor histology, these thirteen tumors were 

independently scored for the presence of diff erent tumor growth paƩ erns by two pathologists. 

As menƟ oned above, all prostate tumors were heterogeneous, however some diff erences could 

be detected. In three tumors the predominaƟ ng growth paƩ ern (>70%) was carcinoma (IDC, 

adenocarcinoma and undiff erenƟ ated carcinoma), whereas six prostate tumors contained large 

areas (>70%) of carcinosarcomas. Four tumors contained such a complex mixture of carcinoma 

and carcinosarcoma that a predominaƟ ng growth paƩ ern could not be determined. These 

four samples were excluded in further analyses. The three samples in the carcinoma group co-

clustered with HP in Figure 2A, whereas the carcinosarcomas clustered in the separate cluster 

(Figure 2A). The carcinoma group was denoted tumor class (TC) 1 and tumor class (TC) 2 was 

characterisƟ c for carcinosarcomas. 

 Next, a third SAM experiment was done, now to idenƟ fy genes diff erenƟ ally expressed 

between TC1 and TC2 (Figure 3A, B). Among the genes with the highest expression in TC1 were 

genes known to be higher expressed in epithelial cells, including Msmb, Tff 2 and Agr2, whereas 

genes higher expressed in TC2, like Star, Adam12 and Gja1, were known to be expressed in 

stromal/mesenchymal cells [44-50]. Full names of the top twenty diff erenƟ ally genes are listed in 
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Figure 3. Markers expressed in epithelial and mesenchymal cells are diff erenƟ ally expressed in TC1 
and TC2 tumors. (A) Top20 of genes high expressed in TC1 as compared to TC2 as idenƟ fi ed by SAM. 
Green indicates lower gene expression and red indicates higher expression. The relaƟ ve expression of 
Msmb and Tff 2 (indicated by blue dots) are show as examples. (B) Top20 of genes high expressed in 
TC2 as compared to TC1 as idenƟ fi ed by SAM. Green indicates lower gene expression and red indicates 
higher expression. The relaƟ ve expression of Star and Adam12 (indicated by red dots) are shown as 
examples. (C) The relaƟ ve expression levels of CK8, E-cadherin, Snail and FibronecƟ n in NP, HP, TC1 
and TC2 expressed as mean +/- SE. In (A), (B) and (C) the gene expression was ploƩ ed relaƟ ve to the 
housekeeping gene Hprt.
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Tables S5 and S6. The expression of Msmb, Tff 2, Star and Adam12 in individual prostate tumors 

are shown as examples (Figure 3A,B). So, although strongly hampered by the heterogeneity of 

the samples, a separaƟ on of (selected) tumor samples in TC1 and TC2, based on gene expression 

and histology can be accomplished. 

 Further comparison of expression of individual genes in TC1 and TC2 with HP and NP (Figure 

S3) showed that the relaƟ ve expression of the basal epithelial cell marker P63 was lower in 

HP and prostate tumors. The androgen receptor (AR) expression was increased in prostates 

of targeted Pten knockout mice as compared to NP, in contrast to markers for diff erenƟ ated 

luminal epithelial cells like Nkx3.1 and Probasin. Analysis of expression profi les of known markers 

for epithelial (CK8 and E-cadherin) and mesenchymal (Snail and FibronecƟ n) cells confi rmed 

diff erenƟ al expression of genes associated with epithelial cells and mesenchymal cells in TC1 and 

TC2, respecƟ vely (Figure 3C). These data are in line with the immunohistochemical data for CK 

expression as observed in Figure 1. 

During prostate tumor development in PSA-Cre Pten knockout mice diff erenƟ al expression 
of markers of senescence, proliferaƟ on, angiogenesis and apoptosis was observed
To explore biological processes that can be associated with tumor development, RNA expression 

of markers associated with these processes was analyzed. Previously, Chen et al. reported an 

increased expression of genes involved in the Trp53 dependent cellular senescence response in 

early hyperplasia stages of tumor development in the related Probasin (PB)-Cre targeted Pten 

knockout mouse model [51]. We also observed higher expression of Trp53, Trp53-regulated and 

Trp53-independent senescence markers, including Cdkn2a (encoding P16), Cdkn1a (encoding 

p21) and Dec1 in HP as compared to NP (Figure 4A). Surprisingly, even a higher expression level 

for these markers was observed in TC1 and TC2 tumors (Figure 4A), indicaƟ ng that diminished 

senescence is not a factor involved in tumor development from hyperplasia. 

 Two other hallmark biological processes associated with tumor development are proliferaƟ on 

and angiogenesis. In prostates of targeted Pten knockout mice an increase in the proliferaƟ on 

rate was detected, as demonstrated by an elevated expression level of Ki67 and Pcna and the 

presence of more Bromodeoxyuridine (BrdU) posiƟ ve cells (Figure 4B). These data confi rm 

and extend previous observaƟ ons [28] that the proliferaƟ on rate is increased in HP and TC1 

tumors as compared to NP, however TC2 tumors show the highest proliferaƟ on rate (Figure 4B). 

Furthermore, analysis of gene expression showed a slightly higher expression of the endothelium 

markers CD31 and Tie2 in HP and TC1 tumors, and the highest expression of these markers in TC2 

tumors (Figure 4C), indicaƟ ng that angiogenesis is mostly sƟ mulated in the TC2 tumors. 

 Previously, we published an increased number of cells that stained for acƟ ve Caspase3 in 

prostate hyperplasia and tumor in PSA-Cre;Pten-loxP/loxP mice [28]. Although less convincing, in 

line with these data the pro-apoptoƟ c markers Bax and Bak1 were higher expressed in HP, and in 

TC1 and TC2 (Figure 4D).
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Figure 4. Diff erenƟ al expression of markers involved in cellular senescence, cellular proliferaƟ on, 
angiogenesis and apoptosis during prostate tumorigenesis in targeted Pten knockout mice. (A) 
RelaƟ ve expression levels of cellular senescence markers Cdkna1a, Trp53, Cdkna2a and Dec1 in NP, HP, 
TC1 and TC2. (B) RelaƟ ve expression levels of Ki67 and Pcna and examples of a representaƟ ve picture 
of BrdU+ cells in NP, HP, TC1 and TC2 (Magnifi caƟ on: 200x). (C) RelaƟ ve expression of angiogenesis 
markers CD31 and Tie2 in NP, HP, TC1 and TC2. (D) RelaƟ ve expression of pro-apoptoƟ c markers Bax 
and Bak1 in NP, HP, TC1 and TC2. In (A), (B), (C) and (D) the gene expression was ploƩ ed relaƟ ve to the 
housekeeping Hprt.
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CharacterizaƟ on of prostate tumor cell lines derived from prostate tumors of targeted 
Pten knockout mice
To obtain addiƟ onal informaƟ on on properƟ es of prostate tumor cells, cell lines derived from the 

prostate tumors were generated and characterized. In total 4 cell lines, C1, C4, C7 and C9, were 

generated and studied. C1, C4 and C9 were derived from very heterogeneous tumors and C7 

originated from a TC2 tumor. PCR analysis of DNA of these cell lines confi rmed that they were all 

completely Pten negaƟ ve (Figure 5A). 

 Tumor cells accumulate genomic alteraƟ ons during tumor development and progression. 

Analysis of the genomic alteraƟ ons in the Pten negaƟ ve cancer cell lines showed loss of part or 

complete chromosome 4 in all cell lines (Figure 5B). Loss of chromosome 12 was observed in all 

cell lines, except C4. In addiƟ on to these common alteraƟ ons in cell lines derived from prostate 

tumors of PSA-Cre targeted Pten knockout mice, C1 had loss of chromosome 8 and C7 was the 

only cell line where we found gain of chromosome 19.

 Remarkably, expression of the Pten downstream target phospho-Akt (pAkt) was variable. C1 

and C7 expressed high levels pAkt, but a faint band for pAkt was observed in C4 and C9 was pAkt 

negaƟ ve (Figure 5C). In cell line C4 by far the highest androgen receptor (AR) protein levels was 

observed as compared to the low expression in C1 and C7 (Figure 5C). No AR protein expression 

was detected in C9. 

 Next, QPCR was performed for cell type specifi c markers (Figure 5D). The epithelial cell 

marker E-cadherin was highest expressed in C4, C7 and C9. C1 showed highest expression of the 

mesenchymal marker Snail. Expression of Nkx3.1, a marker for mature luminal epithelial cells 

was low in all cell lines. Probasin showed a similar expression paƩ ern (data not shown). 

 We selected one cell line with relaƟ vely high expression of mesenchymal cell markers, C1, 

and a cell line with higher expression of epithelial cell markers, C4 for biological assays. No 

diff erence in in vitro migratory capacity could be detected (data not shown), and in a soŌ  agar 

assay the diff erences between C1 and C4 were small (Figure 5E). However, in vivo subcutaneous 

transplantaƟ on of C1 in nude mice resulted in tumor formaƟ on aŌ er 20 days, in contrast to C4 

(Figure 5F). Summarizing, these data showed that cell lines derived from targeted Pten knockout 

mice can diff er in their molecular and biological properƟ es, but the properƟ es of these cell lines 

seem not to be determined by the predominaƟ ng growth paƩ ern of the tumor from which they 

are derived.
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Figure 5. Heterogeneity between cell lines derived from prostate tumors of targeted Pten knockout 
mice. (A) PCR analysis showing complete Pten recombinaƟ on in C1, C4, C7 and C9. Myosin was 
used as a loading control. (B) Array-CGH analysis of C1, C4, C7 and C9 ploƩ ed as log2 T/N raƟ o per 
chromosome. (C) Western blot analysis of pAkt, Akt and AR expression in C1, C4, C7 and C9. AcƟ n 
was used as a loading control. (D) QPCR analysis of E-cadherin, Snail and Nkx3.1 in C1, C4, C7 and 
C9. (E) Examples of colony formaƟ on in a SoŌ  agar assay for C1 and C4. (F) Tumor growth aŌ er 
subcutaneous transplantaƟ on of C1 and C4 in nude mice ploƩ ed as tumor volume (mm3) against Ɵ me 
aŌ er transplantaƟ on (days). Note that at day 20 C1 starts to form a tumor in contrast to C4. 

DISCUSSION

The present study mainly focuses on two aspects of tumor development in the PSA-Cre;Pten-

loxP/loxP mouse prostate cancer model [28]: characterizaƟ on of tumor heterogeneity, and 

idenƟ fi caƟ on of biological and molecular processes associated with tumor development. 
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Previously we showed that the iniƟ al stages of tumor development in our model were well defi ned 

and very homogeneous: (1) The process starts with targeted bi-allelic inacƟ vaƟ on of Pten in the 

prostate (2) The tumor iniƟ aƟ ng cells are Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells 

[29] (3) At 4-5m a homogeneous prostate hyperplasia has developed [28, 29]. Later steps in tumor 

development are less well defi ned. In the present study we showed that at 7-8m foci of dysplasƟ c 

cells, designated IDC, had developed. At >10m all targeted mice developed heterogeneous 

tumors, with mixed growth paƩ erns characterisƟ c of carcinomas and carcinosarcomas. 

 Carcinoma in PSA-Cre;Pten-loxP/loxP prostate tumors was subdivided in three growth paƩ erns: 

IDC, adenocarcinoma and undiff erenƟ ated carcinoma, with IDC as major component. AddiƟ onally, 

we recognized carcinosarcoma as a predominaƟ ng growth paƩ ern. This heterogeneous growth 

complicated detailed characterizaƟ on of the tumors. Remarkably, in previous invesƟ gaƟ ons 

of prostate targeted Pten knockout mice, tumor heterogeneity has not been studied in detail 

[18-21]. In many of the previous studies pre-maligant prostate intra-epithelial neoplasia (PIN) 

lesions were defi ned, which showed morphological resemblance to IDC. Because the mouse IDC 

growth paƩ ern is very similar to human IDC and diff erent from human PIN we prefer IDC as 

terminology. Recently, several studies provided evidence that IDC in human prostate cancers 

is predicƟ ve for the development of high-grade invasive cancer with advanced stage disease 

[52, 53]. It was even proposed that IDC predicted the development of lymph node metastases 

[54]. Complete inacƟ vaƟ on of PTEN is also demonstrated in late stage aggressive clinical prostate 

cancer. Therefore, although metastases are very rare in the mouse model, it would be interesƟ ng 

to compare the properƟ es of the mouse model and human IDC in order to fi nd out whether 

there are more similariƟ es addiƟ onal to the histological growth paƩ ern.

 It might be argued that tumor heterogeneity in the mouse model is due to diff erences in 

geneƟ c background between mice in the mixed 129/FVB mice. Indeed, it is known that geneƟ c 

background can be a determinant in Pten knockout mice [55-57] (VanDuijn, unpublished). 

However, tumor heterogeneity was detected in every mouse. Moreover, recently we generated 

PSA-Cre;Pten-loxP/loxP mice in a homogeneous FVB background, but again prostate tumors were 

heterogeneous (data not shown). 

  We were unable to fi nd a clear transiƟ on of one tumor growth paƩ erns to another. Because 

IDC was already detected at 7-8m, it is tempƟ ng to speculate that prostate tumors at older age 

developed from IDC. However, we have no direct evidence for this hypothesis. As described 

here for Pten knockout mice, in GEMMs induced by diff erent geneƟ c alteraƟ ons prostate 

tumor heterogeneity was also described [26, 27, 58, 59]. In mouse models induced by targeted 

overexpression of acƟ vated FGFR1, in mice overexpressing FGF8b or targeted inacƟ vaƟ on of 

both Pten and Trp53 or Rb, growth paƩ erns characterisƟ c for adenocarcinomas, carcinosarcomas 

or sarcomas were described. In PB-FGFR1 mice and the PB-Cre;Pten/Trp53 double knockout 

mouse model it was suggested that carcinomas progressed into (carcino)sarcomas by EMT 
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[26, 27]. Although an aƩ racƟ ve hypothesis, so far, we have no direct evidence for EMT in the 

PSA-Cre;Pten-loxP/loxP model. A further aspect that remains to be invesƟ gated is a role of 

(reacƟ ve) stroma in tumor development. However, because of the heterogeneity of the tumors 

idenƟ fi caƟ on of reacƟ ve stromal cells that were clearly diff erent from carcinosarcoma cells was 

so far not reliable.

 This is the fi rst study describing gene expression profi ling in heterogeneous prostate tumors 

of targeted Pten knockout mice. Based on gene expression profi ling the heterogeneous tumors 

could be separated in TC1 and TC2 tumors with diff erenƟ al expression of genes in carcinoma 

and carcinosarcoma, respecƟ vely. Previously, Wang and coworkers [18] compared expression 

profi les of four prostate tumors of PB-Cre targeted Pten knockout mice, with normal prostate. 

Unfortunately, this number of samples is too small to detect heterogeneity. In this study, among 

the genes higher expressed in prostate tumors were genes also higher expressed in the tumor 

samples described in our study. Examples are Sppr2h, Igk-V28, Igh-6 and Pgr (Figure 2, 3 and S2). 

However, by comparison we observed that many genes reported as higher expressed in prostate 

tumors of PB-Cre mice were also overexpressed in HP. So, it seemed that the tumor samples 

analyzed were mixtures of HP and TC1, as defi ned in our study. Comparison with other GEMMs 

indicated that genes overexpressed in TC2 tumors showed some overlap with the integrated 

SV40 T/t-anƟ gen cancer signature observed in TRAMP mice [60]. This signature was predicƟ ve 

for aggressive human breast and lung tumors with a poor prognosis. Prostate tumors of PB-

FGFR1 and PB-Myc mice were also subjected to expression profi ling, however, again the number 

of tumors analyzed was very small, making comparison with the data from the present study 

unreliable [22, 26].

 To collect iniƟ al informaƟ on about biological processes associated with tumor development 

in the PSA-Cre;PtenloxP/loxP model, we studied the RNA expression of markers for infl ammaƟ on, 

proliferaƟ on, apoptosis, senescence and angiogenesis. Confi rming and extending data from our 

previous study [28] we found that cellular proliferaƟ on was increased in tumors, but the highest 

proliferaƟ on rate was detected in TC2 samples. Similarly, endothelial cell markers showed higher 

expression in TC2 samples, indicaƟ ve of increased angiogenesis. Expression of apoptosis markers 

was slightly higher in both HP and tumors. These data suggested that TC2 contained most 

aggressive tumors, which would be in accordance with their histopathologic phenotype. 

 Based on gene expression profi les and supported by Ingenuity data and Immunohistochemistry 

(IHC), a large diff erence between HP and tumor samples was found for genes associated with 

an infl ammatory response. It is increasingly becoming clear that interacƟ on of tumor cells with 

infl ammatory cells occurs frequently, and can even play a role in tumor development. Also in the 

mouse prostate infi ltraƟ on of immune cells has been documented [61-64]. In the present study 

we did not only observe frequent infi ltraƟ on in prostate tumors but also in HP. There seemed to 

be a preferency for infi ltraƟ on of anƟ body producing cells in TC1 tumors. However, the number 
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of tumors analyzed should be expended before fi nal conclusions can be drawn. The funcƟ on 

of the infi ltraƟ ng cells in our prostate tumor model is unknown as yet. PotenƟ ally these cells 

and their products might sƟ mulate tumor development and can also be involved in removal of 

degradaƟ on products.

 Remarkably, genes involved in the Trp53 pathway, including senescence markers were the 

highest expressed in tumors. Previously, it was postulated that senescence regulated by Trp53 

overexpression funcƟ oned as a barrier for progression from hyperplasia and PIN to tumor in 

targeted Pten knockout mice [51]. However, the even higher expression of Trp53 and senescence 

markers in tumor than in HP, as observed in the present study indicates a more complicated role 

of these markers in tumor development. It is evident that downregulaƟ on of the Trp53 response 

seems not a prerequisite for tumor development. 

 We generated and characterized cell lines derived from tumors to have access to materials 

that were possibly less heterogeneous and more easy to manipulate in follow up experiments. In 

all experiments we used early passages of the cell lines to ensure that in vitro induced secondary 

changes were as limited as possible. A drawback of this approach was that probably cell lines 

were not completely homogeneous. As described in the Results secƟ ons, the properƟ es of the 

cell lines did not refl ect these of the predominaƟ ng growth paƩ ern in the tumor (carcinoma or 

carcinosarcoma). No doubt, during establishment of the cell lines selecƟ on occurred, at least 

partly due to the composiƟ on of the growth medium that selected for epithelial cells. Importantly, 

genomic analysis showed substanƟ al homogeneity. This off ers the opportunity to use genomic 

DNA or RNA in recently established sequencing methods for idenƟ fi caƟ on of addiƟ onal genomic 

alteraƟ ons that might contribute to diff erent steps in tumor development in the mouse model. 

The heterogeneity of the tumors makes such an approach for in vivo collected material less 

fruiƞ ul. Cell lines diff ered in gene expression, in acƟ vaƟ on of pAKT and in in vitro and in vivo 

biological properƟ es. Previously, cell lines were derived from the TRAMP model, and from the 

PB-c-Myc model [65, 66]. In contrast to cell lines from Pten knockout mice [67, 68], those derived 

from the TRAMP and PB-c-Myc models were posiƟ ve for neuroendocrine markers [65, 66]. Cell 

lines developed from PB-Cre targeted Pten knockout mice were resistant to anƟ -androgens. They 

formed tumors aŌ er subcutaneous transplantaƟ on in severe combined immunodefi ciency (SCID) 

mice, just like C1 in our study [67]. Recently, a cell line established from prostate tumors of PB-

Cre;Pten/Trp53 knockout was orthotopically transplanted and showed the capacity to undergo 

EMT but also to diff erenƟ ate into cells with either basal or luminal epithelial characterisƟ cs [27]. 

 Combined with our data, all fi ndings indicate heterogeneous properƟ es of cell lines, which 

up to now are diffi  cult to correlate with in vivo tumor growth. This might also be true for human 

prostate cancer cell lines. Extended study of the mouse cell lines will allow further comparison 

on in vitro and in vivo growing prostate tumors. 
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Supplementary data

Figure S1. Intraductal carcinoma in prostates of targeted Pten knockout mice at 7-8m. An example of 
the typical histology (HE staining) of IDC in prostates of targeted Pten knockout mice at 7-8m is shown. 
ConsecuƟ ve secƟ ons are stained for P63 and CytokeraƟ n. Magnifi caƟ on: 200x.

Figure S2. Increased expression of immunoglobulines in prostate tumors of PSA-Cre targeted Pten 
knockout mice. (A) Top10 of genes higher expressed in fi ve prostate tumors as compared to HP as 
idenƟ fi ed by SAM (q-value: 0). Black dots indicate Igh-6 and IgVH of which the gene expression in 
individual samples is shown in (B). (B) Expression of Igh-6 and IgVH in individual HP samples and 
prostate tumors. In (B) the gene expression was ploƩ ed relaƟ ve to the housekeeping gene Hprt.
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Figure S3. CharacterizaƟ on of TC1 and TC2 prostate tumors. RelaƟ ve expression of P63, AR, Nkx3.1 and 
Probasin in NP, HP, TC1 and TC2 tumors. The gene expression was ploƩ ed relaƟ ve to the housekeeping 
gene Hprt.

Table S1. Primer sequences used for PCR and QPCR analysis.

Gene name Forward primer Reverse primer ApplicaƟ on

Pten (exon 5) 5’-TTCCTGAAAGTTAGGCTTCT-3’ 5’-GGGAGAAAACCTGTTTCCCA-3’ PCR

Myosin 5’-TTACGTCCATCGTGGACAGC-3’ 5’-TGGGCTGGGTGTTAGTCTTA-3’ PCR

Hprt 5’-TCCCTGGTTAAGCAGTACAG-3’ 5’-TTCCAGTTTCACTAATGACAC-3’ QPCR

E-cadherin 5’-GGAGGTGGAGAAGAAGACCA-3’ 5’-TCGCTGTCGGCTGCCTTCA-3’ QPCR

Snail 5’-CACACGCTGCCTTGTGTCT-3’ 5’-TATCTCTTCACATCCGAGTG-3’ QPCR

Nkx3.1 5’-ACTGAACCCGAGTCTGATGC-3’ 5’-CTTGGGTTTCGGTGAGTTTG-3’ QPCR

Table S2. InformaƟ on of anƟ bodies used for immunohistochemistry.

AnƟ body Company Product number DiluƟ on

BrdU Biogenex IIB5 1:150

CD45 DAKO, Glostrup, Denmark M7019 1:200

CK DAKO, Glostrup, Denmark M0701 1:400

P63 DAKO, Glostrup, Denmark M7247 1:100

Goat AnƟ -Mouse-bioƟ n DAKO, Glostrup, Denmark E0433 1:400

Swine AnƟ -Rabbit-bioƟ n DAKO, Glostrup, Denmark E0431 1:400
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Table S3. Signifi cantly diff erenƟ ally expressed genes in HP and prostate tumors of PSA-Cre;Pten-
loxP/loxP mice as assayed by SAM analysis.

Genes higher expressed in prostate tumors as compared to HP (q-value(%) <7)

   Accession Code Gene Name Score(d) Fold Change q-value(%)

NM_017396,1 Cyp3a41 4.447108451 695.04619 0

BG96196 UNKNOWN 4.023867623 19.2868022 0

BB350820 UNKNOWN 3.914327885 15.8842405 0

BG070282 Cdc14B 3.590402662 14.9654763 0

NM_007675 Ceacam10 3.509129746 24.5517087 0

NM_138648 Olr1 3.495240026 87.657804 0

BB185854 A2m 3.492528038 40.6270629 0

NM_007675,1 Ceacam10 3.412031369 25.5987903 3.782632

NM_030703,1 Cpn1 3.301796273 18.0111988 3.782632

BB745211 UNKNOWN 3.178074122 25.8455542 3.782632

NM_008242,1 Foxd1 3.172342216 8.72977056 3.782632

BC024515,1 Grp 3.1341144 59.325864 3.782632

NM_007423,1 Afp 3.10673406 34.569803 3.782632

BC028507,1 Tnfrsf9 3.011659252 20.458914 3.782632

NM_010374,1 Gzmf 2.955652279 22.47305 3.782632

AI595721 UNKNOWN 2.938292338 64.3889737 6.416964

NM_011474,1 Sprr2h 2.922613888 45.8125846 6.416964

BC024991,1 Prrr5 2.911517428 18.6966944 6.416964

BB129193 Lrp1b 2.907925763 7.59088302 6.416964

BB787829 UNKNOWN 2.898868134 16.4595738 6.416964

NM_009539,1 Zap70 2.896221667 5.02988267 6.416964

AV066880 Mgst2 2.876928021 5.47444121 6.416964

NM_010553,1 Il18rap 2.875665884 7.32648171 6.416964

NM_010375,1 UNKNOWN 2.87008917 26.6601226 6.416964

NM_010088,1 Prl8a2 2.866259102 94.978354 6.416964

NM_010372,1 Gzmd 2.853342688 29.0615324 6.416964

NM_031254,1 Trem2 2.844917936 21.8716249 6.416964

AK016255,1 UNKNOWN 2.844733404 17.9142573 6.416964

BB233467 UNKNOWN 2.816908774 5.97195213 6.416964

NM_010373,1 Gzme 2.81201435 33.1412293 6.416964

NM_019779,1 Cyp11a 2.80141199 36.0757658 6.416964

NM_010373,1 Gzme 2.796870754 26.5781513 6.416964

L25890,1 Ephb2 2.778899073 8.54545775 6.416964

AI551889 UNKNOWN 2.777583556 28.7418368 6.416964

AJ310308,1 Cryaa 2.755483137 52.1469898 6.416964
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Table S3. (ConƟ nued)

Genes higher expressed in prostate tumors as compared to HP (q-value(%) <7)

   Accession Code Gene Name Score(d) Fold Change q-value(%)

BC008152,1 Casp1 2.753533849 9.77033301 6.416964

NM_031198,1 Tcfec 2.733274253 13.839046 6.416964

BE947483 UNKNOWN 2.72038098 9.01485744 6.416964

BB149026 UNKNOWN 2.719421451 18.1854659 6.416964

NM_010372,1 Gzmd 2.712591938 21.0176402 6.416964

L36062,1 Star 2.702566559 69.2837018 6.416964

NM_009529,1 Xmr 2.702376231 88.7987542 6.416964

AW538452 UNKNOWN 2.70050021 6.51163865 6.416964

AI849139 UNKNOWN 2.693111197 8.77416089 6.416964

BB359887 UNKNOWN 2.678776728 17.4057153 6.416964

AV205680 UNKNOWN 2.663658713 11.1354448 6.416964

NM_029509,1 UNKNOWN 2.660232492 4.93686635 6.416964

BM250782 Tnfrsf9 2.651329233 10.3287714 6.416964

Genes higher expressed in HP as compared to prostate tumors (q-value(%) <7)

Accession Code Gene Name Score(d) Fold Change q-value(%)

NM_008318,1 Ibsp -3.388208524 0.02149951 5.133571

NM_008932,1 Prlr-rs1 -3.376695635 0.06625841 5.133571

BC024677,1 UNKNOWN -3.335999223 0.01242106 5.133571

BB701723 UNKNOWN -3.24783554 0.03826994 5.133571

C79967 UNKNOWN -3.158494822 0.05739379 5.133571

AI836671 UNKNOWN -3.145306991 0.04434046 5.133571

BC019528,1 UNKNOWN -2.941631121 0.04094875 6.844762

AF441863,1 Uts2r -2.896129324 0.09006397 6.844762

M22959,1 Prlr -2.853141084 0.06543926 6.844762
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Table S4. Full names of genes overexpressed in prostate tumors of PSA-Cre;Pten-loxP/loxP mice.

AbbreviaƟ on Gene Name

Cyp3a41 Cytochrome P450, family 3, subfamily a, polypepƟ de 41A

Cdc14B Cell division cycle 14 homolog B

Ceacam10 Carcinoembryonic anƟ gen-related cell adhesion molecule 10

Olr1 Oxidized low density lipoprotein (lecƟ n-like) receptor 1

A2m Alpha-2-macroglobulin

Cpn1 CarboxypepƟ dase N, polypepƟ de 1

Foxd1 Forkhead box D1

Grp GasƟ n-releasing pepƟ de

Afp Alpha fetoprotein

Tnfrsf9 Tumor necrosis factor receptor superfamily, member 9

Gzmf Granzyme F

Sprr2h Small proline-rich protein 2H

Prrr5 Proline rich 5

Lrp1b Low density lipoprotein receptor-related protein 1B

Zap70 Zeta-chain (TCR) associated protein kinase 70kDa

Mgst2 Microsomal glutathione S-transferase 2

Il18rap Interleukin 18 receptor accessory protein

Prl8a2 ProlacƟ n family 8, subfamily a, member 2

Gzmd Granzyme D

Trem2 Triggering receptor expressed on myeloid cells 2
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Table S5. Full names of genes overexpressed in TC1 tumors of PSA-Cre;Pten-loxP/loxP mice.

AbbreviaƟ on Gene Name

Angl Angiogenin-like

Msmb Beta-microseminoprotein

Fabp1 FaƩ y acid binding protein 1, liver

Ambp Alpha 1 microglobulinbikunin

Tff 2 Trefoil factor 2

Recgl5 RecQ protein-like 5

SŌ pd Surfactant associated protein D

Ces3 Carboxylesterase 3

Cals1 Carbonic anhydrase-related polypepƟ de

Noxo1 NADPH oxidase organizer 1

Sult1c1 Sulfotransferase family, cytosolic, 1C, member1

Agr2 Anterior gradient 2

Eps8l1 EPS8-like 1

Fam25C Family with sequence similarity 25, member C

Gsta3 Glutathione S-transferase, alpha 3

Timp4 Tissue inhibitor of metalloproteinase 4

Apof Apolipoprotein F

Msa1 Sall-3 like

Rdh9 ReƟ nol dehydrogenase 9

Chod1 ChondrolecƟ n
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Table S6. Full names of genes overexpressed in TC2 tumors of PSA-Cre;Pten-loxP/loxP mice.

AbbreviaƟ on Gene Name

Star Steroidogenic acute regulatory protein

Adamts3 A disintegrin-like and metallopepƟ dase (reprolysin type) with thrombospondin type 1 
moƟ f, 3

Ptn Pleiotrophin

Cryaa Alpha-A-crystallin

Adam12 A disintegrin and metalloprotease domain 12

Raet1a ReƟ noic acid early transcript 1, alpha

Drd4 Dopamine receptor 4

Carpb2 Cellular reƟ noic acid-bindingprotein 2

Cyp3a41 Cytochrome P450, steroid inducible 3a41

Gabrg1 Gamma-aminobutyric acid A receptor gamma 1subunit

Xlr X-linked lymphocyte-regulated complex

Calcb Calcitonin-related polypepƟ de, beta

Folh1 Folate hydrolase

Htr2b 5-hydroxytryptamine (serotonin) receptor 2B

Pth1h Parathyroid hormone-like pepƟ de

Cthrc1 Collagen triple helix repeat containing protein

Sprr2h Small proline-rich protein 2H

Gja1 Gap juncƟ on membrane channel protein alpha 1

Cyp11b1 Cytochrome P450, family 11, subfamily b, polypepƟ de 1

Prg Progesteron receptor
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ABSTRACT

PTEN and TP53 are frequently inacƟ vated in clinical prostate cancer. We used geneƟ cally 

modifi ed mouse models to study the role of Trp53 inacƟ vaƟ on in mouse prostate cancer induced 

by Pten inacƟ vaƟ on. Previously, we showed that PSA-Cre;Pten-loxP/loxP mice developed 

prostate cancer in well defi ned progressive steps. Sole Trp53 inacƟ vaƟ on in PSA-Cre;Trp53-loxP/

loxP mice induced in the prostate small foci of atypical cells at >11m that never progressed to 

cancer. These atypical cells expressed the same markers as luminal epithelial cells in the proximal 

region of the normal adult mouse prostate and as rare luminal epithelial progenitor cells in the 

more distal prostate. Targeted inacƟ vaƟ on of one or two Trp53 alleles in PSA-Cre;Pten-loxP/loxP 

mice accelerated development of a heterogeneous aggressive prostate cancer. In contrast to 

PSA-Cre;Pten-loxP/+ mice, PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice developed prostate cancer 

with or without inacƟ vaƟ on of the second Pten allele. Compared to Pten knockout tumors, 

double Pten/Trp53 knockout prostate tumors showed several important addiƟ onal hallmarks of 

cancer. Most prominent is genomic instability, accompanied by overexpression of genes involved 

in cell cycle regulaƟ on. Importantly, in contrast to Pten knockout tumors, Pten/Trp53 prostate 

tumors were metastaƟ c. Cell lines derived from the tumors showed a high capacity to grow in 

soŌ  agar, formed irregular colonies in 3D culture and in vivo tumors if orthotopically transplanted 

in immunocompetent mice. The cell lines derived from Pten/Trp53 prostate tumors retained 

at least part of the gene expression profi le of in vivo tumors, parƟ cularly high expression of 

genes induced by Trp53 deleƟ on. Genomic instability of the cell lines aff ected many diff erent 

chromosomes but most frequently 4, 7 and 15. The combined in vivo and in vitro models are 

excellent tools to invesƟ gate the eff ect of Trp53 inacƟ vaƟ on in a well-defi ned tumor model. 

Moreover, they can funcƟ on as preclinical models of late stage prostate cancer. 
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INTRODUCTION

PTEN and TP53 are the most frequently inacƟ vated genes in human tumors. Carriers of germ line 

mutaƟ ons in PTEN or TP53 develop the cancer suscepƟ bility syndromes Cowden disease, and 

Li-Fraumeni syndrome, respecƟ vely [1-4]. In vitro and in vivo studies have shown that PTEN can 

modulate many cellular funcƟ ons, including proliferaƟ on, apoptosis, DNA damage response, cell 

size, metabolism, senescence, polarity, migraƟ on, stem cell renewal and angiogenesis [2, 5-9]. 

The best characterized funcƟ on of P53 is that of cell cycle regulator, including inducƟ on of 

senescence to allow DNA repair during mitosis, and inducƟ on of apoptosis to remove severely 

damaged cells [10-12]. Recently, there is a revival of the interest in the funcƟ on of P53. It has been 

recognized that the funcƟ on of P53 is even more complex than originally thought, and might also 

include stem cell regulaƟ on, development and metabolism [12-16]. 

 Prostate cancer is a heterogeneous disease that, if metastasized cannot be cured. Improved 

characterizaƟ on of late stage prostate cancer will contribute to development of more eff ecƟ ve 

therapy. Frequent mono-allelic PTEN inacƟ vaƟ on mostly by loss of a small genomic region on 10q 

has been reported in early stages of clinical prostate cancer [17-19]. Complete PTEN inacƟ vaƟ on 

is found in late stage progressive disease [20-23]. ParƟ al or complete inacƟ vaƟ on of TP53 is also 

associated with advanced disease [21, 24-26]. 

 Several diff erent Pten knockout mouse models of prostate cancer have been developed 

during the last decade. ConvenƟ onal Pten-/- mice are embryonal lethal, but Pten+/- mice 

develop hyperplasƟ c and dysplasƟ c lesions in several Ɵ ssues, including the prostate [27, 28]. 

Prostate-targeted models have been based on Cre expression driven by the prostate-specifi c PB, 

PSA and Nkx3.1 promoter [29-31]. In all models complete Pten inacƟ vaƟ on leads to hyperplasia 

and prostate tumor development with absence of or low frequency of metastasis [29, 30, 32, 33]. 

Importantly, tumor iniƟ aƟ ng cells and dynamics of tumor development are diff erent in the 

various models. In the PSA-Cre driven targeted Pten model prostate tumors developed from 

a luminal epithelial progenitor cell followed by well-defi ned stages of hyperplasia and tumor 

progression [29, 34] (Korsten, Chapter 3).

 ConvenƟ onal Trp53 knockout mice develop almost normal but are more suscepƟ ble to 

develop spontaneous tumors, mainly lymphomas and soŌ  Ɵ ssue sarcomas [13, 35]. Confl icƟ ng 

data have been described of the eff ect of targeted Trp53 inacƟ vaƟ on on epithelium of the 

prostate, ranging from absence of histological abnormaliƟ es to dysplasƟ c lesions with nuclear 

atypia [36, 37]. 

 In targeted mouse prostate cancer models Trp53 inacƟ vaƟ on combined with Rb1 and Brca2 

inacƟ vaƟ on accelerates tumor development [36, 38]. Also, in Pten knockout models acceleraƟ on 

of prostate tumor development by Trp53 inacƟ vaƟ on has been described [37, 39-41]. However, 
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others reported that the eff ect of Trp53 inacƟ vaƟ on on prostate cancer development in Pten 

knockout mice is limited [39]. 

 In the present study, we systemaƟ cally characterized prostate tumors that developed by PSA-

Cre driven targeted mono-allelic and bi-allelic Trp53 and Pten inacƟ vaƟ on in the mouse prostate. 

Moreover, we generated and invesƟ gated the properƟ es of novel cell lines derived from the 

tumors. In this Pten kockout model model systems inacƟ vaƟ on of Trp53 not only accelerated 

prostate cancer development but also induced metastaƟ c disease. Although heterogeneous, most 

double knockout tumors showed altered expression of genes involved in many key processes of 

tumor development, including cell cycle regulaƟ on. Importantly, Trp53 inacƟ vaƟ on also induced 

prostate cancer in mono-allelic Pten knockout mice. Most prominent diff erences in the double 

knockout cell lines compared to Pten knockout cell lines are overexpression of mitoƟ c checkpoint 

control genes and chromosomal instability, and in vitro and in vivo tumorigenic properƟ es. The 

models developed and characterized in this study contribute to elucidaƟ on of the role of Trp53 

inacƟ vaƟ on in the presence of Pten acƟ vaƟ on. 

MATERIALS AND METHODS 

GeneraƟ on of targeted Pten/Trp53 knockout mice 
The generaƟ on of PSA-Cre mice (strain FVB), mice carrying Pten-loxP or Trp53-loxP alleles 

(strain 129Ola) and targeted Pten knockout mice have been described previously [29, 34, 42, 43]. 

To generate mice with targeted Pten/Trp53 inacƟ vaƟ on, Pten-loxP/loxP;Trp53-loxP/loxP mice 

were crossed with PSA-Cre mice. By subsequent breeding of PSA-Cre;Pten-loxP/+Trp53-loxP/+ 

F1 off spring with Pten-loxP/loxP;Trp53-loxP/loxP mice, mice with diff erent genotypes were 

generated. Cre negaƟ ve liƩ ermates were kept as controls. Mice were housed according to 

institutional guidelines, and procedures were carried out in compliance with the standards for 

use of laboratory animals. Mice were sacrifi ced at 4-5m, 7-8m, 11-12m and >14m. An overview 

of the number of mice that we sacrifi ced or found dead per genotype per Ɵ me point is given in 

Table S1. The animal experiments performed in this study have been approved by the animal 

experimental commiƩ ee of Erasmus Medical Centre (DEC-consult Erasmus MC project 106-03-

02).

Genomic DNA analyses
Procedures for genotyping and DNA recombinaƟ on PCR were described previously [29]. DetecƟ on 

of allelic loss in genomic DNA of tumor cell lines was done by standard PCR. DNA sequencing 

was described previously [44]. The sequences of the primers used for DNA recombinaƟ on PCR, 

detecƟ on of allelic and sequencing are given in Table S2. 
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RNA extracƟ on, QPCR analysis and cDNA microarray analysis
Procedures for RNA isolaƟ on, cDNA preparaƟ on and QPCR analysis were as described [34, 45]. 

Primer sequences are given in Table S2. Methods used for transcripƟ on profi ling on mouse 

cDNA microarrays (NKI, Amsterdam, The Netherlands) were described previously [34, 46]. For 

unsupervised hierarchical clustering the programs Cluster and Treeview were used [47]. Criteria 

for clustering analyses were 100% signal and at least 2 observaƟ ons of log2 |1|. By SAM 

(Signifi cance Analysis of Microarrays) diff erenƟ ally expressed genes with a q-value of 0% were 

ordered [48].

Histology, immunohistochemistry and analysis of proliferaƟ on and apoptoƟ c rate 
Procedures for immunohistochemistry were as described [34]. Detailed anƟ body informaƟ on is 

given in Table S3. Procedures measuring the in vivo cell proliferaƟ on and the apoptoƟ c index 

were also described earlier [29]. The percentages BrdU posiƟ ve cells and Caspase-3 posiƟ ve cells 

were counted for 500 and 1000 luminal epithelial cells, respecƟ vely. 

 

Cell culture, arrayCGH analysis, in vitro biological assays and orthotopic transplantaƟ on 
studies 
To generate cell cultures minced prostate Ɵ ssue was incubated for 1h in Collagenase A soluƟ on 

(250U/ml, Roche, Mannheim, Germany). Single cells were isolated and cultured under standard 

condiƟ ons. The composiƟ on of the culture medium was described previously [49]. 

 The whole-genome mouse BAC microarrays used for array-based comparaƟ ve genomic 

hybridizaƟ on (arrayCGH) analysis were described previously [50]. Protocols for DNA isolaƟ on, 

DNA labeling, hybridizaƟ on and analysis of microarrays were published previously [44]. Mouse 

Hybloc was used to block unspecifi c hybridizaƟ on.

 The procedure for the soŌ  agar assay was described earlier [51]. The soŌ  agar data were 

analyzed using the KS-400 image analysis package (Carl Zeiss Microimaging, Inc.). For three 

dimenƟ onal cell culture 104 cells were suspended in 0.4 ml matrigel (354234, BD Biosciences, 

Franklin lakes, NJ) and poured on top of a thin layer of matrigel. AŌ er two hours at 37ОC, culture 

medium was added and cells were incubated at 37ОC. 

 The procedures for orthotopic growth of prostate cancer cell line on mice with a mixed 

geneƟ c background (129Ola/FVB) were essenƟ ally as described previously [52]. In each prostate 

106 cells were injected.

StaƟ sƟ cs
The Mann-Whitney U test was applied for staƟ sƟ cal analyses. 
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RESULTS

Prostate-specifi c Pten and Trp53 inacƟ vaƟ on
In Supplementary Figure S1A the strategy for inacƟ vaƟ on of both Pten and Trp53 is schemaƟ cally 

illustrated [29, 43]. Using Cre expression driven by the PSA promoter/enhancer and LoxP 

recombinaƟ on, Pten exon 5 was deleted. Similarly, Trp53 recombinaƟ on deletes exons 2-10. 

Targeted Pten and Trp53 inacƟ vaƟ on in the prostate was very effi  cient in all mice (Figure S1B). 

In a proporƟ on of the Pten and Pten/Trp53 negaƟ ve mice Pten and Trp53 recombinaƟ on in the 

adrenal gland was noƟ ced. In Pten/Trp53 double knockout mice also rare recombinaƟ on of both 

genes in the salivary gland and the skin was detected (data not shown). 

Targeted Trp53 inacƟ vaƟ on resulted in foci of atypical Clu+Tacstd2+Sca-1+ luminal epithelial 
cells
Sole targeted Trp53 inacƟ vaƟ on did not aff ect the overall morphology or weight of the prostate. 

However, at older age (>11m) in prostates of PSA-Cre;Trp53-loxP/loxP and PSA-Cre;Trp53-

loxP/+ mice foci of compact atypical luminal epithelial cells were observed and cells with 

enlarged atypical nuclei were detected (Figure 1A and data not shown). These lesions were also 

occasionally seen in old control mice although at a much lower frequency. None of the PSA-Cre 

targeted Trp53 knockout mice developed prostate cancer. 

Figure 1. The characterizaƟ on of dysplasƟ c foci in prostates of PSA-Cre targeted Trp53 knockout mice 
at older age (>11m). (A) Prostate histology of control mice, PSA-Cre;Trp53-loxP/loxP and PSA-Cre;Trp53-
loxP/+ mice at >11m. Examples of atypical foci are shown, such as a focus of compact dysplasƟ c cells 
in a PSA-Cre;Trp53-loxP/loxP mouse (indicated by a dashed line) and dysplasƟ c cells with atypical 
nuclei (indicated by arrowheads) in a PSA-Cre;Trp53-loxP/+ mouse of >11m. (B) Expression of luminal 
epithelial progenitor cell markers Clusterin (Clu), Tacstd2 and Sca-1 in dysplasƟ c foci in prostates of 
aged PSA-Cre targeted Trp53 knockout mice.
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Previously, we showed that targeted Pten inacƟ vaƟ on leads to accumulaƟ on of hyperplasƟ c 

Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells in the distal prostate [34]. Luminal epithelial 

cells with a similar marker expression were also present in the proximal region of the normal 

prostate. InteresƟ ngly, immunohistochemical analysis of foci of compact atypical cells in 

prostates of Trp53 knockout mice showed that these cells expressed the same markers, indicaƟ ve 

of an associaƟ on between these diff erent cell types (Figure 1B). Staining of Ɵ ssue secƟ ons for 

expression of the luminal epithelial progenitor cell markers Clu, Sca-1 and Tacstd2 even more 

clearly revealed the atypical foci in prostates of Trp53 knockout mice. In essenƟ ally all prostates 

of PSA-Cre;Trp53-loxP/loxP mice these Clu+Tacstd2+Sca-1+ foci were detected at >11m, and these 

foci were observed in ~50% of the prostates of PSA-Cre;Trp53-loxP/+ mice at this age. In ~15% 

of the prostates from control mice similar but considerably smaller atypical foci were observed 

(data not shown). 

Targeted Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/loxP mice accelerates prostate tumor 
development
Next, the eff ect of targeted Trp53 inacƟ vaƟ on on prostate tumor development in bi-allelic Pten 

knockout mice was studied. As described previously, at 4-5m prostate lobes of PSA-Cre;Pten-

loxP/loxP mice were fi lled with a homogeneous populaƟ on of hyperplasƟ c cells [29, 34]. These 

hyperplasƟ c prostate lesions progressed to lesions resembling human intraductal carcinoma 

(IDC). At 10m or older, morphologically heterogeneous invasive prostate tumors developed in 

all PSA-Cre;Pten-loxP/loxP [29] (Korsten et al., in preparaƟ on). These tumors can be subdivided in 

carcinoma (IDC, adenocarcinoma and undiff erenƟ ated carcinoma) and carcinosarcoma. 

 Complete Trp53 inacƟ vaƟ on in targeted bi-allelic Pten knockout mice resulted in a marked 

acceleraƟ on of prostate tumor development. Although at 4-5m no signifi cant diff erences 

in prostate weights were detected between PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/

loxP;Trp53-loxP/loxP mice, in prostates of bi-allelic double knockout mice, cells with atypical 

nuclei and foci of cells resembling human IDC were idenƟ fi ed (Figure 2A,C). At 7-8m, complete 

Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/loxP mice resulted in invasive prostate tumors in all mice, 

accompanied by a signifi cant increase in prostate weight (P<0.01) (Figure 2A,C). Like in bi-allelic 

Pten knockout mice at 10m or older (Korsten, in preparaƟ on), prostate tumors in the double 

knockout mice were heterogeneous and had characterisƟ cs of diff erenƟ ated and undiff erenƟ ated 

carcinoma and of carcinosarcoma. Because of accelerated formaƟ on of aggressive tumors lead 

to rapid animal death, double knockout mice were all sacrifi ced at 7-8 m. 

 Similar to complete Trp53 inacƟ vaƟ on, inacƟ vaƟ on of one Trp53 allele in PSA-Cre;Pten-loxP/

loxP mice accelerated prostate tumor development, although the eff ect was less pronounced 

(Figure 2A-C). Four out of 13 PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ mice developed invasive 
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prostate tumors at 7-8m. At older age (>11m) invasive prostate tumors were observed in all PSA-

Cre;Pten-loxP/loxP;Trp53-loxP/+ mice (n=20). 

Figure 2. Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/loxP mice accelerates prostate tumor development. 
(A) Prostate weights of control mice, PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/
loxP mice at 4-5m and 7-8m. Note that a staƟ sƟ cally signifi cant diff erence in prostate weight (p<0.01) 
was measured at 7-8m between PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP 
mice. (B) Prostate weights of control mice, PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-
loxP/+ mice at 4-5m, 7-8m, 11-12m and >15m. Here the prostate weights of PSA-Cre;Pten-loxP/loxP 
and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ mice were staƟ sƟ cally signifi cant diff erent at 7-8m (p<0.05). 
(C) RepresentaƟ ve examples of the prostate histology of control mice, PSA-Cre;Pten-loxP/loxP, PSA-
Cre;Pten-loxP/loxP;Trp53-loxP/+ and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice at 4-5m, 7-8m and 
>11m. Enlarged pictures show that nuclei in prostates of PSA-Cre;Pten-loxP/loxP, PSA-Cre;Pten-loxP/
loxP;Trp53-loxP/+ and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice become atypical with prominent 
micronuclei during tumorigenesis.
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The acceleraƟ on of prostate tumor development by inacƟ vated Trp53 was accompanied by a 

slightly higher proliferaƟ on rate, as assessed by BrdU incorporaƟ on (Figure S2, 7-8m), but the 

apoptoƟ c rate, as determined by acƟ ve Caspase 3 staining, was not signifi cantly aff ected (Figure 

S2, 7-8m). As shown in Figure S2 and previously published [29] sole Pten inacƟ vaƟ on strongly 

sƟ mulated the proliferaƟ on and apoptoƟ c rates of cells in hyperplasƟ c prostates and in prostate 

tumors as compared to normal prostates. Although prostate tumors in targeted Pten/Trp53 mice 

developed earlier, aŌ er tumor development Trp53 inacƟ vaƟ on had no addiƟ onal eff ect on the 

proliferaƟ on and apoptoƟ c rate in prostate tumors. In summary, our data showed that Trp53 

inacƟ vaƟ on accelerated prostate tumorigenesis in bi-allelic Pten knockout mice. This process 

depends on the number of Trp53 gene copies inacƟ vated. 

 

Bi-allelic Trp53 inacƟ vaƟ on in mono-allelic Pten knockout mice can induce prostate cancer
Previously, we showed that PSA-Cre;Pten-loxP/+ mice developed small hyperplasƟ c foci at old 

age [29, 34]. The eff ect of inacƟ vaƟ on of one Trp53 allele in prostates of these mono-allelic Pten 

knockout mice was small. In prostates from mice of this genotype a mixture of hyperplasƟ c 

cells and dysplasƟ c cells with atypical nuclei could be detected. The prostate weight was not 

increased. In contrast, bi-allelic prostate-specifi c Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/+ mice 

induced prostate tumor development in two out of fi ve mice at >14m (mouse 4 and 5, Figure 3A). 

Tumor 5 was a large undiff erenƟ ated carcinosarcoma and tumor 4 had characterisƟ cs of a more 

diff erenƟ ated carcinoma including IDC (Figure 3A,B). The other three mice at this age showed less 

prominent histological abnormaliƟ es of the prostate, including hyperpasƟ c and dysplasƟ c foci, 

but not cancer (Figure 3A, mouse 3). The weights of prostates 4 and 5 was strongly increased, 

moreover, prostate cells showed a higher proliferaƟ on and apoptoƟ c rates as compared to the 

other three prostates (Figure 3B). 

 From tumors 4 and 5 in vitro growing cell lines were generated. PCR analysis of DNA isolated 

from these cell lines showed that in the tumor cell line derived from tumor 5 not only the fl oxed 

Pten allele but also the wild type Pten allele was deleted (Figure 3C). In line with this fi nding, Pten 

expression was at a similar low level as in tumors from PSA-Cre;Pten-loxP/loxP control bi-allelic 

knock-out mice (Figure 3D). In tumor 4, the wild type Pten allele was retained and Pten mRNA 

expression level was clearly higher than in complete Pten knockout mice, and approximately 

half of the expression in a normal control prostate (Figure 3D). Sequencing of the Pten open 

reading frame in the cell line derived from tumor 4 did not show any mutaƟ ons. Together these 

data indicate that complete Pten inacƟ vaƟ on can occur, but is not a prerequisite for tumor 

development in PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice. 
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Figure 3. Complete Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/+ mice can result in prostate tumor 
development. (A) Prostate histology of control mice, PSA-Cre;Pten-loxP/+, PSA-Cre;Pten-loxP/+;Trp53-
loxP/+ and PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice at >14m. Note that prostate lesions observed in 
prostates of PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice vary from dysplasƟ c foci to invasive prostate 
cancer. (B) The prostate weights, proliferaƟ on rates (% BrdU+ cells) and apoptoƟ c rates (% AcƟ ve 
Caspase-3+ cells) of prostates of fi ve PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice at >14m. Mouse 4 and 
5, indicated by red bars, developed prostate tumors. (C) PCR analysis of DNA isolated from cell lines 
generated from the prostate tumors of mouse 4 and 5 (PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice), 
PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice. As a control a wild type cell 
line was included. Note that in tumor cells of mouse 5 the wild type Pten allele was lost. (D) Pten 
expression in prostates of control mice and prostate tumors of PSA-Cre;Pten-loxP/loxP mice, mouse 4 
and mouse 5. 
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Trp53 inacƟ vaƟ on in targeted Pten knockout mice promoted the development of prostate 
cancer metastases
As reported previously, PSA-Cre;Pten-loxP/loxP mice rarely developed metastases [29]. However, 

in the present study prostate cancer metastases were readily detected in a proporƟ on of PSA-

Cre;Pten-loxP/loxP;Trp53-loxP/+, PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP and PSA-Cre;Pten-

loxP/+;Trp53-loxP/loxP mice (Figure 4A). The percentage of metastases in the mice of diff erent 

genotypes varied considerably, possibly due to the diff erences of the ages at which the mice were 

sacrifi ced. An overview of all metastases detected is given in Table S4. Note that PSA-Cre;Pten-

loxP/loxP;Trp53-loxP/loxP mice were always sacrifi ced at 7-8 months, and other genotypes at 

older ages. Most metastases were found in the abdominal cavity. In three mice, regional lymph 

node metastases were detected. Two mice developed lung metastases and in one PSA-Cre;Pten-

loxP/loxP;Trp53-loxP/loxP mouse metastasized prostate cancer cells were found in the liver (Table 

S4). The morphology of distant metastases resembled the corresponding primary tumor. In all 

cases tumors and metastases presented as undiff erenƟ ated carcinoma or as carcinosarcoma (see 

Figure 4B). There was no correlaƟ on between the size of the primary tumor and the occurrence 

of metastases at the Ɵ me of sacrifi cing (data not shown). 

 

Figure 4. Trp53 inacƟ vaƟ on in targeted bi-allelic Pten knockout mice promotes the development of 
prostate cancer metastases. (A) The total number of prostate cancer metastases in PSA-Cre;Pten-loxP/
loxP, PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+, PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP and PSA-Cre;Pten-
loxP/+;Trp53-loxP/loxP mice. Note that prostate metastases were exclusively detected in mice with 
targeted inacƟ vaƟ on of both Pten and Trp53. (B) Examples of the histology of the primary prostate 
tumors and its metastases. The prostate tumor of mouse A was metastasized to the liver, whereas the 
metastasis of the tumor in mouse B was found in the abdominal cavity. CytokeraƟ n (C) and Androgen 
Receptor (AR) (D) staining of a primary prostate tumor and its metastasis shows a similar staining 
paƩ ern of both markers in these tumor samples.
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To confi rm that distant metastases were derived from prostate cancer, we performed 

immunohistochemical staining for the luminal epithelial cell marker CytokeraƟ n 8 (CK8) and for 

Androgen Receptor (AR). The primary tumors and metastases showed a similar heterogeneous 

expression paƩ ern for these markers (Figure 4C,D). We were able to determine of the lymph 

node metastasis of one PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mouse the gene expression 

profi le in cDNA expression arrays. A striking similarity in gene expression was observed between 

the primary prostate tumor and its metastasis (data not shown). Because adrenal gland tumors 

might develop in PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ mice, we also stained the metastases 

for the adrenal markers synaptophysin (SYP) and Tyrosine Hydroxylase (TH) [53, 54]. However, 

although adrenal tumors were posiƟ ve, the primary prostate tumors and the metastases were 

negaƟ ve for these markers (data not shown).

Gene expression profi ling of prostate tumors from Pten/Trp53 knockout mice showed 
molecular heterogeneity
To study the molecular eff ects of Trp53 inacƟ vaƟ on in the Pten knockout mice, we compared the 

gene expression profi les in normal prostates, in hyperplasƟ c prostates and in tumors from mice 

with the double knockout genotype. We added to the analyses the prostate tumors derived from 

the two PSA-Cre;PtenloxP/+;Trp53loxP/loxP mice. 

 Unsupervised hierarchical clustering of prostate gene expression profi les from 4-5m old mice 

with diff erent genotypes separated into two clusters, one specifi c for prostates of control mice 

and Trp53 knockout mice and a second cluster of genes expressed in prostates of PSA-Cre;Pten-

loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice (Figure S3A). As shown, at this age 

as compared to Pten inacƟ vaƟ on, Trp53 inacƟ vaƟ on hardly aff ected the gene expression profi le 

in prostates of Pten knockout mice, except for diff erenƟ al expression of Trp53 and its direct 

target genes, like Cdkn1a and Bax (Figure S3B). An eff ect of sole Trp53 inacƟ vaƟ on on the gene 

expression profi le in prostates was even less (data not shown). This was probably due to the 

lower number of Trp53 negaƟ ve cells in prostates of PSA-Cre;Trp53-loxP/loxP mice as compared 

to the much higher percentage of Trp53 negaƟ ve hyperplasƟ c cells accumulaƟ ng in prostates of 

PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice. 

 Clustering of expression array data of prostate tumors from Pten/Trp53 double knockout 

mice at 8m or older clearly showed tumor heterogeneity (Figure 5A). Two main clusters could 

be discriminated, indicated in red, orange and black for diff erent subgroups in one cluster and 

yellow, in the second cluster, respecƟ vely. The diff erent clusters did not separate according to 

genotype: PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ 

mice were present in both clusters. The two available tumors from PSA-Cre;Pten-loxP/+;Trp53-

loxP/loxP mice were in the fi rst cluster.
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Adding array data from prostate tumors of PSA-Cre;Pten-loxP/loxP mice that were Trp53 wild 

type showed a similar complex paƩ ern (Figure 5B), although part of the original profi le shown 

in Figure 5A remained intact. Now, three main clusters could be separated, denoted I, II and 

III. Cluster III was separated into the subgroups A and B. Although three Pten negaƟ ve tumors 

without Trp53 inacƟ vaƟ on clustered with the Pten/Trp53 negaƟ ve tumors in I, most prostate 

tumors of PSA-Cre;Pten-loxP/loxP mice were in II. PCR analysis of genomic DNA of prostate 

cancer cell lines derived from prostate tumors of the three PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ 

and PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice in clusters IIIA and IIIB indicated loss of the wild 

type Trp53 and Pten alleles, respecƟ vely (data not shown). So, all tumors in Cluster III ulƟ mately 

were completely negaƟ ve for both Pten and Trp53. Histological and immunohistochemical 

examinaƟ on showed heterogeneity of all tumors. However, the Cluster I tumors were mainly 

composed of undiff erenƟ ated and more diff erenƟ ated carcinomas with expression of luminal 

epithelial cell markers. The tumors in Cluster II were mainly carcinosarcomas. The tumors in 

Cluster III were mixtures of undiff erenƟ ated carcinomas and carcinosarcomas. So, it seemed 

that the heterogeneous gene expression profi les refl ected at least parƟ ally the diff erences in 

morphology of the tumors. These observaƟ ons were largely supported by QPCR mRNA expression 

data of epithelial markers CK8 and E-cadherin and mesenchymal markers Snail and VimenƟ n 

(Figure 5C). Prostate tumors in cluster I showed the highest expression of CK8 and E-Cadherin. 

Cluster II showed high expression of Snail, whereas cluster III was heterogeneous. In IIIA umors, 

CK8 and E-Cadherin were highly expressed and in IIIB, Snail and VimenƟ n. 

  As described above, metastases (indicated by blue marks) were exclusively derived from 

tumors with inacƟ vaƟ on of both Pten and Trp53 and were absent in mice with sole Pten 

inacƟ vaƟ on. Metastases were not exclusively present in cluster I or III, although there might be 

a preference for cancers in cluster III. In two out of seven Pten/Trp53 negaƟ ve tumors in cluster I 

metastases were detected, whereas in Cluster III three out of six tumors metastasized. 

 Because cluster III seemed to contain the most aggressive tumors we decided to perform 

SAM comparing genes diff erenƟ ally expressed in cluster III compared to I and II. A complete 

overview of the genes higher expressed in cluster III is given in Table S5. The top twenty genes 

with highest diff erenƟ al expression in III are shown in Figure 5D. InteresƟ ngly, the list contained 

many genes that might be associated with loss of TP53 funcƟ on, including mitoƟ c check point 

control (Cenpa, Rfc3) and components of DNA replicaƟ on licensing complexes (Ris2/Cdt1 and 

Mdmd2). As shown in Figure 5E,F highest expressions of these genes were observed in the two 

tumors in cluster IIIA.

 We also checked expression of genes associated with cellular senescence/apoptosis (Cdkn2a, 

Cdkn1a, and DEC) in cluster III compared to I and II, but a clear diff erenƟ al expression was not 

observed (data not shown). However, if we compared expression of these genes for the diff erent 

genotypes, independent of the clustering, downregulaƟ on of expression, associated with Trp53 

downregulaƟ on was obvious. 
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Figure 5. Gene expression profi ling of prostate tumors from Pten/Trp53 knockout mice showed 
molecular tumor heterogeneity. (A) Unsupervised hierarchical clustering of expression profi les of 
prostate tumors of PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+, PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP and 
PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice. Tumors with prostate cancer metastases are indicated 
by blue squares (tumors without metastases are indicated by white squares). Tumors with idenƟ cal 
expression profi les are indicated by coloured squares (red, orange, black and yellow). Green indicates 
lower gene expression and red indicates higher gene expression. (B) Unsupervised hierarchical 
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clustering of expression profi les of prostate tumors of PSA-Cre;Pten-loxP/loxP, PSA-Cre;Pten-loxP/
loxP;Trp53-loxP/+, PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP and PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP 
mice. Note that four tumor clusters, I, II, IIIA and IIIB, can be discriminated. Green indicates lower 
gene expression and red indicates higher gene expression. (C) QPCR analysis of the Ck8, E-Cadherin, 
Snail and VimenƟ n expression in prostate tumors in tumor clusters I, II, IIIA and IIIB as shown in B. (D) 
Top20 of annotated genes with specifi c high expression in tumor cluster III (A and B) as determined 
by SAM. Green indicates lower gene expression and red indicates higher gene expression. (E) RelaƟ ve 
expression of Cenpa and Rfc3, genes associated with mitoƟ c check point control, high expressed in 
cluster III (as determined by SAM shown in D) in tumor cluster I, II, IIIA and IIIB. (F) RelaƟ ve expression 
of Ris2 and Mcmd2, genes associated with formaƟ on of the pre-replicaƟ on complex, high expressed in 
cluster III (as determined by SAM shown in D) in cluster I, II, IIIA and IIIB.

Cell lines derived from prostate tumors of Pten/Trp53 knockout mice have characterisƟ cs 
of aggressive tumor cells, including genomic instability
To invesƟ gate further diff erences between cells derived from prostate tumors of PSA-Cre;Pten-

loxP/loxP and PSA-Cre;Pten-loxP/loxP mice with inacƟ vaƟ on of one or two Trp53 alleles, tumor 

cell lines were generated and characterized. First we performed genome-wide array CGH analyses 

on DNA from eight PSA-Cre;Pten-loxP/loxP, three PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ and four 

PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP cell lines (summarized in Figure 6A). Cell lines derived 

from prostates of PSA-Cre;Pten-loxP/loxP mice showed complete or parƟ al loss of chromosome 

4 (parƟ cularly distal part 4qD3-4qE2) and complete loss of chromosome 12 (see as an example 

cell line C9 in Figure 6B). Prostate tumor cell lines derived from PSA-Cre;Pten-loxP/loxP;Trp53-

loxP/+ and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice (Pten/Trp53 negaƟ ve cells) contained 

many more chromosomal alteraƟ ons. In part, but not all, of the double knockout cell lines also 

loss of chromosomes 4 and 12 was found. AddiƟ onally, we observed trisomy 15 in all Pten/

Trp53 negaƟ ve cell lines analyzed. Gains of chromosomes 3, 5, 8, 11, 17 and 19 and losses of 

chromosomes 1, 7, 10, and 14 were observed in varying combinaƟ ons (see as an example C11 in 

Figure 6B). Further, as described above, in two out of three PSA-Cre;Pten-loxP/loxP;Trp53-loxP/+ 

cell lines the wild type Trp53 allele was lost. 

 Next, we addressed the quesƟ on whether Pten and Pten/Trp53 negaƟ ve tumor cells showed 

diff erent biological properƟ es. First of all, the Pten/Trp53 negaƟ ve cell lines showed a higher 

proliferaƟ on rate than Pten-/Trp53+ cells (data not shown). Two cell lines (C1 and C9) derived 

from PSA-Cre;Pten-loxP/loxP prostate tumors, and two cell lines (C11 and C19) from PSA-Cre;Pten-

loxP/loxP;Trp53-loxP/loxP tumors were compared for anchorage independent growth in a soŌ  

agar colony assay. As shown in Figure 6C, in contrast to C1 and C9, both Pten/Trp53 negaƟ ve cell 

lines were able to grow in soŌ  agar. Further, we compared C1 and C11 cells in 3D culture. The 

Pten/Trp53 negaƟ ve cell line C11 formed irregular colonies, whereas colonies of C1 cells were 
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regularly shaped. Moreover, orthotopic transplantaƟ on of C11 in syngenic mice resulted in the 

growth of prostate tumors, in contrast to C1 cells that could not be maintained in vivo (Figure 

6E). All of these biological properƟ es indicated that Trp53 inacƟ vaƟ on induced a more aggressive 

behavior in the cell lines. 

Figure 6. Prostate cancer cell lines derived from prostate tumors of Pten/Trp53 knockout mice have 
characterisƟ cs of aggressive tumor cells, including geneƟ c instability. (A) Overview of array CGH data 
of cell lines derived from eight PSA-Cre;Pten-loxP/loxP mice and seven targeted Pten/Trp53 knockout 
mice. The results are ploƩ ed as percentage gain (red) and loss (green) per chromosome. (B) Examples 
of array CGH data of a cell line derived from a PSA-Cre;Pten-loxP/loxP mouse and a PSA-Cre;Pten-
loxP/loxP;Trp53-loxP/loxP mouse. The data are ploƩ ed as log2 T/R raƟ o per chromosome. (C) SoŌ  
agar analysis of two Pten knockout cell lines and two cell lines derived from tumors of PSA-Cre;Pten-
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loxP/loxP;Trp53-loxP/loxP mice ploƩ ed as number of colonies per cell line. Pictures of examples of 
colonies are shown. (D) Pictures of colonies grown in 3D culture aŌ er plaƟ ng prostate tumor cell 
lines derived from either a PSA-Cre;Pten-loxP/loxP mouse or a PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP 
mouse. (E) Graph of the tumor growth (expressed as tumor volume in mm3) in Ɵ me aŌ er orthotopic 
transplantaƟ on of a Pten and a Pten/Trp53 negaƟ ve prostate cancer cell line. (F) RelaƟ ve expression 
of genes high expressed in tumor cluster III, Cenpa, Rfc3 and Ris2. Black bars represent the tumor cell 
lines of PSA-Cre;Pten-loxP/loxP mice, whereas the red bars represent tumor cell lines of PSA-Cre;Pten-
loxP/loxP;Trp53-loxP/loxP mice. 

 Finally, we tested seven Pten knockout and four Pten/Trp53 negaƟ ve cell lines for expression 

of genes overexpressed in Cluster III tumors (Figure 5D-F). Cenpa, Rfc3, Ris2 and Mcmd2 were all 

overexpressed in Pten/Trp53 double knockout cell lines (Figure 6F). 

 In conclusion, essenƟ ally all molecular, geneƟ c and biological assays performed showed much 

more aggressive properƟ es of prostate tumors and tumor cell lines with loss of one or two copies 

of Trp53 in Pten negaƟ ve mice. The fi ndings support an important role of Trp53 inacƟ vaƟ on 

in progressive tumor growth, although sole Trp53 inacƟ vaƟ on had no substanƟ al eff ect in the 

mouse prostate.

DISCUSSION 

In this study we performed a systemaƟ c analysis of the eff ect of mono-allelic and bi-allelic 

inacƟ vaƟ on of Trp53 in a targeted Pten mouse prostate cancer model. One or two copies of the 

fl oxed Trp53 gene and/or Pten gene were inacƟ vated by Cre expression driven by the prostate-

specifi c PSA promoter. Previously, we showed in PSA-Cre;Pten-loxP/loxP mice development 

of a homogeneous hyperplasia followed by development of a heterogeneous tumor. Luminal 

epithelial progenitor cells that express AR and CK8 but not the basal cell marker P63 were 

proposed as the tumor iniƟ aƟ ng cells [29, 34] (Korsten in preparaƟ on). 

 Oncogenic acƟ vaƟ on or other stress situaƟ ons can trigger the acƟ vaƟ on of the p53 response 

pathway, blocking cell cycle in mitosis and inducing apoptosis and senescence for protecƟ on 

[12, 13, 55]. Therefore, it is not surprising that Trp53 inacƟ vaƟ on leads to uncontrolled cell cycle 

progression and accelerates tumor development. However, because of the very complex p53 

signaling, that aff ects many cellular funcƟ ons, the most important molecular and biological 

eff ects of p53 pathway inacƟ vaƟ on on tumor progression are not well understood. In fact, the 

cell type and primary geneƟ c event in tumor iniƟ aƟ on in individual tumors might determine 

loss of which specifi c p53 acƟ vity is most relevant for tumor progression. Moreover, it has been 

postulated that inacƟ vaƟ on of one or two copies of the Trp53 gene, and p53 gain of funcƟ on 
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mutaƟ ons can have diff erent eff ects on tumor development/progression. The laƩ er supposed to 

be involved in more aggressive tumors, including metastasis.

 As expected, we and others [37, 56] observed in targeted Pten knockout prostate tumors 

that Trp53 inacƟ vaƟ on by deleƟ on accelerated the oncogenic process. We found that not only 

inacƟ vaƟ on of both Trp53 alleles but also inacƟ vaƟ on of one allele had this eff ect. Importantly, 

we demonstrated that this could lead to the development of more aggressive, metastaƟ c tumors. 

Moreover, Trp53 inacƟ vaƟ on induced tumor formaƟ on in PSA-Cre;Pten-loxP/+ mice that in the 

absence of Trp53 inacƟ vaƟ on had minimal phenotypical changes. The fi ndings summarized 

above formed the basis of further characterizaƟ on of the tumors.

 Our data showed that sole Trp53 inacƟ vaƟ on in the mouse prostate induced small foci 

of hyperplasƟ c and dysplasƟ c cells in the prostate. This observaƟ on confi rmed and extended 

previous fi ndings in non-prostaƟ c Ɵ ssues that inacƟ vaƟ on of Trp53 by itself does not lead to 

tumor formaƟ on [13, 55]. Using diff erent systems, all based on Pb-Cre;Trp53 inacƟ vaƟ on in the 

prostate, so far confl icƟ ng data have been reported of the eff ect of Trp53 inacƟ vaƟ on, ranging 

from absence of a phenotype to the presence of dysplasƟ c cells, as reported here [36, 37, 39, 56]. 

It is remarkable that individual cells in the foci expressed the same markers as found in cells 

in the proximal prostate and in rare luminal epithelial cells in the distal adult prostate [34]. In 

our opinion this indicates that these cells are related to less diff erenƟ ated luminal epithelial 

cells. This observaƟ on would support a role of Trp53 inacƟ vaƟ on in cellular reprogramming 

by dediff erenƟ aƟ on or by aberrant diff erenƟ aƟ on. A similar funcƟ on was observed for Pten 

inacƟ vaƟ on in the prostate, but the inhibiƟ on of diff erenƟ aƟ on by Pten inacƟ vaƟ on was by far 

more dramaƟ c [34].

 The targeted Pten knockout model is the most frequently studied mouse prostate cancer 

model [30, 33, 57, 58]. As described above, in the majority of studies a (modifi ed) Pb promoter has 

been applied to express Cre for inacƟ vaƟ on of fl oxed Pten genes [30, 33, 39]. Diff erent from the PSA-

Cre driven model, in the Pb-Cre model mulƟ potent P63+Sca-1+Bcl2+ progenitor epithelial cells 

are proposed as tumor iniƟ aƟ ng cells [59]. The tumors that develop are composed of mixtures of 

CK5/P63 posiƟ ve cells and CK8 posiƟ ve cells [56, 59]. In the Pb-Cre model, tumor development is 

much faster than in the PSA-Cre driven model and diff erent stages of tumor development cannot 

be separated. Moreover, limited informaƟ on is available about the morphological and molecular 

heterogeneity of the tumors. So direct comparison between the two models is diffi  cult. 

 Comparison between for PSA-Cre driven and Pb-Cre driven mouse Pten/Trp53 double 

knockout prostate cancers is also complicated, although it has been reported that, like shown 

here for PSA-Cre based Pten knockout mice, growth of Pb-Cre based Pten knockout mice 

is accelerated by Trp53 deleƟ on [37, 56]. Chen et al. [37] showed that Pten inacƟ vaƟ on in the 

mouse prostate induced a p53 response associated with cellular senescence. It was suggested 

that accelerated tumor growth by Trp53 inacƟ vaƟ on was due to decreased senescence. Because 

a broader invesƟ gaƟ on of p53 funcƟ on was lacking it was impossible to judge the relaƟ ve 
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signifi cance of this observaƟ on. MarƟ n et al. [56] described morphological heterogeneity of 

the double knockout tumors. However, morphology of these tumors was not compared with 

that of Pten knockout tumors. As we showed (Korsten et al, in preparaƟ on) histopathologic 

heterogeneity is already present in Pten knockout tumors in the absence of Trp53 inacƟ vaƟ on, 

so most heterogeneity is not a funcƟ on of Trp53 inacƟ vaƟ on.

 Like Pten knockout prostate tumors, tumors from Pten/Trp53 double knockout mice were 

composed of complex mixtures of carcinoma and carcinosarcoma subtypes, complicaƟ ng 

accurate study of the eff ect of Trp53 inacƟ vaƟ on on tumor progression. Tumors were also 

molecularly heterogeneous. However, gene expression studies indicated that Trp53 inacƟ vaƟ on 

in aggressive tumors was associated with increased expression of cell cycle control genes, 

parƟ cularly components of the mitoƟ c checkpoint complex and of the DNA pre-replicaƟ on 

complex. Aberrant control of chromosome duplicaƟ on and segregaƟ on resulƟ ng in chromosomal 

instability was observed as a prominent eff ect of Trp53 inacƟ vaƟ on. We did not fi nd a strong 

eff ect of Trp53 inacƟ vaƟ on on overall sƟ mulaƟ on of cell proliferaƟ on or a decrease of apoptosis, 

both processes that were strongly upregulated by Pten inacƟ vaƟ on. The downregulaƟ on of 

p53-associated genes that were upregulated in prostate cancer induced by Pten inacƟ vaƟ on, 

and supposed to be involved in senescence was limited. In Pten knockout prostate tumors an 

increased expression of infl ammaƟ on markers and angiogenesis markers was detected (Korsten, 

in preparaƟ on). However, we did not observe a clear eff ect of Trp53 inacƟ vaƟ on on expression of 

marker genes for these processes (data not shown).

 In the Pten/Trp53 double knockout mice described here metastases were frequently 

detected. Although most metastases were small we could show that they were histological and 

immunohistochemical related to the primary prostate tumor. Most metastases were found in the 

abdominal cavity, but also lymph node, liver and lung metastases were observed. In contrast, in 

over 50 Pten knockout mice that we generated in our laboratory during the last years only one 

metastasis was idenƟ fi ed [29] (Korsten in preparaƟ on). So, metastases were clearly associated 

with Trp53 inacƟ vaƟ on. Unfortunately, we were unable to generate a gene expression profi le that 

corresponded to a metastaƟ c phenotype. Suffi  cient RNA could only be detected from one lymph 

node metastasis (see Results secƟ on). Metastases seemed to be derived from diff erent types of 

tumors, present in Clusters IIIA, IIIB and I. Possibly, the properƟ es of a metastaƟ c component 

of an individual heterogeneous tumor were not clearly refl ected in the overall gene expression 

profi le. Also in other model systems a direct or indirect role of inducƟ on of metastases by Trp53 

inacƟ vaƟ on is not well explained. The PSA-Cre driven Pten/Trp53 double knockout model seems 

a good opportunity to invesƟ gate this p53 funcƟ on further. However, a considerably larger 

group of heterogeneous tumors and metastases needs to be collected to address this quesƟ on. 

Metastases seemed to be absent in Pten/Trp53 knockout mice based on Pb-Cre expression [39, 56]. 

It is possible that the follow up Ɵ me in the experiments was too short or, alternaƟ vely, that mice 

carrying the more aggressive tumors died prior to development of metastases. Also a diff erent 



122  |  Chapter 4

geneƟ c background can play a role in this regard. Although metastases of primary tumors were 

not found, MarƟ n et al. [56] described the metastaƟ c capacity of an undiff erenƟ ated cell line 

derived from one Pten/Trp53 double knockout mouse. Recently, metastases have been described 

in prostate targeted Pten/Smad4 double knockout mice, but metastases were not observed in 

Pten/Trp53 double knockout mice [39]. We checked Smad4 expression in our metastaƟ c tumors. 

However, downregulaƟ on of Smad4 was not observed, indicated a diff erent metastaƟ c pathway 

in both models.

 In the present study we detected for the fi rst Ɵ me prostate tumor development in two 

PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice. In analyses done so far, these tumors seemed to be 

related to tumors in bi-allelic Pten/Trp53 knockout mice. One tumor was a carcinosarcoma, the 

other a diff erenƟ ated carcinoma. The former tumor showed loss of the wild type Pten allele, 

the laƩ er retained the wild type allele. So, the geneƟ c background of tumor development in 

these mice is diff erent. CollecƟ on of a larger group of tumors will be of utmost importance to 

extend this observaƟ on. It is tempƟ ng to speculate that in an individual tumor diff erent geneƟ c 

or epigeneƟ c events can contribute to tumor development in this model. Currently available 

deep sequencing technology will allow to invesƟ gate if diff erent geneƟ c alteraƟ ons contribute to 

tumor development.

 Aberrant chromosome duplicaƟ on and segregaƟ on leading to aneuploidy is a hallmark of 

cancer that is frequently observed in late stage prostate cancer. Aberrant chromosome duplicaƟ on 

is due to overexpression of mitoƟ c checkpoint genes. We observed a strong upregulaƟ on of 

expression of several mitoƟ c checkpoint genes by Trp53 inacƟ vaƟ on, as shown in Figure 5, but 

this was also true for other components of the mitoƟ c checkpoint complex like Bub1a and Mad2 

(data not shown). We also observed a strong overexpression of genes of the minichromosome 

maintenance (MCM) complex that contributes to regulaƟ on of Ɵ mely and accurate copying of 

the genome. Recently, evidence has been provided that the MCM complex also binds to the 

centrosome, suggesƟ ng that DNA replicaƟ on and segregaƟ on are interdependent [60]. The 

geneƟ c analysis of cell lines showed that the less coordinated funcƟ on of the mitoƟ c checkpoint 

by Trp53 inacƟ vaƟ on had a strong eff ect on genomic stability. The high overexpression of 

many genes involved in these processes is by far the most predominant contribuƟ on of Trp53 

inacƟ vaƟ on on the development of more aggressive, metastaƟ c prostate tumors.

 InacƟ vaƟ on of Trp53 resulted also in more tumorigenic cell lines derived from the double 

knockout tumors. This is refl ected in the in vitro and in vivo biological properƟ es of the cell lines 

(Figure 6). The cell lines are an important source to study metastasis due to Trp53 inacƟ vaƟ on. 

The cell lines will also be instrumental as models of late stage aggressive clinical prostate cancer. 

In fact, preliminary data indicated that overexpression of checkpoint genes and MCM complex 

genes in primary human prostate tumors is associated with progressive disease (Boormans, 

Korsten unpublished results). 
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Supplementary data

Figure S1. Prostate specifi c recombinaƟ on of Pten and Trp53 in targeted Pten/Trp53 mice. (A) The 
strategy of the generaƟ on of prostate-specifi c Pten/Trp53 knockout mice. The exon 5 targeƟ ng fragment 
contains loxP sites in intron 4 and 5 of the Pten allele. Cre expression driven by the PSA promoter 
resulted in prostate specifi c androgen dependent Pten inacƟ vaƟ on by deleƟ on of exon 5. To inacƟ vate 
Trp53, loxP sites in intron 1 and 10 were introduced and by crossing of mice containing the targeted 
Trp53 allele and the PSA-Cre fragment Trp53 was inacƟ vated. (B) Prostate specifi c recombinaƟ on 
of Pten and Trp53 in Pten/Trp53 knockout mice (4m). RecombinaƟ on specifi c PCR fragments were 
detected in mouse prostate lobes. 1: anterior prostate, 2: ventral prostate, 3: dorsolateral prostate, 
4: seminal vesicle, 5: vas deferens, 6: epididymus, 7: tesƟ s, 8: bladder, 9: lymph node, 10: kidney, 11: 
adrenal gland, 12: salivary gland, 13: paroƟ s, 14: spleen, 15: liver, 16: stomach, 17: small intesƟ ne, 18: 
large intesƟ ne, 19: pancreas.
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Figure S2. Trp53 inacƟ vaƟ on in targeted Pten knockout mice had no eff ect on the proliferaƟ on rate 
and apoptoƟ c rate in tumors. The proliferaƟ on rate and apoptoƟ c rate in control mice, PSA-Cre;Pten-
loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice were compared at 4-5m and 7-8m. The 
eff ect of mono-allelic Trp53 inacƟ vaƟ on in PSA-Cre;Pten-loxP/loxP mice was determined at 4-5m, 
7-8m, 11-12m and >15m. Both the proliferaƟ on rate and apoptoƟ c rate are expressed as percentage 
BrdU or acƟ ve Caspase-3 posiƟ ve cells, respecƟ vely.
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Figure S3. Trp53 inacƟ vaƟ on at 4-5m only aff ected the expression of direct Trp53 target genes. (A) 
Unsupervised hierarchical clustering of expression profi les of prostates of control mice, PSA-Cre;Trp53-
loxP/loxP, PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice at 4-5m. Green 
indicates lower gene expression and red indicates higher gene expression. (B) RelaƟ ve expression of 
Trp53, Cdkn1a (encoding p21) and Bax in prostates of PSA-Cre;Pten-loxP/loxP and PSA-Cre;Pten-loxP/
loxP;Trp53-loxP/loxP mice at 4-5m. 
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Table S1. Overview of the number of mice analyzed and the number of dead mice at diff erent Ɵ me 
points per genotype and per age. The Ɵ me points analyzed are 4-5 m, 7-8m, 11-12m and >14m. Note 
that PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice were only analyzed at 4-5m and 7-8m. 

Genotype Age Number of mice Number of dead mice

PSA-Cre;Pten-loxP/loxP 4-5m 10 0

7-8m 9 0

11-12m 10 0

>14m 7 1

PSA-Cre;Pten-loxP/+ 4-5m 11 0

7-8m 10 0

11-12m 8 0

>14m 9 1 

PSA-Cre;Trp53-loxP/loxP 4-5m 12 0

7-8m 10 0

11-12m 8 0

>14m 5 0

PSA-Cre;Trp53-loxP/+ 4-5m 11 0

7-8m 10 0

11-12m 8 0

>14m 8 0

PSA-Cre;Pten-loxP/loxP; Trp53-loxP/+ 4-5m 10 0

7-8m 13 3

11-12m 12 3

>14m 8 4

PSA-Cre;Pten-loxP/loxP; Trp53-loxP/loxP 4-5m 10 0

7-8m 32 2

PSA-Cre;Pten-loxP/+; Trp53-loxP/+ 4-5m 7 0

7-8m 5 0

11-12m 6 1

>14m 6 0

PSA-Cre;Pten-loxP/+; Trp53-loxP/loxP 4-5m 10 0

7-8m 9 0

11-12m 9 2

>14m 6 1

Controls 4-5m 30 0

7-8m 30 0

11-12m 28 0

>14m 21 0
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Table S2. Sequences of primers used for PCR, DNA recombinaƟ on PCR, sequencing and QPCR 
analysis. 

Primer name Sequence forward primer Sequence reverse primer ApplicaƟ on

Pten (exon 5) 5’-TTCCTGAAAGTTAGGCTTCT-3’ 5’-GGGAGAAAACCTGTTTCCCA-3’ PCR

Myosin 5’-TTACGTCCATCGTGGACAGC-3’ 5’-TGGGCTGGGTGTTAGTCTTA-3’ PCR

Pten-
recombinaƟ on

5’-TGGCATAAGTTAGGAAAGATG-3’ 5’-GGCAAAGAATCTTGGTGTTAC-3’ RecombinaƟ on 
PCR

Trp53-
recombinaƟ on

5’-CACAAAAACTTAAACCCAG-3’ 5’-GAAGACAGAAAAGGGGAGGGT-3’ RecombinaƟ on 
PCR

Hprt 5’-TCCCTGGTTAAGCAGTACAG-3’ 5’-TTCCAGTTTCACTAATGACAC-3’ QPCR

Bax 5’-TTGCCCTCTTCTACTTTGCT-3’ 5’-TTCTTCCAGATGGTGAGCGA-3’ QPCR

Bub1b 5’-GAACTCTACAGCTATGGGAC-3’ 5’-AATGATTTCGCAGCTGTGGAC-3’ QPCR

Cdkn1a 5’-AGGGCAACTTCGTCTGGGA-3’ 5’-GGCACTTCAGGGTTTTCTCT-3’ QPCR

Cdkn2a 5’-CGGGCATAGCTTCAGCTCA-3’ 5’-TAAGAAGAAAAAGGCGGGCT-3’ QPCR

DEC 5’-AAGGATCTCCTACCCGAACA-3’ 5’-CTGGAAACCTGAGCAGAACA-3’ QPCR

E-cadherin 5’-GGAGGTGGAGAAGAAGACCA-3’ 5’-TCGCTGTCGGCTGCCTTCA-3’ QPCR

Ki67 5’-CTGGGAACCAAGAAAGATGC-3’ 5’-ACAGTTCATCTTTACACTGG-3’ QPCR

Pten 5’-CCAACCGATACTTCTCTCCA-3’ 5’-GATCAGAGTCAGTGGTGTCA-3’ QPCR

Snail 5’-CACACGCTGCCTTGTGTCT-3’ 5’-TATCTCTTCACATCCGAGTG-3’ QPCR

Trp53 5’-GCCAAGTCTGTTATGTGCAC-3’ 5’-TCATGTGCTGTGACTTCTTC-3’ QPCR

Primer name Primer sequence ApplicaƟ on

mpten ex1forC AGTTGCTCTCTCCCCTTCT Sequencing

mpten in2revC GAACAGCCCGCAGAAATGGAT Sequencing

mpten in2for ACAGCTAGCGTGGGAAAAGC Sequencing

mpten in3rev CTCATCCAGTGACGCATCCA Sequencing

mpten in3for CTGTTTTAGTCCTGTGCAGC Sequencing

mpten ex3AS GAGACCCAACAACTCTCTCT Sequencing

mpten ex4S GGTATGATAGAAAGGGTGGA Sequencing

mpten ex4AS GATAATTATCACCAGGCAGT Sequencing

mpten ex5S TTCCTGAAAGTTAGGCTTCT Sequencing

mpten ex5AS GGGAGAAAACCTGTTTCCCA Sequencing

mpten ex6S GGGATAACCCAGTTATAGCA Sequencing

mpten ex6AS GGGTTAGCTTTCTTAACCCA Sequencing

mpten ex7S AAGTCCTTACATGGGTTGGT Sequencing

mpten ex7AS GCAAAAGGTCTGTGGTTACT Sequencing

mpten ex8S ACAAGGTGTTTGCCTTCACT Sequencing

mpten ex8AS GCAACCACTCGGGAATGTTA Sequencing

mpten ex9S GAAAAGCATGCCCTTCAGA Sequencing

mpten ex9AS TGGTATTTTATCCCTCTTGA Sequencing
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Table S3. InformaƟ on of anƟ bodies used for immunohistochemistry.

AnƟ body Company Product number DiluƟ on

AR -- SP197 1:1500

BrdU Biogenex IIB5 1:150

Caspase-3 R&D systems, Minneapolis, MN AF835 1:1000

CK8 Covance, Berkeley, CA MMM-162P 1:1000

Clu Santa Cruz, CA SC-6420 1:800 

Sca-1  R&D systems, Minneapolis, MN AF1226 1:100

Tacstd2 R&D systems, Minneapolis, MN AF1122 1:100

Goat AnƟ -Mouse-bioƟ n DAKO E0433 1:400

Swine AnƟ -Rabbit-bioƟ n DAKO E0431 1:400

Rabbit AnƟ -Goat-bioƟ n Santa Cruz, CA SC-2774 1:400

Table S4. CharacterisƟ cs of mice with prostate cancer metastases and the sites of metastases. LN, 
lymph node.

Genotype Age 
(Months)

Prostate weight 
(Grams)

Site of metastasis

PSA-Pten-loxP/loxP;Trp53-loxP/loxP 6.5 0.84 Abdominal cavity

7 1.91 LN, abdominal cavity

8 3.33 LN, lung,liver

PSA-Pten-loxP/+;Trp53-loxP/loxP 14.5 7.01 LN, abdominal cavity

PSA-Pten-loxP/loxP;Trp53-loxP/+ 8.5 1.83 Abdominal cavity

8.5 0.67 Abdominal cavity, lung

12 3.88 Abdominal cavity

12 1.35 Abdominal cavity

13.5 1.09 Abdominal cavity
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ABSTRACT

Genomic rearrangements involving fusion of the androgen-regulated gene TMPRSS2 to the 

oncogene ERG, are frequent in prostate cancer. The funcƟ on of this gene fusion, however, is 

sƟ ll largely unknown. We used genome-wide gene expression arrays and quanƟ taƟ ve reverse 

transcripƟ on-PCR (Q-RT-PCR) to idenƟ fy genes that were co-expressed with ERG overexpression 

in diff erent stages of prostate cancer. In a cohort of primary prostate tumors (n=48, cohort A), the 

expression of the gene Tudor domain containing 1 (TDRD1) showed by far the strongest correlaƟ on 

with ERG overexpression. This observaƟ on was confi rmed by Q-RT-PCR for both cohort A and for 

an independent cohort of primary prostate tumors (n=31). Analysis of expression array data of 

a cohort of primary prostate tumors from a diff erent insƟ tute (n=128) showed a large overlap 

in genes that were posiƟ vely correlated with ERG overexpression in cohort A, including TDRD1. 

In late-stage prostate cancer, TDRD1 was also co-expressed with ERG overexpression, although 

a proporƟ on of ERG-negaƟ ve late-stage samples also expressed TDRD1. TDRD1 expression was 

not associated with the expression of other ETS family members and even seemed to be an 

inverse-correlaƟ on with ETV1 overexpression. Tdrd1 expression showed similar kineƟ cs as Erg 

during mouse prostate development. In the prostate cancer cell line VCaP, downregulaƟ on of 

ERG by shRNA lead to a lower expression level of TDRD1. Moreover, downregulaƟ on of ERG 

in VCaP cells resulted in a decreased acƟ vity of the TDRD1 promoter. By mutaƟ on analysis we 

idenƟ fi ed a funcƟ onal ERG binding site in the TDRD1 promoter. In conclusion, our fi ndings show 

TDRD1 as the fi rst idenƟ fi ed upregulated direct ERG target gene that is strongly associated with 

ERG overexpression in primary prostate cancer.
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INTRODUCTION

Erythroblast transformaƟ on-specifi c (ETS) transcripƟ on factors regulate the expression of 

genes that are important in cancer-related processes like cell growth, diff erenƟ aƟ on, and 

transformaƟ on [1]. It is well known that deregulated expression of ETS family members and 

chimeric ETS proteins caused by gene fusions are associated with leukemia and Ewing’s sarcoma 

[1-3]. In prostate cancer, gene fusions involving ETS transcripƟ on factors, including fusions of the 

v-ets erythroblastosis virus E26 oncogene homolog (avian), ERG, and the ETS variant gene 1, 

ETV1, have recently been detected [4]. Fusion of the androgen-regulated and prostate-specifi c 

gene transmembrane protease, serine 2, TMPRSS2 and ERG is the most frequent genomic 

rearrangement in prostate cancer with a reported frequency of 40-70%, whereas fusions 

involving ETV1 are present in 5-10% of prostate cancers [5, 6]. 

 The signifi cance of fusion genes involving ETS family members in the development and 

progression of prostate cancer is sƟ ll largely unknown. It has been demonstrated that transgenic 

mice with targeted, prostate-specifi c overexpression of ERG developed mouse prostate intra-

epithelial neoplasia (PIN) [7, 8], although this has been quesƟ oned by others [9]. Progression 

to invasive cancer involving ERG overexpression was described in mice with a phosphatase and 

tensin homologue (Pten) haploinsuffi  cient geneƟ c background [10, 11]. Like observed in ERG 

transgenic mice, mice with targeted, prostate-specifi c overexpression of ETV1 developed PIN-

like lesions, but invasive prostate cancer was not observed [12, 13]. These data indicate that 

overexpression of ERG or ETV1 is insuffi  cient for prostate cancer development and that addiƟ onal 

molecular events are necessary for neoplasƟ c transformaƟ on.

 To increase our knowledge of the funcƟ on of ERG overexpression in prostate cancer, we 

analyzed RNA expression profi les of primary prostate tumors to idenƟ fy genes that were strictly 

co-expressed with ERG overexpression. In these analysis, Tudor domain containing 1 (TDRD1) 

showed by far the strongest associaƟ on with ERG overexpression. Coexpression of TDRD1 and 

ERG was validated in a completely independent large paƟ ent cohort from a diff erent insƟ tute. 

Further, we observed that during mouse prostate development, Erg and Tdrd1 were coregulated. 

Promoter studies indicated that TDRD1 expression was directly regulated by ERG. In late-stage 

prostate cancer samples and in prostate cancer cell lines and xenograŌ s, TDRD1 was not only 

expressed in ERG-posiƟ ve, but also in a proporƟ on of ERG-negaƟ ve tumor samples. TDRD1 

expression was not correlated with ETV1 overexpression. Because TDRD1 expression was very 

low in normal prostaƟ c Ɵ ssue, it is an excellent diagnosƟ c marker for a large proporƟ on of 

prostate cancers.
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MATERIAL AND METHODS

Clinical samples
Primary prostate tumors were obtained by radical prostatectomy (paƟ ents whose iniƟ al treatment 

was not a radical prostatectomy were not included), late-stage tumors by transurethral resecƟ on 

of the prostate (TURP), and lymph node metastases by pelvic lymphadenectomy. Expression 

data were obtained from 48 primary prostate tumors, 11 lymph node metastases, and nine 

TURP samples. Furthermore, normal adjacent prostaƟ c Ɵ ssue (NAP) from radical prostatectomy, 

NAP from TURP specimens, and from benign lymph nodes were included (n=12, n=2, and n=3, 

respecƟ vely). In addiƟ on, a cohort of 31 primary prostate tumors (iniƟ al treatment was a radical 

prostatectomy in all cases) and a cohort of 17 NAP Ɵ ssue samples was analyzed by quanƟ taƟ ve 

reverse transcripƟ on-PCR (Q-RT-PCR) for validaƟ on purposes. Hematoxilin/eosin stained Ɵ ssue 

secƟ ons were histologically evaluated by two uropathologists (T.H. van der Kwast; G.J.L.H. van 

Leenders). All tumor samples contained at least 70% tumor. Tissues were snap-frozen and stored 

in liquid nitrogen. Use of the samples for research purposes was approved by the Erasmus MC 

Medical Ethics CommiƩ ee according to the Medical Research Involving Human Subjects Act 

(MEC-2004-261).

Human prostate cancer cell lines and xenograŌ s, and mouse Ɵ ssue samples
Prostate cancer cell lines LNCaP, VCaP, PC346C, LAPC4, 22Rv1, and MDAPCa2B were grown in 

RPMI-1640 or D-MEM supplemented with 5% fetal calf serum and anƟ bioƟ cs. Prostate cancer 

xenograŌ s PCEW, PC82, PC295, PC310, PC329, PC346B, PC374, PC133, PC135, PC324, and PC339, 

were propagated by serial transplantaƟ on on male nude mice, as described [14, 15]. Balb/c mouse 

prostate Ɵ ssues were collected at diff erent developmental stages (16.5 and 18.5 embryonal days 

and postnatal days 3, 9, 15, and 50).

RNA isolaƟ on
RNA from snap-frozen secƟ ons of clinical prostate cancer samples was isolated using RNA-Bee 

(Campro ScienƟ fi c, Berlin, Germany). The RNeasy RNA extracƟ on kit (Qiagen, Valencia, CA, USA) 

was used to isolate RNA from human prostate cancer cell lines and mouse prostates of diff erent 

developmental stages. XenograŌ  RNA was isolated according to the LiCl protocol.

HybridizaƟ on and analysis of exon arrays
Expression profi les were determined using GeneChip Human Exon 1.0 ST array (Aff ymetrix, 

Santa Clara, CA, USA) at the Center for Biomics, Erasmus MC, RoƩ erdam, the Netherlands and 

at ServiceXS, Leiden, the Netherlands, according to the manufacturer’s instrucƟ ons. Microarray 

data were processed and RMA quanƟ le normalized using Partek Genomics Suite (St. Louis, MO, 
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USA). To study the expression of genes diff erenƟ ally expressed between prostate tumors with 

and without ERG rearrangement, the expression values of the diff erent probe sets of a transcript 

were processed by Partek on gene level. By signifi cance analysis of microarrays (SAM), genes 

coexpressed with ERG were idenƟ fi ed [16]. The q-value (false discovery rate) for genes idenƟ fi ed 

by SAM was set to zero. The programs Cluster and Treeview were used to visualize genes with the 

highest diff erenƟ al expression according to SAM [17].

QuanƟ taƟ ve RT-PCR (Q-RT-PCR)
Total RNA was reverse transcribed using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, 

USA) and an oligo dT12 primer. Q-RT-PCR was performed using Power SYBR Green PCR Master Mix 

(25 μl), containing 0.33 μM forward and reverse primer in an ABI Prism 7700 Sequence DetecƟ on 

System (Applied Biosystems, Foster City, CA, USA). Amplifi ed products were quanƟ fi ed relaƟ ve to 

Hydroxymethylbilane synthase (HMBS, formerly PBGD; human RNAs), or Hypoxanthine guanine 

phosphoribosyl transferase 1 (Hprt; mouse RNAs) by the Standard curve method (Applied 

Biosystems). Primer sequences are shown in Supplementary Table S1.

TDRD1 promoter analyses
In VCaP cells that overexpress ERG, ERG expression was downregulated by incubaƟ on with specifi c 

siRNA (SiGenome smartpool, m-003886-01-0005, Thermo scienƟ fi c) or by infecƟ on with lenƟ virus 

expressing ERG shRNA (Erasmus MC RoƩ erdam). ERG and TDRD1 expression were assayed by 

standard Western bloƫ  ng, using ERG anƟ body NBPI-40794 (Novus Biologicals, LiƩ leton, CO, 

USA) or TDRD1 anƟ body HPA037730 (Sigma Aldrich, St. Louis, MO, USA), respecƟ vely. Specifi city 

of the TDRD1 anƟ body was demonstrated in HEK293 cells, transfected with a TDRD1 expression 

vector. Protein bands were visualized by chemoluminescence (Pierce, Rockford, IL, USA). For 

promoter acƟ vity studies, appropriate fragments of the TDRD1 promoter were amplifi ed by 

PCR on genomic DNA, sequenced and cloned in front of the LUC reporter in the promoterless 

vector pLUC. Candidate ERG binding sites CGGAA/T and the opposite reverse sequence T/ATCCG 

were idenƟ fi ed. InacƟ vaƟ ng mutaƟ ons in ERG binding sites were introduced by the QuikChange 

method (200516-5, Stratagene, San Diego, CA, USA). VCaP cells transfected by the various LUC 

reporter constructs were harvested aŌ er 24h and luciferase acƟ vity was measured in cell lysates 

in a LUMAC 2500 Biocounter (Lumac, Landgraaf, The Netherlands).

StaƟ sƟ cal analysis
A Perl implementaƟ on of Pearson’s correlaƟ on (correlaƟ on factors >0.5 or ≤0.5) was used to 

idenƟ fy genes that were most closely coexpressed with ERG. AssociaƟ ons between clinico-

pathological variables and the expression of diff erent transcripts were evaluated by the Pearson’s 

χ² test or the Mann-Whitney U (MWU) test, where appropriate. Linear regression analysis was 
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used to model the relaƟ onship between the expression of ERG and that of other genes. StaƟ sƟ cal 

analyses were done using the StaƟ sƟ cal Package for Social Sciences, version 17.0 (SPSS) with a 

signifi cance level of 0.05 (two-tailed probability).

RESULTS

Strong associaƟ on of TDRD1 and ERG expression in primary prostate cancers
A cohort of 48 primary prostate tumors (cohort A) was analyzed for genes that were coexpressed 

with ERG overexpression using the GeneChip Human Exon 1.0 ST array. The clinicopathological 

characterisƟ cs of this cohort are summarized in Supplementary Table S2. Thirty-three out of the 

48 tumor samples (69%) showed ERG overexpression caused by gene fusion. SAM idenƟ fi ed 

206 genes that were signifi cantly diff erenƟ ally expressed between ERG-posiƟ ve and ERG-

negaƟ ve tumor samples (see Supplementary Table S3). One hundred ninety-seven genes were 

posiƟ vely correlated with ERG overexpression, whereas the expression of nine genes was inverse 

correlated with ERG overexpression. TDRD1 showed by far the strongest associaƟ on with ERG 

overexpression (Score(d)=10.3 and Fold Change=8.55) (Figure 1A,B and Supplementary Table 

S3). Figure 1B shows a heat map of the 20 genes with the most signifi cant posiƟ ve correlaƟ on 

with ERG overexpression. The funcƟ on of these genes is variable but several genes, like NKAIN1, 

CACNA1D and KCNH8 are involved in ion-transporƟ ng pathways (see for gene abbreviaƟ ons, full 

gene names and accession numbers Supplementary Table S4). One tumor (G275) had low ERG 

and high TDRD1 expression. PLA2G7, GPR110, CRISP3 and PIGR showed a variable d-score but 

a high fold change value, indicaƟ ng a strong associaƟ on with a subgroup of cancers with ERG 

overexpression.

 For validaƟ on purposes, Q-RT-PCR of TDRD1 and ERG was carried out. The results were 

consistent with the expression array data with two excepƟ ons (G165 and G124; Figure 1C). The 

median level of expression of TDRD1 in tumors with ERG overexpression was signifi cantly higher 

than in tumors that did not overexpress ERG (p < 0.001, MWU test; Supplementary Figure S1). 

 Next, the expression of ERG and TDRD1 was analyzed in an independent set of 31 primary 

prostate tumors (cohort B) (see for the clinicopathological characterisƟ cs of this validaƟ on 

set Supplementary Table S2). Q-RT-PCR data showed that 13 out of the 31 samples (42%) 

overexpressed ERG. In this cohort, TDRD1 expression was also strongly correlated with ERG 

overexpression (Figure 1D) and again the median expression level of TDRD1 was signifi cantly 

higher in ERG-posiƟ ve than in ERG-negaƟ ve samples (p<0.001, MWU test, data not shown). Linear 

regression analysis confi rmed the signifi cant correlaƟ on between TDRD1 and ERG expression for 

both cohort A and B (p<0.001 and p<0.001, Supplemental Figure S2). The unique specifi city of 

the associaƟ on of TDRD1 and ERG overexpression in primary prostate cancers was supported
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Figure 1. IdenƟ fi caƟ on of genes coexpressed with ERG in a cohort of 48 primary prostate tumours 
(cohort A) and in a validaƟ on set of 31 primary prostate tumors (cohort B). (A) ScaƩ er plot of the 
expected relaƟ ve diff erence score (X-axis) versus the observed relaƟ ve diff erence score (Y-axis) from 
the comparison of primary prostate tumors that overexpress ERG (N=33) versus tumours without ERG 
overexpression (N=15) by SAM. Signifi cantly upregulated genes are shown in red, whereas signifi cantly 
downregulated genes are shown in green. ERG and TDRD1 are indicated. (B) Heat map showing the 20 
genes strongest correlated with ERG overexpression. Each cell in the image shows the log² expression 
raƟ o for the parƟ cular gene divided by the median expression of that gene in all the samples. Red, 
expression above the median; green, expression below the median. (C) Q-RT-PCR analysis of TDRD1 
and ERG expression in primary prostate tumors of cohort A (N=48). ERG and TDRD1 expression relaƟ ve 
to HMBS are shown. The relaƟ ve expression of ERG is depicted on the primary Y-axis, whereas the 
relaƟ ve expression of TDRD1 is depicted on the secondary Y-axis. (D) Q-RT-PCR analysis of TDRD1 and 
ERG expression in a validaƟ on cohort of primary prostate tumours (N=31). ERG and TDRD1 expression 
relaƟ ve to HMBS are shown. The relaƟ ve expression of ERG is depicted on the primary Y-axis, whereas 
the relaƟ ve expression of TDRD1 is depicted on the secondary Y-axis.
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by comparison with Q-RT-PCR analyses of two other randomly selected genes that correlated 

with ERG overexpression: NKAIN1 and CACNA1D (see Figure 1B). In cohort A and B, the median 

expression level of NKAIN1 was signifi cantly higher in ERG-posiƟ ve than in ERG-negaƟ ve tumors 

(p<0.001 and p=0.04, respecƟ vely), but with lower staƟ sƟ cal signifi cance than for TDRD1. 

CACNA1D was only signifi cantly diff erenƟ ally expressed in cohort A (p=0.011; cohort B, p=0.34) 

(data not shown). Linear regression analysis confi rmed the correlaƟ on between NKAIN1 and 

ERG, and between CACNA1D and ERG expression in cohort A but not in the validaƟ on cohort B 

(Supplementary Figure S3).

IdenƟ fi caƟ on of genes coexpressed with ERG overexpression in a cohort of primary 
prostate tumors from a diff erent insƟ tute
To further validate our fi ndings of genes that were coexpressed with ERG overexpression in 

primary prostate cancer, we analyzed expression array data (GeneChip Human Exon 1.0 ST array) 

of a large cohort of primary prostate tumors from Memorial Sloan KeƩ ering Center (MSKCC) 

[18]. The data of this study are available at hƩ p://cbio.mskcc.org/prostate-portal. We excluded 

from the analysis paƟ ents whose iniƟ al treatment was not a radical prostatectomy leaving 

128 paƟ ents eligible for analysis. We idenƟ fi ed 53 ERG-posiƟ ve and 75 ERG-negaƟ ve primary 

prostate tumors. By SAM, it was shown that 639 genes were signifi cantly diff erenƟ ally expressed 

between ERG-posiƟ ve and ERG-negaƟ ve tumor samples; 559 were posiƟ vely correlated with 

ERG overexpression, whereas the expression of 80 genes was inverse correlated with ERG 

overexpression.

 We found a large overlap of genes that were posiƟ vely correlated with ERG overexpression 

with our series (Figure 2A). One hundred and ten out of 197 genes (56%) that we found to be 

coexpressed with ERG overexpression were also present among the coexpressed genes of the 

MSKCC data set (Figure 2A). Importantly, out of the top 20 genes with ERG overexpression from our 

series (Supplementary Table S4), all but two (LOC284930 and ZNF813), were also idenƟ fi ed in the 

MSKCC cohort. In the MSKCC cohort, TDRD1 was also strongly associated with ERG overexpression 

(Score(d)=7.38 and Fold Change=2.73), although it was not the strongest correlated gene. This 

probably was due to the observaƟ on that, unlike in our cohort, a proporƟ on of the ERG-negaƟ ve 

primary tumors harbored TDRD1 expression (Figure 2B) but in this cohort too all tumors with 

ERG overexpression showed overexpression of TDRD1. Two out of nine genes that were inverse 

correlated with ERG overexpression in our array data set were also downregulated in the MSKCC 

cohort: Hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD) and Trefoil factor 3 (TFF3).

 



TDRD1 is a direct ERG target gene  |  151

Figure 2. Genes coexpressed with ERG overexpression as analyzed by expression array data of 128 
primary prostate tumors from MSKCC [18]. (A) Venn-diagram showing the overlap in genes that were 
posiƟ vely correlated with ERG overexpression between the present series (red) and the series of 
MSKCC (green). TDRD1 is among the 80 genes that were coexpressed with ERG overexpression in 
both series. (B) Bar chart showing expression levels of ERG (red bars) and TDRD1 (blue bars) according 
to the analysis of genome-wide expression array data (GeneChip Human Exon 1.0 ST array) of 128 
primary prostate tumors of MSKCC. The relaƟ ve expression of ERG is depicted on the primary Y-axis, 
whereas the relaƟ ve expression of TDRD1 is depicted on the secondary Y-axis. Note that part of ERG-
negaƟ ve samples harbored TDRD1 expression.

Expression of TDRD1 and ERG in late-stage prostate cancer
Expression array data of a small set of nine late-stage prostate tumors (three ERG-posiƟ ve and 

six ERG-negaƟ ve tumors) indicated that TDRD1 was not only expressed in ERG-posiƟ ve but also 

in several ERG-negaƟ ve tumors (data not shown). This preliminary fi nding was extended by Q-RT-

PCR in a cohort of 51 late-stage prostate tumors and 11 prostate cancer lymph node metastases. 

Like observed in primary tumors, TDRD1 was coexpressed with ERG, however, not only ERG-

posiƟ ve tumors but also a proporƟ on of ERG-negaƟ ve, late-stage tumor samples and metastases 

showed expression of TDRD1 (Figure 3A). In addiƟ on, in the samples with TDRD1 overexpression, 

the median expression level of TDRD1 in primary tumors (N=48) was signifi cantly lower than 

in the group of late-stage tumors and lymph node metastases (N=32 and N=9, respecƟ vely) 

(p=0.005, MWU test) (Figure 3B), although in the samples that overexpressed ERG (45 primary 

tumors versus 41 late-stage tumors and metastases (N=31 and N=10, respecƟ vely), the median 

expression level of ERG in the primaries was comparable with the median expression level in 

the group of late-stage tumors and metastases (p=0.73, MWU test). High TDRD1 expression was 

also observed in the prostate cancer cell line VCaP that overexpresses ERG and in the xenograŌ s 

with ERG overexpression, but here too several ERG-negaƟ ve samples showed TDRD1 expression 

(PC346C, PC133, PC324, and PC346B, Supplementary Figure S4).
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Figure 3. Expression of ERG and TDRD1 in late-stage prostate cancer. (A) Q-RT-PCR analysis of 
ERG and TDRD1 transcripts in a cohort of late-stage prostate tumors and prostate cancer lymph 
node metastases. Late-stage tumour samples are indicated by I (N=51), whereas the lymph node 
metastases are indicated by II (N=11). ERG (red bars) and TDRD1 (blue bars) expression relaƟ ve to 
HMBS are shown. The relaƟ ve expression of ERG is depicted on the primary Y-axis, whereas the 
relaƟ ve expression of TDRD1 is depicted on the secondary Y-axis.* The relaƟ ve expression of TDRD1 
in samples G333 and G295 is 22.6 and 22.1, respecƟ vely.† The relaƟ ve expression of ERG in G337 is 
266.8. (B) Box plot showing median expression of ERG (leŌ  panel) and TDRD1 (right panel) relaƟ ve 
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to HMBS, as detected by Q-RT-PCR, in primary versus late-stage prostate tumors and prostate cancer 
lymph node metastases. Only samples with ERG (leŌ  panel) or TDRD1 (right panel) overexpression 
were included in the analysis. Outliers are depicted by an open circle (°) and extremes are depicted by 
an asterisk (*). For readability of the fi gure, in the leŌ  panel, the late-stage sample G-337 is not shown 
(relaƟ ve expression of ERG = 266.8). (C) Box plots show the median expression of ERG (leŌ  panel) and 
TDRD1 (right panel) relaƟ ve to HMBS, as detected by Q-RT-PCR, in 17 normal adjacent prostaƟ c (NAP) 
Ɵ ssue samples versus 81 primary prostate tumors. Outliers are depicted by an open circle (°) and 
extremes are depicted by an asterisk (*). (D) The expression of Erg and Tdrd1 during mouse prostate 
development as determined by Q-RT-PCR. The expression of Erg (leŌ  panel) and Tdrd1 (right panel) 
relaƟ ve to Hprt expression is presented on the Y-axis. Time points of RNA isolaƟ on are indicated on the 
X-axis. E.d. = embryonal day; p.d. = postnatal day.

Expression of TDRD1 and ERG in normal prostaƟ c Ɵ ssue
Next, we invesƟ gated ERG and TDRD1 expression in non-cancerous prostate Ɵ ssues. The 

relaƟ ve expression of both ERG and TDRD1 was very low in the NAP (normal adjacent to cancer) 

Ɵ ssue samples compared with primary tumors (p=0.052 and p<0.001, MWU test, respecƟ vely) 

(Figure 3C). AddiƟ onally, we invesƟ gated Erg and Tdrd1 expression in prostate development 

in mice. Tdrd1 showed similar kineƟ cs as Erg during mouse prostate development. Q-RT-PCR 

analysis found that Erg is overexpressed in the urogenital sinus at the Ɵ me point that prostate 

development starts at embryonal day 16.5 (16.5 e.d.) (Figure 3D). During later stages of mouse 

prostate development, Erg was expressed at a much lower level. Tdrd1 expression was also high 

during the early stages of mouse prostate development, whereas in the adult mouse prostate (50 

postnatal days, 50 p.d.), Tdrd1 expression was very low.

Expression of TDRD1 and ETV1 in primary prostate tumors
Next, we analyzed the expression of TDRD1 and of the ERG-related ETS transcripƟ on factors 

ETV1, ETV4, and ETV5. ETV1 is overexpressed in 5-10% of prostate cancer gene fusions. ETV4 and 

ETV5 overexpression is rare (less than 1%) [5, 6]. The expression array data showed fi ve out of 48 

primary prostate tumors to harbor ETV1 overexpression, whereas ETV4 or ETV5 overexpression 

was absent. None of the fi ve tumor samples overexpressing ETV1 showed TDRD1 overexpression 

(Figure 4A). The array data were validated and extended by Q-RT-PCR for ETV1 and TDRD1 in 

a larger cohort of primary prostate tumors, which were all without treatment at the Ɵ me of 

radical prostatectomy (N=79). Nine tumors (11%) showed ETV1 overexpression. Three out of 

nine samples with ETV1 overexpression showed TDRD1 expression at very low levels, whereas 

in six samples TDRD1 expression could not be detected (Figure 4B). These data indicated that, 

in contrast to the strong posiƟ ve correlaƟ on with ERG overexpression, TDRD1 expression is 

inversely correlated with ETV1 overexpression in primary prostate cancer.
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Figure 4. Expression of TDRD1 and ETV1 in primary prostate tumors. (A) Heat map showing the 
correlaƟ on between the expression of ETS family members ETV1, ETV4, and ETV5, and the expression 
of ERG and TDRD1 in primary prostate tumors of cohort A. Each cell in the image shows the log² 
expression raƟ o for the parƟ cular gene divided by the median expression of that gene in all the 
samples. Red, expression above the median; green, expression below the median. (B) Bar chart 
showing expression levels of TDRD1 and ETV1 relaƟ ve to HMBS for nine primary prostate tumours 
with ETV1 overexpression as determined by Q-RT-PCR.

ERG directly regulates TDRD1 expression
Because of the strong associaƟ on between TDRD1 and ERG expression, we analyzed TDRD1 

protein expression in the VCaP cell line that expresses both ERG and TDRD1. Western blot 

analysis of a lysate of HEK293T cells transfected with a TDRD1 expression plasmid showed a 

specifi c TDRD1 protein band at 132 kD, and a slightly smaller non-specifi c band (Figure 5A). The 

specifi c TDRD1 protein band was also clearly detectable in a lysate of VCaP cells (Figure 5A). 

To invesƟ gate whether ERG can regulate TDRD1 expression, ERG was downregulated in VCaP 

cell by infecƟ on with lenƟ virus expressing a specifi c shRNA (Figure 5B). The downregulaƟ on of 

ERG lead to a substanƟ al lower expression level of the TDRD1 protein, which indicated that ERG 

can regulate TDRD1 expression. TDRD1 shRNA did not downregulate ERG expression (data not 

shown). 
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Figure 5. ERG directly regulates TDRD1 promoter acƟ vity. (A) Western blot analysis of TDRD1 
expression in HEK293 cells transfected with a TDRD1 expression plasmid and in VCaP cells. Lane 1: 
control HEK293 cells; lane 2: transfected HEK293 cells; Lan 3: endogenous TDRD1 expression in VCaP 
cells. Note that the anƟ body recognises TDRD1 and a slightly smaller unidenƟ fi ed protein. (B) Western 
blot analysis of ERG and TDRD1 expression in VCaP cells incubated with ERG shRNA lenƟ virus. Lane 
1: ERG shRNA; Lane 2: control. (C) SchemaƟ cal representaƟ on of a 10kbp TDRD1 promoter fragment. 
PosiƟ ons of seven candidate ERG binding sites and promoter fragments used in reporter gene assays 
are indicated. (D) TDRD1 promoter acƟ vity in transiently transfected VCaP cells as determined by 
Luciferase acƟ vity. (E) Eff ect of ERG siRNA on TDRD1 promoter acƟ vity as determined by Luciferase 
assay in transiently transfected VCaP cells. (F) Eff ect of inacƟ vaƟ on of candidate ERG binding sites I and 
II on TDRD1 promoter acƟ vity in transiently transfected VCaP cells.



156  |  Chapter 5

To unravel the mechanisms of TDRD1 expression regulaƟ on by ERG, candidate ERG binding sites 

CGGA(A/T) or (T/A)TCCG were determined in a 10 Kbp genomic region upstream of TDRD1 (Figure 

5C). In total, seven candidate ERG binding sites were detected. Based on the locaƟ ons of these 

sequences, two regions (Figure 5C and 5D) were selected for further analysis. Luciferase (Luc) 

reporter gene constructs driven by, either the promoter region that contains two candidate ERG 

binding sites, or the promoter region plus an upstream region that contains three potenƟ al ERG 

binding sites (Figure 5D) were generated and transfected into VCaP cells. The Luc data showed 

that the promoter region was acƟ ve but that the upstream region did not increase acƟ vity (Figure 

5D). To invesƟ gate whether TDRD1 promoter region acƟ vity was regulated by ERG, the acƟ vity 

was determined in the presence of ERG siRNA. DownregulaƟ on of ERG resulted in decreased 

acƟ vity of the TDRD1 promoter (Figure 5E). To determine whether one of the two predicted ERG 

binding sites in the promoter was important for the promoter acƟ vaƟ on, both binding site I and II 

were inacƟ vated by mutaƟ on. A clear decrease in Luc acƟ vity upon mutaƟ on of the ERG binding 

site I, but not of candidate binding site II was observed (Figure 5F), indicaƟ ng that ERG site I was 

essenƟ al for direct regulaƟ on of TDRD1 expression by ERG.

DISCUSSION

Fusion of the androgen-regulated and prostate-specifi c gene TMPRSS2 and the oncogene ERG 

is by far the most frequent gene fusion in prostate cancer, indicaƟ ng a prominent role in cancer 

development. TMPRSS2-ERG fusion leading to ERG overexpression is an early event in prostate 

cancer development because it is already present in PIN lesions [19-21]. Although fi rst described 

more than fi ve years ago, the role of TMPRSS2-ERG in prostate cancer is sƟ ll largely unknown. 

Recently, we and others showed that overexpression of ERG by gene fusion does not predict the 

clinical course of the disease [22-25]. In contrast, it has also been published that ERG fusion has a 

poor [26-28] or good prognosis [29, 30]. Moreover, we observed that expression of TMPRSS2-ERG 

from an alternaƟ ve, more upstream promoter correlated with a favorable prognosis [24, 31]. So, 

it seems that regulaƟ on of TMPRSS2-ERG expression is a complex process.

 To increase our knowledge of TMPRSS2-ERG funcƟ on in prostate cancer, we analyzed well-

defi ned cohorts of primary tumors from paƟ ents with a long clinical follow up, using both 

genome-wide expression arrays and Q-RT-PCR to idenƟ fy genes that were coexpressed with ERG 

overexpression. In our experiments, expression of TDRD1 was by far the strongest associated 

gene with ERG overexpression. Analysis of publically available expression array data of a cohort 

of 128 primary prostate tumors from MSKCC confi rmed coexpression of TDRD1 with ERG 

overexpression in primary prostate cancer. Like ERG, TDRD1 was hardly expressed in normal 

adult prostaƟ c Ɵ ssue. During mouse prostate development, Tdrd1 showed similar kineƟ cs as 
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Erg. Remarkably, in late-stage prostate cancer, TDRD1 was not only expressed in ERG-posiƟ ve 

prostate cancers but also in a proporƟ on of ERG-negaƟ ve tumors. Finally, TDRD1 expression was 

not associated with the expression of other ETS family members in primary prostate cancer and 

there even seemed to be an inverse correlaƟ on with ETV1 overexpression.

 In vitro studies in the prostate cancer cell line VCaP that overexpresses ERG and in prostate 

cells with forced ERG overexpression, suggested genes diff erenƟ ally expressed in ERG-rearranged 

prostate cancer [7, 32]. Tomlins et al. found that overexpression of ERG in immortalized, non-

tumor prostate cells induced the expression of genes in the plasminogen pathway, which were 

involved in invasion [7]. DownregulaƟ on of ERG expression in VCaP cells inhibited the invasive 

capacity of the cells and induced the expression of genes expressed in diff erenƟ ated luminal 

epithelial cells, including androgen-regulated genes NK3 homeobox 1 (NKX3.1), Prostate specifi c 

anƟ gen (PSA), Solute carrier family 45 member 3 (SLC45A3), and TMPRSS2, suggesƟ ng that 

ERG overexpression may keep prostate (tumor) cells in a less-diff erenƟ ated state. In agreement 

with these observaƟ ons, Sun et al. showed that downregulaƟ on of ERG in VCaP decreased the 

expression of the proto-oncogene c-MYC [33]. 

 So far, studies addressing gene expression profi les in clinical prostate tumors that take into 

account ERG overexpression have been hampered by the use of small paƟ ent cohorts and limited 

number of genes studied [34-39]. It was published that genes involved in the WNT pathway and 

Histone deacetylase 1 (HDAC1) were overexpressed in ERG-rearranged advanced prostate cancer, 

whereas expression of Tumor necrosis factor (TNF) and genes involved in cell death pathways were 

downregulated in these tumors [34]. Setlur et al. analyzed expression of 6100 genes and defi ned 

an 87-gene signature in TMPRSS2-ERG-posiƟ ve prostate cancer in a paƟ ent cohort from Sweden 

[35]. This signature included Rho GDP dissociaƟ on inhibitor, beta (ARHGDIB), CACNA1D, Growth 

hormone receptor (GHR), and Phospholipase A2, Group VII (PLA2G7), which were also present in 

the top-20 genes overexpressed in our ERG-posiƟ ve cohort (Figure 1B). Barwick et al. combined 

the Swedish paƟ ent cohort with a cohort from Canada and idenƟ fi ed 51 out of 502 genes to be 

diff erenƟ ally expressed, including HDAC1 [36]. We analyzed genome-wide gene expression in a 

set of 48 well-defi ned primary prostate tumors and confi rmed and validated the expression array 

data by Q-RT-PCR. Comparison of genes that coexpressed with ERG overexpression between data 

of the RoƩ erdam paƟ ents and the MSKCC data (18) revealed an extensive overlap (Figure 2A and 

Supplementary Figure S5).

 Although highly ranked, in the MSKCC cohort, TDRD1 was not the strongest correlated 

gene with ERG overexpression. This might be due to TDRD1 expression in some ERG-negaƟ ve 

primary tumors. AlternaƟ vely, it might be caused by the composiƟ on of the tumor cohort. In the 

RoƩ erdam cohort, fi ve out of 15 ERG-negaƟ ve samples harbored ETV1 overexpression, whereas 

in the MSKCC cohort fi ve out of 75 were ETV1 posiƟ ve. Because TDRD1 expression seemed 

inverse-correlated with ETV1 overexpression, the higher percentage of ETV1-posiƟ ve samples 
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in our cohort might be an explanaƟ on for the discrepancies between the two cohorts regarding 

TDRD1 expression. 

 Jhavar and co-workers performed a transcriptome-wide search of 28 primary prostate cancers 

to fi nd genes coexpressed with ERG [37, 38]. In this cohort, fourteen tumors overexpressed 

ERG, and TDRD1 ranked highest of the genes that were coexpressed with ERG. Although the 

number of ERG-posiƟ ve paƟ ents was small in this study, a considerable overlap in genes that 

were posiƟ vely correlated with ERG overexpression was seen between the RoƩ erdam series, the 

MSKCC data, and that of Jhavar et al. (Supplemental Table S5 and Venn diagram in Supplemental 

Figure S5). Out of the 30 genes that were coexpressed with ERG overexpression in all three 

cohorts, 11 genes, including TDRD1 were present in the top 20 genes that correlated with ERG 

overexpression in the RoƩ erdam series. (Supplementary Table S4). In a recent expression array 

study by Brase et al. TDRD1 ranked also highest among diff erenƟ ally expressed genes between 

ERG-posiƟ ve and ERG-negaƟ ve prostate tumors [39]. By Q-RT-PCR, it was validated that TDRD1 

expression was signifi cantly higher in ERG-posiƟ ve than in ERG-negaƟ ve and normal prostate 

Ɵ ssue samples.

 Out of the nine genes that showed inverse-correlaƟ on with ERG overexpression in the 

RoƩ erdam set of primary prostate tumors, HPGD and TFF3 have previously been described; 

Mohamed et al. [40] showed that downregulaƟ on of ERG in the prostate cancer cell line VCaP 

resulted in HPGD overexpression that was regulated by the binding of ERG to its promoter. Like 

HPGD expression, expression of TFF3, a gene earlier described to be overexpressed in prostate 

cancer [41], was inversely correlated with ERG-posiƟ ve primary prostate tumors. Rickman et 

al. [42] who showed that in hormone-naïve prostate cancer, TFF3 expression was low in ERG-

rearranged tumors and described that ERG was able to bind to the TFF3 promoter. However, 

the authors stated that TFF3 was expressed at high levels in ERG-rearranged prostate cancer 

in the castraƟ on-resistant stage of the disease. In agreement with the abovemenƟ oned 

observaƟ ons, we found in the MSKCC cohort, both TFF3 and HPGD to be inverse correlated with 

ERG overexpression (Score(d) -6.13 and -4.53, respecƟ vely).

 Although diff erent, the regulaƟ on of TDRD1 expression seemed to be similarly complex 

as TFF3 expression. We observed in funcƟ onal studies that TDRD1 was directly upregulated 

by ERG. However, in a proporƟ on of ERG-negaƟ ve late-stage tumor samples TDRD1 was also 

overexpressed. We propose that other pathways that regulate TDRD1 expression become 

acƟ vated in late-stage cancers. Moreover, the eff ect of endocrine therapy in late-stage prostate 

cancer should be taken into account.

 TDRD1 belongs to a large family of Tudor domain containing proteins. The observed correlaƟ on 

between ERG and TDRD1 expression, however, was specifi c for TDRD1 as the expression of 

other Tudor family members did not associate with ERG overexpression (Supplementary Figure 

S6). Our results suggest that only TDRD1 plays a role in ERG-rearranged prostate cancer. So 
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far, the funcƟ on of TDRD1 in prostate cancer is unknown. Tudor domain containing proteins, 

including TDRD1, were previously idenƟ fi ed as binding partners of Piwi family proteins [33]. 

Piwi family proteins interact with a specifi c class of noncoding RNAs (piRNAs) that are involved 

in post-transcripƟ onal gene regulaƟ on. The formaƟ on of Piwi-TDRD1 complexes is criƟ cal for 

the subcellular localizaƟ on of these proteins, which on its turn is essenƟ al for spermatogenesis 

[43]. Sterility in mice, as a result of mutant TDRD1, further stressed the importance of TDRD1 

in normal spermatogenesis [44]. Recently, it has been published that loss of TDRD1 acƟ vates 

transposons [45]. Further funcƟ onal studies, including forced TDRD1 overexpression and specifi c 

TDRD1 downregulaƟ on in cell lines will be instrumental in clarifying the role of TDRD1 in prostate 

cancer.

 In contrast to high expression of TDRD1 in ERG-posiƟ ve tumors, TDRD1 was not or very low 

expressed in primary tumors with ETV1 overexpression. Expression of TDRD1 even seemed 

inverse correlated with ETV1 overexpression. These observaƟ ons argue in favor of a diff erent 

concept of ERG- versus ETV1-rearranged prostate cancer. In concordance, diff erences in cell 

growth, proliferaƟ on and migraƟ on were previously described for both types of rearranged 

prostate cancers [8, 47]. Small diff erences in DNA-binding preferences can contribute to in vivo 

targeƟ ng specifi ciƟ es [48]. So far, gene expression profi ling in a larger cohort of prostate cancers 

to idenƟ fy genes coexpressed with ETV1 overexpression have not been reported, although in 

vitro studies suggested matrix metalloproteinases and integrins as potenƟ al targets of ETV1 

[47, 49].

 In summary, the data presented here on the one hand add to the complex nature of prostate 

cancer and the apparent diff erent role of ETS fusion genes in the disease. On the other hand, 

however, knowledge of gene expression profi les and of direct ERG target genes are important 

steps in elucidaƟ on of the molecular pathways in ERG-posiƟ ve tumor development. 
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Supplementary data 
 

Supplemental Figure S1. Box plot showing median expression of TDRD1 relaƟ ve to HMBS, as detected 
by Q-RT-PCR, in 48 primary prostate tumors, of which 33 overexpressed ERG and 15 did not overexpress 
ERG, p<0.001 (MWU test). Outliers are depicted by an open circle (°) and extremes are depicted by 
an asterisk (*).

 

Supplemental Figure S2. CorrelaƟ on plot showing coexpression of ERG and TDRD1 in the primary 
prostate cancer samples of both cohort A (N=48, leŌ  panel) and cohort B (validaƟ on cohort, N=31, 
right panel). ERG and TDRD1 expression relaƟ ve to HMBS, as detected by Q-RT-PCR, is shown. The 
trend line and R squared change (R²) are indicated.
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Supplemental Figure S3. CorrelaƟ on plots showing coexpression of ERG and NKAIN1, and of ERG and 
CACNA1D in primary prostate tumors of both cohort A (N=48, leŌ  panels) and cohort B (validaƟ on 
cohort, N=31, right panels). Expression of ERG, NKAIN1, and CACNA1D relaƟ ve to HMBS, as detected 
by Q-RT-PCR, are shown. The trend lines and R squared changes (R²) are indicated. RespecƟ ve p-values 
for cohort A: p<0.001 (NKAIN1) and p<0.001 (CACNA1D), and for cohort B: p=0.14 (NKAIN1) and 
p=0.67 (CACNA1D).
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Supplemental Figure S4. Heat maps showing the correlaƟ on of the expression of the 20 genes, which 
were most signifi cantly co-expressed with ERG overexpression in primary prostate tumors as assayed 
by SAM, in six prostate cancer cell lines (leŌ  panel) and 11 prostate cancer xenograŌ s (right panel). 
Each cell in the image shows the log² expression raƟ o for the parƟ cular gene divided by the median 
expression of that gene in all the samples. Red, expression above the median; green, expression below 
the median.
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Supplemental Figure S5. Venn-diagram showing the overlap in genes that were posiƟ vely correlated 
with ERG overexpression between the present series (circle I), the series of MSKCC (circle II), and 
the series of Jhavar et al. (circle III). TDRD1 is among the 30 genes that were coexpressed with ERG 
overexpression in all three series.

 

Supplemental Figure S6. Heat map showing the correlaƟ on of the expression of Tudor family members 
with ERG expression. Each cell in the image shows the log² expression raƟ o for the parƟ cular gene 
divided by the median expression of that gene in all the samples. Red, expression above the median; 
green, expression below the median.
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Supplemental Table S1. Sequences of primers used for Q-RT-PCR analysis.

Target Forward 5’->3’ Reverse 5’->3’

HMBS catgtctggtaacggcaatg gtacgaggctttcaatgttg

CACNA1D ggactttcacaccagccagc cacaggcatcagagatttcg

ERG tgctcaaccatctccttcca tgggtttgctcttccgctct

Erg tgctcaaccatctccttcca tgggtttgctcttccgctct

ETV1 cataccaacggcgaggatca tggagaaaagggcttctgga

Hprt tccctggttaagcagtacag ttccagtttcactaatgacac

NKAIN1 ggcagaggctaccccgac cttcgtgttcgcctgctac

TDRD1 accaccctatagaccaagaat tttcaatgtttccatagtctgca

Tdrd1 gagaagctgtgtgtgttag tccgacgtttccagaacaatg

TMPRSS2-ERG gagctaagcaggaggcgga catcaggagagttccttgag

Supplemental Table S2. Clinicopathological characterisƟ cs of two cohorts of primary prostate cancer 
paƟ ents; cohort A and the validaƟ on cohort (cohort B).

CharacterisƟ c Cohort A
(N=48)

Cohort B
(N=31)

p-value

Mean age (± SD) 61.8 ± 5.9 years 63.1 ± 5.1 years p=0.30*

Mean PSA (± SD) 16.6 ± 25.5 ng/ml 15.9 ± 14.0 ng/ml p=0.56**

pT-stage
 ≤ pT2c
 ≥ pT3a

16 (33.3%)
32 (66.7%)

 8 (28.6%)
20 (71.4%)

p=0.57***

Surgical margins
 posiƟ ve
 negaƟ ve

24 (50.0%)
24 (50.0%)

13 (48.1%)
14 (51.9%)

p=0.67***

Gleason score
 < 7
 ≥ 7

23 (47.9%)
25 (52.1%)

22 (73.3%)
 8 (26.7%)

p=0.028***

Occult metastases at RP
 Yes
 No

4 (8.7%)
42 (91.3%)

 5 (21.7%)
23 (78.3%)

p=0.24***

AbbreviaƟ ons: SD, standard deviaƟ on; PSA, prostate-specifi c anƟ gen; pT-stage, pathological T-stage; RP, radical 
prostatectomy
* Student’s T-test
** Mann-Whitney U test
*** Pearson’s χ² test
PaƟ ents with unknown values were not included in the analysis.
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Supplemental Table S3. Signifi cantly diff erenƟ ally expressed genes between primary prostate 
tumors with ERG rearrangement versus those lacking ERG rearrangement as assayed by SAM.

Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

3931765 20.11815351 12.56928284 ERG

3265175 10.31880671 8.548930766 TDRD1

3949431 7.654239186 2.75881225 LOC284930

2404344 7.083695342 2.916805869 NKAIN1

2624385 6.562973646 3.515014739 CACNA1D

2955827 6.284218276 5.094809046 PLA2G7

2916825 6.239813812 1.510350802 ANKRD6

2613293 6.190598291 3.364139375 KCNH8

2478269 6.159897026 3.345057544 TMEM178

3445786 6.048628694 2.090047161 ARHGDIB

3840883 6.033349426 2.43219119 ZNF813

2955999 5.967458475 4.380334029 GPR110

3321512 5.798619393 2.137256133 PDE3B

2608469 5.725527815 2.30793309 ITPR1

3288803 5.701459382 1.804776118 OGDHL

2807949 5.699595264 3.139162528 GHR

3742212 5.652896818 2.040232386 ALOX15

3147173 5.626123781 2.088663486 NCALD

3154317 5.610370053 1.822068523 NDRG1

2950263 5.56894717 2.643441127 HLA-DMB

2371139 5.556637999 2.455049535 LAMC2

2710599 5.522741838 2.811994064 CLDN1

2471384 5.376457822 1.679835213 KCNS3

2400027 5.326569239 3.691847969 PLA2G2A

3320169 5.2844448 1.657733612 AMPD3

3279154 5.188297225 1.62425659 C10orf38

3126504 5.100278577 2.246074912 CSGALNACT1

3160175 5.025259167 1.934213066 VLDLR

3200648 5.003535755 1.406835715 ADFP

2387606 4.998395716 2.760392738 CHRM3

3291281 4.952526048 2.986098026 TMEM26

2764192 4.884880425 1.919841897 KIAA0746

2793137 4.880417952 2.017299002 SH3RF1

3095313 4.820305763 2.808387509 C8orf4
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Supplemental Table S3. ConƟ nued
Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

2658595 4.79828303 1.712748518 HES1

2920085 4.786303861 1.445044654 SOBP

2638077 4.780924706 2.669008213 PLA1A

2739308 4.739927836 1.876999137 EGF

2420642 4.717546409 1.637377438 MCOLN2

2443370 4.695895595 3.866672489 F5

2522094 4.686100955 1.460226116 LOC26010

2520138 4.679949915 1.529052135 FLJ20160

3898796 4.677369825 1.770275826 KIF16B

3502156 4.644714636 1.800081131 ATP11A

3735847 4.627355977 1.451229804 SepƟ n 9

3840949 4.627111716 2.64826626 ZNF765

3179706 4.56713944 1.455687789 WNK2

3483468 4.547871607 1.399702817 KIAA0774

2748923 4.52922682 1.696402387 GUCY1B3

3081501 4.515340825 2.068810651 LOC285889

2397025 4.494232495 1.375398004 DHRS3

2970897 4.482979889 2.066092599 FRK

3986168 4.46409298 1.928715879 MUM1L1

2582124 4.446282167 1.708768373 NR4A2

3616894 4.406652066 1.994699698 FMN1

3863669 4.399789835 1.86038205 CEACAM1

3399678 4.382631111 1.463053387 B3GAT1

3792273 4.36321453 1.7373645 CDH7

3000342 4.360552372 1.521137276 ADCY1

3081511 4.352991478 1.879197713 LOC100134747

3943234 4.307140978 2.43918501 SLC5A1

3137120 4.29892628 1.583290823 CA8

2937144 4.287936637 1.854446861 SMOC2

2964231 4.285443353 1.660154612 RRAGD

2975741 4.283998041 1.496451081 MAP7

2956563 4.276122612 8.834620938 CRISP3

3775334 4.253594045 1.554865308 ZNF750

3060332 4.236117045 2.703018138 STEAP4

2694001 4.235766382 1.36425711 MGLL

2748830 4.217080423 1.986026953 GUCY1A3
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Supplemental Table S3. ConƟ nued
Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

4054204 4.187278008 2.316394533 APOD

3577666 4.147469963 1.725208593 SERPINA11

3474372 4.125236881 1.30367961 PXN

3337516 4.124455486 1.360880436 LRP5

3717034 4.116761564 2.056348763 LOC400590

2828146 4.103578225 1.549152214 CDC42SE2

3285119 4.095545782 1.38600811 FZD8

3371114 4.089525239 1.66876887 SYT13

3189932 4.071245082 1.490306837 STXBP1

2916716 4.055421691 1.426159206 PNRC1

2967276 4.052242689 2.254050278 POPDC3

3352948 4.04866979 1.614764196 SORL1

2700365 4.042865344 1.874200124 TM4SF1

2467066 4.032138103 1.590334278 PXDN

2458513 4.018399386 1.521583341 TMEM63A

2453006 4.003630497 4.260013754 PIGR

2596763 4.002496831 1.826955077 FZD5

2474071 3.999224813 1.339510232 MAPRE3

3908149 3.994629098 1.547991608 ZMYND8

3802980 3.983226526 1.728043642 DSC2

3822723 3.982844451 1.374481371 PKN1

2991395 3.980750483 1.802373017 HDAC9

2420681 3.974350721 1.434130754 MCOLN3

3754797 3.964140209 1.729582229 HNF1B

3057370 3.960367175 1.515672812 HIP1

3971806 3.940405211 1.775739568 SAT1

3453120 3.932887602 1.290759991 ZNF641

3635776 3.930874745 1.444531761 EFTUD1

4035833 3.929207818 1.797029902 CD24

3751058 3.928555417 1.333999396 C17orf63

3790479 3.920415705 2.020758563 SEC11C

2796951 3.912745135 1.959066525 PDLIM3

2671728 3.902339079 1.615674209 CDCP1

3696317 3.900166063 1.457318566 SMPD3

2328868 3.899598663 1.375801232 HDAC1

2550175 3.898590786 1.875675153 KCNG3
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Supplemental Table S3. ConƟ nued
Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

2656837 3.892646409 1.936854559 ST6GAL1

2353337 3.8505693 1.399889162 SLC22A15

3353441 3.846655707 1.297024844 C11orf63

2350489 3.841816602 2.16548607 KIAA1324

3835777 3.830684949 1.582777226 BCAM

3126625 3.81875319 1.79799529 LOC100130604

3781980 3.80492526 1.420933424 C18orf17

2976113 3.785671393 1.661191802 IFNGR1

3820443 3.782711948 1.623599342 ICAM1

3131741 3.78082806 1.451970357 RAB11FIP1

2468811 3.765167583 1.298364093 DDEF2

4010461 3.763385321 1.547059667 SPIN4

3980867 3.763240429 1.471490267 GJB1

2339995 3.745008365 1.541343736 ROR1

2443537 3.737885278 1.428894196 SCYL3

2903782 3.730675319 1.526479176 ITPR3

2899022 3.724634574 1.609330178 TRIM38

3614534 3.723644743 1.450647121 GABRB3

3723687 3.719107624 1.416058926 MAPT

3858852 3.713427579 1.579943843 RHPN2

2353396 3.713275166 1.360298159 C1orf161

2395177 3.704340292 1.64092129 ERRFI1

3365136 3.692520899 1.422734318 SERGEF

2412624 3.689483365 1.953094331 RAB3B

3864646 3.680145655 1.771210239 KCNN4

3444252 3.670669778 1.634248292 CSDA

2749011 3.657047123 2.977329188 TDO2

2777070 3.64431845 1.766456164 HSD17B11

3955357 3.635452093 1.24483905 C22orf36

2811145 3.635066984 1.671184886 PART1

2749611 3.632380478 1.688781496 FNIP2

3695867 3.624532481 1.283714077 RANBP10

3273870 3.621964145 1.911906512 LOC642384

2857204 3.619257703 1.915833592 PPAP2A

3445108 3.617308071 1.584433688 GPRC5D

2623662 3.612402949 1.18719986 DNAH1
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Supplemental Table S3. ConƟ nued
Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

2824581 3.610276326 1.89574887 KCNN2

2867836 3.604394636 1.575296503 GLRX

3001479 3.600356851 1.375611397 IKZF1

2468622 3.593341965 1.288577329 ID2

3835751 3.581201134 1.291915074 CBLC

3907830 3.562971082 1.430525851 ELMO2

3209623 3.562020796 1.476760961 ZFAND5

3435192 3.552606731 1.373290392 MLXIP

2353477 3.551918339 1.40823953 ATP1A1

3464405 3.546554978 1.659432084 RASSF9

3464000 3.545001838 1.283685147 CCDC59

3628832 3.536542168 1.215934591 DAPK2

4021341 3.536169905 1.424082766 ZDHHC9

3587015 3.53526787 1.257521875 KLF13

2872848 3.527310093 1.711440292 LOX

3107342 3.520658739 1.480168231 PPM2C

3081205 3.515316576 1.391751666 SHH

3220846 3.509322522 1.323586639 SUSD1

2980290 3.50425814 1.56239401 RGS17

3747399 3.502795197 1.425098608 KRT14

2963313 3.499296777 1.45709902 SNX14

3869379 3.498439045 1.684610201 ZNF614

2327677 3.491184055 1.315659605 EPB41

3272736 3.484256312 1.386691951 ZNF511

3205659 3.478042927 1.234079329 SHB

2806091 3.476487583 1.538899582 RAI14

2955863 3.473740078 2.134974473 GPR116

3706439 3.466729369 1.454694181 GARNL4

3933863 3.454344062 2.275794469 C21orf105

2461531 3.452527119 1.405667821 IRF2BP2

2515471 3.445555967 1.310739192 DLX1

3567050 3.437908973 1.52212833 RTN1

3509473 3.43045929 1.516630856 DCLK1

2679406 3.422880112 1.731536325 CADPS

3400730 3.418955127 1.33544904 CACNA1C

3877265 3.410319797 1.236065017 MACROD2
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Supplemental Table S3. ConƟ nued
Signifi cantly upregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

3473727 3.40181891 1.464717754 WSB2

2835300 3.39979255 1.610155759 SLC26A2

3844470 3.39901199 1.378599617 PPAP2C

2322389 3.396312919 1.289602636 NECAP2

3181240 3.378710688 1.38746325 TMOD1

2400518 3.373323472 1.443457902 ECE1

2921296 3.365389801 1.868899546 AMD1

3900091 3.364981704 1.594094208 C20orf74

2510713 3.364879555 1.41786028 FMNL2

2344464 3.360364928 1.347543626 SAMD13

2408681 3.349902322 1.192359105 HIVEP3

3384321 3.346401513 1.54282711 RAB30

3628432 3.343449591 1.565482856 LOC100128979

3493579 3.341394097 2.111674481 NMD3

2832423 3.340532568 1.690935206 PCDHB10

3363091 3.333025052 1.398984356 GALNTL4

3058991 3.330778902 1.76828498 CACNA2D1

3335952 3.327007836 1.310104224 PACS1

3590709 3.325950346 1.231756358 LOC100137047-PLA2G4B

Signifi cantly downregulated genes

Aff ymetrix ID Score(d) Fold Change Gene Name

2794408 -4.86256937 0.331226614 HPGD

2907513 -4.833486317 0.527619446 GNMT

3916686 -4.746720159 0.583033121 C21orf118

2398287 -4.707438607 0.627350674 NBPF16

2632778 -4.6991188 0.396396476 EPHA6

3933536 -4.663890297 0.578068262 TFF3

2384401 -4.366122845 0.532071017 RHOU

3612739 -4.277834169 0.234330422 CXADR

3937943 -4.247219376 0.526048307 FLJ42953
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Supplemental Table S4. Full names, abbreviaƟ ons, and accession numbers of the 20 most correlated 
genes with ERG overexpression in primary prostate tumors as shown in Figure 1B.

AbbreviaƟ on Full gene name Accession number

ERG V-ets erythoblastosis virus E26 oncogene homolog (avian) NM182918 (isoform 1)
NM004449 (isoform 2)
NM001136154 (isoform 3)
NM001136155 (isoform 4)

TDRD1 Tudor domain-containing protein 1 NM198895

LOC284930 -- AK093107
BC039485

NKAIN1 Na+/K+ transporƟ ng ATPase interacƟ ng 1 NM024522

CACNA1D Calcium channel, voltage-dependent, L type, alpha unit 1D NM000720 (isoform 1)
NM001128840 (isoform 2)
NM001128839 (isoform 3)

PLA2G7 Phospholipase A2, Group VII (platelet-acƟ vaƟ ng factor 
acetylhydrolase, plasma) 

NM005084 (isoform 1)
NM001168357 (isoform 2)

ANKRD6 Ankyrin repeat domain 6 NM014942

KCNH8 Potassium voltage-gated channel, subfamiliy H (eag-related), 
member 8

NM144633

TMEM178 Transmembrane protein 178 NM152390 (isoform 1)
NM001167959 (isoform 2)

ARHGDIB Rho GDP dissociaƟ on inhibitor (GDI), beta NM001175

ZNF813 Zinc fi nger protein 813 NM001004301

GPR110 G protein-coupled receptor 110 NM153840 (isoform 1)
NM025048 (isoform 2)

PDE3B Phosphodiesterase 3B, cGMP-inhibited NM000922

ITPR1 Inositol 1,4,5-triphosphate receptor, type 1 NM001099952 (isoform 1)
NM002222 (isoform 2)
NM001168272 (isoform 3)

OGDHL Oxyglutarate dehydrogenase-like NM018245 (isoform 1)
NM001143996 (isoform 2)
NM001143997 (isoform 3)

GHR Growth hormone receptor NM000163

ALOX15 Arachidonate 15-lipoxygenase NM001140

NCALD Neurocalcin delta NM001040624 (isoform 1)
NM001040625 (isoform 2)
NM001040626 (isoform 3)
NM001040627 (isoform 4)
NM001040628 (isoform 5)
NM001040629 (isoform 6)
NM001040630 (isoform 7)
NM032041 (isoform 8)

NDRG1 N-myc downstream regulated 1 NM001135242 (isoform 1)
NM006096 (isoform 2)

HLA-DMB Major histocompaƟ bility complex, class II, DM beta NM002118

LAMC2 Laminin subunit gamma-2 NM005562 (isoform a)
NM018891 (isoform b)
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Supplemental Table S5. Genes that were posiƟ vely correlated with ERG overexpression in primary 
prostate tumors of three diff erent series according to the analysis of the GeneChip Human Exon 1.0 
ST array. Genes that overlap with the present series are indicated in bold and highlighted in grey.

Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

ADCY1 ADCY1  

ADFP

ALOX15 ALOX15 ALOX15

AMD1 AMD1 AMD1

AMPD3 AMPD3 AMPD3

ANKRD6 ANKRD6 ANKRD6

APOD APOD  

ARHGDIB ARHGDIB  

ATP11A ATP11A  

ATP1A1 ATP1A1  

B3GAT1

BCAM BCAM  

C10orf38

C11orf63

C17orf63 C17orf63  

C18orf17

C1orf161

C20orf74

C21orf105

C22orf36 C22orf36  

C8orf4 C8orf4 C8orf4

CA8 CA8  

CACNA1C

CACNA1D CACNA1D CACNA1D

CACNA2D1

CADPS

CBLC CBLC CBLC

CCDC59

CD24

CDC42SE2

CDCP1 CDCP1  

CDH7

CEACAM1

CHRM3

CLDN1
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Supplemental Table S5. ConƟ nued
Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

CRISP3 CRISP3 CRISP3

CSDA CSDA CSDA

CSGALNACT1 CSGALNACT1  

DAPK2

DCLK1

DDEF2

DHRS3

DLX1 DLX1 DLX1

DNAH1

DSC2 DSC2  

ECE1 ECE1  

EFTUD1 EFTUD1  

EGF

ELMO2 ELMO2  

EPB41

ERG ERG ERG

ERRFI1

F5 F5  

FLJ20160

FMN1

FMNL2 FMNL2  

FNIP2 FNIP2  

FRK FRK FRK

FZD5 FZD5  

FZD8

GABRB3 GABRB3  

GALNTL4

GARNL4

GHR GHR GHR

GJB1 GJB1  

GLRX

GPR110 GPR110  

GPR116

GPRC5D GPRC5D  

GUCY1A3 GUCY1A3 GUCY1A3

GUCY1B3 GUCY1B3  

HDAC1 HDAC1 HDAC1
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Supplemental Table S5. ConƟ nued
Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

HDAC9

HES1 HES1 HES1

HIP1 HIP1  

HIVEP3

HLA-DMB HLA-DMB HLA-DMB

HNF1B HNF1B  

HSD17B11 HSD17B11  

ICAM1

ID2

IFNGR1 IFNGR1  

IKZF1 IKZF1  

IRF2BP2 IRF2BP2  

ITPR1 ITPR1  

ITPR3 ITPR3 ITPR3

KCNG3 KCNG3 KCNG3

KCNH8 KCNH8 KCNH8

KCNN2 KCNN2  

KCNN4 KCNN4 KCNN4

KCNS3 KCNS3 KCNS3

KIAA0746

KIAA0774

KIAA1324 KIAA1324  

KIF16B KIF16B  

KLF13 KLF13  

KRT14

LAMC2 LAMC2  

LOC100128979

LOC100130604

LOC100134747

LOC100137047-PLA2G4B

LOC26010

LOC284930

LOC285889

LOC400590

LOC642384

LOX LOX  

LRP5 LRP5  
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Supplemental Table S5. ConƟ nued
Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

MACROD2 MACROD2  

MAP7 MAP7 MAP7

MAPRE3 MAPRE3  

MAPT MAPT  

MCOLN2 MCOLN2  

MCOLN3

MGLL MGLL  

MLXIP

MUM1L1 MUM1L1  

NCALD NCALD NCALD

NDRG1 NDRG1  

NECAP2 NECAP2  

NKAIN1 NKAIN1  

NMD3

NR4A2  NR4A2

OGDHL OGDHL  

PACS1 PACS1  

PART1  PART1

PCDHB10 PCDHB10  

PDE3B PDE3B PDE3B

PDLIM3

PIGR

PKN1 PKN1  

PLA1A PLA1A  

PLA2G2A

PLA2G7 PLA2G7 PLA2G7

PNRC1

POPDC3

PPAP2A PPAP2A  

PPAP2C PPAP2C  

PPM2C

PXDN PXDN  

PXN PXN  

RAB30 RAB30  

RAB3B RAB3B  

RAB11FIP1

RAI14
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Supplemental Table S5. ConƟ nued
Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

RANBP10

RASSF9

RGS17 RGS17  

RHPN2 RHPN2  

ROR1

RRAGD

RTN1

SAMD13 SAMD13  

SAT1

SCYL3 SCYL3  

SEC11C

Sep  n9 Sep  n9  

SERGEF SERGEF  

SERPINA11

SH3RF1 SH3RF1  

SHB

SHH

SLC22A15

SLC26A2 SLC26A2  

SLC5A1

SMOC2 SMOC2  

SMPD3 SMPD3  

SNX14

SOBP

SORL1 SORL1 SORL1

SPIN4 SPIN4  

ST6GAL1 ST6GAL1  

STEAP4 STEAP4 STEAP4

STXBP1 STXBP1  

SUSD1 SUSD1  

SYT13

TDO2

TDRD1 TDRD1 TDRD1

TM4SF1 TM4SF1  

TMEM178 TMEM178  

TMEM26 TMEM26  

TMEM63A TMEM63A  
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Supplemental Table S5. ConƟ nued
Boormans et al. (n=197) Taylor et al. (n=559) Jhavar et al. (n=98)

TMOD1

TRIM38

VLDLR VLDLR VLDLR

WNK2 WNK2  

WSB2 WSB2  

ZDHHC9 ZDHHC9  

ZFAND5

ZMYND8

ZNF511

ZNF614 ZNF614  

ZNF641

ZNF750

ZNF765

ZNF813



CHAPTER 6
General discussion
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Unraveling major mechanisms of prostate cancer development and progression and the role 

of geneƟ c events in this process is important, because ulƟ mately this will lead to improved 

therapies for paƟ ents. In this thesis the main focus was on deciphering mechanisms of prostate 

tumorigenesis in mouse models of prostate cancer. PTEN, the most frequently inacƟ vated tumor 

suppressor gene in prostate cancer, was discovered ~15 years ago. More recently, overexpression 

of ERG caused by the TMPRSS2-ERG fusion gene was idenƟ fi ed as the most frequent genomic 

alteraƟ on in prostate cancer. To invesƟ gate the role of PTEN and TMPRSS2-ERG in prostate cancer 

mouse models were generated. In addiƟ on to our PSA-Cre driven model described here, several 

other groups generated targeted Pten knockout mice [1-4]. In this thesis, the focus was on the 

analysis of PSA-Cre;Pten-loxP/loxP mouse model. In Chapter 4 the eff ect of Trp53 inacƟ vaƟ on, 

an event frequently observed in late stage prostate cancer, was assessed in this model. Recently, 

mouse models with prostate specifi c overexpression of Erg were also described [5-7]. In prostates 

of mice with PB-Cre targeted overexpression of Erg, Erg protein expression was detected, but 

these mice did not show a clear phenotype. Also in our laboratory, we generated PSA-TMPRSS2-

ERG mice. In this model we observed low Erg mRNA expression, but Erg protein expression could 

not be detected and, obviously, no phenotype was observed. Later, experiments were performed 

indicaƟ ng that that ERG can inhibit the acƟ vity of the PSA promoter, which at least partly can 

explain the low ERG protein expression. Although we were unsuccessful in generaƟ ng the mouse 

model, we conƟ nued our research in human prostate cancer. Gene expression profi les of primary 

prostate tumors were analyzed to idenƟ fy potenƟ al target genes of ERG (Chapter 5). Here, TDRD1 

was idenƟ fi ed as a direct target gene regulated by ERG. So far, the funcƟ on of TMPRSS2-ERG in 

prostate cancer is sƟ ll not clear, but the new results described in Chapter 5 can aid to unravel the 

role of ERG overexpression in prostate tumors. In this General Discussion we will discuss selected 

aspects of the prostate tumor development in mouse models described in Chapters 2, 3 and 4, 

and discuss potenƟ al novel funcƟ ons of Pten in vivo. 

MOUSE MODELS OF PROSTATE CANCER

Many diff erent models systems can be used in prostate cancer research. In vitro and in vivo 

systems can be complementary. For example, in vivo models, like mouse model of prostate 

cancer, can be used to validate results obtained in in vitro model systems. Furthermore, mouse 

models of prostate cancer are complementary to experiments using human prostate cancer cells. 

 Human prostate tumor cells can be characterized by diff erent approaches. In vitro growing 

cell lines derived from human tumors are frequently used in prostate cancer research. Only a 

limited number of established human prostate cancer cell lines is available, because probably 

only aggressive cells with unique geneƟ c traits can be propagated in vitro [8]. Another 
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disadvantage of the use of prostate cancer cell lines is that, using a single cell line, paracrine 

eff ects between diff erent cell types cannot be analyzed. Further characterizaƟ on of cell lines 

can be performed by studying the behaviour of cells in a three-dimensional environment, for 

example by growing cells in a matrix, like Matrigel. Paracrine eff ects between diff erent cell 

populaƟ ons can be invesƟ gated in co-culƟ vaƟ on studies or human prostate cancer cells can be 

transplanted onto immunodefi cient mice, either as a cell line or as a piece of tumor. In these 

mouse model experiments the histology, the geneƟ c alteraƟ ons, the gene expression profi le, the 

proliferaƟ on rate and the metastaƟ c potenƟ al of an eventually resulƟ ng tumor on the mouse 

can be compared with the original tumor [9]. Recently, a new model was developed to study 

characterisƟ cs of tumor cells in a three-dimensional environment [10]. Here, thin Ɵ ssue slices 

derived from human prostate Ɵ ssue are graŌ ed under the renal capsule of immunodefi cient 

mice. The advantage of experiments with human tumor cells is that cells derived from tumors of 

paƟ ents are used and they should mimic the actual situaƟ on in the paƟ ent. Established tumor 

cells or pieces of tumors are used and the development of prostate tumors cannot be studied.

 In addiƟ on to characterizaƟ on of human prostate cancer cells as discussed above, tumors 

induced in mice are frequently used. As menƟ oned in Chapter 1, the number of mouse models, 

especially geneƟ cally engineered mouse models (GEMMs), of prostate cancer is sƟ ll growing, just 

like the number of prostate cancer cell lines derived from these models (this thesis) [11-14]. Many 

experiments as described for human prostate cancer cells can also be performed with mouse 

prostate tumor cells. As compared to human models, the advantage of mouse models is that 

here the process of heterogeneous prostate tumor development can be studied from the iniƟ al 

stages. Furthermore, mouse models are most frequently induced by well-defi ned geneƟ c events, 

so in addiƟ on, the role of this event in prostate cancer can be adequately studied.

 Nowadays, some new techniques are used to generate novel mouse models of prostate cancer, 

like generaƟ ng models with inducible mutaƟ ons or enƟ re human loci [15, 16]. Furthermore, in 

mouse models of breast and lung cancer virus infecƟ on was used to regulate more precisely the 

inducƟ on of a geneƟ c alteraƟ on [17, 18]. So far, this technique was not used to generate a new 

GEMM of prostate cancer. 

 Mouse models also have some drawbacks as discussed in Chapter 1, like diff erences in 

prostate anatomy as compared to humans. Furthermore, the phenotype depends on the inducible 

geneƟ c event and/or the promoter used [8]. The geneƟ c background of the mouse strain can also 

determine the outcome of the study [19, 20]. The PSA-Cre targeted Pten knockout mice described 

in this thesis had a mixed background of FVB/n and 129f. The tumor development in our mouse 

model on a C57BL/6 background was slower as compared to Pten knockout mice with a FVB/n 

background (Unpublished results) [21]. Prostate tumor development of PSA-Cre targeted Pten 

knockout mice on a pure FVB/n background seems comparable to results presented in this thesis 

(Unpublished results). Just like described for tumor cells of PSA-Cre targeted Pten knockout 
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mice on a mixed 129f/FVB/n background, also here heterogeneity of prostate tumor cells was 

detected. These variaƟ ons in phenotype caused by the inducible geneƟ c event, the promoter 

used and the geneƟ c background can also be used to increase knowledge of prostate cancer 

development and growth and modifi ers of prostate cancer can be idenƟ fi ed. 

 An important quesƟ on for all available model systems is to what extent they are a good 

representaƟ on of the human situaƟ on and whether experiments using these models can 

unravel mechanisms relevant for prostate cancer development and progression. Model systems, 

which mirror best the complex three-dimensional situaƟ on in humans, are models in which the 

interacƟ on of diff erent cell types can be assessed in a microenvironment resembling the human 

situaƟ on. Although GEMMs will never perfectly mimic the human situaƟ on, these model systems 

can be used as preclinical models to asses the potenƟ al of novel therapeuƟ cs for prostate cancer 

[9, 22]. 

 

TUMOR INITIATING CELLS OF PROSTATE CANCER

The iniƟ al stages of development of prostate cancer cannot be studied in humans, because at 

the Ɵ me of diagnosis, the tumor is already established. Within tumors a small populaƟ on of 

cells with stem/progenitor cell characterisƟ cs, the cancer stem cells or tumor iniƟ aƟ ng cells, can 

give rise to diff erent tumor types [23, 24]. In leukemia, it was shown that tumors develop from 

modifi caƟ ons in stem cells or progenitor cells [25]. Also in prostate cancer research, the last ten 

years much eff ort was focused on the characterizaƟ on of cells from which tumors can arise. 

 As described in Chapter 2, most studies on tumor iniƟ aƟ ng cells in the prostate focus on cells 

in the basal epithelial cell layer, because these cells have most regeneraƟ ng capacity [26-28]. 

In our PSA-Cre Pten knockout mouse model we idenƟ fi ed Clu+Tacstd2+Sca-1+ progenitor cells 

in the luminal epithelial cell layer as candidate tumor iniƟ aƟ ng cells [29]. Clu+Tacstd2+Sca-1+ 

cells were present at low frequency in the luminal epithelial cell layer of the normal adult 

prostate, whereas in the immature prostate the number of Clu+Tacstd2+Sca-1+ progenitor cells 

was higher. Upon Pten inacƟ vaƟ on in our model, at 4-5 weeks of age the fi rst small pAkt+ foci 

originated from these luminal epithelial progenitor cells were detected. Although Pten should be 

inacƟ vated in all luminal epithelial cells in this model, at 4-5 weeks the pAkt+ hyperplasƟ c foci 

were found in a patched paƩ ern through the prostate lobe. At 4-5 months all luminal epithelial 

cells were hyperplasƟ c. More immature progenitor cells in the luminal epithelial cell layer 

may have a higher capacity to form hyperplasƟ c foci than fully mature luminal epithelial cells. 

This will partly explain the scaƩ ered development of pAkt+ hyperplasƟ c foci at 4-5 weeks. In 

addiƟ on to the Clu+/Tacstd2+/Sca-1+ cells, recently, castrate resistant Nkx3.1-expressing cells 

(CARNs) in the luminal epithelial cell layer were idenƟ fi ed as tumor iniƟ aƟ ng cells in Nkx3.1-Cre 
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targeted Pten knockout mice [30]. These cells do not express the basal epithelial cell marker P63 

or the neuroendocrine marker Synaptophysin, but are posiƟ ve for luminal epithelial markers 

and androgen receptor (AR), like Clu+Tacstd2+Sca-1+ cells in prostates of PSA-Cre;Pten-loxP/

loxP mice. Whether these cells and Clu+Tacstd2+Sca-1+ cells compromise an idenƟ cal luminal 

epithelial progenitor cell populaƟ on remains to be determined. Furthermore, luminal epithelial 

progenitor cells can be isolated and transplanted in prostates of syngenic mice with or without 

manipulaƟ on, such as inacƟ vaƟ on of Pten. By performing these experiments it can be tested 

whether these cell have indeed the capacity to induce prostate tumors upon the inducƟ on of an 

oncogenic event. 

 In our mouse models and in the study of Wang and colleagues, promoters strictly acƟ ve 

in luminal epithelial cells were used to generate the models [29-31]. In the Probasin(PB)-Cre 

targeted Pten knockout model P63+Sca-1+Bcl2+ basal (mulƟ potent) stem/progenitor cells were 

idenƟ fi ed as tumor iniƟ aƟ ng cells [32]. Analysis of tumor development in PB-Cre;RB1;Trp53 

knockout mice suggests that tumors can develop from cells with stem-cell characterisƟ cs in the 

luminal epithelial cell layer of the proximal prostate, a proposed stem cell niche [33, 34]. The data 

so far show that, in contrast to the PSA and Nkx3.1 promoter, the PB promoter is not strictly 

acƟ ve in the luminal epithelial cell layer in the distal prostate, but can also be acƟ ve in the basal 

epithelial cell layer and in luminal epithelial cells in the proximal prostate. 

 As menƟ oned, in mouse models many diff erent potenƟ al tumor iniƟ aƟ ng cell populaƟ ons, 

mostly in the basal epithelial cell layer, have been postulated with stem/progenitor cell 

characterisƟ cs [26, 29, 30, 35-39]. Also in the human prostate diff erent potenƟ al tumor iniƟ aƟ ng 

cell populaƟ ons expressing stem/mulƟ potent progenitor cell markers, including Sca-1+CD49f+ 

and Integrinα2/β1+CD133+ cells, are described [39-41]. As discussed in Chapter 2 some of 

these known stem/progenitor cell markers showed increased expression in prostates of Pten 

knockout mice, however whether Clu+Tacstd2+Sca-1+ cells co-express these markers needs to 

be invesƟ gated. Recently, in addiƟ on other stem/progenitor cell populaƟ ons, a NKX3.1 posiƟ ve 

cell populaƟ on was idenƟ fi ed in a prostate cancer xenograŌ , which survives castraƟ on and 

is capable of reiniƟ aƟ ng tumor growth aŌ er androgen replacement [42]. This cell populaƟ on 

resembling CARNs was strictly luminal and expresses the stem cell markers Nanog and Aldehyde 

dehydrogenase 1A1. 

 All data on potenƟ al tumor iniƟ aƟ ng cells of prostate cancer suggest that both stem and 

progenitor cells in either the basal or the luminal epithelial cell layer can give rise to a tumor 

(Figure 1). This demonstrates that cells with the highest regeneraƟ ve capacity, as frequently 

found in the basal epithelial cell layer, are not necessarily the cells from which tumors arise. 

However, possibly, more immature cells can have a higher potenƟ al capacity to react upon an 

oncogenic event and iniƟ ate the formaƟ on of a tumor.
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Figure 1. HypotheƟ cal model for prostate tumor development from tumor iniƟ aƟ ng cells. 

Depending on the characterisƟ cs of the tumor iniƟ aƟ ng cell and the type of oncogenic event, the 

properƟ es of tumor cells might diff er. AŌ er the iniƟ al oncogenic event prostate cancer develops 

and progresses by accumulaƟ on of epigeneƟ c and geneƟ c events, so in later stages of prostate 

tumorigenesis the characterisƟ cs of tumor cells change depending on the secondary events. 

MECHANISMS OF PROSTATE TUMOR DEVELOPMENT

As discussed, PTEN is the most frequently inacƟ vated tumor suppressor gene in prostate cancer. 

In Chapters 2 and 3 the prostate tumor development in a PSA-Cre driven mouse model was 

analyzed. The eff ect of Trp53 inacƟ vaƟ on in this mouse model was invesƟ gated in Chapter 4. 

 Tumor cells of PSA-Cre targeted Pten knockout mice showed frequent loss of chromosome 4 

and 12. In tumor cells with inacƟ vaƟ on of both Pten as Trp53, in addiƟ on to genomic alteraƟ ons 
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observed in Pten negaƟ ve cells, many addiƟ onal chromosomal alteraƟ ons were detected. This 

confi rmed that Trp53 inacƟ vaƟ on aff ects the geneƟ c stability in tumor cells [43]. So far, the 

funcƟ on of these genomic alteraƟ ons during tumor development is not established. The mouse 

tumor cell lines described in Chapters 3 and 4 were homogeneous at the genomic level. This will 

allow sequencing their DNA to discover new secondary events. 

 EpigeneƟ c events are increasingly recognized as important for prostate cancer development 

[44, 45]. Some, but not all epigeneƟ c events with a potenƟ al role in tumor growth and progression 

were invesƟ gated in the mouse models described in this thesis. Here, the expression levels of 

markers for hallmarks of cancer, like cellular senescence, infl ammaƟ on, proliferaƟ on, apoptosis 

and angiogenesis were monitored. 

 Previously it was presumed that inducƟ on of cellular senescence was a barrier for tumor 

progression, also in targeted Pten knockout mice [46, 47]. However, we detected even higher 

expression levels of cellular senescence markers in prostate tumors as compared to pre-malignant 

HP lesions. We tested the prostates of our Pten knockout mice for posiƟ ve senescence-associated 

ß-galactosidase acƟ vity, a well-established marker for cellular senescence. The prostates were 

completely negaƟ ve for this marker. This may indicate that the increased expression of the 

cellular senescence markers points to a new mechanism important in prostate tumorigenesis. 

InducƟ on of cellular senescence is a response to DNA damage [48]. In addiƟ on to the tumor 

suppressive funcƟ on of cellular senescence, some reports suggest that senescent cells can also 

have posiƟ ve eff ects on tumor growth [49, 50]. Senescent cells can secrete various molecules, like 

pro-infl ammatory cytokines, chemokines and Ɵ ssue-remodelling enzymes, which can reinforce 

the cellular senescence response and sƟ mulate the malignant phenotypes of nearby tumor 

cells. It would be interesƟ ng to invesƟ gate the role of senescent cells not only during tumor 

development, but also during later stages of tumor progression. In contrast to the single Pten 

knockout model, in addiƟ on to many other eff ects of Trp53 inacƟ vaƟ on, lower expression of 

cellular senescence markers was detected in prostate tumors of PSA-Cre targeted Pten/Trp53.

 Expression profi ling of HP and prostate tumors in our Pten knockout model revealed higher 

expression of infl ammaƟ on markers in prostate tumors (Chapter 3). Currently, much eff ort is 

focused on unraveling the promoƟ ve role of infl ammaƟ on on epithelial changes in the mouse 

prostate [51-54]. Also in human prostate cancer, infl ammaƟ on is increasingly recognized as 

a sƟ mulus for prostate cancer development [55]. Whether the infl ammatory response also 

sƟ mulates tumor development in our Pten knockout mice is sƟ ll unknown. To invesƟ gate this 

targeted Pten knockout mice can be treated with anƟ -infl ammatory drugs. 

 The number of apoptoƟ c cells and the proliferaƟ on rate were increased in prostates of Pten 

knockout mice, especially in tumors predominated by a carcinosarcoma growth paƩ ern (TC2 

tumors). InacƟ vaƟ on of Trp53 had no strong eff ect on the number of BrdU and acƟ ve Caspase-3 

posiƟ ve cells in prostate tumor cells. InteresƟ ngly, in Chapter 4 genes high expressed in a subset 



188  |  Chapter 6

of tumors Pten/Trp53 negaƟ ve mice (tumor Cluster III) were involved in the formaƟ on of the DNA 

pre-replicaƟ on complex and the spindle checkpoint. We observed overexpression of genes like 

Cenpa, Rfc3, Ris2 and Mcmd2 that were associated with tumor progression in human prostate 

cancer (data not shown). Genes involved in the formaƟ on of the pre-replicaƟ on complex regulate 

correct DNA replicaƟ on during the cell cycle, however the exact funcƟ on of high expression of 

spindle checkpoint genes, including Cenpa, in cluster III is unclear. In human cells it was reported 

that overexpression of CENPA can promote geneƟ c instability [56]. It is tempƟ ng to speculate that 

the expression profi les of tumors in cluster III in Chapter 4 are characterisƟ c for aggressive tumor 

cells. Remarkably, all cell lines derived from prostate tumors of PSA-Cre targeted Pten/Trp53 

knockout mice had characterisƟ cs of tumors in Cluster III, whereas not all tumors from which the 

cell lines were derived clustered in Cluster III. This suggests that cells with an expression profi le 

characterisƟ c for aggressive tumor cells are present in most prostate tumors of targeted Pten/

Trp53 mice. The tumors in cluster III are enriched for these cells.

 In addiƟ on to regulaƟ on of mRNA expression, many pathways are regulated at the protein 

level. The acƟ vaƟ on of addiƟ onal pathways by posƩ ranslaƟ onal modifi caƟ ons as secondary 

events in our GEMMs were not invesƟ gated. Knowledge on these alteraƟ ons will also provide 

further insight into mechanisms involved in prostate tumor development and progression. It is 

possible to assess the acƟ vaƟ on of pathways by determinaƟ on of kinase acƟ vaƟ on. Recently, it 

was shown that elevated tyrosine kinase signaling was detected in advanced prostate cancer [57]. 

Similar experiments can be performed to idenƟ fy new pathways with a role in tumor growth and 

progression in our mouse models. 

 It is thought that within a tumor undiff erenƟ ated cancer cells, the cancer stem cells/tumor 

iniƟ aƟ ng cells, can give rise to heterogeneous prostate tumors. Expansion of diff erent dominant 

clones of aggressive tumor cells is an alternaƟ ve mechanism to cause tumor heterogeneity 

[24, 58-60]. During the iniƟ al stages of tumor development in PSA-Cre;Pten-loxP/loxP mice 

Clu+Tacstd2+Sca-1+ cells are the tumor iniƟ aƟ ng cells, however, so far, within prostate tumors we 

have not idenƟ fi ed a cancer stem cell/tumor iniƟ aƟ ng cell populaƟ on. The expression of cancer 

stem cell markers was variable in tumors and no enrichment of these markers was detected in 

a cancer cell populaƟ on. Although we cannot exclude the possibility of the presence of cancer 

stem cells in prostate tumors of our PSA-Cre targeted mouse models, the data suggest clonal 

expansion of dominant clones. Histological analysis of prostate tumors in our Pten knockout mice 

showed that the characterisƟ cs of a tumor were determined by the predominaƟ ng tumor growth 

paƩ ern. Furthermore, in targeted Pten/Trp53 knockout mice we concluded that cells with an 

expression profi le of aggressive tumor cells are present in most tumors. An enrichment of these 

cells was detected in Cluster III. 

 The studies described in this thesis have gained insight into the process of prostate cancer 

development and progression. In the PSA-Cre Pten knockout model luminal epithelial progenitor 
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cells were idenƟ fi ed as candidate tumor iniƟ aƟ ng cells during the iniƟ al stages of tumor 

development, the hyperplasƟ c stages, in this model. IDC lesions were detected in prostates at 

7-8m. These lesions progress to heterogeneous prostate tumors with diff erent growth paƩ erns 

(IDC, adenocarcinoma, undiff erenƟ ated carcinoma and carcinosarcoma) (Figure 2). So far, in our 

PSA-Cre;Pten-loxP/loxP mice we could not detect clear transiƟ ons between diff erent tumor cell 

growth paƩ erns, however we cannot exclude that they occur. 

Figure 2. HypotheƟ cal model for prostate cancer development and progression in PSA-Cre;Pten-
loxP/loxP mice. 
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NEW FUNCTIONS OF PTEN AS IDENTIFIED IN THE PSA CRE;PTEN LOXP/LOXP 
MODEL

As menƟ oned in Chapter 1, PTEN inhibits the AKT pathway. Here also some new AKT-independent 

funcƟ ons of PTEN were proposed. In this thesis the PSA-Cre targeted Pten knockout model was 

used to study the role of Pten during prostate tumor development and progression in vivo. As 

expected, during the early phases of prostate tumorigenesis in the targeted Pten knockout mice 

we detected high level expression of pAkt (Phospho-Akt) restricted to the membrane confi rming 

acƟ vaƟ on of the AKT pathway. In prostate tumors the expression of pAkt was heterogeneous, 

suggesƟ ng that here other mechanisms sustain the tumor growth.

 In contrast to the PB-Cre targeted Pten knockout mouse model [1], in PSA-Cre driven Pten 

knockout mice the process of prostate tumorigenesis is relaƟ vely slow and diff erent stages 

of prostate cancer development can be clearly separated [29, 61]. An advantage is that the 

development of hyperplasƟ c foci from luminal epithelial progenitor cells can be detected. In 

the normal prostate progenitor cells in the luminal epithelial cell layer can diff erenƟ ate into 

mature luminal epithelial cells. Upon Pten inacƟ vaƟ on we observed a block in this diff erenƟ aƟ on 

process. This was the fi rst Ɵ me that results clearly indicated that PTEN plays a role in the terminal 

diff erenƟ aƟ on of luminal epithelial cells of the prostate. Recently, loss of PTEN in renal proximal 

tubulus cells was associated with failed diff erenƟ aƟ on [62]. InteresƟ ngly, here the block in the 

diff erenƟ aƟ on by PTEN loss was accompanied by acƟ vaƟ on of the JNK pathway, which previously 

was reported as a new AKT-independent target of PTEN [63]. Apparently, PTEN and the JNK 

pathway can suppress each other, thereby idenƟ fying a new and possibly important feedback 

loop [64]. These data stress that AKT-independent funcƟ ons of PTEN can play important roles 

in both normal Ɵ ssues as in tumors. The role of the JNK pathway in our mouse model is not 

yet clear. The expression of major players, including Phospho-c-jun, in this pathway should be 

invesƟ gated in prostates of our Pten knockout mice. 

 As menƟ oned in Chapter 1, another newly proposed AKT-independent funcƟ on of PTEN is 

maintenance of genomic stability by interacƟ on with CENP-C and regulaƟ on of the transcripƟ on 

of RAD51 in the nucleus [65, 66]. By aCGH analysis of tumor cell lines derived from PSA-Cre 

Pten knockout mice in Chapter 3, mainly loss of chromosome 4 and 12 were detected. These 

data show that the geneƟ c stability is aff ected, however the eff ect is small. A small increase in 

the expression of the cell cycle genes associated with aggressive tumors/geneƟ c instability as 

overexpressed in cluster III (Chapter 4) was detected in prostate tumors of targeted Pten knockout 

mice, especially TC2 tumors. In addiƟ on to the AKT-dependent eff ects of Pten inacƟ vaƟ on and 

the block in diff erenƟ aƟ on during the iniƟ al stages of tumor development in PSA-Cre targeted 

Pten knockout mice, a small increase in geneƟ c instability was detected in this mouse model. 
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Summary

Prostate cancer is the most common malignancy in men in countries with a Western lifestyle. 

Increasing knowledge of the role of geneƟ c alteraƟ ons in prostate cancer and unraveling 

mechanisms of tumorigenesis will lead to improved therapies for prostate cancer paƟ ents. In 

this thesis geneƟ cally engineered mouse models were used to invesƟ gate the role of Pten during 

the process of prostate tumor development in the mouse. Furthermore, the eff ect of Trp53 

inacƟ vaƟ on of the tumor development in targeted Pten knockout mice was invesƟ gated. The 

mouse models were also used to idenƟ fy processes important during tumor development and 

progression. Although the main focus of this thesis was on mouse models of prostate cancer, in 

Chapter 5 by expression profi ling of human primary prostate tumors, we aƩ empted to idenƟ fy 

genes directly regulated by ERG. These data can help to address the quesƟ on what the funcƟ on 

is ERG overexpression caused by the TMPRSS2-ERG fusion gene in prostate cancer. 

 Chapter 1 is a general introducƟ on describing the geneƟ cs of prostate cancer and mulƟ ple 

aspects of mouse models of prostate cancer, like the generaƟ on of mouse models and diff erent 

types of mouse models. Furthermore, an overview of condiƟ onal mouse models of prostate 

cancer is given. 

 In Chapters 2, 3 and 4 studies of the PSA-Cre;Pten-loxP/loxP mouse model were described. 

In Chapter 2 the iniƟ al stages of prostate tumor development, the hyperplasƟ c stages, were 

characterized. Here, Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells were idenƟ fi ed 

as candidate tumor iniƟ aiƟ ng cells. We observed that at 4-5 weeks of age PSA-Cre;Pten-loxP/

loxP mice develop small phospho-Akt+ hyperplasƟ c foci in the distal prostate with increased 

expression of the luminal epithelial progenitor cell markers Clu, Tacstd2 and Sca-1. By inacƟ vaƟ on 

of Pten the diff erenƟ aƟ on of progenitor cells into mature luminal epithelial cells was blocked. At 

4-5m the lumen of prostates of PSA-Cre;Pten-loxP/loxP was completely fi lled with hyperplasƟ c 

cells. The later stages of prostate tumor development in PSA-Cre;Pten-loxP/loxP mice were 

studied in Chapter 3. Heterogeneous prostate tumors are proposed to develop from intraductal 

carcinoma detected at 7-8 months. Prostate cancer development was associated with changes 

in various biological processes, including cellular senescence, proliferaƟ on, angiogenesis and 

apoptosis. Furthermore, an infl ammatory response was detected during the development of 

prostate tumors. Molecular characterizaƟ on of heterogeneous prostate tumors in PSA-Cre;Pten-

loxP/loxP mice idenƟ fi ed two main classes of prostate tumors, TC1 and TC2 tumors, with 

diff erenƟ al expression of epithelial and mesenchymal markers. Heterogeneity was also detected 

in cell lines derived from prostate tumors of the targeted Pten knockout mice. In addiƟ on to 

the analysis of prostate tumor development and progression in PSA-Cre;Pten-loxP/loxP mice, the 

eff ect of Trp53 inacƟ vaƟ on in PSA-Cre targeted Pten knockout mice was invesƟ gated (Chapter 4). 
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Sole targeted Trp53 inacƟ vaƟ on did result in small dysplasƟ c prostate lesions at old age that 

never progressed to prostate cancer. In Pten knockout mice inacƟ vaƟ on of Trp53 promoted 

prostate cancer development and progression. Even PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP mice 

developed prostate tumors. In contrast to sole Pten knockout mice, Trp53 inacƟ vaƟ on in Pten 

knockout mice resulted in the development prostate cancer metastases. Clustering of gene 

expression profi les of prostate tumors demonstrated that part of the tumors negaƟ ve for Pten 

and Trp53 expressed high levels of genes involved in spindle cell checkpoint and the formaƟ on 

of the DNA pre-replicaƟ on complex. CharacterizaƟ on of cancer cell lines derived from tumors 

of PSA-Cre;Pten;Trp53 knockout mice showed that Trp53 inacƟ vaƟ on in Pten negaƟ ve cells 

sƟ mulated geneƟ c instability. In contrast to Pten negaƟ ve cell lines, cell lines derived from PSA-

Cre;Pten;Trp53 knockout mice had the capacity to form tumors aŌ er orthotopic transplantaƟ on. 

Like in prostate tumors from PSA-Cre;Pten-loxP/loxP;Trp53-loxP/loxP mice cell lines derived from 

these mice showed higher expression of genes involved in cell cycle regulaƟ on. 

 In Chapter 5 expression profi les of human primary prostate tumors were analyzed to idenƟ fy 

genes co-expressed with ERG. TDRD1 was idenƟ fi ed as a direct target gene regulated by ERG. 

Promoter studies showed that a specifi c region in the promoter of TDRD1 was regulated by ERG.

 In Chapter 6 the data described in this thesis were discussed in more detail with the main 

focus on Chapter 2, 3 and 4. Moreover, mechanisms of development of prostate cancer in the 

mouse models and the role of PTEN in prostate cancer were discussed. Furthermore, future 

direcƟ ons of research were suggested. 
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Samenvaƫ  ng

Prostaatkanker is de meest voorkomende vorm van kanker bij mannen in landen met een Westerse 

leefsƟ jl. Het vergroten van de kennis van de rol van geneƟ sche veranderingen in prostaatkanker 

en de mechanismen die een rol spelen bij het ontstaan en de progressie van prostaatkanker, zal 

leiden tot het ontwikkelen van betere therapiëen voor prostaatkankerpaƟ ënten. In dit proefschriŌ  

werd de rol van Pten in prostaatkanker bestudeerd in geneƟ sch gemodifi ceerde muismodellen. 

Verder werd onderzocht wat het eff ect is van Trp53 inacƟ vaƟ e op de tumorontwikkeling in 

condiƟ onele Pten knockout muizen. Tevens werden in geneƟ sch gemodifi ceerde muismodellen 

processen geïdenƟ fi ceerd die een belangrijke rol spelen Ɵ jdens het ontstaan en de progressie van 

prostaatkanker. De nadruk in dit proefschriŌ  lag op muismodellen voor prostaatkanker, echter in 

hoofdstuk 5 hebben we genen die direkt gereguleerd worden door ERG proberen te idenƟ fi ceren 

met behulp van het analyseren van genexpressieprofi elen van primaire prostaaƩ umoren. Deze 

data kunnen helpen om de funcƟ e van overexpressie van ERG veroorzaakt door het TMPRSS2-

ERG fusiegen in prostaatkanker te onrafelen. 

 Hoofdstuk 1 is een algemene introdukƟ e over de geneƟ ca van prostaatkanker en 

verschillende aspecten van muismodellen voor prostaatkanker, zoals het genereren van geneƟ sch 

gemodifi ceerde muismodellen en de eigenschappen van verschillende soorten muismodellen. 

Verder wordt er een volledig overzicht gegeven van de condiƟ onele muismodellen voor 

prostaatkanker. 

 In de Hoofdstukken 2, 3 en 4 staan studies beschreven die uitgevoerd zijn met PSA-

Cre;Pten-loxP/loxP muizen. In hoofdstuk 2 zijn de iniƟ ële stadia, de hyperplasƟ sche stadia, van 

de ontwikkeling van prostaatkanker in condiƟ onele Pten knockout muizen gekarakteriseerd. 

Clu+Tacstd2+Sca-1+ luminale epitheliale voorlopercellen werden geïdenƟ fi ceerd als potenƟ ële 

tumor iniƟ ërende cellen. Op een leeŌ ijd van 4-5 weken ontwikkelden PSA-Cre;Pten-loxP/loxP 

muizen kleine hyperplasƟ sche foci in de distale prostaat met verhoogde expressie van markers 

van luminale voorlopercellen, zoals Clu, Tacstd2 en Sca-1. Door het inacƟ veren van Pten 

wordt de diff erenƟ aƟ e van voorlopercellen in rijpe luminale epitheliale cellen geblokkeerd. 

Het lumen van prostaten van 4-5 maanden oude Pten knockout muizen is volledig gevuld met 

hyperplasƟ sche cellen. De latere stadia van de ontwikkeling van prostaatkanker in PSA-Cre;Pten-

loxP/loxP muizen staan beschreven in Hoofdstuk 3. De heterogene prostaaƩ umoren worden 

verondersteld te ontstaan uit intraductale prostaaƩ umoren op een leeŌ ijd van 7-8 maanden. 

Tijdens de ontwikkeling van prostaaƩ umoren zijn een aantal biologische processen veranderd, 

zoals “senescence”, proliferaƟ e, angiogenese en apoptose. Verder gaat de ontwikkling van 

prostaaƩ umoren in dit model gepaard met een ontstekingsreacƟ e. Door het moleculair 

karakteriseren van heterogene prostaaƩ umoren in PSA-Cre;Pten-loxP/loxP muizen werden er 
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twee klassen prostaaƩ umoren geïdenƟ fi ceerd, TC1 en TC2 tumoren, met diff erenƟ ële expressie 

van epitheliale en mesenchymale markers. Heterogeniteit werd tevens gevonden tussen 

tumorcellijnen aŅ omsƟ g van prostaaƩ umoren van condiƟ onele Pten knockout muizen. Naast 

de analyse van de ontwikkling en progressie van prostaatkanker in PSA-Cre;Pten-loxP/loxP 

muizen, werd het eff ect van Trp53 inacƟ vaƟ e in condiƟ onele Pten knockout muizen onderzocht 

(Hoofdstuk 4). Alleen condiƟ onele inacƟ vaƟ e van Trp53 resulteerde in kleine dysplasƟ sche lesies 

in de prostaat van oudere muizen die zich nooit verder ontwikkelden tot prostaaƩ umoren. 

InacƟ vaƟ e van Trp53 in Pten knockout muizen sƟ muleerde de ontwikkeling en progressie van 

prostaatkanker. Zelfs PSA-Cre;Pten-loxP/+;Trp53-loxP/loxP muizen ontwikkelden prostaaƩ umoren. 

In tegenstelling tot Pten knockout muizen, resulteerde Trp53 inacƟ vaƟ e in Pten knockout muizen 

in de ontwikkeling van metastasen van prostaatkanker. Het clusteren van genexpressieprofi elen 

van prostaaƩ umoren toonde aan dat een gedeelte van de tumoren die negaƟ ef zijn voor zowel 

Pten als Trp53 een verhoogde expressie heeŌ  van genen die betrokken zijn bij de regulering van 

de celcyclus. KarakterisaƟ e van cellijnen aŅ omsƟ g van prostaaƩ umoren van PSA-Cre;Pten;Trp53 

knockout muizen laat zien dat Trp53 inacƟ vaƟ e in Pten negaƟ eve cellen de geneƟ sche instabiliteit 

sƟ muleert. In tegenstelling tot cellijnen aŅ omsƟ g van Pten knockout muizen vormen cellijnen 

die negaƟ ef zijn voor zowel Pten als Trp53 tumoren na orthotope transplantaƟ e. Bovendien, 

brengen deze cellijnen, net als in de tumoren, genen hoog tot expressie die een rol spelen bij de 

regulering van de celcyclus. 

 In Hoofdstuk 5 zijn expressieprofi elen van primaire prostaaƩ umoren geanalyseerd om genen 

te idenƟ fi ceren die co-expressie lieten zien met het oncogen ERG. TDRD1 werd geïdenƟ fi ceerd 

als direct “targetgen” van ERG. Promoter-experimenten laten zien dat een specifi ek deel van de 

TDRD1 promoter gereguleerd wordt door ERG.

 In Hoofdstuk 6 werden de resultaten die beschreven zijn in dit proefschriŌ  bediscussieerd 

met de nadruk op de Hoofdstukken 2, 3 en 4. Verder werden mechanismen voor de ontwikkeling 

van prostaatkanker in muismodellen en de rol van PTEN in prostaatkanker besproken. TensloƩ e 

werden er suggesƟ es voor toekomsƟ g onderzoek gedaan. 
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