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1  Introduction 
 

Noncommunicable diseases such as most cancers have become a major public health 

problem worldwide in the last decades and are now responsible for about 1 in 6 deaths 

globally (Stewart and Wild 2014). As prostate cancer (PCa) is the second most common 

malignancy in men (Bray et al. 2018), understanding its biology is fundamental for the 

development of new therapeutic strategies.  

Although many prostate tumours present as indolent and non-aggressive disease, some 

tumours progress to metastatic cancer with limited therapeutic options (Culig 2014). In 

order to understand the biology driving the transformation to aggressive PCa, it is essential 

to develop suitable preclinical models. 

PCa research has been dominated by 2D cell cultures, patient-derived xenografts and 

animal model systems as the basis of PCa related studies. Often, these models are not able 

to mimic the situation in vivo accurately considering for instance the lack of organ-specific 

functions or genetic tumour heterogeneity in 2D cell cultures. Mouse cancer models have 

also certain limitations. Even though there is a variety of different genetic engineering tools 

to generate inducible, transgenic mouse model systems and these systems have had a 

major impact on the knowledge of cancer that we possess today, they are often time 

consuming, expensive and require a high number of mice that must be sacrificed 

(Cunningham and You 2015).  

In recent years, a new in vitro model system was successfully introduced (Lancaster and 

Knoblich 2014). The organoid technology has been one of the biggest scientific 

advancements of the last decade. Prostate-derived organoids represent a three-

dimensional simplified version of the organ which can be generated from normal and 

malignant prostate tissue and allow us to study different aspects of prostate biology from 

basic biological functions to tumorigenesis (Drost et al. 2016). Not only this technology 

possesses several advantages over existing approaches, it also has potential to 

revolutionize biomedical research as such – for instance in improving personalized 

medicine, developing new drug therapies and of course cancer modelling (Xu et al. 2018).  

However, maintenance of human prostate organoids has proven to be challenging and only 

PCa organoids of metastatic disease were published to be successfully established as long 
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term cultures so far. To the contrary, mouse organoids are readily established from normal 

prostate and primary tumours and thus represent a great alternative model system to 

study PCa (Drost et al. 2016). Mouse primary PCa organoids can be generated having 

different genetic backgrounds, which enables to study the effects of the disruption of a 

certain gene or combination of genes. For instance, Pten and p53 are tumour suppressor 

genes, or anti-oncogenes, that are commonly mutated in PCa. Loss of those genes leads to 

disruptive cell signalling continuing onto cell proliferation and cancer progression (The 

Molecular Taxonomy of Primary Prostate Cancer 2015; Berger et al. 2011). Additionally, 

mouse prostate organoids derived from normal epithelia can be genetically modified to 

generate in vitro knockouts of PCa relevant genes and such in vitro knockout systems 

represent a new organoid model to analyze the processes of malignant transformation. 

 

1.1 Project description 

The aim of this project is to establish a panel of normal and malignant murine organoid 

cultures harboring different genetic knockouts of PCa relevant genes such as Pten and a 

combination of Pten/Stat3 and Pten/Tp53 genes. The organoids were derived from tumour 

tissue of transgenic mice of different genetic backgrounds and healthy prostates of 

wildtype Cre-negative mice with floxed alleles that served as a control.  Also, tamoxifen 

inducible in vitro knockout of Pten and a double knockout of Pten/Stat3 were generated 

from benign murine prostate organoids. The organoid cultures were further characterized 

via immunohistochemistry and compared to their tissue of origin regarding their 

morphology and signalling pathways. 

In future applications, the murine prostate organoid system will serve as a test model for 

drug screens to further dissect oncogenic signalling and sensitivities in the context of 

different genetic deletions.  

2 Prostate cancer (PCa) 
 

2.1 Epidemiology 

Cancer is the second leading cause of death globally. In 2018, 9.6 million deaths were 

estimated to be caused by cancer and its incidence and mortality are continuously 
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increasing given the population growth and aging.  PCa is the most frequently diagnosed 

cancer among men in most countries in the world and second leading cause of cancer death 

in 46 countries.  According to estimates of Global cancer statistics, about 1.3 million of new 

cases worldwide were diagnosed in 2018 and about 1/4 of those patients died due to PCa. 

On a global scale, Caribbean countries show the highest incidence of PCa followed by 

Australia/New Zealand, Northern and Western Europe and North America. Mortality rates 

differ to incidence rates except in Caribbean where both mortality and incidence of PCa 

dominate. High mortality rates are mainly seen in developing countries of Africa (Fig.1) 

(Bray et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Risk factors 

The majority of cases (about 99%) of PCa occurs predominantly in older men above the age 

of 50. Apart from age, having a first-degree relative suffering from the disease increases 

the primary risk significantly. In the United States, the rates are the highest in men with 

African roots than in the White American population, which reflects the predisposition 

connected to the ethnic and genetic background. Additional risk factors may include a diet 

high in processed and red meat and low in vegetables of certain type (Stewart and Wild 

2014).         

Figure 3 

Bar Chart of incidence and mortality of PCa in 2018. The 
rates are world age-standardized and are shown in 
declining order (Bray et al. 2018).  
 
Figure 4 



4 
 

2.3 Screening and diagnosis  

The clinical behaviour of primary PCa highly varies – some men develop indolent cancer 

while others experience aggressive cancer leading to metastasis.  As early PCa is usually 

asymptomatic, routine screening allows early detection and diagnosis. Screening for PCa 

takes place in form of measuring the recognized biomarker - prostate specific antigen (PSA) 

in sera (McGrath et al. 2016) usually in combination with digital rectal examination. PCa is 

eventually confirmed based on biopsy of the prostate tissue. Early diagnosis of PCa through 

screening allows early intervention prior to the disease progression, although PSA 

screening remains controversial regarding whether it improves therapy outcome. Evidence 

suggests that PSA-based screening leads to over diagnosis and over treatment of prostate 

tumours (Draisma et al. 2009). 

 

2.4 Pathophysiology 

The prostate is part of the male reproductive system. It is an exocrine gland that secretes 

and stores seminal fluid. It is located in the pelvis surrounded by the urethra, below the 

urinary bladder and in front of the rectum (Aumüller 1979). Growth and proper function of 

prostate cells depends on male hormones known as androgens.  Androgens are required 

for the development of the normal prostate tissue but also play an important role in 

development of PCa (Taplin and Ho 2001). Prostate abnormalities may arise in the form of 

prostatic intraepithelial neoplasia (PIN), which further on leads to neoplastic 

transformation effecting the secretory epithelium lining, prostatic ducts and acini.  PIN 

classifies in two grades – low-grade PIN and high-grade PIN (HG-PIN). Low-grade PIN causes 

cells to develop enlarged cell nuclei varying in size while all the nuclei in HG-PIN are of a 

similar large size. The cells effected by HG-PIN also possess increased chromatin content 

and prominent nucleoli that have a similar appearance to those of carcinoma cells. 

Evidence suggests that HG-PIN might be a precursor of prostate tumours (Montironi et al. 

2007).   

Most PCas are classified as adenocarcinomas, in which the epithelial tissue of glandular 

origin undergoes transformation into malignant tissue. Prostate adenocarcinomas are 

graded based on architectural features with the help of the Gleason grading system using 

samples from biopsy or surgery. The Gleason grading system is used to predict prognosis 

https://en.wikipedia.org/wiki/Adenocarcinoma
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and for therapy selection. Biopsy samples are microscopically examined and scored from 

1-5 based on certain patterns such as resemblance to normal prostate tissue, the level of 

gland differentiation and presence of invading cells into surrounding tissue (Gleason and 

Mellinger 1974)  as illustrated in Fig. 2. Higher Gleason scores correlate with more 

aggressive tumours and a worse prognosis (Humphrey et al. 2016). As the PCa progresses, 

prostate tumour cells may spread through the bloodstream or lymphatic system and thus 

cause metastasis. Prostatic carcinoma shows a tendency to evoke lymph node and bone 

metastasis. While lymp node metastasis is common in most cancer entities, PCa is unique 

in developing bone metastasis. The resulting bone tumours also have a tendency to be 

osteoblastic (bone forming) whereas the majority of bone metastasis of lung or kidney 

cancers are osteolytic (bone lysing) (Logothetis and Lin 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Molecular pathology 

PCa has been shown to be highly heterogeneous considering the clinical course of the 

disease as well as on a molecular level. The molecular pathology of PCa is complex, there 

is no single gene that is responsible for the development of PCa. Its pathogenesis is induced 

by genetic as well as environmental factors. Some of the molecular abnormalities of 

primary PCa have been identified and include DNA copy-number changes, gene 

rearrangements/fusions and mutations (Barbieri et al. 2012; Berger et al. 2011; Lapointe 

et al. 2007; Taylor et al. 2010). Because of those abnormalities, many genes and their 

downstream signalling pathways become effected and impaired. Among those genes are 

Figure 5 

The original Gleason score system in 
comparison with the current state of Gleason 
grading (Sehn 2018). 
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cell cycle checkpoint genes, tumour suppressor genes, oncogenes and growth factors. For 

instance, the oncogene c-MYC was shown to be overexpressed in PCa and its 

overexpression is significantly correlated with the severity of the disease (Buttyan et al. 

1987). Also mutations of the CHEK2 gene, a regulator of the DNA damage signalling 

pathway, correlate with an increased risk of PCa (Cybulski et al. 2004). Numerous molecular 

changes in PCa also often alter androgen receptor (AR) and its downstream signalling. In 

fact, the most frequent molecular abnormality is the TMPRSS2-ERG gene fusion that is 

represented in about 50% of primary prostate tumours. TMPRSS2 gene encodes a serine 

protease that is androgen regulated and its upregulation is linked to cancer cell growth 

(Tomlins et al. 2005). As a consequence of different molecular defects such as 

mutations/deletions/amplifications or structural changes of the AR itself, the AR signalling 

is often impaired and can result in androgen insensitivity (Brinkmann et al. 1991; Klocker 

et al. 1994). AR blockade is regularly used as a form of therapy to delay the progression of 

PCa. Tumour suppressor genes such as Pten and p53 are frequently mutated in primary 

PCa and their loss or reduced expression plays an important role in the disease 

development and/or its progression (Wang and Wong 1997). 

 

2.6 PCa relevant genes 

 PTEN 

PTEN (Phosphatase and tensin homolog) is localised on chromosome 10 in humans and 

acts as a tumour suppressor gene. Mutations/loss of PTEN were identified in many cancers 

and it was shown to be the most commonly lost tumour suppressor gene in primary PCa 

(The Molecular Taxonomy of Primary Prostate Cancer 2015; Berger et al. 2011).  About 20% 

of primary prostate tumour samples at time of radical prostatectomy and about 50% of 

castration-resistant tumours show inactivation of PTEN by deletion or mutation 

(Jamaspishvili et al. 2018). Nevertheless, the rate of PTEN deletion in PCa varies depending 

on the type of study and the assay used to determine PTEN status. For instance several 

surgical cohorts using fluorescence in situ hybridization (FISH) identified PTEN loss in up to 

68% of primary tumours (Yoshimoto et al. 2006; Yoshimoto et al. 2007) whereas following 

studies report PTEN deletion in about 15–20% of men that have undergone surgery (The 

Molecular Taxonomy of Primary Prostate Cancer 2015; Lotan et al. 2016).  While PTEN loss 

https://en.wikipedia.org/wiki/Tumor_suppressor_gene
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in primary prostate tumours is heterogeneous occurring only in some of the tumour cells, 

most or all cells in metastatic samples lack PTEN (Liu et al. 2009; Haffner et al. 2013) 

suggesting its role in invasiveness of the disease. Previous studies have shown that 

monoallelic Pten loss (Pten+/−)  in mouse models induces PIN but does not lead to invasive 

prostate tumours while biallelic Pten loss (Pten−/−) in mice results in progression to 

invasive disease (Trotman et al. 2003). 

Fig. 3 depicts the diverse roles of PTEN as a tumour suppressor. The lipid phosphatase 

activity of PTEN helps to convert phosphatidylinositol 3,4,5-trisphosphate (PIP3) into 

phosphatidylinositol 4,5-biphosphate (PIP2) (Maehama and Dixon 1998) and thus directly 

antagonise the function of class I phosphoinositide 3‑kinase (PI3K), which converts PIP2 to 

PIP3. The negative regulation of PIP3 by PTEN results in tumour suppressive inhibition of 

serine/threonine-protein kinase AKT and mTOR signalling cascades. The AKT signalling 

pathway plays an important role in regulating cellular behaviors such as cell growth, 

proliferation, survival, and migration (Manning and Cantley 2007). PTEN also has a weak 

protein phosphatase activity inhibiting focal adhesion kinase 1 (FAK) and proto-oncogene 

tyrosine-protein kinase SRC (Zhang et al. 2011). Additionally, PTEN was shown to play a 

role in the nucleus localizing to centromeres and hence protecting their stability (Shen et 

al. 2007). 

Loss/inactivation of PTEN causes accumulation of PIP3 on the cell membrane and this 

results in mobilization  and activation of 3-phosphoinositide-dependent protein kinase 1 

(PDK1) and AKT as its substrate. Phosphorylation of AKT activates the protein and thus its 

downstream signalling targets, such as mTOR. AKT/mTOR signalling regulates many cellular 

processes such as apoptosis, cell cycle progression, proliferation, metabolism, 

differentiation, and invasion (Song et al. 2012).  

 

 

 

 

 

 

  
Figure 3 

The various roles of PTEN (Jamaspishvili et al. 2018). 
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 P53 

P53 is classified as a tumour suppressor gene and is known by many as ‘The Guardian of 

the Genome’ for its role in cancer prevention. First strong evidence for the role of P53 as a 

tumour suppressor was provided by studies in Tp53-knockout mice, which were shown to 

develop 100% penetrant, spontaneous tumours (Donehower et al. 1992; Jacks et al. 1994; 

Purdie et al. 1994). In humans, P53 is located on the short arm of chromosome 17. It 

belongs to the genes that are mutated in over 50% of human cancers (Baker et al. 1989; 

Nigro et al. 1989; Takahashi et al. 1989; Vogan et al. 1993; Kelman et al. 1989). Mutation 

frequency of 25% of P53 in PCa was reported (Schlechte et al. 1997). In patients after 

needle biopsy and those diagnosed with primary benign disease, these mutations were 

shown to shorten cancer free survival time (Ecke et al. 2007). P53 loss is also generally 

associated with more aggressive tumours and progression of malignancy.  

There are several mechanisms that underlie P53-mediated tumour suppression as shown 

in Fig. 4. For instance, P53 gets activated upon acute DNA damage such as double strand 

breaks or instability of DNA replication forks by activation of the proteins 

ataxia‑telangiectasia mutated (ATM) or ataxia telangiectasia and RAD3‑related (ATR) 

(Kastan and Bartek 2004). Phosphorylation and thus stabilization of P53 leads to 

interaction of P53 with transcriptional regulators, which can further promote activation of 

target genes involved in different cellular processes such as cell cycle arrest, DNA repair, 

apoptosis and senescence (Jenkins et al. 2012).  

In a similar manner, hyperproliferative signals stimulate transcriptional activation of the 

ARF tumour suppressor, which consequently inhibits MDM2. MDM2 as a negative 

regulator of P53 enhances P53 stability and activity and hence its downstream signalling as 

a tumour suppressor (Bates et al. 1998).  

Recently, new evidence suggested various new players and processes in the tumour 

suppression pathway, for instance nutrient deprivation, hypoxia and oxidative stress as 

mean of triggers of activation of P53 as well as regulation of cellular metabolism, stem cell 

function, invasion and communication between cells in the tumour micro environment as 

additional adverse tumour suppressive effects regulated by P53 (Vousden and Prives 

2009). 

  

https://en.wikipedia.org/wiki/Chromosome_17_(human)
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 STAT3 

STAT3 was identified to play a role in metastatic progression of different cancer entities 

such as lung, skin, liver, ovarian, kidney, and colon cancer (Li et al. 2006; Silver et al. 2004; 

Kusaba et al. 2005; Dauer et al. 2005) through different molecular mechanisms. Activation 

of STAT3 was also shown to be associated with advanced PCa and it is believed to stimulate 

metastasis. It has been demonstrated that STAT3 is active  in 77% of lymph nodes and 67% 

of bone metastasis in patients suffering from PCa (Abdulghani et al. 2008). Although from 

the research that has been carried out, hyperactivity of STAT3 in PCa was thought to be 

oncogenic (Mora et al. 2002; Horinaga et al. 2005), targeting it as a form of therapy did not 

provide expected outcome (Johnson et al. 2018). Recently, contradictory results were 

published where loss of STAT3 or IL-6 stimulates the progression to metastatic PCa in the 

Pten knockout mouse model.  In this study, a novel direct STAT3 target – ARF - was 

identified and the disruption of the ARF-MDM2-P53 tumour suppressor signalling pathway 

lead to bypassing senescence and thus cancer progression leading to metastasis (Pencik et 

al. 2015a). 

Fig. 5 represents the signalling pathway of STAT3. Phosphorylation of a tyrosine residue in 

the carboxy-terminal domain of STAT3 leads to STAT3 activation and subsequently to its 

homodimerization and translocation to the nucleus. STAT3 regulates transcription by 

binding to specific  

STAT3 response elements of target gene promoters (Levy and Darnell 2002). STAT3 is 

strongly associated with interleukin-6 (IL-6), which plays a role as a signal transducer and 

activator of STAT3 signalling. IL-6 belongs to a family of cytokines and is involved in the 

Figure 4 

The signalling pathways of p53 activation and response (Bieging et al. 
2014). 
 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bone-metastasis
https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-responsive-element
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regulation of immune responses and inflammation (Schaper and Rose-John 2015) in 

various cancers, including PCa. Impaired signalling of IL-6/STAT3 in connection with loss of 

P53 was shown to occur during PCa  progression to metastatic disease (Pencik et al. 

2015b). 

 

 

 

 

 

 

 

 

 

 

 

3 Current model systems to study PCa 
 

3.1 Cell lines 

Most  in vitro research on prostate biology and PCa is performed using cell lines. In spite of 

the high incidence of PCa, PCa cells have proven to be very difficult to isolate and 

successfully transfer to tissue culture. There are only a few cell lines in public repositories 

available for research. The most widely used cell lines are PC3 (Kaighn et al. 1978), LNCaP 

(Horoszewicz et al. 1983), and DU145 (Stone et al. 1978), each with a number of studies 

published. It remains unclear what factors influence the difficulty of culturing PCa cells in 

vitro. 

3.2 Mouse models  

The prostate is found only in mammals and its anatomy varies significantly between species 

(Marker et al. 2003). In spite of differences to human prostate, mouse model systems due 

to several advantageous assets such as small body size, uncomplicated breeding, 

resemblance between the human and mouse genome and easy genetic manipulation, have 

Figure 5 

The upstream and downstream signalling 
pathways of STAT3 (Yue and Turkson 2009).  
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been commonly used to study prostate biology (Cunha et al. 1987; Donjacour and Cunha 

1988; Lamm et al. 2001) as well as PCa (Irshad and Abate-Shen 2013; Grabowska et al. 

2014; Wu et al. 2013).  

 Mouse versus human prostate anatomy 

Mouse prostate consists of four lobes – anterior, dorsal, ventral and lateral – surrounding 

the urethra as depicted in Fig. 6. Each lobe has specific characteristics such as the final 

shape of the lobe and histological features. The anterior prostate (AP) shows extensive 

epithelial-infolding, whereas the epithelial-infolding is significantly reduced in the dorso-

lateral prostate (DLP) and near to invisible in the ventral prostate (VP) (Sugimura et al. 

1986).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrary to mice, the human prostate is a more compact organ and does not possess 

any exterior lobes as seen in Fig. 7. It consists of three regions so called peripheral zone 

(PZ), a central zone (CZ), and a transition zone (TZ). These individual regions reflect the 

three distinct prostatic ducts (J.E. McNeal 1983). The majority of prostate 

adenocarcinomas (75-85%) occur in PZ (McNeal et al. 1988; NOGUCHI et al. 2000) which is 

the homologous counterpart of the mouse DLP based on comparisons of mRNA expression 

Figure 6 

The lobes of the adult mouse prostate 
together with HE stained sections. 
(AP=anterior prostate; DLP=dorso-lateral 
prostate; VP=ventral prostate). Each lobe 
has a specific appearance (Marker et al. 
2003). 
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(Berquin et al. 2005).  The CZ is hypothesized to be the human homologue of the mouse 

AP whereas the TZ is human-specific (Roy-Burman et al. 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

Even though the gland morphology varies between human and mice, the organization at 

the cellular level remains similar. The prostate epithelium consists of three primary cell 

types – luminal cells, basal cells and rare neuroendocrine cells as illustrated in Fig. 8. In 

both species, the secretory luminal cells form an epithelial layer surrounding the prostatic 

lumen into which they secrete prostatic proteins and fluids. Basal cells make a continuous 

surface layer in humans, while in mice, they are dispersed around the ducts mostly as single 

cells due to an overall fewer number of basal cells. Neuroendocrine cells are rare in both 

species and are present as single cells within the epithelial layer (Hudson 2004; Peehl 2005; 

Shappell et al. 2004; van Leenders and Schalken 2003). The different cell types can be 

distinguished by staining of various proteins. Cytokeratin (CK) 8, CK 18 as well as high levels 

of AR mark the secretory luminal cells, whereas the basal cells express CK 5, CK 14 and p63. 

Neuroendocrine cells express endocrine markers such as chromogranin A and 

synaptophysin.  

Figure 7 

The regions of the adult human prostate and 
corresponding HE stained sections. 
(PZ = peripheral zone; TZ = transition zone, 
CZ = central zone) (McNeal et al. 1988). 
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 Characterization of mouse models used in this study 

3.2.2.1 Ptenfl/fl;PB-Cre4  (Ptenpc-/-) 

Ptenloxp/loxp (Lesche et al. 2002) mice were crossed with ARR2Probasin-Cre transgenic line - 

PB-Cre4 (Wu et al. 2001) – to obtain deletion of Pten in the prostate tissue. The deletion 

was shown to vary between prostate lobes but was near to 100% completed at the age of 

8 months. Homozygous Pten deletion led to enlarged prostate glands, from 4 weeks on to 

hyperplasia, from 6 weeks on to murine PIN (mPIN) and to invasive prostate 

adenocarcinoma by 9 weeks of age (Wang et al. 2003). In contrast, mPIN formation in 

heterozygous mice began earliest from 8 months of age. Additionally, 5 out of 11 Pten 

homozygous knockout mice displayed lymphovascular invasion from 12 weeks of age, 

which further progressed over time into distance metastasis found in the lymph nodes and 

lung. Hence, this study indicates that Pten loss is sufficient to initiate development of PCa 

and also metastasis. 

3.2.2.2 Ptenfl/flTp53fl/fl;PB-Cre4 (Ptenpc-/-;Tp53pc -/-)   

Pten  and Tp53 prostate-specific deletion was achieved by crossing female PtenloxP/loxP; 

Tp53loxP/loxP with male PB-Cre4 mice as described previously (Wu et al. 2001). 

As mentioned above, Pten deletion alone drives early onset tumorigenesis. Another study 

demonstrated that all three prostate lobes possess high-grade PIN (HG-PIN) upon Pten loss 

at 9 weeks of age. In contrast, authors emphasize that whereas Tp53 deletion did not lead 

Figure 8 

A diagram of a prostatic ductal cross-section with labelled cell types and 
their differentiation markers (Marker et al. 2003).  
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to any pathological changes at the same age, combination of Pten and Tp53 inactivation in 

the prostate did cause HG-PIN in all Pten and Tp53 deficient mice.  In 50% of those, HG-PIN 

progressed to invasive cancer and metastasis by 10 weeks of age. Besides, tumour weight 

in double knockout mice increases 32-fold compared to tumours in Pten single knockout 

mice causing them to invade the whole genitourinary tract and pelvis. Hence, on the 

contrary to loss of Pten alone, evidence suggests that Tp53 deletion does not cause the 

onset of malignancy but speeds up tumorigenesis that was initiated by loss of Pten (Chen 

et al. 2005).  

3.2.2.3 Ptenfl/flStat3fl/fl;PB-Cre4  (Ptenpc-/-;Stat3pc -/-)   

Pten  and Stat3 prostate-specific deletion was achieved in similar manner as previously 

described (Wu et al. 2001).  

The literature investigating effects upon Pten and Stat3 loss in a prostate mouse model are 

controversial and inconsistent. One study demonstrated reduced tumour size by about 

70% in Ptenpc−/−Stat3pc−/−  mice at late stages of tumorigenesis compared to Ptenpc−/− 

mice as well as reduced rate to only 25% of tumours progressing into invasive cancer upon 

Ptenpc−/−Stat3pc−/−  loss compared to 100% of  Ptenpc−/− mice developing invasive PCa at the 

later stages of the disease (Toso et al. 2014).  

However, Pencik et. al surprisingly presented contradictory results. Their data 

displayed enhanced PCa development that led to tumours up to six-fold larger in size in 

Ptenpc−/−Stat3pc−/− mice in comparison to Ptenpc−/− mice at 52 weeks of age. Also, according 

to their results, 75% of Ptenpc−/−Stat3pc−/− mice developed metastasis that spread to liver 

and lungs whereas in Ptenpc−/− mice, the tumour cells invaded only the surrounding tissue 

- the seminal vesicles. Additionally, the lifespan of Ptenpc−/−Stat3pc−/− mice was significantly 

reduced when compared to wildtype mice (Pencik et al. 2015a).  

The role of Stat3 in Pten-deficient mice remains controversial and further research is 

needed to clarify the role of Stat3 in this mouse model.  

 

3.3 Organoid technology 

Organoids are by definition a 3D model of an organ that was derived from pluripotent, 

neonatal or adult stem cells, in which these cells self-organize and differentiate in a manner 
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comparable to  in vivo and which recapitulates at least some organ-specific functions  (Fig. 

9) (Lancaster and Knoblich 2014; Huch and Koo 2015).  

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

This novel emerging in vitro system has been one of the biggest scientific breakthroughs of 

the last decade. Even though the first glimpse of this scientific achievement dates back to 

1907 already, when the first dissociation-reaggregation experiments started and the 

potential to self-organize after dissociation of sponge cells was discovered (Wilson 1907). 

These experiments were followed further by experiments in chick embryos and other 

model organisms. In the 1960s studies have shown the potential to recapitulate complete 

renal development in disassociated cells from the developing chick kidney (Weiss and 

Taylor 1960).  

It is indeed the ability to self-organise that is the foundation of organoid formation. Self-

organisation in organoids was made possible by embedding the cells into an extracellular 

matrix, for instance the laminin-rich Matrigel secreted by the Engelbreth-Holm-Swarm 

tumour line (Li et al. 1987). Especially primary cells and stem cells need the support of the 

extracellular matrix in combination with a defined culture medium to remain in an 

undifferentiated state. Matrigel is a gelatinous protein mixture that solidifies at 37°C 

Figure 9 

Definition of organoids (Lancaster and Knoblich 2014). 
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creating a 3D structure that supports the growth, maintenance and differentiation of a 

variety of cells (Kleinman and Martin 2005) . 

There are several organoid lines successfully established from human pluripotent stem 

cells from kidney, colon, brain, retina and many more. Several publications have appeared 

in recent years documenting the progress of developing prostate organoid cultures. The 

culture conditions previously used to establish other organoid systems such as colon 

organoids (Sato et al. 2011) were optimized to allow the growth of prostate cells in a 3D 

culture. Gao et al. and Chua et al. presented prostate organoids derived from prostate 

metastasis biopsies, circulating tumour cells and primary prostate. Nevertheless, the 

efficiency of establishing those lines was rather low and they were only successfully 

maintained in culture for up to maximum 2 months (Gao et al. 2014; Chua et al. 2014). In 

2016, a protocol describing a step by step set up of 3D prostate organoid cultures from a 

healthy mouse and a human prostate, metastatic prostate cancer lesions and circulating 

tumour cells was published. These cultures harbor both luminal and basal cell lineages, 

have functional AR signalling, can be propagated as long term cultures and resemble 

genetically and phenotypically the tissue they were obtained from (Drost et al. 2016). 

Human primary PCa organoids have not been successfully established as long term cultures 

so far.  
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4 Materials and Methods 
 

4.1 Cell culture methods 
 

 Murine prostate culture medium (PCa medium) 

The murine prostate organoids were cultured in PCa medium. Hepes, 

penicillin/streptomycin (PenStrep) and GlutaMAX were added into basal adMEM medium 

and stored at 4°C. PCa medium was prepared fresh approximately every 2 weeks (or 

depending on necessity) by adding several factors listed in the table below together with 

their respective concentrations into basal adMEM medium (containing Hepes, PenStrep 

and GlutaMAX). 

 

Table 1: Composition of PCa medium 

 Amount 
 

Final 
concentration 

adMEM (Life Technologies, 12634-010) 
+ 10 mM Hepes (Life Technologies, 15630056), 1% PenStrep (Life 
Technologies, 15140122), 100x diluted GlutaMAX (Life 
Technologies, 35050061) 

48.2 ml  

50x B27 (Life Technologies, 17504-001) 1000 µl 1 x 

1 M Nicotinamide (in PBS) (Sigma-Aldrich, N0636) 500 µl 10 mM 

500 mM N-Acetylcystein (in PBS) (Sigma-Aldrich, A9165-5G) 
 

125 µl 1.25 mM 

1 µM DHT (in ethanol) (Sigma-Aldrich, A8380-1G) 50 µl 1 nM 

10 mM y27632 (Selleck Chemicals, HY-10583) 50 µl 10 µM 

0.5 mg/ml EGF (in PBS + 0.1% BSA) (PeproTech Austria, AF-100-
15) 

5 µl 0.05 µg/µl 

500 µM A83-01 (in DMSO) (Sigma-Aldrich, SML0788-5MG) 20 µl 200 nM 

 

 Generation of mouse organoid cultures from 
healthy/tumour prostate tissue 

Isolated murine prostate healthy/tumour tissue containing anterior and dorsal lobes was 

cut into about 1 mm3 pieces in a 10 cm culture dish. The cut prostate pieces were 

resuspended in 500 µl of PCa medium additionally containing 5 mg/ml Collagenase 2 and 

10 µM Y-2763 and transferred into a 1,5 ml Eppendorf tube. The sample was left to digest 

for 2 h at 37°C on a shaking platform. Afterwards, the sample was centrifuged at 300 x g 
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for 5 min at 4°C. Supernatant was carefully removed and the pellet was resuspended in 

500 µl TrypLE with 10 μM Y-27632 and left to digest again for 15 min at 37°C on a shaking 

platform. The solution was put through a 40 µm cell strainer into a 50 ml falcon tube. The 

cell strainer was washed twice with 2 ml 1xPBS in order to collect all remaining material. 

The solution was centrifuged at 150 x g for 5 min at 4°C. The supernatant was discarded, 

and the pellet was dissolved in an appropriate amount of Matrigel depending on the pellet 

size and plated in a pre-warmed 24 well plate. The plate was inverted to prevent adherence 

of cells to the plate bottom and placed into the 37°C incubator for 15 min to allow Matrigel 

to solidify. 500 µl of pre-warmed PCa medium was added and refreshed every 2 days. 

 Passaging of murine prostate organoid cultures 

PCa medium was removed from the wells and samples were washed with 500 µl PBS.  250 

µl Trypsin were added, samples were pipetted up and down several times and put into a 

37°C incubator for 5 min. The cells were checked under the microscope and trypsinized for 

additional several minutes if needed to achieve single cell suspension. Additionally, cell 

suspension was passed through a 27G needle if needed. Single cell suspension was added 

into a 15 ml falcon tube containing 5 ml PBS and 5 µl Y-27632 (10 μM) and centrifuged for 

5 min at 250 x g. Supernatant was removed and cells were plated as described. 

 Cryopreservation of murine prostate organoid cultures 

PCa medium was removed from the samples. Each Matrigel drop was dissolved in 1 ml  

basal adMEM  medium (Hepes, PenStrep and GlutaMAX added) additionally containing 10% 

DMSO and transferred into a labelled cryo tube. The cryo tubes were placed into a cool cell 

and put into a -80°C freezer. Samples were transferred into a liquid nitrogen tank for long 

term storage. 

 Thawing of murine prostate organoid cultures 

Samples frozen in liquid nitrogen were placed into a water bath for approximately 5 min. 

When thawed fully, samples were transferred into a 15 ml falcon tube containing 5 ml pre-

warmed basal adMEM medium (Hepes, PenStrep and GlutaMAX added) and 5 µl Y-27632 

(10µM). Samples were centrifuged for 5 min at 250 x g. Supernatant was removed and cells 

were plated as described. 
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 Embedding of murine prostate organoid cultures 

The PCa medium was removed from the wells and Cell recovery solution was added. The 

Matrigel drops were gently resuspended in the Cell recovery solution, transferred into BSA 

coated Falcon tubes and rotated on a platform for 40 min at 4°C in order to dissolve 

remaining Matrigel. 7 ml of PBS were added into the Falcon tubes and the samples were 

centrifuged for 5 min at 250 x g. The supernatant was removed, the samples were 

resuspended in 8 µl of Matrigel and plated in a 6-well plate. The plate was placed into the 

37°C incubator for 15 min to allow Matrigel to solidify and then incubated for 5 min at 

room temperature to cool down. The drops were covered with room temperature 4% PFA 

(in PBS) for 10 min. The PFA solution was removed and the samples were washed in 3 

washes of PBS for 5 min each. The samples were further dehydrated by incubation in 

different solutions as follows: 2 washes of 70% ethanol for 1 h each, 2 washes of 80% 

ethanol for 1 h each, in 2 washes of 95% ethanol for 1 h each, in 3 washes of 100% ethanol, 

for 1h each, in 3 washes of xylene  for 1h each and 2 washes of paraffin wax (56-58ºC) for 

1,5 h each. Samples were cut, mounted and stored in a plastic chamber for further use. 

 

4.2 Genetic engineering methods 
 

 Plasmid amplification and preparation 

4.2.1.1 Characterization of plasmids 

The MSCV CreERT2 puro plasmid was used to generate tamoxifen inducible in vitro 

knockout of Pten and a double knockout of Pten and Stat3. The plasmid contains a fusion 

between the Cre-recombinase and the estrogen receptor, making it inducible upon 

tamoxifen or its derivate 4-hydroxytamoxifen (4-OHT) treatment. Puromycin resistance is 

used for selection. A control version of this plasmid (CreCut) was created in which the Cre-

recombinase gene is shortened and thus not functional. The plasmid maps of both plasmids 

are shown in Figs. 10 and 11 and additional information about the plasmids is summarized 

in Table 2. 
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Figure 11 

Plasmid map of MSCV CreCut puro 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 
 
 
 
 

Figure 10 

Plasmid map of MSCV CreERT2 puro 
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 Table 2: Characteristics of CreERT2 and CreCut puro plasmids 

 
 

4.2.1.2 Transformation of E.coli with MSCV CreERT2/CreCut puro plasmids 

A tube of NEB DH5-α competent E.coli cells was thawed on ice for 10 min. 50 µl of E.coli 

cells were transferred into an Eppendorf tube and 1 µl of plasmid DNA was added to the 

cell mixture. The tube was gently flicked to mix cells and DNA and incubated on ice for 15 

min. Cells were heat shocked for 30 s in a 42°C water bath and afterwards placed on ice for 

5 min. 950 µl of room temperature S.O.C. medium (Invitrogen™)  was added and samples 

were left to shake at 250 rpm at 37°C for 1 h. 100 µl of the transfected cells was spread on 

Agar plates containing Ampicillin. Agar plates were incubated overnight at 37°C. For further 

amplification and isolation of the plasmid, Maxi Kit from QUIAGEN was used following 

manufacturer’s instructions. 

The microbial cultures were grown in Luria-Bertani (LB) medium. The LB medium was 

autoclaved at 121 °C for 20 min after preparation and stored at 4°C for later use. 

 

Table 3: Composition of Luria-Bertani medium 

Luria-Bertani (LB) medium  

1% w/v tryptone (Beckton Dickinson) 

0.5% w/v yeast extract (Beckton Dickinson)  

0.5% NaCl in ddH2O 

 

 Lentiviral transduction of murine organoid cultures  

4.2.2.1 Transformation of PHOENIX-Eco with MSCV CreERT2/CreCut puro plasmids 

In order to be able to perform the transduction, the MSCV CreERT2/CreCut puro vector 

needs to be packaged by the helper cell line PHOENIX-Eco. For the transfection of the 

vector into these cells, Lipofectamine 2000 (Invitrogen) was used. The cells were cultivated 

Plasmid Backbone 

Backbone 
size with 

insert 
(bp) 

Type 
Copy 

number 
Bacterial 

strain 

Selectable 
marker 

for E. coli 

Selectable 
marker for 

mammalian 
cells 

CreERT2 
pMSCV 

puro 
8244 

Mammalian 
expression, 
Retroviral 

Low 
copy 

DH5-α 
competent 

E. coli 
Ampicillin Puromycin 

CreCut 
pMSCV 

puro 
7574 

Mammalian 
expression, 
Retroviral 

Low 
copy 

DH5-α 
competent 

E. coli 
Ampicillin Puromycin 
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in a 10 cm petri dish in DMEM medium (Gibco) to about 70% confluency. The medium was 

carefully changed for Opti-MEM medium (Gibco) prior the transfection. 60 µl of 

Lipofectamine were mixed with 500 µl of Opti-MEM in an Eppendorf tube. In parallel, 7 µg 

of the MSCV CreERT2 puro vector were mixed with 500 µl Opti-MEM. Both individual 

reaction solutions were incubated for 5 min at room temperature, then mixed and 

incubated further for 20 min at room temperature. After the incubation the reaction mix 

was added dropwise onto PHOENIX-ECO cells and the cells were incubated at 37°C for 24 

h. Afterwards, the medium was changed for DMEM and the cells were incubated for 

another 24 h. Finally, the cells were centrifuged and the supernatant containing the viral 

particles was harvested.  

 

4.2.2.2 Lentiviral transduction of murine organoid cultures with MSCV CreERT2/CreCut 
puro plasmid 

A day prior to the transduction, organoids were passaged as single cell suspension as 

already described and plated in a 24-well plate as a 2D culture in 500 µl of PCa medium. 

The cells were incubated at 37°C for 24 h to attach to the bottom of the plate. The medium 

was exchanged for PCa medium without antibiotics, 4µg/ml Polybrene (Sigma) and 7 µl of 

viral supernatant was added. The solution was gently mixed by swirling the plate. The cells 

were incubated at 37°C for 24-48 h before plating them in Matrigel and adding the 

selection medium.  

 Electroporation of murine prostate organoid cultures 

Approximately 6 dense drops of at least 200 µm large organoids were used per 1 

electroporation.  

PCa medium was changed a day prior to electroporation to PCa medium without antibiotics 

containing 1.25% DMSO. Organoids were trypsinized to small clusters of approximately 4 - 

5 cells and transferred into a 15 ml falcon tube containing 5 ml PCa medium and 5 µl Y-

27632 (10µM). Samples were centrifuged for 5 mins at 250 x g. Supernatant was removed 

and the cells were resuspended in 90 µl BTXpress buffer and 10 µl of 10 - 20 µg DNA. The 

cell - DNA mixture was added into a cuvette and placed into a cuvette holder of the NEPA21 

electroporator. Impedance was measured and if between 30 – 55 mA, electroporation was 

performed according to conditions summarised in Table 4. After the electroporation, 400 
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µl Optimem medium was added to the cuvette and the whole volume was transferred to 

an 1,5ml Eppendorf tube. After incubation at room temperature for 30 min, samples were 

centrifuged at 250 x g for 5 min. Supernatant was removed and cells were plated as 

described. 500 µl of PCa medium without antibiotics and containing 1.25% DMSO was 

added. This medium was changed for a medium without DMSO a day after electroporation. 

3 - 4 days after electroporation this medium was changed to usual PCa medium and the 

drug selection was started. 

 

Table 4: NEPA21 electroporation conditions 

  Poring pulse Transfer pulse 

Voltage 200V 20V 

Pulse length 5 sec 50msec 

Pulse interval 50msec 50msec 

Number of pulses 2 5 

Decay rate 10% 40% 

Polarity + +/- 

 

 

4.3 Molecular biology methods 
 

 DNA isolation  

Cell pellets were resuspended in 500 µl of genomic DNA lysis buffer. 20 µg/ml of RNaseA 

were added and the samples were incubated for 1 h at 37°C. Afterwards 500 µg/ml of 

Proteinase K were added, and samples were incubated overnight at 55°C in a thermal 

shaker. Next day, the DNA isolation continued using phenol/chloroform extraction 

method. The samples were transferred to phase lock gel tubes (5 prime) and 500 µl of 

buffered phenol/chloroform was added. The solutions were mixed by inverting the tubes 

and centrifuged at 13 000 rpm for 10 min. The upper phase was transferred into a new 

Eppendorf tube and 1 volume of isopropanol was added.  The solutions were shaken 

vigorously for 15 sec. Samples were centrifuged for at 13 000 rpm for 5 min. The 

supernatant was discarded, and the pellets were washed with 750 µl of 75% EtOH by 

pipetting up and down. Samples were centrifuged one more time at maximum speed for 3 
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min. The supernatant was removed, the pellets were air dried for 5 min and dissolved in 

20 - 50 µl (depending on the pellet size) of ddH20. Lastly, samples were incubated for 1 h 

at 37°C. DNA concentrations were measured with Nanodrop 2000 spectrophotometer 

(Thermo Scientific). 

 
Table 5: Composition of DNA lysis buffer 

Genomic DNA lysis buffer 

0,4 M NaCl 

0,2% SDS 

1M Tris 

5 mM EDTA 

 

 RNA isolation  

RNA was isolated using the RNeasy Mini Kit (QIAgen) according to the manufacturer’s 

instructions. Prior to the isolation, the working area was cleaned with RNase AWAY Surface 

Decontaminant (Thermo Scientific). RNA concentrations were measured with Nanodrop 

2000 spectrophotometer (Thermo Scientific).  

 PCR 

DNA of transduced/transfected samples with Cre and CreCut vectors was isolated and 

amplified with PCR according to PCR conditions summarized in Table 6 and 7. PCR reaction 

(step 2 – 4) ran in 34 x cycles. The PCR products were run on a 1% agarose gel containing 

1% midori green at 120V for 20 - 30 min. The bands of the PCR products were visualized 

with UV light. 

 

Table 6: Composition of PCR reaction for 1 sample 

General PCR set-up (15 µl reaction) 

GoTaq 7,5 µl 

ddH20 5 µl 

10 µM primer mix 1,5 µl 

DNA template 1 µl 
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Table 7: PCR conditions for genotyping with Cre and CreCut plasmids 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Primer sequences  

 

 

 

 

 

 

 Protein isolation 

Cells were centrifuged and resuspended in an appropriate amount (twice the size of the 

pellet) of HUNT lysis buffer. Samples were frozen in liquid nitrogen and thawed at 37°C for  

30 sec. Then frozen again in liquid nitrogen and thawed on ice for 10 minutes. Samples 

were centrifuged at 16 800 rcf for 15 min at 4°C. The supernatant containing proteins was 

transferred into a new Eppendorf tube and the protein concentration was measured using 

a Bradford assay. Aliquots of the samples were stored at -80°C. 

 

 

 

 

PCR conditions 

Cre 

94 °C 5 min 

94°C 0,5 min 

55°C 0,5 min 

72°C 1 min 

72°C 10 min 

CreCut 

95°C 5 min 

95°C 0,5 min 

57°C 1 min 

72°C 2 min 

72°C 10 min 

Primer sequences   

Cre_forward 5'-ATG CTT CTG TCC GTT TGC CG-3' 

Cre_reverse 5'-TGA GTG AAC GAA CCT GGT CG-3' 

CreCut_forward 5'-CGA CCA GGT TCG TTC ACT CA-3' 

CreCut_reverse 5'-GGT TGG CAG CTC TCA TGT CT-3' 
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Table 9: Composition of HUNT buffer 

 

 

 

 

 

 Western blot analysis 

7 µg of isolated protein were diluted in HUNT buffer and filled up to a final volume of 15µl 

with Laemmli buffer. The samples were incubated at 95°C for up to 10 min and then loaded 

onto a 10% polyacrylamide-gel. The proteins were separated by gel-electrophoresis using 

0.02 mA as a constant. The separated proteins were blotted onto a nitrocellulose 

membrane from the gel during wet transfer. The transfer ran at 120V for 2 h at 4°C. The 

membrane was stained with Ponceau-red to visualize the proteins and then washed with 

1x TBS-T for 5 min on a rocking platform. The membrane was blocked with a blocking 

solution for 1 h. Afterwards the primary antibody diluted in blocking solution was applied 

onto the membrane for an incubation over night at 4°C. Next day the membrane was 

washed 4 x for 5 min with 1xTBS-T on a rocking platform and secondary antibody diluted 

1:10 000 in 1 x TBS-T was applied for 1 h at room temperature. Membrane was washed 

again 4 x for 5 min with 1x TBS-T. Protein signal was measured with LumiAnalyst imager 

(Roche) using ECL plus Western blotting reagent (Thermofisher).   

 

 

 

 

 

 

 

 

 
 

HUNT buffer 

20 mM Tris (pH = 8,0) 800 µl 

100 mM NaCl 660 µl 

1 mM EDTA 80 µl 

0,5 % NP-40  2 ml 

ddH2O fill up to 40 ml 
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Table 10: Composition of solutions used for Western blot 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Table 11: Composition of SDS-polyacrylamide gels 

Gels for SDS-polyacrylamide electrophoresis 

  10% separating gel (15 ml) 5% stacking gel (5 ml) 

H2O 5,9 ml 3,4 ml 

30% acrylamide mix  5 ml 830 µl 

1,5 M Tris pH = 8.8  3,8 ml / 

1 M Tris pH=6,8) / 630 µl 

10% SDS  150 µl 50 µl 

10% APS  150 µl 50 µl 

TEMED 6 µl 5 µl 

10 x TBST-T buffer 

Tris  60,5 g 

NaCl  90 g 

Tween-20  0,10% 

 H2O  fill up to 1 l 

4x Laemmli buffer 

Tris (1.0 m, pH 6.8 1 ml 

SDS 4 mg 

Glycerol 2 ml 

β-Mercaptoethanol 1 ml 

Bromophenol blue 0.1 mg 

 ddH2O  fill up to 5 ml 

Electrophoresis buffer 

Glycine 14,4 g 

Tris  3 g 

SDS 1 g 

H20 Fill up to 1 l 

Transfer buffer 

Glycine 2,46 g 

Tris  200 ml 

Methanol Fill up to 1 l 

Blocking solution 

Instant milk powder  25 g 

NaN3 0,01% 

1xTBS-T fill up to 500 ml 
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Table 12: List of antibodies used for Western blot 

  Provider Dilution 

Primary antibodies   

PTEN Abcam (ab31392), rabbit mAb 1:1000 

STAT3 Cell signaling (12640), rabbit mAb 1:1000 

pSTAT3 Cell signaling (9131), rabbit mAb 1:1000 

AKT Cell signaling (4691) rabbit mAb 1:1000 

pAKT Cell signaling (9271) rabbit mAb 1:1000 

β-ACTIN Abcam (ab8227), rabbit mAb 1:5000 

Secondary antibodies    

Goat Anti-Rabbit IgG Abcam (ab205718) 1:10000 

 
 
 

4.4 Immunohistochemistry (IHC) 

Firstly, the embedded tissue requires to be deparaffinized and rehydrated.   The slides with 

paraffin embedded organoids were placed in a rack and put into a 56°C incubator for 2 h. 

Afterwards the sections were incubated in 2 washes of xylene for 10 min each, in 2 washes 

of 100% ethanol for 3 min each, in 1 wash of 96% ethanol for 3 min, in 1 wash of 70% 

ethanol for 3, in 1 wash of 50% ethanol for 3 min and lastly, in 2 washes of dH20 for 5 min 

each. The citrate buffer was used for antigen retrieval. The slides were put into a plastic 

chamber filled with the citrate buffer and autoclaved. To cool off the slides, they were 

incubated for 20 min at room temperature. Afterwards they were rinsed in PBS several 

times, blocked in 3% hydrogen peroxide for 10 min to reduce nonspecific background 

staining and washed in PBS again. The slides were put into a humid chamber to prevent 

drying of the slides. Mouse blocking reagent was applied, and the slides were incubated 

for 1 h at room temperature. The slides were rinsed in PBS to remove the blocking solution, 

primary antibody diluted in 1% BSA were applied and the samples were incubated 

overnight at 4°C. Next day, the slides were washed 4 times in PBS for 3 min each. For the 

detection, UltraVision LP Large Volume Detection System from Thermo Scientific was used. 

Primary Antibody Enhancer was applied, and samples were incubated for 10 min at room 

temperature. Next, HRP Polymer was applied and the samples were incubated in the dark 

for 15 min at room temperature. Slides were washed 4 times in PBS for 3 min each. AEC 
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chromogen was applied, and the developing staining was closely monitored. As soon as the 

staining developed, the reaction was stopped by putting the slides into dH20. Finally, the 

slides were counterstained in hematoxylin for 30 sec, washed in dH20 and the coverslips 

were mounted with Aquatex (Sigma-Aldrich).  

 

Table 13: List of antibodies used for IHC  

  Provider Dilution 

Primary antibodies   

Ki67 Abcam (ab16667) rabbit mAb 1:500 

STAT3 Cell signaling (9139), mouse mAb 1:300 

CK8 Abcam (ab137855), rabbit mAb 1:200 

pAKT Cell signaling (3787) rabbit mAb 1:50 

     

4.5 Immunofluorescence (IF) 
 

The PCa medium was removed from the wells and the organoids were resuspended in cell 

recovery solution to dissolve remaining Matrigel as previously described. Samples were 

centrifuged for 5 min at 250 x g.  The pellet was resuspended on ice in a suitable amount 

of Matrigel and diluted with cold 1x PBS in various ratios ( dilution 1:3: 45 µl Matrigel were 

added to the pellet, mixed by pipetting and diluted with 130 µl PBS). 25 µl of the dilution 

mix were evenly distributed at the bottom of each well of a chamber slide without touching 

the chamber walls. The solution was dried at 37 °C for 5 min. From this step onwards, all 

solutions were pipetted along the chamber walls carefully to not disturb the embedded 

organoids and the slide was kept at room temperature gentle shaking (54 rpm) unless 

otherwise stated. Organoids were overlaid with fixation solution 1 for 20 min (no shaking), 

followed by incubation in fixation solution 2 for 30 min. The wells were washed in 3 washes 

of washing buffer (400 µl/well) for 10 min each and permeabilized with permeabilization 

buffer for 30 min. The washing steps were repeated. Samples were overlaid with 300 µl 

blocking buffer for 30 min. Samples were incubated with 150 µl primary antibody solution 

diluted in blocking buffer over night at 4 °C under gentle shaking. (The chamber slide was 

carefully sealed with parafilm and the incubation took place in a humid chamber). Next 

day, wells were washed in 3 washes with 400 µl washing buffer for 15 min each and 

incubated with 150 µl secondary antibody diluted in blocking solution in the dark for 2 h. 

The washing steps were repeated while keeping the samples in the dark and finally, the 
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organoids were incubated with DAPI for 20 min. Samples were shortly rinsed with washing 

buffer and the chamber was removed. The slide was dried by carefully soaking up 

remaining liquid with a tissue. The samples were mounted with Fluoprep Mounting 

medium and covered with a cover glass. The slide was dried at room temperature for 15 

min and stored at 4 °C. Prior to imaging, the slide was warmed to room temperature. The 

samples were imaged with a LSM5 Exciter (Zeiss) following these settings: excitation at 405 

nm (DAPI), 488 nm (Alexa Fluor 488) and 543 nm (Alexa Fluor 594) with laser intensities 

<30 % and a pinhole <50 µm. 

Table 14: List of antibodies used for IF 
 

 

 

 

 

 

 

Table 15: Composition of solutions used for IF 

Fixation solution 1   

PFA 4% 

PBS 1x 

Fixation solution 2 
 

PFA 4% 

PBS 1x 

Triton-X 100 0,10% 

Washing buffer 
 

PBS 1x 

Triton-X 100 0,10% 

Tween 0,05% 

Permeabilization buffer 
 

PBS 1x 

Triton-X 100 0,50% 

Blocking buffer  
 

PBS 1x 

Triton-X 100 0,10% 

Goat serum 10% 

  Provider Dilution 

Primary antibodies   

Ki67 Abcam (ab16667), rabbit mAb 1:200 

CK14 Abcam (ab51054), rabbit mAb 1:300 

Secondary antibodies    

Goat Anti-Rabbit IgG Abcam (ab205718) 1:4000 
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5 Results 
 

5.1 Generation of murine prostate organoid cultures 
 

Murine prostate organoids of benign and malignant origin were derived from healthy 

prostate tissue of wildtype Cre-negative mice with floxed alleles and tumour tissue of 

transgenic mice harbouring different genetic knockouts of PCa relevant genes such as Pten 

and combination of Pten/Stat3 and Pten/Tp53 genes. The tissue of origin was digested, and 

the cells were brought into 3D culture as described in the previous chapter (4.1.2). The 

organoids were split every week depending on the density and cultured for several 

passages in PCa medium. The culture conditions eliminated contamination with other type 

of cells such as immune cells and led to pure prostate organoid cultures. A panel of 

biological triplicates of each genotype was established. Fig. 12 shows representative 

brightfield images of each genotype. Generally, the morphology of the organoids within 

each organoid line can vary depending on the seeding density, proliferation rate of each 

cell type, availability of different factors in the culture medium and others.  

 

 

 

 

 

 

 

 

 

 

 

5.2 Characterization of murine prostate organoids of different  
genetic background  

 

 Histo-morphological characterization 

The organoids and the tissue of origin were further embedded and stained with 

Hematoxylin and Eosin (HE). HE staining is the gold standard of the principal tissue stains 

Figure 12 

Brightfield images of Pten, Pten/Stat3, Pten/Tp53 knockout organoids and the wildtype control. 
(Scale bars/Magnification: Pten KO 500 µm/4X; Pten/Stat3 KO, Pten/Tp53 KO and wildtype 

200 µm/10X.) 
 

Pten KO Pten/Stat3 KO Pten/Tp53 KO wildtype
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that are used for medical diagnosis in histology (Titford 2005).  Figure 13 portrays the HE 

stained tumour tissue for each genotype, healthy prostate tissue of wildtype mice and 

organoids derived from the corresponding tissue. While the healthy prostate tissue 

represented classical epithelial lined prostate glands, the structure of these glands was 

deeply impaired in the tumours. The organoids derived from the corresponding tissue 

highly retained the microscopic features seen in the original tissue. While the majority of 

wildtype organoids possessed an outer epithelial layer and an inner lumen resembling 

healthy prostate glands, most of PCa organoids showed tightly packed inner layers with a 

small or no lumen. The outer layer of the tumour organoids also often had multi-lobulated 

structures. The morphological differences in the original tumour tissue between the 

knockouts was also mirrored in the corresponding organoid lines. 

 

 
 
 
 
 
 
 

 

 
 
 

 
 
 
 

 

 

 

 

 

 

Figure 13 

Comparison of murine HE stained tissue of origin of Pten, Pten/Stat3, Pten/Tp53 
and wildtype tissue and organoids derived from the corresponding tissue.  (Scale 
bars/Magnification: Tissue of origin 100 µm/10X; Organoids 50 µm/20X.)   
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 Characterization of proliferation 

Ki67 is a protein that is present during active phases of the cell cycle (G1, S, G2, and mitosis), 

but is not detectable in resting cells (G0). It is therefore used as a cellular marker for 

proliferation (Scholzen and Gerdes 2000).  Ki67 was previously shown to be significantly 

upregulated in malignant prostate lesions  compared to benign prostate lesions (Muñoz et 

al. 2003). In agreement with these findings, we show Ki67 positive cells and thus 

proliferative activity in malignant tissue of the prostate tumours, while we detected only a 

limited number of proliferating cells in healthy prostate tissue (Fig. 14).  In contrast to the 

tissue of origin, consistent with their growth in culture, organoids derived from the benign 

tissue contained cells positive for Ki67. Prostate tumour organoids also showed 

proliferative activity and from our observations in culture, there was a trend towards 

higher proliferation rate in the tumour organoids compared to the wildtype organoids. 
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 STAT3 expression 

As the role of Stat3 in PCa remains controversial, we stained the samples to assess the 

STAT3 protein levels. We detected STAT3 positive cells in all the tumour tissue and 

organoids except in Pten/Stat3 knockouts and thus confirming the successful genetic 

deletion of Stat3 in this mouse model. The wildtype tissue and organoids also possessed 

Figure 14 

Comparison of murine Ki67 stained tissue of origin of Pten, Pten/Stat3, Pten/Tp53 and 
wildtype tissue and organoids derived from the corresponding tissue. (Scale 
bars/Magnification: Tissue of origin 100 µm/10X; Tissue of origin close-up and Organoids  

50 µm/20 and 40X.) 
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Stat3 positive cells, although there was a trend towards STAT3 upregulation in the tumour 

tissue and organoids (Fig. 15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 pAKT expression 

The AKT signalling pathway has been previously shown to be upregulated by loss of Pten 

(Song et al. 2012). Confirming this data, we observed increased pAKT staining in both tissue 

Figure 15 

Comparison of murine Stat3 stained tissue of origin of Pten, Pten/Stat3, Pten/Tp53 and 
wildtype tissue and organoids derived from the corresponding tissue. (Scale 
bars/Magnification: Tissue of origin 100 µm/10X; Tissue of origin close-up and Organoids  

50 µm/20 and 40X.) 
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of origin and organoids upon Pten loss and combination of Pten/Stat3 and Pten/Tp53 

deletions. Neither wildtype tissue nor wildtype organoids showed cells expressing pAKT. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Cytokeratin 8 (CK8) characterization 

CK8 marks the luminal cells of the prostate. In a healthy prostate, these cells form an 

epithelial layer that surrounds the lumen into which they secrete prostatic proteins and 

fluids. It is indeed the luminal cells that in most cases of PCa undergo transformation and 

are responsible for the luminal phenotype of PCa (Zhang et al. 2018). In a healthy prostate 

Figure 16 

Comparison of murine pAKT stained tissue of origin of Pten, Pten/Stat3, Pten/Tp53 and 
wildtype tissue and organoids derived from the corresponding tissue. (Scale 
bars/Magnification: Tissue of origin 100 µm/10X; Tissue of origin close-up and Organoids  

50 µm/20 and 40X.) 
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tissue and wildtype organoids, we detected the continuous epithelial luminal cell layer 

surrounding the lumen stained for CK8 (Fig.17). The CK8 staining in the benign prostate 

tissue was of reduced intensity and thus less visible due to technical limitations. As the 

healthy prostate gland structure is impaired in the tumour tissue and tumour organoids, 

also the CK8 staining differed to the benign tissue and organoids accordingly. In contrast 

to the wildtype tissue and organoids, CK8 positive cells in the tumour tissue and tumour 

organoids not only surrounded the tumour glands but were also present within the tumour 

tissue/organoids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 

Comparison of murine CK stained tissue of origin of Pten, Pten/Stat3, Pten/Tp53 and wildtype 
tissue and organoids derived from the corresponding tissue. (Scale bars/Magnification: Tissue 
of origin 100 µm/10X; Tissue of origin close-up and Organoids  50 µm/20 and 40X.) 
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5.3 Generating in vitro knockout of Pten and a double knockout of 
Pten and Stat3 genes 

 

 In vitro Pten knockout 

5.3.1.1 Lentiviral transduction of murine prostate organoids with MSCV CreERT2/CreCut 

puro plasmids 

Wildtype murine prostate organoids with loxP sites flanking Pten gene were transduced 

with a tamoxifen (4HT) inducible Cre vector and a truncated, non-functional version of the 

Cre vector (CreCut) that was used as a control. After the transduction, samples were 

treated with puromycin for 2 weeks to ensure that only transduced organoids were 

selected. In order to verify the transduction success, DNA was isolated from both Cre and 

Crecut transduced organoids and genotyped with two different sets of primers confirming 

successful transduction (Fig. 18).  

 

 

 

 

 
 
 
 
 

 

 

 

 

5.3.1.2 Tamoxifen treatment of murine Ptenfl/fl Cre and Ptenfl/fl CreCut organoids 

To induce the Cre vector and thus generate the in vitro knockout of Pten, the organoids 

were treated with 500nM 4HT for 4 weeks. They were monitored closely for any 

morphological changes. We detected higher proliferation rates in Ptenfl/fl Cre organoids 

than in their control Ptenfl/fl CreCut when plated at the same density as observed by 

microscopy (Fig 19).  

 

Figure 18 

Genotyping of Ptenfl/fl Cre and Ptenfl/fl CreCut organoids. Cell lines 
containing the Cre and CreCut vector were used as a positive and 
negative controls. NTC = non template control. 
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Western blot analysis of murine Ptenfl/fl Cre and Ptenfl/fl CreCut organoids 

 

 

 

 

 

 

 

 

5.3.1.3 Western blot analysis of murine Ptenfl/fl Cre and Ptenfl/fl CreCut organoids 

Western blot analysis confirmed the successful generation of in vitro Pten knockouts in 

Ptenfl/fl Cre organoids (Fig. 20). We did not detect any Pten protein 4 weeks post 4HT 

treatment in Ptenfl/fl Cre organoids compared to the Ptenfl/fl CreCut control. The tumour 

tissue of a Pten KO mouse that was used as a knockout control showed a reduced Pten 

expression but not a full knockout. The Pten function in this mouse model was disturbed 

by deleting exon 5. The protein is non-functional, but the first exons are still recognized by 

the PTEN antibody. Expression levels of pAKT are upregulated in Ptenfl/fl Cre organoids.  In 

contrast, pAKT protein is not detectable in Ptenfl/fl CreCut organoids. There are no 

differences in pSTAT3 levels amongst the samples. 

 

 

 

 

 
          
 
 
 
 
 
 
 
 
  

Figure 19 

Bright field images of Ptenfl/fl Cre and Ptenfl/fl CreCut organoids. Ptenfl/fl Cre organoids 
havehigher proliferative activity compared to the control. (Scale bar/Magnification: 

100 µm/10X.) 

Figure 20 

Western blot analysis of Ptenfl/fl Cre and Ptenfl/fl 

CreCut organoids. A Pten KO tumour tissue was 
used as a control.  
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5.3.1.4 Characterization  of murine in vitro Pten knockout organoids by HE and IHC 

staining 

To further characterize the in vitro Pten knockout organoids, they were embedded and 

analyzed by HE and Ki67 IHC staining. We observed histological differences between the 

HE stained knockout organoids and the control as seen in Figure 21. While the majority of 

wildtype organoids had a ductal structure with bi-layered epithelium surrounding a lumen 

resembling a healthy prostate gland, deletion of Pten resulted in organoids that possessed 

multiple inner layers and mostly no prostate lumen. This phenotype resembled the PCa 

phenotype seen in vivo.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
The Ki67 staining showed active proliferation in both in vitro Pten knockout organoids and 

the control consistent with their growth in culture.  
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Figure 22 

Comparison of Ki67 stained in vitro Pten KO organoids and their 
control. (Scale bar/Magnification: 100 µm/20X.) 
 

Figure 21 

Comparison of HE stained in vitro Pten KO organoids and their 
control. (Scale bar/Magnification: 100 µm/20X.) 
 

H
E 

st
ai

n
in

g 



41 
 

5.3.1.5 Proliferation assay of in vitro Pten knockout organoids 

 To assess the proliferation rate of the in vitro Pten knockout organoids, we performed 

Resazurin proliferation assay. As the graph indicates, in vitro Pten knockout organoids 

showed higher proliferative activity compared to the control, which confirmed our 

observations in culture. Nevertheless, due to high varience within the samples the 

difference in proliferation was not statistically significant.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 In vitro Pten/Stat3 knockout 

5.3.2.1 Electroporation of murine prostate organoids with MSCV CreERT2/CreCut puro 

plasmid  

Wildtype murine prostate organoids with loxP sites flanking the Pten and Stat3 gene were 

electroporated with the already above mentioned Cre and Crecut vector. Similarly, as with 

the generation of in vitro Pten knockout, samples were treated with puromycin for 2 weeks 

after the electroporation and genotyped with Cre and CreCut primers. Both Cre and CreCut 

bands resemble their control bands thus the transduction was successful. 

  

Figure 23 

Proliferation rate of in vitro Pten KO organoids and their control. 7000 
cells/Matrigel were seeded and measured on day 0, 2, 4, 6 and 8. 
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5.3.2.2 Tamoxifen treatment of murine Ptenfl/fl/Stat3fl/fl and Ptenfl/fl/Stat3fl/fl CreCut 

organoids 

The organoids were further treated with 500nM 4HT and monitored closely for any 

morphological changes. Such changes could be seen already  two weeks post 4HT 

treatment. While the control organoids were mostly of a round shape and cystic, the 

majority of Ptenfl/fl/Stat3fl/fl Cre organoids grew bigger and showed a dense morphology 

partially accompanied by irregular budding structures.  

 

 
 
 
 
 
 
 
 
 
 
  

Figure 25 

Bright field images of Ptenfl/fl/Stat3fl/fl Cre and Ptenfl/fl/Stat3fl/fl CreCut organoids 
indicating morphological differences between the genotypes. (Scale bar/Magnification: 

100 µm/5X.) 
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Figure 24 

Genotyped DNA samples of Ptenfl/fl/Stat3fl/fl Cre and Ptenfl/fl/Stat3fl/fl 
CreCut organoids. Cell lines containing the Cre and CreCut vector were 
used as a positive and negative controls. NTC = non template control. 
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5.3.2.3 Western blot analysis of murine Ptenfl/fl/Stat3fl/fl Cre and Ptenfl/fl/Stat3fl/fl CreCut 

organoids 

To confirm the successful deletion of Pten and Stat3, proteins were isolated one and two 

weeks post 4HT treatment and analyzed via western blot analysis (Fig. 30). While Stat3 

deletion was evident already in one-week 4HT treated organoids, Pten protein levels were 

reduced upon one week of 4HT treatment and the full knockout of Pten was complete in 

two-weeks 4HT treated organoids. A Pten/Stat3 KO tumour tissue was used as a knockout 

control. Both Pten and Stat3 protein levels did not change in the CreCut organoid controls 

as well as in untreated Cre and CreCut samples. Similarly, as in the in vitro Pten knockout, 

pAKT protein levels were elevated upon Pten  loss. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

5.3.2.4 Characterization  of murine in vitro Pten/Stat3 knockout organoids by HE and IF 

staining 

Embedded and HE stained organoids possessed histological differences between in vitro 

Pten/Stat3 knockout and the control as seen on Figure 27.  Similarly, as the in vitro Pten 

knockout organoids, also Pten/Stat3 knockout organoids showed multiple inner epithelial 

Figure 26 

Western blot analysis of Ptenfl/fl/Stat3fl/fl and Ptenfl/fl/Stat3fl/fl CreCut 
organoids. Pten/Stat3 KO tumour tissue was used as a knocknout 
control.  
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layers in contrast to bi- and single-layered epithelium of control organoids and resemble 

the PCa phenotype seen in vivo.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

The Ki67 staining showed active proliferation in both organoid cultures (Fig. 28). Cells with 

basal origin were stained by CK14. The wildtype organoids showed organized structures 

that resembled a basal cell layer, whereas in the knockout organoids these cells were 

randomly distributed within the organoid.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 28 

Comparison of in vitro Pten/Stat3 KO organoids and their control stained by IF. The 
CK14 positive cells are displayed in red, Ki67 positive cells in green and DAPI positive 
cells in blue. (Scale bar/Magnification: 100 µm/25X.) 
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Figure 27 

Comparison of HE stained in vitro Pten/Stat3 KO organoids and their 
control indicated histological differences between the samples. (Scale 
bar/Magnification: 100 µm/20X.) 
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5.3.2.5 Proliferation assay of murine in vitro Pten/Stat3 knockout organoids 

To quantify the proliferation rate of the in vitro Pten/Stat3 knockout organoids in different 

seeding densities, Resazurin proliferation assays were performed (Figs. 29, 30). According 

to our results, in vitro Pten/Stat3 knockout organoids had slightly higher proliferative 

activity (except on day 6) compared to their control when plated both in low and high 

density. The measurements from day 6 indicated that control organoids proliferated 

significantly more than in vitro Pten/Stat3 knockout organoids on this day in both seeding 

situations. Overall, both control and the in vitro Pten/Stat3 knockout organoids had higher 

proliferative activity when seeded in lower seeding density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 30 

Proliferation rate of in vitro Pten/Stat3 KO organoids and their 
control. 7000 cells/Matrigel were seeded and measured at day 0, 3, 6 
and 9. The difference in proliferation on day 6 between samples was 
statistically significant (*p <0.05, two-tailed Student’s t-test). 
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Figure 29 

Proliferation rate of in vitro Pten/Stat3 KO organoids and their control. 
3500 cells/Matrigel were seeded and measured at day 0, 3, 6 and 9. 
The difference in proliferation on day 6 and 9 between samples was 
statistically significant (*p < 0.05, two-tailed Student’s t-test). 
 

-200

0

200

400

600

800

Day 0 day 3 day 6 day 9

Proliferation assay in low density

Control In vitro Pten/Stat3 KO

* 

* 

* 



46 
 

6 Discussion 
 

6.1 Characterization of murine prostate organoids of different 
genetic background  

 

We established a panel of benign and malignant organoid lines derived from different 

genetic backgrounds and characterized them in biological triplicates for their histo-

morphology, protein expression and proliferation. All tumour organoid lines derived from 

a single knockout of Pten or double knockouts of Pten/Stat3 and Pten/Tp53 deficient mice 

morphologically reflected the tissue of origin and resembled phenotypes seen in human 

PCa. The wildtype organoids mimicked the healthy prostate glands.  

Our results show active proliferation in the tumour organoids as well as in the wildtype 

organoids via Ki67 staining. Even though the healthy prostate tissue does not possess many 

Ki67 positive cells, the active proliferation in the wildtype organoids was supported by the 

culture conditions. The culture medium contains different growth factors, vitamins and 

other components that promote proliferation of epithelial cells, both healthy and 

cancerous. For instance Epidermal growth factor (EGF) was shown to promote dimerization 

of its receptor EGFR (Kovacs et al. 2015) which further led to upregulation of signalling 

pathways such as PI3K/AKT which is known to effect  cell proliferation (Vivanco and 

Sawyers 2002) and was described in earlier chapters in context of PTEN loss. This effect is 

therefore enhanced in our knockout organoids but is eventually blocked by the 

downstream effectors such as PTEN in the wildtype organoids. Hence, we see pAKT 

upregulation in Pten deficient organoids but not in the wildtype organoids. The literature 

describes mitogenic effects of EGF amongst epidermal and epithelial cells, glial cells, 

vascular cells, mammary epithelial cells and others (Schlessinger et al. 1983). This growth 

factor is isolated from the submaxillary glands of adult male mice or from human urine and 

is used to promote proliferation in cell culture media (Cohen and Carpenter 1975).  

Consistent with the literature and our data from established in vitro knockouts, tumour 

organoids as well as their tissue of origin had upregulated pAKT signalling, whereas 

wildtype tissue and organoids did not show any pAKT positive cells. Also, the CK8 staining 

of the organoids marking the luminal cells mimicked the tissue of origin. Although, the CK8 

staining of the healthy tissue was difficult to detect due to technical limitations. A longer 
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incubation time with AEC chromogen should be performed in order to enhance the staining 

intensity.  

Based on this data, we can conclude that the murine organoid cultures serve as a great 

alternative model system to study human PCa. Both malignant and benign organoids grow 

easily in culture for many passages,  they reflect the tissue of origin histologically as well as 

considering the signalling responses as seen in vivo. However, further characterization of 

this model with additional IHC stainings should be considered.  

For instance, p63 staining of basal cells is routinely used in diagnostics of PCa (Weinstein 

et al. 2002) as the loss of basal cells belongs to one of the most important hallmarks of 

malignancy (Humphrey 2012). Such staining was done by Karthaus et al. who 

demonstrated healthy prostate murine organoids forming continuous basal cell layer 

expressing exclusively basal prostate markers (Karthaus et al. 2014). We would expect 

similar findings in our wildtype organoids. Based on the changes we observed in the CK8 

stained luminal cells, we speculate that the outer basal cell layer in tumour organoids and 

tissue will most certainly be impaired. 

As cancer is traditionally associated with many molecular abnormalities such as 

chromosomal instability, gene mutations and double-strand breaks (DSB), gamma-H2AX 

staining as a mark of DSB (Kuo and Yang 2008) would allow us to assess such damage in 

our murine organoid cultures and the tissue of origin. DSBs are repaired by cellular DNA 

damage repair (DDR) systems that prevent tumorigenesis (Jackson and Bartek 2009). 

Amongst the DDR proteins is the ATM protein which was shown to have a tumour 

suppressive function (Shiloh 2003). Activation of both DSB and ATM were observed in pre-

cancerous lesions (Gorgoulis et al. 2005). Recently, a novel mechanism of spontaneous DSB 

(spDSB) in cancer cells was described by activation of apoptotic caspases and nucleases. 

Instead of causing apoptosis as previously described, the spDSB were shown to drive 

tumorigenesis and stemness of cancer cells through activation of DDR proteins such as 

ATM or ATR (Liu et al. 2017).  Staining for DSBs could elaborate on the effect of different 

knockouts on the DNA damage. 

Cleaved caspase 3 (CC3), a cell death protease, is activated during apoptosis and serves as 

an apoptotic marker. Although, recent evidence suggests other non-apoptotic roles of this 

protein. Surprisingly, upregulated levels of CC3 were shown to correlate with progression 

of four cancer types – gastric, ovarian, cervical and colorectal cancers – and its pathological 
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risk factors such as for instance tumour stage or lymph-node metastasis in those cancer 

entities (Hu et al. 2014).  Huang et al. examined the unexpected mechanism of growth 

stimulation by CC3 in dying tumour cells after undergoing radiotherapy and demonstrated 

that CC3 promotes release of growth signals such as calcium independent phospholipase 

A2 (iPLA2) that leads to tumour repopulation (Huang et al. 2011). These findings indicate 

that CC3 has a prognostic potential and based on this data, we would expect elevated CC3 

staining in our murine tumour organoids and tissue. 

Also p21, an oncogene in some cancer types and a tumour suppressor in others (Abbas and 

Dutta 2009), was shown to induce apoptosis and reduce tumour size in PCa in mice upon 

p21 over-expression (Eastham et al. 1995) while in another study, loss of p21 led to 

protection against tumorigenesis in the prostate (Jain et al. 2013). The cyclin-dependent 

kinase inhibitors (CDKI) such as p21 regulate the progression through the cell cycle (Wade 

Harper 1993). Moreover, p21 activity has been associated with p53 status, which activates 

p21 upon DNA damage and thereby negatively regulates the cell cycle (Vermeulen et al. 

2003). Although other p53-independent induction pathways of p21 were reported (Datto 

et al. 1995), it would be interesting to see the p21 status in our samples. 

These additional IHC stainings would help us further characterize this model system and 

potentially shed light on some of the controversial hypotheses regarding the signalling 

pathways.  

The next stage of our organoid models would also be establishing these organoids in co-

culture with other cellular components of the tumour, for instance stromal cells. The 

stromal compartment of the prostate consists of different growth factors, chemokines, 

cytokines, extracellular matrix (ECM) and various cell types such as fibroblasts, 

myofibroblasts, endothelial cells and immune cells (Josson et al. 2010). The tumour 

microenvironment is recognized as an important player in development and progression 

of cancer. There are several known mechanisms that lead to tumour progression caused 

by the crosstalk between prostate epithelial cells and the stromal compartment. Such 

crosstalk in signalling can result in ECM remodelling, which further promotes invasion, 

stimulation of angiogenesis and release of growth factors (Tuxhorn et al. 2001). Stromal 

cells were shown to develop genetic alterations when in close proximity to the tumour (Hill 

et al. 2005). While the healthy prostate surrounded by mainly smooth muscle cells depends 

on the signals from these stromal cells to sustain organ homeostasis, the altered 
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phenotype of these cells in PCa leads to promoting the tumour progression (Cunha et al. 

1996). For instance, healthy fibroblasts help to synthesize the ECM (Rodemann and Müller 

1991), they form the basement membrane, which separates the epithelium from the 

stroma (Chang et al. 2002) and were shown to become activated during wound healing to 

generate the ECM for tissue regeneration (Tomasek et al. 2002). In contrast, cancer 

associated fibroblasts (CAF) are constantly activated and secrete growth factors and 

chemokines that promote additional oncogenic signals leading to cancer cell proliferation 

and invasion (Liotta and Kohn 2001). CAFs were demonstrated to be  the most abundant 

cell type in the tumour stroma (Liotta and Kohn 2001). 

In 2018, co-cultures of primary pancreatic cancer organoids together with the stromal and 

immune components from the pancreatic tumour were already established (Tsai et al. 

2018) and culturing the PCa organoids with the stromal and immune cells would increase 

the accuracy of this model as a preclinical cancer model. 

 

6.2 In vitro knockouts 
 

In this study, we show a successful generation of in vitro Pten and Pten/Stat3 knockouts in 

wildtype murine prostate organoids via the Cre-lox recombination system. Tamoxifen 

inducible Cre vectors were delivered into the organoids through lentiviral transduction or 

electroporation with the NEPA21 electroporator. We conclude that both methods are 

suitable to transfect murine prostate organoids.  

We confirmed the successful generation of the in vitro knockouts with western blot 

analysis.  

While the proteins of Ptenfl/fl Cre/Crecut organoids were first isolated upon 4 weeks of 

tamoxifen treatment,  Ptenfl/fl/Stat3fl/fl Cre/Crecut samples were analyzed for the deletions  

already upon 1 and 2 weeks of tamoxifen treatment due to a larger sample size and thus 

available protein. We show a complete loss of Stat3 upon 1 week of treatment, whereas 

the expression of Pten is only reduced upon 1 week of treatment and fully lost in 2-weeks 

treated Ptenfl/fl/Stat3fl/fl Cre organoids.  The efficiency of tamoxifen inducible Cre-lox 

recombination might vary depending on the dose and duration of tamoxifen treatment, 

the levels of Cre recombinase expression and the accessibility of the floxed alleles based 

on their chromatin structure and epigenetic status (Buelow and Scharenberg 2008; Long 
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and Rossi 2009; Guo et al. 2002). The different gene loci might therefore have different 

optimal tamoxifen treatment conditions.  We demonstrate that already reduced 

expression of Pten results in upregulation of the pAKT signalling pathway.  

Our data further show that Cre-driven excision of Pten and Pten/Stat3 in vitro leads to 

organoids that resemble PCa phenotypes. The organoids of both in vitro knockouts form 

multiple layers of epithelium with structures that mimic the features of prostate tumours 

and the budding structure of those organoids protruding into Matrigel suggests invasive 

behaviour as seen in the tumour organoids. With these findings we confirm the hypothesis 

of Pencik et. al and hence the tumour suppressive function of Stat3 in Pten deficient model 

(Pencik et al. 2015a). The knockout organoids also show higher proliferative activity 

measured over time with the Resazurin proliferation assay as well as via our observations 

in culture.  We assume that the difference in proliferation on day 6 between the in vitro 

Pten/Stat3 knockout organoids and the control organoids are due to higher metabolism of 

the in vitro knockout organoids and thus earlier use-up of the medium components prior 

to the medium exchange. As a consequence, the in vitro knockout organoids grow faster 

initially to a certain size and then slow down the growth upon medium usage. The 

continuous growth is then restored after medium exchange as seen on day 9. In contrast, 

the control organoids grow with the same rate over time. Our results also indicate that 

both control and in vitro Pten/Stat3 knockout organoids tend to proliferate more in lower 

seeding density. When the cells are plated too dense, it might lead to contact inhibition 

that slows down the growth of the organoids. In contrast, from our observations in culture, 

very low seeding density (less than 50 cells in 6 µl Matrigel) also effects the growth towards 

slower proliferation. This indicates that optimal seeding density and signalling between 

cells is essential for their growth. 

We propose the presented in vitro knockouts of PCa relevant genes as a new valid organoid 

model to analyze the processes of malignant transformation. Such model has been 

introduced in two independent studies, in which upon introduction of oncogenic mutations 

by CRISPR/Cas9 in colon organoids resulted in phenotypes observed in colon cancer 

patients (Drost et al. 2015; Matano et al. 2015).  

CRISPR/Cas9 as a novel genome editing technique allows disruption or repair of any desired 

gene with high specificity. It was first used in organoids in 2013, when Schwank et. al 

demonstrated as the proof of concept the repair of the CFTR gene with help of  
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CRISPR/Cas9 in intestinal stem cell organoids of cystic fibrosis patients (Schwank et al. 

2013). The genome editing with CRISPR/Cas9 technology eliminates the need of genetically 

engineered mouse and in combination with organoid technology would allow us to create 

a biobank of organoid lines harbouring different PCa relevant mutations. Such biobanks 

could be used to study tumorigenesis and the signalling pathways upon which the 

malignant transformation occurs and would also have large applications in high throughput 

screening to discover new drug therapies, test different drug combinations or drug 

resistance.  
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Abstract 

Cancer represents a major today’s health problem and is responsible for many deaths 

globally each year with prostate cancer being the most diagnosed cancer in men in over 

half of the countries worldwide. The research invested in studying cancer and its properties 

has been on the rise in the last decades in order to uncover its causes, pathologies and to 

develop new treatments.  Even though the prevalence of prostate cancer is relatively high, 

the lack of suitable in vitro model systems has hindered the progress of prostate cancer 

research. While in the last decades, 2D cell culture systems and animal model systems have 

been the basis of prostate cancer studies, new possibilities and technologies have emerged 

over time. For instance, the novel organoid technology gained attention in recent years for 

its large applications in cancer research. While prostate organoids derived from human 

primary prostate cancer have proven to be challenging to maintain in culture over long 

period of time, murine primary prostate cancer organoids have been successfully 

established and account for an alternative in vitro model system to study human prostate 

cancer. 

In order to exploit this novel model system, we established a panel of murine benign and 

malignant prostate epithelial organoids, harbouring different genetic knockouts of 

prostate cancer relevant genes such as a single knockout of Pten and double knockouts of 

Pten/Stat3 and Pten/Tp53. We characterized those organoid cultures with histological HE 

staining and various immunohistochemistry stainings such as Ki67, pAKT, STAT3 and CK8.  

We show that both benign and malignant organoids highly resemble their tissue of origin 

histologically and also regarding their signalling pathways. We also generated in vitro 

knockouts of Pten and Pten/Stat3 genes from wildtype mice with floxed alleles using the 

Cre-lox recombination system in vitro. We demonstrate that deletion of both Pten and 

Pten/Stat3  transform wildtype to malignant organoids over time and mimic the prostate 

cancer phenotypes that are seen in vivo. We propose this in vitro knockout system as a new 

model system to study tumorigenesis.  

In conclusion, while human primary prostate cancer organoids have not been successfully 

established as long term cultures so far, we show that murine prostate organoids serve as 

a suitable alternative model system for prostate cancer. In the future we aim to establish 
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co-cultures containing also the immune and stromal components of the prostate tumour 

to further increase the accuracy of this model as a preclinical prostate cancer model. 
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Zusammenfassung 

Krebs stellt heutzutage ein großes Gesundheitsproblem dar und ist jedes Jahr weltweit für 

viele Todesfälle verantwortlich. Prostatakrebs ist in mehr als der Hälfte der Länder weltweit 

der am häufigsten diagnostizierte Krebs bei Männern. Die Forschungsmittel, die in die 

Untersuchung von Krebs und seine Eigenschaften investiert worden sind, um die Ursachen 

und Pathologien aufzudecken und neue Therapien zu entwickeln,  haben in den letzten 

Jahrzehnten zugenommen. Obwohl die Prävalenz von Prostatakrebs relativ hoch ist, hat 

das Fehlen geeigneter In-vitro-Modellsysteme den Fortschritt der Prostatakrebsforschung 

eingeschränkt. Während in den letzten Jahrzehnten 2D-Zellkultursysteme und 

Tiermodellsysteme die Grundlage für Prostatakrebsstudien waren, haben sich im Laufe der 

Zeit neue Möglichkeiten und Technologien herausgebildet. Beispielsweise hat die 

neuartige Organoidtechnologie in den letzten Jahren aufgrund ihrer großen Anwendungen 

in der Krebsforschung Aufmerksamkeit erregt. Bei Prostata-Organoiden, die aus dem 

primärem Prostatakrebs des Menschen stammen, hat es sich als schwierig erwiesen, über 

einen langen Zeitraum in der Kultur zu bleiben. Organoide des primären Prostatakrebses 

der Maus wurden jedoch erfolgreich etabliert und sind ein alternatives In-vitro-

Modellsystem zur Untersuchung des menschlichen Prostatakrebses. 

Um dieses neuartige Modellsystem zu nutzen, haben wir eine Gruppe von gutartigen und 

bösartigen Prostataepithelorganoiden der Maus eingerichtet, die verschiedene genetische 

Knockouts von Prostatakrebs-relevanten Genen enthalten, wie einen einzelnen Knockout 

von Pten und einen doppelten Knockout von Pten/Stat3 und Pten/Tp53. Wir haben diese 

organoiden Kulturen mit histologischer HE-Färbung und verschiedenen 

immunhistochemischen Färbungen wie Ki67, pAKT, STAT3 und CK8 charakterisiert. Wir 

zeigen, dass sowohl gutartige als auch bösartige Organoide ihrem Ursprungsgewebe 

histologisch und auch hinsichtlich ihrer Signalwege stark ähneln. Wir haben auch In-vitro-

Knockouts von Pten- und Pten/Stat3-Genen aus Wildtyp-Mäusen mit floxierten Allelen 

unter Verwendung des Cre-lox-Rekombinationssystems in vitro erzeugt. Wir zeigen, dass 

die Deletion von Pten und Pten/Stat3 den Wildtyp im Laufe der Zeit in maligne Organoide 

umwandelt und die in vivo beobachteten Prostatakrebs-Phänotypen nachahmt. Wir 

schlagen dieses In-vitro-Knockout-System als neues Modellsystem zur Untersuchung der 

Tumorentstehung vor.  
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Zusammenfassend lässt sich sagen, dass humane primäre Prostatakrebs-Organoide bisher 

nicht erfolgreich als Langzeitkulturen etabliert worden sind. Wir zeigen jedoch, dass 

murine Prostata-Organoide als geeignetes alternatives Modellsystem für Prostatakrebs 

dienen. In der Zukunft wollen wir Co-Kulturen etablieren, die auch die Immun- und 

Stromakomponenten des Prostatatumors enthalten, um die Genauigkeit dieses Modells 

als präklinisches Prostatakrebsmodell weiter zu erhöhen. 
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