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Abstract 
Prostate cancer (PCa) is the second most common diagnosed cancer and the fifth leading cause of 

cancer related deaths in men. Therefore, PCa represents a significant public health issue. 

A common practice for early detection of PCa is the screening for prostate specific antigen (PSA) 

in healthy men. However, increased PSA levels are not specific to PCa and also result from benign 

tumors or inflammation. This frequently leads to overdiagnosis and overtreatment. As a 

consequence, more reliable biomarkers are required for improved diagnosis and treatment of PCa 

patients.  

AP-1 transcription factors are upregulated in a variety of cancers and are historically considered as 

tumor-promoters. However, more recent studies showed that AP-1 transcription factors also act in 

a tumor-suppressive manner. For example, the JUN family member JUNB has been described as a 

tumor-suppressor in human PCa. We similarly found a correlation between low c-JUN mRNA 

levels and bad prognosis in publicly available RNA-seq datasets from human PCa patients. Such a 

potential tumor-suppressive function defies the stigma of c-JUN being a proto-oncogene. In this 

work, we address the question how c-JUN might suppress prostate tumorigenesis. 

To investigate the molecular functions of c-Jun in PCa, we utilized an established Pten deficient 

PCa mouse model. By breeding floxed c-Jun alleles into this tumor model, we generated Pten/c-Jun 

double knockout (KO) mice. We detected increased tumor size and decreased overall survival in 

Pten/c-Jun KO compared to regular Pten KO mice supporting our hypothesis of c-Jun suppressing 

prostate tumorigenesis. Interestingly, in Pten KO mice c-Jun expression was upregulated compared 

to wild type mice pointing toward an important regulative role of c-Jun in Pten-loss mediated PCa. 

Our further research suggested that loss of c-JUN has no direct effect on classical cleaved-caspase 3 

mediated apoptosis or proliferation. However, we detected a mild deregulation of cellular 

senescence which needs to be explored further beyond the scope of this thesis. Furthermore, our 

findings suggest that c-JUN regulates the immune response during prostate tumorigenesis. In 

summary, we propose that c-JUN is a tumor-suppressor of PCa and fulfills this role by regulation 

of multiple tumorigenesis related pathways. 
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Zusammenfassung 
Das Prostatakarzinom (PCa) ist die zweithäufigste Krebsart bei Männern und die fünft-häufigste 

krebsbedingte Todesart. Früherkennungstests sollten diesem Problem der öffentlichen Gesundheit 

entgegenwirken. Der Bluttest für das prostata-spezifische Antigen (PSA) wird routinemäßig bei 

Vorsorgeuntersuchungen von gesunden Männern eingesetzt. Da aber erhöhte PSA Werte auch bei 

Infekten und benignen Tumoren gemessen werden können, führt der PSA Test in vielen Fällen zu 

einer falsch positiven Diagnose und darauffolgend zu unnötigen Behandlungen. Dieses Problem 

verdeutlich, dass die Erforschung neuer PCa Biomarker nötig ist, um PCa Diagnosis zu verbessern. 

Obwohl die Familie der AP-1 Transkriptionsfaktoren durch ihre Hochregulierung in 

unterschiedlichen Krebserkrankungen häufig als Onkogene bezeichnet wurden, haben in 

vergangenen Jahren Studien zunehmend AP-1 Transkriptionsfaktoren auch mit tumorsuppressiven 

Eigenschaften in Verbindung gebracht. Zum Beispiel wurde JUNB als Tumorsuppressor in 

Prostatakrebs identifiziert. Durch Auswertung von öffentlich-zugänglichen RNA-seq Datensätzen 

konnten wir ebenfalls für c-JUN eine Korrelation zwischen niedriger mRNA Expression und 

verschlechterter Prognosis von humanen Patienten feststellen. Historisch wurde c-JUN primär als 

Proto-Onkogen klassifiziert und derartige Regulative Eigenschaften auf Prostatakrebsentwicklung 

wurden bisher noch nicht beschrieben. In dieser Arbeit möchten wir die Mechanismen behandeln 

durch die c-JUN diese Regulation bewirkt. 

Um den Einfluss von c-Jun auf Prostatakrebsentwicklung zu testen, kreuzten wir einen Mausstamm 

mit gefloxtem c-Jun Allel mit einem Pten defizienten (KO) Prostatakrebsmausmodell. 

Pten/c-Jun KO-Mäuse zeigten verglichen mit regulären Pten KO-Mäusen signifikant vergrößerte 

Prostatatumore und eine signifikant verkürzte durchschnittliche Lebensspanne. Diese Ergebnisse 

lassen drauf schließen, dass c-Jun sich in murinem PCa als Tumorsuppressor verhält. Außerdem 

deutet erhöhte c-Jun Expression in Pten KO-Mäusen verglichen mit Wildtypmäusen auf eine 

erhöhte Aktivierung von c-Jun in Prostatatumoren hin. Unsere Experimente konnten eine 

Regulation von traditioneller Caspase 3 vermittelter Apoptose durch c-JUN ausschließen. Wir 

beobachteten eine milde Deregulation von Seneszenz in Pten/c-Jun KO-Mäusen, dieser regulative 

Effekt muss aber noch weiter untersucht werden. Zusätzlich konnten wir einen regulativen Effekt 

von c-JUN auf die Krebs-Immunantwort feststellen. Wir möchten hiermit c-JUN als Prostatakrebs 

Tumorsuppressor vorstellen, der fähig ist eine Vielzahl von Krebssignalwegen zu regulieren. 
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1 Introduction 

1.1 Prostate Cancer 
Prostate cancer (PCa) is the second most common cancer and fifth leading cause of cancer related 

deaths in men (Ferlay et al. 2015). PCa incidence rates have gradually increased over the past 

decades (Rawla 2019). This incidence rate increase is partially explained by an increase in 

population age and environmental factors such as diet and UV radiation (Wong et al. 2016). PCa 

risk starts to rise drastically in the mid-fifties and peaks between 70 and 74 years of age (Ferrís-I-

Tortajada et al. 2011). Further environmental factors which have been linked to PCa development 

include smoking, infectious diseases and exposure to herbicides or pesticides. Due to modern 

screening methods, more PCa cases are detected raising the incidence rate especially in Western 

countries (Ferlay et al. 2015). These methods include screening for prostate specific antigen (PSA) 

in healthy men which is common practice for early detection of PCa (Ilic et al. 2013; Gann 2002). 

However, elevated blood PSA levels can also be induced by urogenital infections and benign 

tumors. This includes indolent PCa which is characterized by slow tumor growth and results in a 

lifelong asymptomatic disease (Esserman et al. 2014). Indolent PCa has been observed in 50 % of 

elderly men. This oversensitivity of PSA often leads to overdiagnosis and unnecessary cancer 

treatment in patients who would never develop symptomatic disease. Previously used diagnostic 

tools such as PSA screening are nowadays gradually supplemented with modern imagining 

techniques and testing of newly discovered molecular biomarkers (Litwin and Tan 2017).  

1.1.1 Prostate cancer development 

Most PCa initiate with the histological phenotype prostatic intraepithelial neoplasia (PIN) 

(Figure I1) (Shen and Abate-Shen 2010). This phenotype is characterized by intraluminal 

hyperplasia of epithelial cells, nuclear enlargement, nuclear atypia and reduction of basal cells. 

Progression to PCa is associated with the absence of basal cells. The most common type of PCa 

with over 95 % of cases being reported is adenocarcinoma. With a prevalence of 0.5 % to 2 % of 

cases, the neuroendocrine small-cell prostate carcinoma (SCPC) is the second most common type 

of PCa (Hoof et al. 2016). SCPC is a rare but clinically aggressive form of PCa with ~75 % of 

diagnosed patients suffering from advanced stages of the disease. Prostate adenocarcinoma is 

generally multifocal which means that multiple independent transformation events happen and lead 

to genetically different foci throughout the prostate (Shen and Abate-Shen 2010).  
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In many cases, these foci only lead to latent asymptomatic adenocarcinoma (Jahn, Giovannucci, 

and Stampfer 2015; Yatani et al. 1989). Latent adenocarcinoma which never develops into 

symptomatic disease is called indolent PCa (Shen and Abate-Shen 2010). However, both latent and 

clinical adenocarcinoma are characterized by disruption of the basal lamina and distinguishing 

latent disease from early stage clinical PCa is difficult on a histological basis (Figure I1) (Hegarty 

and Hegarty 2013; Shen and Abate-Shen 2010). Cribriform (sieve-like) glands are characteristic 

for adenocarcinoma and late stage prostate cancer is often accompanied by a cribriform pattern 

which resembles renal glomeruli (Figure I2) (Kryvenko and Epstein 2016; Epstein 2018; Parker et 

al. 2015). Furthermore, clinical adenocarcinoma can be accompanied by an intraluminal necrosis 

called comedonecrosis (Madan et al. 2019). Adenocarcinoma progresses into metastatic prostate 

cancer after dissemination of cancer cells into distant organs (Figure I1) (Gandaglia et al. 2014; 

Shen and Abate-Shen 2010). In metastatic prostate cancer cribriform glands are increasingly 

replaced by undefinable tissue sheets, single cells or cell cords (Figure I2) (Kryvenko and Epstein 

2016; Epstein 2018; Gandaglia et al. 2014). The most common site for metastasis is bone marrow, 

found in over 80 % metastatic PCa patients. Around 20 % of PCa patients who undergo clinical 

treatment will develop a more aggressive PCa subtype called castration-resistant prostate cancer 

(CRPC) within 5 years and over 80 % of these patients will progress to metastatic CRPC (mCRPC) 

(Crawford, Petrylak, and Sartor 2017; Albala 2017). 

 

 

Figure I1. Overview on histological prostate cancer progression. Histological progression of normal prostate epithelium 

into invasive prostate cancer. Normal epithelium progresses to prostatic intraepithelial neoplasia (PIN) which is histologically 

indistinguishable from adenoma. A progressive loss of basal cells leads to invasive adenocarcinoma. Clinical adenocarcinoma 

is characterized by aggressive growth but early clinical stages are difficult to distinguish from latent disease. Prostate cancer 

cells disseminate into bone marrow, distant lymph nodes, liver or thorax and form metastasis. Image adapted from 

(Shen and Abate-Shen 2010). 
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1.1.2 Prostate cancer diagnostic tools 

For early detection of PCa, the most 

frequently used methods are PSA screening, 

digital rectal examination (DRE) and prostate 

biopsy (Philip et al. 2005; George 2010). 

Mandatory for comprehensive diagnosis and 

risk assessment is the classification of PCa by 

histological analysis of tumor biopsies and 

prostatectomy (Kryvenko and Epstein 2016). 

In 1966 Donald Gleason described a scoring 

system allowing for comprehensive 

histological assessment of prostate sections 

(Gleason 1966). This Gleason score system 

was gradually improved over time and is still 

used for prostate diagnostics nowadays 

(Epstein 2018). A certain Gleason score is 

calculated by assessing two histological 

patterns within a prostate section and 

combining the values of the patterns (Figure 

I2) (Kryvenko and Epstein 2016; Epstein 

2018). 

 

 

1.1.3 Hereditary risk factors and frequently mutated genes 

Hereditary factors play an important role in prostate cancer risk (Bratt et al. 2016). The relative 

risk is increased by two- to five-fold when close relatives are diagnosed with PCa. Germline 

mutations in DNA damage repair (DDR) genes such as BRCA2 were identified previously as 

hereditary risk factors for PCa, which also links increased hereditary PCa risk to hereditary breast 

and ovarian cancer (Pilié et al. 2017). However, BRCA2 mutations only explain less than 10 % of 

hereditary PCa cases and the full extent of PCa inheritance has yet to be explored (Guy et al. 2009). 

  

Figure I2. Classification of histological architecture into five 

Gleason patterns. WHO revised guidance diagram for Gleason 

scoring as of 2016 adapted from (Epstein 2018). Gleason patterns 1 

and 2 are characterized by various shaped hyperplastic glands which 

are indistinguishable from benign adenoma. Gleason pattern 3 

features large often misshaped glands with hyperplastic cells and 

well-circumscribed cribriform glands. Gleason pattern 4 is defined 

by cribriform glands which often resemble renal glomeruli Gleason 

pattern 5 features large masses of cribriform glands, undefinable 

tissue sheets, single cells or cords of cells and is often accompanied 

with intraluminal comedonecrosis. 
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The most frequent somatic mutations found in 

prostate adenocarcinoma include TP53, 

FOXA1, SPOP, PTEN and KMT2C (Figure I3) 

(Abida et al. 2019; Nguyen et al. 2020). The 

phosphatase and tensin homolog (PTEN) has 

been describes as an important suppressor of 

prostate tumorigenesis (S. Wang et al. 2003). 

PTEN is directly counteracting the signaling 

pathway of phosphoinositide-3-kinase (PI3K) 

and protein kinase B (AKT) (Carnero and 

Paramio 2014; Switlyk et al. 2019). The 

PI3K-AKT pathway promotes proliferation 

and survival of cells and acts downstream of 

receptor tyrosine kinases (RTK) which are 

activated by growth factors. PTEN is a 

phosphatase which dephosphorylates 

phosphatidylinositol-3,4,5-triphosphatase 

(PIP3) activated by PI3K. Inhibition of PTEN 

leads to constitutively activated PI3K-AKT 

signaling which increases proliferation and thus 

favors tumorigenesis. 

The most frequent somatic mutations found 

mCRPC include TP53, TTN, MUC16, AR and 

SYNE1 (Figure I3) (Abida et al. 2019; Nguyen 

et al. 2020). Enabling mutations in the androgen 

receptor (AR) are observed more frequently in 

mCRPC than in prostate adenocarcinoma 

(Gaddipati et al. 1994). Androgen receptor 

(AR) signaling takes up a key role in prostate 

cell growth and differentiation by enabling 

cellular response to steroid hormones such as 

testosterone (Tan et al. 2015). AR is an 

Figure I4. PI3K-AKT signaling pathway. Simplified 

scheme of the PI3K-AKT signaling pathway. Adapted from 

(Switlyk et al. 2019). Phosphoinositide-3-kinase (PI3K) is 

activated through receptor tyrosine kinases which are 

activated by their ligand growth factors. PI3K phosphorylates 

phosphatidylinositol-4,5-bisphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphatase (PIP3) which then 

activates kinase B (AKT). AKT then activates mTOR, a 

regulator for proliferation, survival and angiogenesis. 

Figure I3. Frequently mutated genes in prostate cancer. 

Analysis on publicly available RNA-seq data of top 10 frequently 

mutated genes in prostate adenocarcinoma (Nguyen et al. 2020) 

and metastatic castration-resistant prostate cancer 

(Abida et al. 2019). Data was acquired from cBioPortal at 

“www.cbioportal.org”. 
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intracellular androgen receptor and ligand binding results in translocation to the nucleus where it 

forms a transcription factor complex. This complex then activates target genes of androgen 

signaling such as PSA, TMPRSS2 and other genes stimulating growth and survival. AR signaling 

is not only essential for growth and survival of homeostatic prostate cells but also for PCa cells 

(Fujita and Nonomura 2019). Anti-AR drugs utilize this dependence by targeting the receptor 

ligand binding domain of the AR and block interaction with testosterone. In 80 % of patients 

anti-AR drug treatment leads to a reduction of tumor burden but the majority of patients suffer 

from refraction when tumor cell growth becomes independent from androgen signaling (Gaddipati 

et al. 1994). Somatic mutations in the AR gene have been described to promote progression to 

CRPC by enabling androgen independent signaling of AR. Other frequently mutated genes in PCa 

include the tumor-suppressor ERK and the proto-oncogenes MYC and RAS (Dong 2006; Taylor et 

al. 2010). 

1.1.4 Models in prostate cancer research 

Human cell lines are the most frequently used in-vitro models for PCa research (Cunningham and 

You 2015). These cell lines are either derived from tumorigenic origin such as primary tumors and 

metastases or from non-tumorigenic prostate epithelial cells. DU145, PC-3 and LNCaP are 

commonly used cell lines derived from metastatic cancer tissue. PC-3 is derived from a bone 

metastasis (Kaighn et al. 1979), DU145 originates from a brain metastasis (Stone et al. 1978) and 

the LNCaP line from a metastasized lymph node (Horoszewicz et al. 1980). Xenografts of human 

cell lines in immunodeficient mice are a popular model used to study the tumorigenic potential of 

PCa cells in an in-vivo setting (Lange et al. 2012). This combination of in-vitro and in-vivo model 

is used to research metastatic properties of PCa cells. For studying PCa in an in-vivo setting, 

transgenic mouse models are frequently in use (Xinyu Wu et al. 2013). Tumor-suppressor gene KO 

mouse models for PCa research include p53 (Vinall et al. 2012), Retinoblastoma (Rb) (Hill et al. 

2005) and Pten (Di Cristofano et al. 1998; S. Wang et al. 2003) deficient mouse models. The 

probasin (PB) Cre-loxP system is commonly used to achieve a prostate cell specific knockout (KO) 

of these tumor-suppressor genes (Xiantuo Wu et al. 2001). In this system, expression of the Cre 

recombinase is under control of the PB promoter specifically expressed in prostate epithelial cells 

of sexually mature animals. The murine Pten KO model is commonly used in PCa research (S. 

Wang et al. 2003). This model has high translational value as PTEN is frequently mutated in human 

PCa patients and the mouse model mimics human disease progression. 
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1.2 AP-1 transcription factors 
AP-1 are a family of dimeric transcription factor complexes formed by members of the subfamilies 

ATF, FOS, JUN and MAF (Eferl and Wagner 2003). Helical monomers of these families form 

homodimers or heterodimers resulting in an active transcription factor with leucine-zipper structure 

that directly bind DNA (Karin 1996). While ATF and JUN family members mainly form 

homodimers, FOS family members strictly form heterodimers (Kappelmann, Bosserhoff, and 

Kuphal 2014). AP-1 transcription factors show preferences in binding sites depending on the 

dimerization partners thereby allowing for a fine-tuning of transcriptional activity of AP-1 target 

genes (Van Dam and Castellazzi 2001). All of the AP-1 transcription factors share binding affinity 

for a common “AP-1 consensus sequence motif” (TGACTCA) (Ryseck and Bravo 2014). Another 

common binding motif is the CRE motif (TGACGTCA). The FOS family binds to a broad array 

of JUN family members and JUN-FOS heterodimers appear to have higher binding affinity than 

JUN homodimers. Functionally, AP-1 transcription factors are activators of gene expression and 

regulators of proliferation, apoptosis, differentiation and survival (Garces de Los Fayos Alonso et 

al. 2018). 

1.3 AP-1 transcription factor c-JUN 
c-JUN is a member of the JUN AP-1 family known for regulation of differentiation and cellular 

growth (Hess, Angel, and Schorpp-Kistner 2004). c-Jun is not required for in-vitro proliferation 

and differentiation in embryonic stem cells however, global loss of c-Jun is lethal during 

embryogenesis and appears to be essential for liver development (Hilberg et al. 1993). c-JUN 

fulfills a major role in proliferation of somatic hepatocytes through positive regulation of the cell 

cycle gene CCND1 which encodes cyclin D1 (Behrens et al. 2002). This protein activates the cyclin 

dependent kinases (CDK) 4 and 6 which stimulate cell cycle progression. Furthermore, c-JUN has 

been described to promote transcription of keratinocyte growth factor (KGF) and granulocyte and 

monocyte colony stimulating factor (GM-CSF) (Szabowski et al. 2000). c-JUN mediated increased 

expression of KGF, GM-CSF and insulin-like growth factor-1 (IGF-1) in prostate stroma cells have 

been reported to promote proliferation of prostate epithelial cells through paracrine signaling (W. 

Li et al. 2007). This regulative property was suggested to enhance formation of benign hyperplasia. 

c-Jun was reported to suppress transcriptional activity of the tumor-suppressor p53 in mouse 

fibroblast (Schreiber et al. 1999). This regulation results in sustained proliferation and attenuated 
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apoptosis. Furthermore, c-Jun was observed to suppress apoptotic cell death through suppression 

of the Fas death receptor (Ivanov, Krasilnikov, and Ronai 2002). 

The transcription factor function of c-JUN is regulated by the c-JUN N terminal kinase (JNK) 

which phosphorylates c-JUN at serine 63 and 73 (Shaulian 2010; L. Li, Feng, and Porter 2004). 

However, JNK has been reported to activate various other AP-1 transcription factors such as ATF-

2 or JUNB and furthermore non-AP-1 nuclear substrates such as MYC or ELK1 (Bubici and Papa 

2014; Zeke et al. 2016). There are three distinct JNKs including JNK1, 2 and 3. JNK3 is specifically 

expressed in brain, heart and testes while JNK1 and JNK2 are expressed in all tissues. JNK is a 

mitogen-activated protein kinase (MAPK) and participates in the MAPK signaling pathway 

(Figure I5) (H. F. Zhao, Wang, and To 2015). Receptors of the MAPK pathway include 

G-protein-coupled receptors 

(GPCR), receptor tyrosine kinases 

and cytokine receptors. These 

receptors are activated through a 

vast array of extracellular 

signaling molecules including 

growth factors and cytokines 

(Karin 1996; H. F. Zhao, Wang, 

and To 2015). Active MAPK 

signaling controls cellular events 

such as inflammation, 

differentiation, proliferation and 

apoptosis. Furthermore, JNK has 

been reported as a signaling 

molecule in response to cellular 

stress and JNK is often referred to 

as stress-activated protein kinase 

(SAPK) (Mehan et al. 2011). The 

JNK stress response is activated 

through replicative or genotoxic 

stressors and facilitates tumor-

Figure I5. MAPK pathway. Simplified scheme of the MAPK pathway 

involved in the activation of c-JUN. Adapted from (H. F. Zhao, Wang, and To 

2015). Mitogen activated protein kinase (MAPK) pathway stimuli are ligands of 

G-protein-coupled receptors (GPCR), RTKs or cytokine receptors but they can 

also be stressors which are detected by cell internal sensors. The signal is 

transduced from the activated receptors to the MAPK cascade through 

G-proteins. The MAPK signaling cascade consist of multiple levels of kinases 

and their activating paramount kinases. c-JUN N-terminal kinase (JNK) is the 

primary activating kinase of c-JUN and phosphorylates c-JUN at Ser-63 and 

Ser-73. Phosphorylation greatly enhances the transcription factor activity of 

c-JUN. 
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suppressive effects such as apoptosis (Potapova et al. 2000; H. F. Zhao, Wang, and To 2015). c-

JUN has been reported to participate in regulating this tumor-suppressive effect. 

1.3.1 c-JUN in cancer 

c-JUN was originally believed to exclusively act as an oncogene as c-JUN´s basic function includes 

promoting cell proliferation and overexpression of c-JUN was found in multiple cancers (Eferl and 

Wagner 2003; Shaulian 2010). This was also promoted by the fact that c-JUN was first discovered 

as a homolog to the viral v-Jun oncogene. In growth factor independent breast cancer cells, c-JUN 

and the FOS family member FRA-1 promote cell invasiveness and as a result metastatic behavior 

(C. Zhao et al. 2014). c-JUN-FRA-1 dimers are suspected to reduce levels of the cell adhesion 

protein E-cadherin and to promote epithelial to mesenchymal transition (EMT) by transcriptional 

activation of the E-cadherin repressor gene ZEB2. In an intestinal cancer mouse model at late 

disease stages c-Jun was suggested to beneficially interact with the pro-proliferative Wnt/β-catenin 

signaling pathway by forming ternary complex with β-catenin and the transcription factor Tcf4 

(Nateri, Spencer-Dene, and Behrens 2005; Hasselblatt et al. 2008). Furthermore, c-JUN was 

observed to act as a major anti-apoptotic factor in liver cancer through suppression of 

transcriptional activity of p53 (Eferl et al. 2003). 

However, recent findings suggest a more ambiguous role of c-JUN in tumorigenesis as it was 

suggested to act as a tumor-suppressor in certain cases (Shaulian 2010). In a human breast cancer 

cell line genotoxic stress induced by chemical agents resulted in increased binding of c-JUN to 

DNA repair genes (Hayakawa et al. 2004). Similarly, the c-JUN activating kinase JNK has been 

described as a promotor of the DNA damage response (Picco and Pagès 2013). Experiments on 

human and murine cell lines indicate that JNK signaling promotes apoptosis of UV irradiated cells 

(Shaulian et al. 2000; Le, Connors, and Maroney 2001; Fan et al. 2001). Stress induced JNK 

signaling appears to predominantly act tumor-suppressive. 

In a murine Pten/Jnk KO mouse model it was shown that Jnk deficiency would lead to increased 

invasiveness of PCa which, drastically reduced the survival of Pten/Jnk double KO mice (Hübner 

et al. 2012). JNK also activates ATF family members and other JUN members such as JUNB or 

JUND and therefore the tumor-suppressive properties of JNK can also be linked to these AP-1 

transcription factors (Gazon et al. 2018). In previous studies JunB was suggested to act as a 

tumor-suppressor for PCa and JunB deficiency led to increased invasiveness of prostate epithelial 

cells (Thomsen et al. 2015). How Jnk activated c-Jun influences PCa tumorigenesis has yet to be 
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fully explored. However, in neuronal cells the phosphorylation of c-Jun has been described to be 

of significant importance for stress induced apoptosis mediated by Jnk, which directly links the 

tumor-suppressive properties of JNK to c-JUN (Behrens, Sibilia, and Wagner 1999; Davies and 

Tournier 2012). 

Another role of c-JUN in PCa tumorigenesis appears to be the modulation of AR signaling (Hsu 

and Hu 2013). Comparable to healthy cells, PCa cells in early non-CRPC stages of tumorigenesis 

rely on the growth promoting signaling of the AR. c-Jun was shown to compete with AR at the 

promotor region of target genes therefore reducing transcriptional activity. However, the influence 

of c-Jun on AR signaling remains controversial because c-Jun has additionally been identified as a 

coactivator of AR (Bubulya et al. 2001; Cai, Hsieh, and Shemshedini 2007). In summary, there are 

several open questions challenging the importance of c-JUN in prostate tumorigenesis. 

1.4 Hallmarks of cancer 
The term “hallmarks of cancer” was introduced to describe essential characteristics of most cancers 

to breach natural anti-tumorigenic barriers thereby ensuring malignant growth and tumor 

progression (Hanahan and Weinberg 2000). The original hallmarks of cancer consisted of six 

categories including evasion of apoptosis, self-sufficiency in growth signaling, insensitivity toward 

anti-growth signaling, angiogenesis induction, invasion and metastasis and enabling replicative 

immortality. New insights into 

the immunology of cancer 

prompted the update of the 

original hallmarks with four 

more hallmarks including 

avoidance of immune 

destruction, pro-tumorigenic 

inflammation, genome 

instability and deregulation of 

cellular metabolisms (Figure 

I6) (Hanahan and Weinberg 

2011). 

Hyperproliferation is an 

important characteristic of most 

Figure I6. Overview on the next generation Hallmarks of Cancer. Image shows 

cancer hallmarks which promote tumor development and gives an overview on 

therapeutically used drugs targeting the hallmarks. Image was adapted from 

(Hanahan and Weinberg 2011). 
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cancer cells and this is mostly achieved by the hallmarks of sustained proliferation and avoidance 

of growth suppressors (Figure I6) (Hanahan and Weinberg 2011). Proliferation is characterized by 

fluctuating activity of cell cycle regulators throughout cell cycle phases (Vermeulen, Van 

Bockstaele, and Berneman 2003; Barnum and O’Connell 2014). CDKs promote cell cycle 

progression and negative regulators of these checkpoints are cyclin dependent kinase inhibitors 

(CKI) and their upstream activators which includes p21 activated by p53. Disabling mutations in 

these tumor-suppressor genes are essential for sustained proliferation in cancer cells. Furthermore, 

sustained proliferation is achieved in tumorigenesis by enabling mutations in pro-proliferative 

pathways and paracrine or autocrine stimulation through growth factors such as tumor necrosis 

factor-α (TNF-α) (Aaronson 1991; Bast et al. 1993; Oberholzer et al. 2012). c-JUN is linked to the 

hallmark of sustained proliferative signaling as a downstream signaling molecule of growth factors 

(H. F. Zhao, Wang, and To 2015). For example, c-JUN activity was reported to promote sustained 

proliferative signaling in liver and breast cancer (Hui et al. 2007; Vleugel et al. 2006). 

Closely related to the proliferation hallmark is the hallmark of evading growth suppressors 

(Figure I6) (Hanahan and Weinberg 2011). This includes evasion of senescence which is described 

as an irreversible cell cycle arrest (Shay and Wright 2000; Hayflick and Moorhead 1961). It was 

first discovered in association with aging of cells by Hayflick & Moorhead who identified a natural 

limit of cell divisions. Senescence requires a robust cell cycle arrest through continuous signaling 

of cell cycle inhibitors such as CKIs (Gorgoulis et al. 2019). Therefore, the cell cycle exit of 

senescent cells is distinctively different from that of quiescent G0 phase cells. External signaling 

molecules, mutations in tumor-suppressor genes and chemically or physically induced DNA 

damage are triggers of senescence (Figure I7) (Muñoz-Espín and Serrano 2014). Tumor cells 

ultimately need to avoid senescence to ensure sustained growth (S. Lee and Schmitt 2019). 

However, senescence has been reported to promote tumorigenesis by establishing a favorable 

tumor microenvironment through the senescence-associated secretory phenotype (SASP) 

(Schosserer, Grillari, and Breitenbach 2017). Senescent cells which adopt this phenotype release 

molecules which attract pro-inflammatory immune cells and induce senescence in a paracrine and 

autocrine manner. Furthermore, senescence is known to protect cells from apoptotic cell death 

(Gorgoulis et al. 2019; Sagiv et al. 2013). c-Jun was previously described as a suppressor of 

p53-p21 mediated senescence in mouse fibroblasts (Shaulian et al. 2000; Wada et al. 2004). This 

senescence suppression was suggested to promote the apoptotic clearance of UV-damaged cells. 
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Therefor c-JUN is linked to regulation of the cancer hallmark of resisting cell death (Figure I6) 

(Hanahan and Weinberg 2011).  

Apoptosis describes the regulated non-inflammatory death of cells and is the primary mechanism 

to maintain a population of homeostatic cells by eliminating dysfunctional cells (Elmore 2007). 

The extrinsic and intrinsic pathways are the two major modes for activation of apoptosis and they 

utilize distinct initiator caspases but lead to a conjoint executioner caspase pathway. The extrinsic 

pathway requires activity of membrane bound death receptors such as Fas (Budihardjo et al. 1999). 

Cell internal apoptotic stimuli are recognized by tumor-suppressors such as p53 (Elmore 2007; 

Zimmermann and Green 2001; Kasibhatla and Tseng 2003). Accumulation of mutations in cell 

death receptor genes and intrinsic effectors has been reported to enable the cancer hallmark of 

resisting cell death (Takayama et al. 2002). 

 

  

Figure I7. Senescence pathways. Overview on known molecular mechanisms that lead to cellular senescence 

(Muñoz-Espín and Serrano 2014). Senescence is driven by a multitude of triggers such as reactive oxygen species (ROS), 

extracellular signaling molecules and a vast array of oncogenic stressors including DNA damage, telomere loss, loss of tumor-

suppressors, cell fusion or polyploidy. Oncogenic stressors usually lead to the activation of the DNA damage response (DDR). 

Cells which are activated through paracrine signaling molecules of the senescence associated secretory phenotype (SASP) use 

a distinct mechanism to mediate senescence. All pathways utilize cell cycle inhibitors and tumor-suppressors such as p53, p16, 

p21, p27 or p15 to inhibit the activity of cyclin dependent kinases (CDK). This releases the master mediator of senescence 

retinoblastoma (RB). 
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1.5 Aim of the thesis 
In this project we addressed c-JUNs ambiguous role in cancer regulation and we aimed to determine 

whether c-JUN acts as a tumor-suppressor or an oncogene in PCa. To address this question, we 

analyzed publicly available RNA-seq datasets of human patients and performed survival 

experiments in a c-Jun deficient PCa mouse model. We used immunochemistry and Real time 

quantitative PCR to unveil putative regulatory effects of c-Jun on cancer hallmarks. Furthermore, 

we performed next generation sequencing for transcriptomic analysis of the c-Jun deficient PCa 

mouse model. 

2 Material and Methods 

2.1 Ethics statement 
All animal experiments were conducted according to the Austrian Animal Testing Law 

(BGBl. I No. 114/2012) and approved by the Austrian Federal Ministry of Education, Science and 

Research under the licenses “BMWFW-66.009/0144-WF/II/3b/2014”, “BMWFW-66.009/0137-

WF/V/3b/2017” and the amendment “BMBFW-66.009/0359- V/3b/2019”. 

 

Experiments on histological sections of human PCa patients were approved by the Ethics 

Committee of the Medical University of Vienna under the application number 

“EK No.: 1877/2016 Version 5”. 

2.2 Work with animals 

2.2.1 Prostate cancer mouse model 

To establish the mouse model used for this study, we crossbred a Pten knockout (KO) prostate 

cancer mouse strain (Birbach et al. 2011) with a c-Jun-floxed mouse strain (Behrens et al. 2002) 

(Figure M1B). The Pten KO mouse strain was originally established (Birbach et al. 2011) by 

crossing PtenEx4/Ex5-floxed mice (Suzuki et al. 2001) and heterozygous transgenic Probasin (PB)-

Cre4 mice (Xiantuo Wu et al. 2001) (Figure M1A). PB-Cre4 transgenic mice express the Cre4 

recombinase under the PB promotor. PB expression is restricted to prostate epithelial cells of 

sexually mature mice allowing prostate specific KO of floxed genes (Xiantuo Wu et al. 2001). 
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Inheritance of PB-Cre4 through the maternal line could lead to unexpected recombination events 

and therefore only PB-Cre4tg/+ males were used for breeding (A. J. Song and Palmiter 2018) (Figure 

M1A-M1B) (see table below for genotypes used for breeding and experiments). To minimalize 

tumor burden on breeding animals, only heterozygous PtenΔ/+ males were used for breeding. The 

generated groups of experimental genotypes included all possible genotypes: PB-Cre4+/+ animals 

(Control), expressing no PB-Cre4 and therefore expected to display a wild type phenotype; 

PB-Cre4tg/+;c-Junfl/fl animals (c-JunΔ/Δ); PB-Cre4tg/+;Ptenfl/fl animals (PtenΔ/Δ); 

PB-Cre4tg/+;Ptenfl/fl;c-Junfl/fl animals (PtenΔ/Δ;c-JunΔ/Δ) (Figure M1C). 

Genotypes may also be referred to as c-Jun KO for c-JunΔ/Δ, Pten KO for PtenΔ/Δ and Pten;c-Jun 

KO for PtenΔ/Δ;c-JunΔ/Δ. The breeding strategy also resulted in heterozygous variations of the Pten 

and c-Jun KO, but no heterozygous animals were used for experiments. For identification and 

genotyping of animals an ear-punching method was used at the age between two to three weeks. 

Skin removed by punching was used for genotyping of the animals and tail tissue was used to re-

genotype after sacrificing the animals. 

 

 

Figure M1. Mouse model to investigate effects of c-Jun deficiency in PCa. Breeding scheme leading to the four genotypes 

of interest used in the project. The PB-Cre4 was exclusively inherited paternally. (A) First breeding step to generate Pten KO 

mice from Pten floxed mice and Probasin Cre-recombinase 4 (PB-Cre4) transgenic mice (Birbach et al. 2011). (B) Second 

breeding step of c-Jun floxed mice with Pten KO mice that led to generation of the Pten/c-Jun KO mouse model. (C) The four 

genotypes of interest used in experiments included Control mice with wild type phenotype, Pten/c-Jun KO mice, Pten KO 

mice and c-Jun KO mice. 
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List of breeding genotypes and genotypes of offspring 
♀ breeding genotypes ♂ breeding genotypes Offspring genotypes (♀/♂)* 

PB-Cre4+/+;Ptenfl/fl;c-Jun+/+ PB-Cre4tg/+;Ptenfl/+;c-Jun+/+ PB-Cre4tg/+;Ptenfl/fl;c-Jun+/+ (PtenΔ/Δ) 
PB-Cre4+/+;Pten+/+;c-Junfl/fl PB-Cre4tg/+;Pten+/+;c-Junfl/fl PB-Cre4tg/+;Pten+/+;c-Junfl/fl (c-JunΔ/Δ) 
PB-Cre4+/+;Ptenfl/fl;c-Junfl/fl PB-Cre4tg/+;Ptenfl/+;c-Junfl/fl PB-Cre4tg/+;Ptenfl/fl;c-Junfl/fl (PtenΔ/Δ;c-JunΔ/Δ) 
  PB-Cre4tg/+;Ptenfl/+;c-Jun+/+ (breeding only) 
  PB-Cre4tg/+;Ptenfl/+;c-Junfl/fl (breeding only) 
  PB-Cre4+/+;Ptenfl/fl;c-Jun+/+ (Control) 
  PB-Cre4+/+;Pten+/+;c-Junfl/fl (Control) 
  PB-Cre4+/+;Ptenfl/fl;c-Junfl/fl (Control) 
  PB-Cre4+/+;Ptenfl/+;c-Jun+/+ (Control) 
  PB-Cre4+/+;Ptenfl/+;c-Junfl/fl  (Control) 
*use of male genotypes in “()”. Female PB-Cre4tg/+ offspring was not used for breeding. 

2.2.2 Sacrificing animals and processing mouse tissue 

Male experimental animals were sacrificed at 19 weeks of age by cervical dislocation. Samples 

taken for formalin fixing and paraffin embedding (FFPE samples) included prostate, lymph nodes, 

liver, spleen, kidney, heart, lung, brain and femur. Samples were fixed overnight in 

4 % formaldehyde in PBS solution (100496; Merck, DE) at 4 °C. Fixed samples were transferred 

into 70% ethanol (EtOH) (Pharmacy VetMed) and stored at 4 °C for up to 48 h until the dehydration 

procedure. Femur samples were decalcified in 8 % EDTA solution (A1104; AppliChem, DE) for 

about 1 week at room temperature (RT) before transfer into 70 % EtOH. The automated device 

Tissue-Tek VIP 6 AI (6042; Sakura Finetek, JP) was used to dehydrate samples. Dehydrated 

samples were paraffin embedded as blocks by the VetMed Pathology Histology Team. FFPE 

samples were used for experiments involving immunohistochemistry and hematoxylin and eosin 

(H&E) staining. For DNA and protein techniques, prostate, liver and spleen samples were snap-

frozen in liquid nitrogen and stored at -80°C. For RNA isolation, prostate samples were treated 

with RNAlater Stabilization Solution (AM7020; Thermo Fisher Scientific, USA) overnight at 4 

°C. Samples were washed in Dulbecco's phosphate-buffered saline (DPBS) (14190250; Thermo 

Fisher Scientific) and transferred into a fresh reaction tube. Finally, samples were snap-frozen in 

liquid nitrogen and stored at -80 °C. 
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2.3 Work with human cell lines 

2.3.1 Cell line maintenance 

Expansion and splitting 

HEK239 FT (DuBridge et al. 1987), DU145 (Stone et al. 1978) and PC-3 (Kaighn et al. 1979) cell 

lines were used for experiments. HEK239 FT cells were cultivated in Dulbecco's Modified Eagle 

Medium (DMEM) (21969-035; Thermo Fisher Scientific) supplemented with 10 % Fetal Bovine 

Serum (FBS) (10500-064; Thermo Fisher Scientific), 1 U/ml of Penicillin-Streptomycin solution 

(15140122; Thermo Fisher Scientific) and 2 mM L-Glutamine (25030024; Thermo Fisher 

Scientific). PC-3 and DU145 cells were cultivated in Roswell Park Memorial Institute (RPMI) 

(31870-025; Thermo Fisher Scientific) medium supplemented with 10 % FBS, 1 U/ml of 

Penicillin-Streptomycin solution, 2 mM L-Glutamine and 2.5 mM HEPES (15630080; Thermo 

Fisher Scientific). Cells were split at a ratio of 1:3 to 1:10 after reaching >80 % confluency. Cells 

were detached from culture dishes using Trypsin-EDTA phenol red solution (25300054; Thermo 

Fisher Scientific) and the reaction was stopped using FBS containing media. 

Freezing of cells 

To freeze cells, dishes/flasks were trypsinized and cells were pelleted at 1200 × g at RT. After 

removing the supernatant, cells were resuspended in medium supplemented with 10% dimethyl 

sulfoxide (DMSO) (15303671; Thermo Fisher Scientific). 1 ml suspension was transferred into a 

cryo tube and frozen at -80°C using a CoolCell cell freezing container 

(210005; Biozym Biotech Trading, DE). 

Harvesting of cell pellets 

To harvest cell pellets dishes/flasks were trypsinized, pelleted at 1200 × g at RT, resuspended in 

DPBS, transferred into 1.5 ml reagent tubes and re-pelleted at 1200 × g at RT. After fully removing 

the supernatant via pipetting cell pellets were snap-frozen in liquid nitrogen and stored at -80°C 

until further use. 

Cell counting 

For experiments requiring the measurement of total cell counts in cell suspensions a LUNA-II 

Automated Cell Counter device (L40001; Logos Biosystems, KOR) and LUNA Cell Counting 

Slides (L12001; Logos Biosystems) were used. Cell suspension was mixed 1:1 with 0.4% Trypan 

Blue Stain (T13001; Logos Biosystems) to measure the cell viability ratio and calculate the live 

cell fraction. 
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2.3.2 Transfection of HEK239 FT cells 

HEK293 FT cells were transfected with lentiCRISPR v2-sgRNA vectors which were cloned with 

the sgRNAs Guide 1 (G1), Guide 12 (G12) and Guide 14 (G14). As control, HEK293 FT cells 

were transfected with lentiCRISPRv2 empty vector (eV). To assess transfection efficiency by 

fluorescence microscopy, HEK293 cells were transfected with pLKO.1 CMV GFP vector which 

was kindly provided by Michael Kothmayer (Figure M2). The vector was constructed from the 

pLKO.1 puro vector which was a gift from Bob Weinberg (Addgene plasmid # 8453 ; 

http://n2t.net/addgene:8453 ; RRID:Addgene_8453) (Stewart et al. 2003). For each transfection 

7.5 µl of Lipofectamine 2000 (11668030; Thermo Fisher Scientific) was mixed with 150 µl of 

Opti-MEM (31985062; Thermo Fisher Scientific) by flicking the tube and incubated at RT for 5 

min. 0.5 µg of GFP plasmid or 2 µg of lentiCRISPR v2 plasmid was mixed with 150 µl of 

Opti-MEM.  

Plasmid and lipofectamine solution were mixed and incubated at RT for 25 min. For each 

transfection 1 ml of Penicillin-Streptomycin-free DMEM medium was pipetted into a well of a 6-

well plate. Lipofectamine-plasmid mix was added dropwise to the well. 1 ml of HEK239 FT cell 

suspension in Penicillin-Streptomycin-free DMEM with a concentration of 1.5 × 106 cells/ml was 

added to each well. After overnight incubation at 37 °C medium was exchanged with DMEM 

containing 1 U/ml of Penicillin-Streptomycin. 

 

 

2.3.2.1 Transfection for lentivirus production 

Lentivirus for transduction was produced in HEK239 FT cells. 36 µl of Lipofectamine 2000 was 

mixed with 1.5 ml of Opti-MEM and incubated at RT for 5 min. In a second reaction tube 4.6 µg 

of psPAX2, 2.8 µg of pMD2.G (lentiviral packaging plasmids) and 7.5 µg of GFP plasmid or 

Figure M2. Schematic image of pLKO.1 CMV GFP. This image shows all major components of the pLKO.1 vector (Stewart 

et al. 2003). The cytomegalovirus (CMV) promoter region and the sequence which encodes green fluorescent protein (GFP) 

was inserted into this vector (Michael Kothmayer). The vector is flanked by long terminal repeats (LTR). The vector contains 

target sites for the restriction enzymes AgeI, SalI and EcoRI. Puromycin resistance gene (Puro) is encoded by the vector. The 

vector contains the U6 promoter region. The vector also contains psi packaging signal (psi+) and HIV-1 Rev response element 

(RRE). An Ampicillin resistance gene for selection in bacteria is also part of the vector to but not shown in this scheme. 
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lentiCRISPRv2 containing the sgRNA was mixed with 1.5 ml of Opti-MEM. Both solutions were 

mixed and incubated at RT for 25 min. The psPAX2 and pMD2.G vectors were gifts from Didier 

Trono (Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260) 

(Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 ; RRID:Addgene_12259) (unpublished) 

(Figure M3). HEK239 FT cells were trypsinized and diluted to a concentration of 1.2 × 106 cells/ml. 

1 ml of Penicillin-Streptomycin free DMEM medium was pipetted into a well of a 10 cm ø dish 

and 3 ml of Lipofectamine-plasmid mix was added dropwise. 5 ml of HEK239 FT cell suspension 

were added, followed by overnight incubation at 37 °C. On day one after transfection medium was 

exchanged for regular DMEM medium containing antibiotics. Day three after transfection 

lentivirus was harvested by transferring medium supernatant into a 15 ml reaction tube and 

centrifuging cell debris at 5000 rpm for 15 min at RT. 

 

Supernatant was transferred into a fresh 15 ml reaction tube and 2.5 ml of PEG solution from the 

PEG virus precipitation Kit (K904-50; BioVision, USA) were mixed with the supernatant by 

inverting. After overnight incubation at 4 °C the solution was centrifuged at 3200 × g for 30 minutes 

to precipitate the viral particles. Supernatant was removed and the pellet was resuspended in 400 µl 

of resuspension buffer, 30 µl-aliquoted and stored at -80 °C until used for transduction. 

2.3.3 Transduction of PCa cell lines 

For transduction PC-3 and DU145 cells were trypsinized and diluted to a concentration of 

2.5 × 105 cells/ml. Per ml cell suspension 10 µg of polybrene (107689-10G; Merck) were added to 

Figure M3. Plasmid maps of psPAX2 and pMD2.G. This image shows all major components of the packaging plasmids 

psPAX2 and pMD2.G (image adapted from Michael Kothmayer). (A) The psPAX2 plasmid contains the DNA template of the 

viral proteins HIV-1 gag and HIV-1 pol. The vector also contains HIV-1 Rev response element (RRE) and an Ampicillin 

resistance gene (AmpR). (B) The pMD2.G plasmid contains a cytomegalovirus (CMV) promoter region and the DNA template 

of the viral protein vesicular stomatitis virus G glycoprotein (VSV-G). The vector also contains an AmpR gene. 



Page 29 

the cell suspension. Per transduction reaction, 2 ml of the cell suspension were added to a 6-well 

plate. Virus was quickly thawed in a water bath and 30 µl were added, followed by a 72-h 

incubation at 37 °C. After incubation medium was exchanged with Puromycin (J593-25MG; VWR 

International, USA) containing RPMI medium. For Puromycin selection of DU145 cell lines 

2 µg/ml of Puromycin RPMI medium were used, for selection of PC-3 cell lines 2.5 µg/ml of 

Puromycin RPMI medium were used. The untransduced DU145 and PC-3 cell lines were used as 

positive controls for Puromycin selection. 48 h after Puromycin selection the medium was 

exchanged with Puromycin-free RPMI. Puromycin selection was repeated prior to experiments. 

2.3.4 Picking single clones 

Single clones were picked by passaging 10 cm ø dishes of transduced cell lines at a rate of 1:1000 

to 1:5000 into fresh 10 cm ø dishes. Cells were incubated at 37 °C until single colonies became 

macroscopically visible. Plates were washed with DPBS and single clones were picked by pipetting 

20 µl of trypsin directly on colonies and repeated up and down pipetting. Single clones were 

expanded on a 24-well plate and were gradually moved to larger culture dishes after each splitting. 

2.3.5 Proliferation experiments 

Validated transduced PC-3 and DU145 bulk cultures and single clone cell lines were used for 

proliferation experiments. Proliferation experiments were based either on cell count-based 

proliferation analysis or a resazurin assay. 

2.3.5.1 Cell count-based proliferation analysis 

Cells from one 10 cm ø dish were trypsinized with 1 ml of trypsin and suspended in 5 ml of standard 

RPMI medium. To measure cell density in the suspension the LUNA-II Automated Cell Counter 

device was used. 4 ml of cell suspension equivalent to 25000 viable DU145 cells were pipetted 

into a 6-well plate for each replicate. 4 ml of cell suspension equivalent to 90000 viable PC-3 cells 

were pipetted on a 6-well plate for each replicate. Plates were incubated at 37 °C and cell counts 

were measured at multiple time points using the LUNA-II Automated Cell Counter device. Bulk 

cultures were measured at days 2, 4, 6 and 8 after seeding. DU145 single clones were measured on 

days 1, 2, 4, 6 and 8. PC-3 single clones were measured on days 2, 4, 6 and 8. 

2.3.5.2 Resazurin assay 

The resazurin assay is based on the metabolization of resazurin into a fluorescent product by viable 

cells (O’Brien et al. 2000). Therefore, the viable cell density is directly proportional to the 
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metabolization rate of resazurin. Cells from one 10 cm ø dish were trypsinized with 1 ml of trypsin 

and suspended in 5 ml of standard RPMI medium. For each replicate a cell suspension equivalent 

to 2000 viable cells for DU145 and 5000 viable cells for PC-3 were seeded per well on a 96-well 

plate in 200 µl of total volume. 0.15 mg/ml of resazurin (R7017; Merck) dissolved in PBS was 

prepared, single-use-aliquoted and stored at -20°C until used for measurements. At specific time 

points the medium was removed from wells by pipetting without disturbing the cell layer and 

120 µl of thawed resazurin solution were pipetted into each well. In addition, blanks were included 

by pipetting 120 µl of resazurin solution into an empty well. After 2 h incubation at 37°C, 100 µl 

of each well were transferred into a 96-well optical-bottom plate (165305; Thermo Fisher 

Scientific). 

Plates were analyzed using a Synergy HT-I device (7091000; BioTek Instruments, USA). The 

detection method was end point fluorescence measurement at an excitation wavelength of 530±25 

nm and an emission wavelength of 590±35 nm. The first measurement was taken after overnight 

incubation of cells and regarded as day 0. Follow-up measurements were performed on days 2, 4 

and 6 after the first measurement. 

2.4 Work with bacteria 

2.4.1 Chemical transformation of competent Stbl3 

The cloned vector was transformed into chemically competent Stbl3 bacteria 

(C737303; Thermo Fisher Scientific). 50 µl of suspension from competent Stbl3 bacteria were 

mixed with 4 µl of ligation product of the prior lentiCRISPR v2 cloning step. In addition, 50 µl of 

suspension were mixed with 2 µl of undigested lentiCRISPR v2 plasmid to gain a transformation 

positive control. After 25 min incubation on ice, a 45 sec heat-shock treatment at 42 °C followed. 

Reaction tubes were immediately chilled on ice for 2 min and 150 µl of 30 °C prewarmed SOC 

medium (15544034; Thermo Fisher Scientific) were added to the tube. Incubation for 1.5 h at 30 °C 

shaking at 350 rpm on a thermo shaker followed. 100 µl of suspension were plated on a lysogeny 

broth (LB)-agar plate supplemented with 100 μg/ml of Ampicillin (K029.1; Carl Roth, DE) and 

incubated overnight at 30 °C. For each type of lentiCRISPRv2-sgRNA vector three single colonies 

were picked, suspended in 3 ml LB-medium supplemented with 50 μg/ml of Ampicillin and 

incubated overnight at 30 °C shaking. 1.5 ml of this cell suspension were used to produce plasmids 

using the ZR Plasmid Mini Prep Kit (D4015; Zymo Research Corporation, USA) according to 

manufacturer’s recommendations. From the remaining cell suspension glycerol stocks were 
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produced and stored at -80 °C. Introduction of sgRNA was confirmed by Sanger sequencing 

performed by Microsynth. Plasmids of sequence confirmed vectors were produced from glycerol 

stocks by extraction from 100 ml overnight culture using the HiSpeed Plasmid Midi Kit 

(12643; QIAGEN N.V., DE) and following the product manual. 

LB-agar and medium 
 final concentration (f. conc.) 
Tryptone (8952.1; Carl Roth) 1 % 
NaCl 0.5 % 
Yeast extract (2363.2; Carl Roth) 0.5 % 
mili-q H2O  
Agarose* (AGA500-BCAT; BioCat, DE) 1.5 % 

*not included in LB-medium 

Sequencing primers 
Primer name Sequence 
pLKO1_U6_Seq_fw TTTGCTGTACTTTCTATAGTG 
LKO1_seq GACTATCATATGCTTACCGT 

2.4.1.1 Mini Prep of transformed bacteria 

Single colonies of transformed Stbl3 were scratched from LB-agar plates using a pipette tip and 

the tip was plunged into an incubation vial containing 3 ml LB-medium supplemented with 

50 μg/ml of Ampicillin. The suspension was incubated overnight at 30 °C shaking and 1.5 ml of 

cell suspension were transferred to a fresh reaction tube. Cells were pelleted at 21000 × g at RT 

and supernatant was removed. Plasmids were extracted from the cell pellet using the ZR Plasmid 

Mini Prep Kit (D4015; Zymo Research Corporation, USA) following the product manual. 

2.4.1.2 Midi Prep of transformed bacteria 

Transformed Stbl3 were scratched from the glycerol stock using a pipette tip and the tip was 

plunged into an incubation flask containing 100 ml LB-medium supplemented with 50 μg/ml of 

Ampicillin. The suspension was incubated overnight at 30 °C shaking and cell suspension was split 

equally to two fresh 50 ml Falcon tubes. Cells were pelleted at 6000 × g at 4 °C and supernatant 

was removed. Plasmids were extracted from the cell pellets using the HiSpeed Plasmid Midi Kit 

(12643; QIAGEN N.V., DE) following the product manual. Both cell pellets of one sample were 

united at the resuspension step of the product manual. 
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2.5 Work with DNA 

2.5.1 Gel electrophoresis of DNA 

PCR amplicons were mixed with 6 × Orange loading dye (R0631; Thermo Fisher Scientific) and 

transferred on an agarose gel supplemented with 1 × ROTI GelStain (3865.1; Carl Roth). For 

<500 bp amplicons a 2 % agarose gel, for 500-1000 bp amplicons a 1.5 % agarose gel and for 

>1000 bp amplicons a 0.8 % agarose gel was prepared. Gel electrophoreses was performed at 90 V 

for 45 min using a Bio-Rad PowerPac Basic (1645050; Bio-Rad Laboratories) and a Bio-Rad 

Sub-Cell (17044; Bio-Rad Laboratories). 

2.5.2 Genotyping of mice 

Proteinase K digestion of ear and tail samples 

Ear punch samples for genotyping and tail samples for re-genotyping of experimental animals were 

proteinase K digested to extract DNA for genotyping. 400 μl of lysis buffer were added to the tissue 

sample. 15 μl of 10 mg/ml Proteinase K solution (BP1700-500; Thermo Fisher Scientific) were 

added and mixed by vortexing. Samples were incubated overnight at 55 °C shaking at 350 rpm. 

This lysate was directly used for genotyping. 

Genotyping PCR and gel electrophoresis 

Primers for the PB-Cre4tg/+, Pten flox, Pten delta, c-Jun flox and c-Jun deltawere used for 

genotyping PCR. PB-Cre4tg/+ primers do not produce amplicons in PB-Cre4+/+ mice and delta 

allele primers do not produce amplicons for the floxed or wild type alleles. A positive control was 

included for this genotyping. Pten flox and c-Jun flox primers produce amplicons of different 

length for floxed and wild type alleles. Master mix and proteinase K digestion product were mixed 

and PCR was performed. PCR products were mixed with loading dye and used for gel 

electrophoresis. 

Lysis buffer (pH 8.0) 
 final concentration (f. conc.) 
Tris (R5429.5; Carl Roth) 100 mM 
EDTA 0.5 mM 
NaCl 200 mM 
10% SDS (R1057.1; Carl Roth) 0.1 % 
mili-q H2O  
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Genotyping primers 
Primer name Sequence Expected amplicon length 
Cre Fw CGGTCGATGCAACGAGTGATGAGG 700 bp (Cre+) 
Cre Rv CCAGAGACGGAAATCCATCGCTCG  
Pten fl Fw CTCCTCTACTCCATTCTTCCC 209 bp (Pten wt); 335 bp (Pten fl) 
Pten fl Rv ACTCCCACCAATGAACAAAC  
Pten Δ Fw GTCACCAGGATGCTTCTGAC 850 bp (Pten Δ) 
Pten Δ Rv ACTATTGAACAGAATCAACCC  
cJun fl Fw CCGCTAGCACTCACGTTGGTAGGC 300 bp (cJun fl); 350 bp (cJun fl) 
cJun fl Rv CTCATACCAGTTCGCACAGGCGGC  
cJun Δ Fw CAGGGCGTTGTGTCACTGAGCT 600 bp (cJun Δ) 
cJun Δ Rv CTCATACCAGTTCGCACAGGCGGC  

Desalted primers were ordered from Microsynth. 

PCR Master Mix (Cre & Pten fl & c-Jun fl, Δ) 
 f.conc. 
10 × Dream Taq buffer (EP0701; Thermo Fisher Scientific) 1 × 
DMSO 10 % 
10 mM dNTPs (10319879; Thermo Fisher Scientific) 0.2 mM 
10 µM primer mix 0.4 µM 
Nuclease-free water (10977-035; Thermo Fisher Scientific)  
Dream Taq DNA Polymerase (EP0701; Thermo Fisher Scientific) 0.04 U/µl 
Template DNA variable (2 µl) 

PCR Master Mix (Pten Δ) 
 f.conc. 
5 × One Taq buffer (M0481S; New England Biolabs) 1 × 
10 mM dNTPs 0.2 mM 
10 µM primer mix 0.4 µM 
Nuclease-free water  
One Taq DNA Polymerase (M0481S; New England Biolabs) 0.025 U/µl 
Template DNA variable (2 µl) 

PCR- program (Cre &Pten fl, Δ) 
Step Temperature Time 
Denaturation 94 °C 2 min 
Cycle 40 × 94 °C 2 sec 
 55 °C 30 sec 
 72 °C 2 min 
Elongation 72 °C 10 min 
Hold 22 °C ∞ 

PCR- program (c-Jun fl, Δ) 
Step Temperature Time 
Denaturation 94 °C 2 min 
Cycle 40 × 94 °C 30 sec 
 60 °C 40 sec 
 65 °C 90 sec 
Elongation 65 °C 5 min 
Hold 12 °C ∞ 
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2.5.3 Genomic DNA extraction from cell pellets 

Cell pellets from transfected cell lines were suspended in 500 µl of freshly prepared DNA 

extraction buffer. 20 µl of 10 mg/ml Proteinase K solution were added and mixed by vortexing. 

Incubation at 55 °C and 450 rpm on a thermo shaker was performed overnight. 700 µl of Phenol 

Chloroform Isoamyl ethanol (P2069; Merck) were added to the reaction tube and solutions were 

mixed by vortexing for 1 min. Solution was transferred into Phasemaker tubes 

(A33248; Thermo Fisher Scientific) and centrifugation at 14000 rpm for 5 min at RT was 

performed. The aqueous supernatant was transferred into a fresh reaction tube and mixed with 

500 µl of isopropanol (131090.1212; VWR International) and 100 µl of 3 M sodium acetate 

solution (S2889-250G; Merck) by vortexing. Centrifugation at 14000 rpm for 4 min at RT was 

performed. Supernatant was removed and the pellet was washed in 1 ml of 70 % EtOH, followed 

by centrifugation at 14000 rpm for 5 min at RT. Supernatant was removed completely by pipetting 

and the DNA pellet was resuspended depending on pellet size in 150-300 µl. 1 µl of RNAase A 

(10 mg/ml) (10753721; Thermo Fisher Scientific) was added to the reaction tube followed by 20 

min incubation at 55 °C. DNA concentration was measured using a nanophotometer (P330; Implen, 

DE) and samples were stored at 20 °C until further use. 

DNA extraction buffer 
 f. conc. 
Guanidine thiocyanate (G9277; Merck) 0.8 M 
EDTA 10 mM 
Tween 20 (9127.1; Carl Roth) 5 % 
Triton X-100 (R3051.3; Carl Roth) 0.5 % 
0.5 M HEPES pH 5.3 50 mM 
mili-q H2O  

2.5.4 Design of guide RNA for CRISPR KO of c-JUN 

Guide RNAs targeting Exon 1 of c-JUN were designed using the CRISPR/Cas9 single guide RNA 

(sgRNA) design web tool at www.crispr.mit.edu using the c-JUN reference sequence 

“ENST00000371222.3” (Figure M4). Targeted c-JUN sequences are flanked by a Protospacer 

Adjacent Motif (PAM) which is required for the binding of Cas9 to the target site. An additional 

G-base was added to the designed oligo if the target sequence lacked a 5´-end G-base. This 

improves transcription mediated by the U6 promotor (Lone et al. 2018). Desalted oligos were 

ordered from Microsynth (Microsynth, CHE). 
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sgRNA 
description 

Sequence Forward Oligo Sequence Reverse Oligo 

Guide 1 (G1) CACCGCCGTCCGAGAGCGGACCTTA AAACTAAGGTCCGCTCTCGGACGGC 
Guide 12 (G12) CACCGTTGAGGGCATCGTCATAGA AAACTCTATGACGATGCCCTCAAC 
Guide 14 (G14 CACCGCACCTCCGCGCCAAGAACT AAACAGTTCTTGGCGCGGAGGTGC 
 (target sequence) (overhang necessary to clone target sequence into vector) 

(G:C base-pair added to target sequence to improve U6 promoted transcription) 
 

Figure M4. CRISPR sgRNA design for KO of c-JUN. Overview on sgRNA designs and locations on the c-JUN cDNA 

suggested by design tool. Blue arrows represent the binding region of selected oligo within the exon. Grey arrows represent 

the target sites of all possible sgRNAs. Tables show sgRNA sequence, target loci and number of off targets. Designs for G1 

(A), G12 (B) and G14 (C) are shown. Protospacer Adjacent Motif (PAM) of Cas9 on the c-JUN sequence is highlighted in 

green. 
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2.5.5 Cloning of c-JUN sgRNA into the lentiCRISPR v2 vector 

For cloning of sgRNAs the ZhangLab protocol “Target Guide Sequence Cloning Protocol” 

(Shalem et al. 2014; Sanjana, Shalem, and Zhang 2014) available from Addgene was followed. 

c-JUN guide RNAs were cloned into the lentiCRISPR v2 vector. lentiCRISPR v2 was a gift from 

Feng Zhang (Addgene plasmid # 52961 ; http://n2t.net/addgene:52961 ; RRID:Addgene_52961) 

(Sanjana, Shalem, and Zhang 2014) (Figure M5). The vector was digested with BsmBI 

(R0739; New England Biolabs, USA) and the digested vector was separated from the filler by gel 

electrophoresis. The digested vector was purified from the gel using the NEB DNA gel extraction 

kit (T1020S; New England Biolabs). Finally, the vector was ligated with annealed and 

phosphorylated oligos using the NEB Quick Ligation Kit (M2200; New England Biolabs). 

 

 

2.5.6 T7 Endonuclease I Assay 

A T7 Endonuclease I assay was performed to confirm whether transfection of lentiCRISPRv2-

sgRNA vectors into HEK239 FT cells would disrupt the c-JUN gene. CRISPR/Cas9 introduces 

double strand breaks at the target locus of the sgRNA and these double strand breaks are repaired 

by nonhomologous end-joining (NHEJ). However, DNA repair by NHEJ is not fully efficient and 

base-pairs can be mismatched. The T7 endonuclease cuts DNA at mismatched base-pairs and can 

therefore be used to verify the disruption of genes by CRIPR/Cas9. Primers were designed to 

produce a 961 bp amplicon flanking the target sites of the sgRNAs G1, G12 and G14. 200 ng DNA 

from transfected HEK239 FT cells was used to amplify the c-Jun allele using Q5 High-Fidelity 

Figure M5. Schematic image of the cloning vector lentiCRISPR v2. This image shows all major components of the 

lentiCRISPR v2 vector (Shalem et al. 2014; Sanjana, Shalem, and Zhang 2014). The vector is flanked by long terminal repeats 

(LTR) and contains a 2 kb filler fragment which is replaced by c-JUN-targeting sgRNA during the cloning process. The vector 

is digested with the restriction enzyme BsmBI and oligos were designed with overhangs specific to the overhang produced by 

digestion. Transcription of a sgRNA scaffold sequence is required for the binding to SpCas9. The SpCas9 and a Puromycin 

resistance gene (Puro) are encoded by the vector. The vector contains the U6 and elongation factor-1α short promoter (EFS) 

promoter regions. The vector also contains psi packaging signal (psi+), HIV-1 Rev response element (RRE), central polypurine 

tract (cPPT), 2A self-cleaving peptide (P2A) and a posttranscriptional regulatory element (WPRE). An Ampicillin resistance 

gene for selection in bacteria is also part of the vector but not shown in this scheme. 
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DNA Polymerase (M0491; New England Biolabs). To confirm successful amplification 5 µl of 

each reaction were used for a gel electrophoresis prior to the T7 digestion. 5 µl of NEBuffer 2 

(B7002; New England Biolabs) were added to the remaining PCR product and a thermocycling 

program allowing heteroduplex formation was applied. 25 µl of each reaction were either mixed 

with 1 µl of T7 Endonuclease I (E3321 New England Biolabs) or 1 µl of nuclease free water as 

control. Samples were incubated at 37 °C for 30 min. Samples were mixed with loading dye and 

gel electrophoresis was performed on a 1.5 % agarose gel. 

Primers used for T7 assay PCR 
Primer name Sequence Target 

gene 
Amplicon 
length 

Reference sequence 

c-JUN_T7 Fw GGAGACAAGTGGCAGAGTCC c-JUN 961 bp ENSG00000177606 
c-JUN_T7 Rv GAAGCCCTCCTGCTCATCT    

PCR Master Mix 
 f.conc. 
5 × Q5 Reaction Buffer (M0491S; New England Biolabs) 1 × 
10 mM dNTPs 200 µM 
10 µm c-JUN_T7 Fw 0.5 µM 
10 µm c-JUN_T7 Rv 0.5 µM 
Template DNA ~200 ng 
Q5 HF DNA Polymerase (M0491S; New England Biolabs) 0.02 U/µl 
Nuclease-free water  

PCR- program 
Step Temperature Time 
Denaturation 98 °C 30 sec 
Cycle 35 × 98 °C 10 sec 
 68 °C 15 sec 
 72 °C 30 sec 
Elongation 72 °C 2 min 
Hold 4 °C ∞ 

T7 heteroduplex formation thermocycling 
Step Temperature Time 
Denaturation 95 °C 10 minutes 
Heteroduplex formation 85 °C ramp rate 0.1 °C/sec 
 75 °C ramp rate 0.1 °C/sec 
 65 °C ramp rate 0.1 °C/sec 
 55 °C ramp rate 0.1 °C/sec 
 45 °C ramp rate 0.1 °C/sec 
 35 °C ramp rate 0.1 °C/sec 
 25 °C ramp rate 0.1 °C/sec 
Hold 4 °C 10 min 
Hold 10 °C ∞ 
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2.5.7 Sequence validation by TIDE Assay 

The clonality of single clones of transduced cell lines was validated by Tracking of Indels by 

DEcomposition (TIDE) assay. The TIDE assay was used to analyze the editing efficacy of the 

CRISPR/Cas9 KO and to determine predominant insertions and deletions from Sanger sequencing 

data (Brinkman et al. 2014). For sequencing, a region between 500 and 1500 bp surrounding the 

sgRNA target site has to be amplified. Sequencing primers should be placed ~200 bp downstream 

of the sgRNA target site. Amplification primers and sequencing primers were designed according 

to these guidelines. 200 ng extracted DNA were used to amplify the c-JUN allele using Q5 High-

Fidelity DNA Polymerase. The TIDE assay amplification primers “c-JUN_amp” forward (Fw) and 

reverse (Rv) flanking the sgRNA target sites on the c-JUN allele were used for amplification. To 

confirm amplification 5 µl of each reaction were used for gel electrophoresis. The remaining 

reaction was cleaned up using the Monarch PCR & DNA Cleanup Kit (5 μg) (T10305; New 

England Biolabs) according to the manual. Cleaned up amplicons were Sanger sequenced using 

two different sequencing primers, one primer for TIDE assay of sgRNA G1 and G12 transduced 

cell lines (c-JUN_seq Fw5) and one primer for sgRNA G14 transduced cell lines (c-JUN_seq Fw6). 

To obtain control sequences for TIDE analysis, empty vector control single clones were sequenced 

using both sequencing primers in two separate sequencing reactions. Prepared sequencing reactions 

were sent to Microsynth for Sanger sequencing. For TIDE analysis the TIDE Web tool at 

“www.tide.deskgen.com” was used (Brinkman et al. 2014). 

Primers used for PCR 
Primer name Sequence Target 

gene 
Amplicon 
length 

Reference sequence 

c-JUN_amp Fw AGTGAGTGACCGCGACTTTT c-JUN 968 bp ENSG00000177606 
c-JUN_amp Rv GTCTGAGGCTCCTCCTTCAG    
c-JUN_seq Fw5 CGCGAGTCGACAAGTAAGAG c-JUN na. ENSG00000177606 
c-JUN_seq Rv6 GTGTCCCCCGCTTGC c-JUN na. ENSG00000177606 

c-JUN amplification PCR Master Mix 
 f.conc. 
5 × Q5 Reaction Buffer (M0491S; New England Biolabs) 1 × 
10 mM dNTPs 200 µM 
10 µm c-JUN_amp Fw 0.5 µM 
10 µm c-JUN_amp Rv 0.5 µM 
Template DNA ~200 ng 
Q5 HF DNA Polymerase (M0491S; New England Biolabs) 0.02 U/µl 
Nuclease-free water  
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PCR- program 
Step Temperature Time 
Denaturation 98 °C 30 sec 
Cycle 35 × 98 °C 10 sec 
 68 °C 15 sec 
 72 °C 30 sec 
Elongation 72 °C 2 min 
Hold 4 °C ∞ 

2.6 Work with RNA 

2.6.1 Total RNA Isolation from prostate samples 

For total RNA isolation from in-vivo prostate samples, the ReliaPrep RNA Tissue Miniprep System 

(Z6111; Promega Corporation, USA) was used. Prior to the experiment RNase AWAY 

(10666421; Thermo Fisher Scientific) was used to clean all the work benches and devices used. 

~25 mg of RNAlater treated snap-frozen prostate tissue were homogenized in 300 µl of TRI 

Reagent Solution (T9424 Merck) with the tissue homogenizer IKA T10 standard 

(IKA_3002; IKA Werke, DE). The tissue homogenizer head was cleaned with milli-q H20, 70% 

EtOH and 1 × PBS in this order between sample processing steps. 700 µl of TRI Reagent Solution 

were added and homogenized samples were incubated at RT for 5 min. After adding 100 µl 1-

bromo-3-chloropropane (BCP) (B9673; Merck), reaction tubes were vortexed thoroughly. Samples 

were centrifuged at 21000 × g for 30 min at 4 °C after incubation at RT for 15 min. The aqueous 

supernatant was transferred to a fresh 2 ml reaction tube and 70% EtOH equivalent to 1.5 × the 

supernatant volume was mixed with the sample by vortexing. 700 µl of this suspension were 

transferred to a ReliaPrep Minicolumn mounted into a collection tube and column was centrifuged 

at 14000 × g for 1 minute at RT. The flow through was discarded. This step was repeated until the 

entire suspension volume had been transferred over the column. 500μl of RNA Wash Solution were 

added to the column and the column was centrifuged at 14000 × g for 30 seconds at RT. Flow-

through was discarded. DNAase I incubation mix was prepared by mixing 24 µl of Yellow Core 

Buffer, 3 µl of 0.09M MnCl2 and 3 µl of DNase I enzyme. Reagents were mixed by pipetting. 30 µl 

of DNAase I incubation mix were directly pipetted to the membrane of the column. After 15 min 

of incubation at RT, 200 µl of column wash solution were added to the column and the column 

was centrifuged at 14000 × g for 30 seconds at RT. 500 µl of RNA Wash Solution were added to 

the column and the centrifugation step was repeated. After transferring the column into a fresh 

collection tube 300 µl of RNA Wash Solution were added to the column and the column was 
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centrifuged at 21000 × g for 2 min at RT. The column was transferred to a 1.5 ml safe seal reaction 

tube and 25 µl of nuclease-free water were directly pipetted to the membrane of the column. After 

incubation at RT for 1 min, the column was centrifuged at 14000 × g for 1 min at RT. The flow 

through was transferred back into the column and the centrifugation step was repeated. Samples 

were stored at -80 °C until further use. 

2.6.2 RNA quality testing and cDNA synthesis 

RNA concentration was measured using a DeNovix DS-11 FX+ nanophotometer 

(31DS-11FXPLUS DeNovix, USA). The Agilent 4200 TapeStation system 

(G2991AA; Agilent Technologies, USA) was used to determine quality of RNA measured in RNA 

integrity number values (RIN values). 1 µl of sample was diluted to a concentration between 100 to 

300 ng/µl. 1 µl of diluted sample was mixed with 5 µl of RNA ScreenTape Sample Buffer 

(5067-5577; Agilent Technologies) by vortexing for 1 min. After 3 min incubation at 72 °C, 

samples were incubated on ice for 2 min. Samples were analyzed in the TapeStation system using 

RNA ScreenTape (5067-5576; Agilent Technologies). All samples with a RIN value below 6 were 

excluded from further steps. 1 µg of RNA was converted into cDNA using the iScript cDNA 

Synthesis Kit (1708890; Bio-Rad Laboratories). 4 µl of 5 × iScript buffer, 1 µl of reverse 

transcriptase and 1 µg of RNA sample were pipetted into a PCR reaction tube. The reaction was 

filled to a volume of 20 µl with nuclease-free water. The tube was gently mixed by flicking the 

tube. cDNA synthesis was performed using a Master Cycler Pro Device (EPPE6324000.516; 

Eppendorf, DE). The reaction product was diluted five-fold with nuclease-free water and cDNA 

samples were stored at -20 °C until further use. 

Thermo cycle for iScript cDNA synthesis 
Step Temperature Time 
Priming 25 °C 5 min 
DNA synthesis 46 °C 20 min 
Enzyme inactivation 95 °C 1 min 
Hold 4 °C ∞ 

2.6.3 RT-qPCR 

Prostate cDNA samples were used for quantitative real-time PCR (RT-qPCR) experiments. 

Standards were produced by pooling the entire set of samples and generating dilutions of 1:2, 1:4, 

1:8, 1:16 and 1:32 using nuclease free water. 100 µM primer stock solution of Fw and Rv primer 

were mixed in equal amounts and diluted 1:5 with nuclease free water to produce a 10 µM primer 
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mix working solution. Samples, standards and water control were pipetted in duplicates on a 

384-well plate at a volume of 2.5 µl/per reaction. 10 µl of master mix were added to each well. 

PCR was performed on a ViiA 7 Real-Time PCR System (4453536; Thermo Fisher Scientific). 

Primers used for RT-qPCR 
Primer name Sequence Target 

gene 
Amplicon 
length 

Reference sequence 

mRT Jun FW TTGAAAGCGCAAAACTCCGA c-Jun 116 bp ENSG00000177606 
mRT Jun RV GTTAGCATGAGTTGGCACCC    
mPtenEx5_fw TGGGGAAGTAAGGACCAGAG Pten 191 bp ENSMUSG00000013663 
mPtenEx5_rv GGCAGACCACAAACTGAGGA    
mRT p16 FW CCGCTGCAGACAGACTGG p16INK4a 132 bp ENSG00000147889 
mRT p16 FV CCATCATCATCACCTGAATCG    

RT-qPCR Master Mix 
 f.conc. 
2 × Biozym Blue S´Green qPCR Kit Master Mix (331416S; Biozym Biotech Trading) 1 × 
10 µM Fw & Rv primer mix 0.77 µM 
Nuclease free water  

PCR- program for RT-qPCR 
Step Temperature Time 
Denaturation 95 °C 2 min 
Cycle 40 × 95 °C 5 sec 
 60 °C 30 sec 
Melt curve 95 °C ramp rate 0.05 °C/sec 

2.6.4 RNA sequencing 

Sample collection, MACS and Library preparation for the RNA-seq experiments was performed 

by Tanja Limberger and Sabine Lagger. 

Single cell preparation and MACS sorting 

For RNA sequencing five animals of each Control, PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ were used as 

biological replicates. ~150 mg of prostate tissue were cut into pieces in a small cell culture dish 

filled with PBS. Samples were transferred into a 15 ml reaction tube followed by centrifugation at 

150 × g for 5 min. Supernatant was removed and pellet resuspended in 1 ml of advanced DMEM 

(adDMEM) (12634010; Thermo Fisher Scientific) supplemented with 5 mg/ml of collagenase II 

(17101015; Thermo Fisher Scientific) and 10 µM Y-27632 (HY-10583; MedChemexpress, USA) 

in a 1.5 ml reaction tube. Digestion was performed for 2 h at 37 °C shaking at 800 rpm with repeated 

dissociation by pipetting every 20 min. Centrifugation at 150 × g for 5 min followed. Supernatant 

was removed and the pellet was dissolved in 1 ml of TrypLE (12605010; Thermo Fisher Scientific) 
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supplemented with 10 µM Y-27632 followed by incubation at 37 °C for 15 min shaking at 800 rpm. 

Suspension was passed through a 40 µm cell strainer followed by washing twice with 2 ml of 

MACS buffer consisting of 1 × PBS and 2 mM EDTA and 2 % FBS.  

The suspension was then centrifuged at 150 × g for 5 min, the supernatant was discarded and the 

pellet was resuspended in 1 ml MACS buffer. This suspension was passed 5 times through a 27G 

syringe followed by centrifugation at 150 × g for 5 min and resuspension of the pellet in 200 µl 

MACS buffer in a fresh 1.5 ml reaction tube. 100 mg of anti-mouse CD326 (EpCAM) antibody 

(13-5791-82; Thermo Fisher Scientific) were added and pulse vortexed five times followed by RT 

incubation for 10 min. 1 ml of MACS buffer was added and centrifugation at 300 × g for 5 min 

and discarding of supernatant, resuspension in 200 µl MACS buffer and transfer into a 12 × 75 mm 

FACS tube followed. 60 µl of positive selection bead solution (MSPB-6003-71; Thermo Fisher 

Scientific) were mixed with the suspension by vortex pulsing five times. An incubation at RT for 

10 min was followed by washing with 2.5 ml of MACS buffer and mixing by pipetting. The tube 

was inserted into a magnetic tube holder and incubated for 5 min at RT. The unbound fraction was 

discarded and the bound faction was washed by resuspending in 5 ml of MACS buffer pelleting at 

300 × g for 5 min followed by resuspension in 100 µl of MACS buffer. 5 µl of this epithelial cell 

suspension were removed for FACS quality control. The remaining suspension was pelleted at 

300 × g for 5 min and frozen in liquid nitrogen. 

RNA isolation and Library Preparation 

RNA isolation was performed by extraction with TRI Reagent Solution (T9424 Merck) and using 

the ReliaPrep RNA Tissue Miniprep System (Z6111; Promega Corporation) according to 

manufacturer’s instructions. 250 ng of total RNA were used for library preparation with the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (E7765; New England Biolabs) 

according to manufacturer’s instructions. mRNA enrichment was performed by selection with 

OligoDT beads. (E7490; New England Biolabs). Libraries were barcoded with dual indexing 

primers for Illumina (E7600; New England Biolabs) and 11 PCR cycles were used to amplify 

libraries. Library size was analyzed on the Agilent Tape station or the Bioanalyser DNA 1000 chip 

(G2938-90014; Agilent Technologies). The quality-controlled libraries were quantified, 

multiplexed and 75 bp single end reads were generated on three High Seq lanes at the CEITEC 

Institute of Masaryk University (CZ). 
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2.7 Immunochemistry and histological methods  

2.7.1 Protein lysates from prostate tissue 

All steps were performed on ice. To prepare lysis buffer 1 ml of RIPA buffer (R0288; Merck) was 

mixed with 10 µl of 100x PMSF (100 mM), 20 µl of 50 × cOmplete Mini Protease Inhibitor 

(11836153001; Roche) and 50 µl of 20 × PhosSTOP (4906845001; Roche). For each prepared 

sample 250 µl of lysis buffer were pipetted into a 2 ml reagent tube. 50-80 mg of prostate tissue 

were suspended in 250 µl of lysis buffer using a tissue homogenizer IKA T10 standard. Tissue was 

homogenized for 30-90 seconds. Homogenizer was cleaned in between samples by rinsing with 

milli-q H2O, 70% EtOH and 1 × PBS, in this order. Foam was cleared by short centrifugation and 

suspension was transferred to a fresh 1.5 ml reaction tube. Samples were centrifuged at 21000 × g 

for 30 minutes at 4°C. Aqueous supernatant was transferred into a new 1.5 ml reaction tube, not 

disrupting the pellet or the fat layer on top. The centrifugation step was repeated and supernatant 

was again transferred into a new 1.5 ml reaction tube. The protein lysates were stored at -80°C until 

further use. 

2.7.2 Protein lysates from cell pellets by a freeze and thaw method 

All steps were performed on ice. 1 ml of Hunt Buffer was mixed with 10 μl of saturated 

phenylmethylsulfonylfluoride (PMSF) solution (A0999; AppliChem), 20 μl of 50 × cOmplete Mini 

Protease Inhibitor (11836153001; Roche) and 50 µl of 20 × PhosSTOP (4906845001; Roche). 50 

µl of Hunt buffer were added to snap frozen cell pellets. After resuspension, samples were snap-

frozen in liquid nitrogen. After thawing on ice, samples were again snap-frozen in liquid nitrogen 

and re-thawed at 37 °C on a thermo shaker. After a third snap-freezing step, samples were 

centrifuged for 30 min at 21000 × g at 4 °C. The supernatant was transferred into a new 1.5 ml 

reaction tube. The protein lysates were stored at -80°C until further use. 

Hunt Buffer p.8.0 
 f. conc. 
1 M Tris-HCL pH 8.0  20 mM 
5 M NaCl 100 mM 
0.5 M EDTA 1 mM 
NP-40 0.5 % 
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2.7.3 Bradford assay and dilution of protein lysates 

Bradford solution was prepared by mixing Protein Assay Dye Reagent Concentrate 

(500-0006; Bio-Rad Laboratories, USA) in a 1:5 dilution with mili-q H2O. For each sample 1 ml 

of Bradford solution was mixed with 1 µl of protein lysate. A blank was prepared by mixing 1 µl 

of lysis buffer with 1 ml of Bradford solution. After incubation for 5 min at RT the Bradford 

solution/lysate-mix was transferred into a plastic cuvette and absorbance was measured at a 

wavelength of 595 nm using a nanophotometer (P330; Implen). The absorbance value was 

multiplied by 10 to get a relative protein concentration value in µg/µl. 

2.7.4 SDS page and WB 

2.7.4.1 Casting SDS page gels 

Conventional SDS gels 

Gels were cast in Bio-Rad Mini-Protean cassettes (1653308, 1653311; Bio-Rad Laboratories). First 

the resolving gel was prepared and pipetted into the cassettes. The resolving gel was overlaid with 

70% EtOH and after solidification of the gel (20-30 min), the EtOH was removed completely. A 

stacking gel was prepared and cast. To generate wells either a 15-well comb or 10-well comb was 

used. After solidification of stacking gel, the gel was stored wrapped in a wet paper towel at 4 °C 

for up to 2 weeks until use. 

Gel for conventional SDS page of prostate lysates 
 Stacker: f. conc. Resolver: f. conc. 
30% acrylamide/bis (1610158; Bio-Rad Laboratories)  4 %  16 % 
0.5 M Tris-HCL, pH 6.8  125 mM   
1.5 M Tris-HCL, pH 8.8    375 mM 
10% SDS  0.1 %  0.1 % 
milli-q H2O     
TEMED (161-0800; Bio-Rad Laboratories)  ~1:1000*  ~1:2000* 
10% APS (161-0700; Bio-Rad Laboratories)  0.05 %  0.05 % 

*Dilution of reagent 

Gel for conventional SDS page of cell pellet lysates 
 Stacker: f. conc. Resolver: f. conc. 
30% acrylamide/bis  4 %  10 % 
0.5 M Tris-HCL, pH 6.8  125 mM   
1.5 M Tris-HCL, pH 8.8    375 mM 
10% SDS  0.1 %  0.1 % 
milli-q H2O     
TEMED  ~1:1000*  ~1:2000* 
10% APS  0.05 %  0.05 % 

*Dilution of reagent 
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TGX gels 

For total protein normalization the TGX technology was used. A TGX FastCast Acrylamide Kit, 

10% (1610173; Bio-Rad Laboratories) was used to cast gels following the product manual. 

Gel for TGX based SDS page of prostate lysates (1 Gel) 
 Stacker: f. conc. Resolver: f. conc. 
Resolver A    1 × 
Resolver B    1 × 
Stacker A  1 ×   
Stacker B  1 ×   
TEMED  ~1:1000*  ~1:2000* 
10% APS  0.05 %  0.05 % 

*Dilution of reagent 

2.7.4.2 Denaturation of lysates 

Protein lysates were mixed with 4 × SDS sample buffer in a 1.5 ml safe seal reaction tube and 

proteins were denatured at 95°C for 3 min on a thermo shaker. After denaturation, samples were 

immediately transferred to ice. 

4 × SDS sample buffer 
 f. conc. 
1 M Tris-HCL, pH 6.8 100 mM 
Glycerol (G6279; Merck) 20 % 
Bromphenolblue (T116.1; Carl Roth) 0.01 % 
β-Mercaptoethanol 0.5 % 
20 % SDS 5 % 

2.7.4.3 SDS page and WB on conventional gels 

For SDS page gel cassettes were mounted into a Mini-PROTEAN Tetra System chamber 

(1658005EDU; Bio-Rad Laboratories). The chamber was filled with 1 × SDS running buffer. The 

comb of the gel was removed and lysates mixed with 4 × SDS sample buffer were loaded on the 

gel. For cell pellet lysates a volume equivalent to 20 µg of protein was loaded. For prostate lysates 

a volume equivalent to 40 µg of protein was loaded. As a protein ladder, 3 µl of Color Prestained 

Protein Standard, Broad Range (P7712; New England Biolabs) were loaded on gels. The chamber 

was plugged to a Bio-Rad PowerPac power supply and electrophoresis was performed at constant 

25 mA per gel until the loading dye front ran out of the gel chamber (30 to 50 min). After SDS 

page, gels were removed from the gel chambers. Gel and a nitrocellulose membrane (10600002; 

General Electric Company, USA) were wet with transfer buffer and sandwiched between two 

layers of two wet 3 MM filter papers. This sandwich was mounted into the wet transfer system of 
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the Mini-PROTEAN Tetra System chamber filled with transfer buffer. A cool pack was mounted 

into the chamber to minimize heat development during transfer. Wet transfer was performed at a 

constant 100 V for 45 min using a PowerPac HC Power Supply (1645052; Bio-Rad Laboratories). 

Membranes were incubated with Ponceau S solution (P7170; Merck) for 5 min rocking on a shaker 

and excess staining solution was removed by shaking the membranes in mili-q H2O for about 1 

min before imaging with the ChemiDoc XRS+ (1708265; Bio-Rad Laboratories). Ponceau S stain 

images were produces using the “colorimetric” imaging protocol of the ChemiDoc XRS+ software. 

Membranes were blocked in 5 % Bovine serum albumin (BSA) blocking solution for 30 min 

shaking at RT. After rinsing with western wash buffer, membranes were incubated overnight with 

primary antibody rolling in a 50 ml reaction tube at 4 °C. Primary antibodies were either diluted in 

5 % BSA blocking solution or 5 % milk blocking solution according to data sheet. After primary 

antibody incubation membranes were washed three times shaking in western wash buffer for 

10 min. Membranes were incubated in 10 ml of secondary antibody solution for 1 h shaking at RT. 

Secondary antibody solution was prepared by 1:10000 dilution of secondary antibody with western 

wash buffer. When using primary antibodies of mouse origin, an anti-mouse secondary antibody 

(7074; Cell Signaling Technology, UK) was used, when using primary antibodies of rabbit origin, 

an anti-rabbit secondary antibody (MA1-191-D488; Thermo Fisher Scientific) was used. 

Secondary antibody solution was discarded and membranes were washed 3 × 10 min in western 

wash buffer. Membranes were developed for 5 min at RT using Clarity Western ECL Substrate 

(1705061; Bio-Rad Laboratories) according to manufacturer’s instructions. Western blot (WB) 

images were produced using the “Chemi” blot protocol of the ChemiDoc XRS+ software. If signal 

intensity was low, membranes were developed 1 min at RT using Clarity Max Western ECL 

Substrate (1705062; Bio-Rad Laboratories). 

Buffers and blocking solutions 

1 × SDS running buffer 
 f. conc. 
Glycine (3790.1; Carl Roth) 192 mM 
Tris 25 mM 
20 % SDS 0.1 % 
mili-q H2O  
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Transfer buffer 
 f. conc. 
Glycine 192 mM 
Tris 25 mM 
Methanol 10 % 

mili-q H2O  

Western wash buffer 
 f. conc. 
10 × PBS 1 × 
Tween 20 0.01 % 
mili-q H2O  

5 % BSA solution 
 f. conc. 
BSA (8076.4; Carl Roth) 5 % 
10 × TBS 1 × 
Tween 20 0.1 % 
Sodium azide 0.01 % 
mili-q H2O  

5 % milk solution 
 f. conc. 
BSA 5 % 
10 × TBS 1 × 
Tween 20 0.1 % 
Sodium azide 0.01 % 
mili-q H2O  

2.7.4.4 SDS page and WB on TGX gels 

SDS page and WB on TGX gels were performed following the protocol for conventional gels 

except for additional TGX specific imaging steps. TGX stain free images were produced from the 

SDS gel using the “stain free gel” imaging protocol of the ChemiDoc XRS+ software before using 

the gel for wet transfer. After wet transfer, TGX stain free images were produced from the WB 

membrane using the “stain free blot” imaging protocol of the ChemiDoc XRS+ software. 

2.6.4.5 List of WB antibodies 
Target 
protein 

Antibody 
type 

Source Dilution BSA/milk 
blocking 

Company and 
CAT No. 

Size 
(kDa) 

β- Act pAb rabbit 1:1000 BSA CST 4967 45 
β- Tub mAb rabbit 1:1000 milk CST 2128 55 
Akt mAb rabbit 1:1000 BSA CST 4691 60 
p-Akt mAb rabbit 1:2000 BSA CST 4060 60 
c-Jun mAb rabbit 1:1000 milk CST 9165 43.5 
p-c-Jun mAb rabbit 1:1000 BSA CST 9165 43.5 
p16INK4a mAb rabbit 1:2000 BSA ab 211542 16 
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2.7.5 Immunohistochemistry 

Prostate FFPE samples were sectioned at 10 µm using a microtome and fixed on Superfrost slides 

by Petra Kodajova. Immunohistochemistry (IHC) staining was performed by Michaela Schlederer. 

Slides were incubated in an incubator at 56°C for ~1.5 h to melt the paraffin. Paraffin was removed 

and sections were re-hydrated by rinsing 2 × in xylene, 4 × in 100 % EtOH, 1 × 96% EtOH, 

1 × 70% EtOH, 1 × 5 % EtOH and 2 × distilled H2O in this order. Antibody retrieval was performed 

using pH 6.1 citrate buffer (S169984-2; Agilent Technologies, USA) and incubating at 121 °C for 

40 min in an autoclave or using pH 9.0 Tris/EDTA (S236784-2; Agilent Technologies) and 

incubating at ~100 °C for 1 h in a steaming device. After letting the slides cool for ~30 min, slides 

were washed 3-5 × in 0.25 % Tween PBS solution (TPBS) while shaking. Liquid blocker was 

applied to the slides. All blocking and incubations steps were performed using a humid chamber to 

keep slides from drying out. Endogenous peroxidase was blocked by incubating with 80-120 µl of 

3 % H2O2 solution for 10 min at RT. Slides were washed 3-5 × in TPBS solution. Endogenous 

biotin was blocked with 80-120 µl of avidin solution from Avidin/Biotin Blocking Kit 

(SP-2001; Maravai Life Sciences, USA) for 10 min at RT. Slides were washed 3-5 × in TPBS 

solution. Samples were blocked for 7 min at RT with 80-120 µl of superblock 

(IDST1007; ID Labs, CA). Slides were washed 3-5 × in TPBS solution. After blocking at RT for 

1 h in 80-120 µl of mouse block (MKB-2213; Maravai Life Sciences), samples were washed 3-5 × 

in TPBS solution. Samples were incubated overnight at 4 °C with 80-120 µl of primary antibody 

diluted in 1 % BSA PBS solution. Slides were washed 3-5 × in TPBS solution. After 10 min of 

incubation at RT in 80-120 µl of secondary antibody (IDST1007; ID Labs), slides were washed 3-

5 × in TPBS solution. Slides were incubated with 80-120 µl of HRP enzyme complex (IDST1007; 

ID Labs) for 10 min at RT and then washed 3-5 × in TPBS solution. Slides were developed using 

80-120 µl of HRP of the AEC substrate KIT (SK-4200; Maravai Life Sciences). The reaction was 

stopped in tap water. Counterstaining was performed for 30-60 sec in hematoxylin solution. Slides 

were washed 3-5 times in tap water and then embedded using Aquatex mounting medium 

(108562; Merck). 

2.7.5.1 List of IHC antibodies 
Target protein Antibody type Source Dilution Company and CAT No. 
c-Jun mAb rabbit 1:300 CST 9165 
Ki67 mAb rabbit 1:400 CST 9129 
CC3 pAb rabbit 1:200 CST 9661 
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2.7.6 H&E staining 

FFPE samples were sectioned at 10 µm using a microtome and fixed on slides by Petra Kodajova. 

Slides were incubated in an incubator at 60°C for about 30 min to melt the paraffin. Paraffin was 

removed by 10 min incubation in 96 % Limonene (ORT-5000-96-1; SAV Liquid Production, DE). 

Slides were rinsed 3 × in 100 % EtOH and 2 × in 96 % EtOH, tab water and mili-q H2O. After 10 

min incubation in hematoxylin solution, slides were rinsed 1 × in tap water and 3 × in HCL-ethanol 

solution. Samples were washed under running tab water for 10 min and then rinsed with mili-q 

H2O. Slides were rinsed 3 × in eosin solution and then rinsed in tap water. After dehydration by 

rinsing 1 × in 96 % EtOH, 2 × in 100 % EtOH and 5 min incubation in 96 % Limonene, slides were 

mounted using Eukitt Quick-hardening mounting medium (03989; Merck). 

Hematoxylin solution 
 f.conc. 
Hematoxylin 0.65 % 
Potassium aluminium sulfate 0.95 % 
Glycerol ~ 1:3 diluted 
96 % EtOH ~ 1:3 diluted 
mili-q H2O  
100 % Acetic acid 3.23 % 

Solution was matured at RT in the dark for about 6 months 

Eosin solution 
 f.conc. 
Eosin G 1 % 
70 % EtOH 70 % 
100 % Acetic acid 0.33 % 

HCL-Ethanol solution 
 f.conc. 
70 % EtOH 70 % 
37 % HCL 1 % 

2.7.7 C12FDG staining based senescence FACS 

Sample preparation, C12FDG staining, antibody staining and senescence FACS experiment were 

performed by Christina Sternberg. 

Preparation of single cell suspension 

For this experiment prostate samples from ~19 week old animals of the genotypes Control, 

c-JunΔ/Δ, PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ were used. ~30 µg of fresh prostate sample were cut into 

pieces in 3 ml of 1 × PBS. Prostate pieces in PBS were transferred into a 15 ml reaction tube.  
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The tube was centrifuged at 150 × g for 5 min and the supernatant was discarded. 500 µl of 

adDMEM supplemented with 10 mM HEPES (15630056; Thermo Fisher Scientific), 

1 × Penicillin-Streptomycin solution (15140122; Thermo Fisher Scientific), 1 × GlutaMAX 

Supplement (35050061; Thermo Fisher Scientific), 5 mg/ml of collagenase II 

(17101015; Thermo Fisher Scientific) and 10 µM Y-27632 (HY-10583; MedChemexpress) were 

used to resuspend the pellet. Suspension was transferred into a 1.5 ml reaction tube and incubated 

at 37 °C for 2 h shaking. During incubation suspension was mixed every 30 min. Suspension was 

centrifuged at 300 × g for 5 min and supernatant was discarded. Pellet was resuspended in 500 µl 

of TrypLE (12605010; Thermo Fisher Scientific) supplemented with 10 µM Y-27632. Suspension 

was incubated at 37 °C for 15 min shaking. Solution was passed through a 40 µm cell strainer 

(CLS431750; Merck) into a 50 ml reaction tube and the strainer was rinsed two times with 2 ml 

PBS. Solution was transferred into a 15 ml reaction tube. After centrifugation at 150 × g for 5 min, 

the supernatant was discarded. Pellet was resuspended in 500 µl of PBS and the solution was passed 

five times through a 27G syringe needle. 2 µl of suspension were used for cell counting in a CASY 

Cell Counter & Analyzer (5651736; Omni Life Science, DE).  

C12FDG staining 

A cell suspension equivalent to 2 × 106 cells was transferred into a fresh 1.5 ml reaction tube and 

centrifuged at 300 × g for 5 min. Supernatant was discarded and the pellet was resuspended in 

500 µl of adDMEM supplemented with 100 nM Bafilomycin A1 (B1793; Merck), 1 mM 

Nicotinamide (N0636; Merck), 1.25 mM N acetylcysteine (A9165; Merck), 1 nM DHT (A8380; 

Merck), 200 nM A 83-01 (2939; Tocris Bioscience, GB), 500 ng/ml hEGF (100-15; PeproTech, 

USA), 1 × B27 (17504044; Thermo Fisher Scientific) and 10 µM Y-27632. This adDMEM solution 

was also used to dilute a 20 nM C12FDG (D2893; Thermo Fisher Scientific) in DMSO stock 

solution to a 2 mM solution. Suspension was transferred into a 24-well plate and incubated for 2 h 

at 37 °C. Cells were resuspended every 30 min during incubation. 8.3 µl of 2 mM C12FDG solution 

was added to reach an end concentration of ~33 µM C12FDG. Suspension was transferred into a 

fresh 1.5 ml reaction tube and centrifuged at 300 × g for 5 min at 4 °C. Supernatant was removed 

and pellet was resuspended in FACS buffer consisting of 1 × PBS supplemented with 2 mM EDTA 

and 2 % FBS. The centrifugation step was repeated. 
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Antibody staining and FACS 

Supernatant was removed and the pellet was resuspended in 100 µl FACS buffer supplemented 

with 1.25 ng/ml anti-mouse PE labeled EpCAM antibody (12-5791-82; Thermo Fisher Scientific) 

and 3 µg/ml of anti-mouse APC labeled CD45 antibody (130-102-544; Miltenyi Biotec, DE). This 

suspension was incubated for 30 min at 4 °C in the dark. 1 ml of FACS buffer was added and 

centrifugation at 300 × g for 5 min at 4 °C followed. Supernatant was discarded and pellet was 

resuspended in 500 µl of FACS buffer and transferred into a FACS tube. This suspension was 

supplemented with DAPI in PBS solution to a final concentration of 1 µg/ml (D9542; Merck) and 

used for flow cytometry. 

2.8 Bioinformatics and statistical testing 

2.8.1 Proliferation experiments on transduced human cell lines 

G1, G12 and G14 replicates were considered as the c-JUN KO group while eV replicates were the 

control group. The mean viable cell count for each group was calculated for all time-points. The 

mean viable cell count at the first measurement time point was set to 1 and mean viable cell counts 

of later time-points were calculated as fold-changes of this value. Resazurin assay proliferation 

curves were produced by plotting fold-changes of mean fluorescence intensity units (FIU). The 

FIU mean of the first time point set to 1 and all following time points were plotted as fold-changes 

to this value. For both proliferation experiments, c-JUN KO and control group fold-changes were 

compared by an unpaired t-test conducted with GraphPad Prism 8 (version 8.1.1; GraphPad 

Software, USA). 

2.8.2 RNA methods 

2.8.2.1 RT-qPCR quantification 

The threshold cycle (cT) of the standard dilutions 1:2, 1:4, 1:8, 1:16 and 1:32 was correlated with 

arbitrary copy numbers of 1000, 500, 250, 125 and 62.5 total cDNA copies. The mean cT value 

was calculated from duplicates and cT values were plotted corresponding to the arbitrary copy 

number assigned to each dilution to produce a standard curve. The curve function of the standard 

curve was then used to calculate copy numbers for each sample according to the mean cT of 

duplicates. Calculated copy numbers of target genes were divided by copy numbers of 18S rRNA 

or CypA for normalization to a house keeping gene.  
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Relative mRNA expression was determined by setting the normalized mean copy number of the 

Control group to 1 and calculating fold-changes to this value for the other genotypes. The mean 

normalized copy number of PtenΔ/Δ group was set as 1 instead if the relative mean copy number of 

Control group was low. After calculating relative mRNA expression values, the results from 

individual experiments were combined. For group comparison an unpaired t-test was performed 

using GraphPad Prism 8. 

2.8.2.2 RNA-seq bioinformatics and software 

Bioinformatic processing of RNA-seq raw data was performed by Jan Oppelt, CEITEC Institute of 

Masaryk University, using R packages. Quality control was performed with the packages FastQC, 

MultiQC, minion and swan. Data was pre-processed using the packages setqk, Trimmomatic, 

FastQC and MultiQC. Read mapping was performed with the packages STAR, Samtools and 

MultiQC. Mapping was performed using the reference genome “Ensembl GRCm38” with the gene 

annotation of “Ensembl v91”. Mapped reads were counted using the package featureCounts. 

Differential gene expression analysis and normalization were performed using edgeR and DESeq2. 

The significance cut-off for differentially expressed (DE) genes was set at an adjusted p-value of 

0.05 for further analyses which used edgeR and DESeq2 data. Gene set enrichment analysis 

(GSEA) was performed by Monika Oberhuber using R packages. For GSEA the Molecular 

signature database (MSigDB) gene set collections “Kegg” (Subramanian et al. 2005) “Hallmark” 

(Liberzon et al. 2015) and “transcription factor target” (Yevshin et al. 2019) were used. The 

MSigDB can be accessed at “www.gsea-msigdb.org/gsea/msigdb/index.jsp”. The significance cut-

off for GSEA was set at an adjusted p-value of 0.05. 

2.8.3 Immunochemistry 

2.8.3.1 WB quantification 

The ChemiDoc XRS+ compatible software Biorad Image Lab (version 6.0.1; Bio-Rad 

Laboratories) was used to analyze WB images. The “create multichannel image” function of the 

software was used to overlay images of normalization and target protein WB (Figure M6). For WB 

of human cell line lysates, housekeeping protein normalization (HPN) was chosen. The 

normalization image was a WB picture of the housekeeping protein β-TUB. For WB of mouse 

prostate samples, the normalization method total protein normalization (TPN) was chosen. For 

TPN images of TGX stain free blots or Ponceau S blots were used.  
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The first lane of the normalization image was specified as the normalization lane to calculate the 

normalization factor relative to this lane. The software is able to calculate normalized band 

intensity values for each replicate using this normalization factor. Relative protein levels were 

calculated by setting the mean band intensity value of the Control group to 1 and calculating 

fold-changes to this value. The mean band intensity value of PtenΔ/Δ group was set as 1 if the 

Control group showed no visible protein expression. To calculate relative protein levels in human 

cell lines, mean band intensity values of eV replicates were set to 1. An unpaired t-test was 

performed using GraphPad Prism 8 for comparison of genotype groups. 

 

2.8.3.2 Immunohistochemistry quantification 

200 × magnification images were taken on an Olympus microscope (BX53; Olympus, JP) for 

quantitative analysis of c-Jun and Ki67 IHC sections. Three images were taken for each sample 

from three separate areas of prostate anterior lobe epithelium and up to three additional images 

were taken from areas of prostate lateral, ventral or dorsal lobe epithelium. Quantification was 

performed using the ImageJ software Fiji (version 1.52e; public domain).  

Figure M6. Image Lab software for protein normalization. Creation of a multichannel image allows for either total protein 

normalization or housekeeping protein normalization. This figure shows how multichannel images are created and the available 

normalization options for the 6.0.1 version of Image Lab. Highlighted are: 1) Option to create multichannel images via drag and 

drop window. 2) Example of a created multichannel image for total protein normalization. The first image is a stain free blot image. 

For all lanes a normalization factor is calculated by normalizing them to the total protein of the first lane. 3) Selection of 

normalization type, normalization image and lane. Available options and layout may vary depending on Image Lab software 

version. 
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The plug-ins used for quantification of AEC stained IHC samples were developed by Ursula 

Reichart, VetCORE, University of Veterinary Medicine Vienna. One plug-in allowed restriction 

of epithelial regions, stroma regions and excluded areas. Regions containing histological artifacts, 

cell-free lumen of glands or air bubbles were excluded. The second plug-in allowed for automated 

quantification. The plug-in characterizes cells by their size and RGB color intensity. Target protein 

positive cells were identified by the intensity of the brown-red staining which is characteristic for 

AEC IHC. The analysis only considered cell counts for epithelial cells. A mean target protein 

positive cell count and a mean total cell count was calculated for each replicate. A ratio of positive 

to total cells was calculated for each replicate and plotted. The mean ratio of the PtenΔ/Δ group was 

set to 1 to calculate relative expression levels. Statistical group comparison was performed by an 

unpaired t-test using GraphPad Prism 8. 

 

CC3 IHC sections were analyzed semi-quantitatively. A relatively low expression of target protein 

did not allow for meaningful automated analysis. The epithelium layer of the entire sample area 

was semi-quantitatively evaluated by the pathologist Sandra Högler. All replicates were classified 

by one of five different target protein expression levels including no (0), occasional (1), low (2), 

mediate (3), and high (4) expression. Results were plotted according to genotype group of 

replicates. Statistical group comparison was performed by a Mann-Whitney-U-Test using 

GraphPad Prism 8. 

 

2.8.3.3 C12FDG FACS Gating strategy and calculation 

By gating forward scatter height (FSC-H) versus forward scatter area (FSC-A), single cells were 

selected by size exclusion for further gating (Figure M7A). DAPI staining (pacific blue channel) 

specific to non-viable cells allowed for gating of the live cell fraction (Figure M7B). The leukocyte 

cell faction was excluded by exclusion of CD45+ (APC-A labeled) cells (Figure M7C). The 

epithelial cell fraction was selected for further analysis by gating for EpCAM+ (PE-A labeled) cells 

(Figure M7D). This fraction was divided into C12FDG+ (FITC-A labeled) and C12FDG- cells. For 

further calculations the percentage of C12FDG+ cells to total epithelial cells for each replicate was 

plotted in GraphPad Prism 8. Statistical group comparison was performed by an unpaired t-test 

using GraphPad Prism 8. 
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2.8.4 Survival analysis on publicly available RNA-seq datasets and TMA data 

SurvExpress analysis 

The SurvExpress web tool at “www.bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp” 

allows for survival analysis and risk assessment on publicly available cancer gene expression 

datasets (Aguirre-Gamboa et al. 2013). The datasets contain RNA-seq data of tissue biopsies and 

corresponding survival data of patients. The expression of one or multiple genes of interest is 

correlated with survival. Two or more risk groups with distinct gene of interest expression are 

defined by the web tool and Kaplan-Meier survival curves of the risk groups are plotted. A Log-

rank test is used for statistical comparison of risk groups. For SurvExpress analysis the publicly 

available Taylor dataset was used (Taylor et al. 2010). The gene symbol “c-JUN” was entered into 

Figure M7. Gating strategy for C12FDG based senescence FACS. (A) Single cell selection via FSC-H versus FSC-A. (B) Selection of 

life cell fraction via DAPI staining. (C) Selection of CD45 negative cell fraction to exclude leukocytes. (D) Selection of EpCAM positive 

cell fraction to specifically select epithelial cells. (E) Selection of C12FDG+ and C12FDG- cell fractions to distinguish between senescent 

and non-senescent cells. 
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the gene list of the query window (Figure M8A). “Prostate” was selected as tissue type and the 

database “Taylor MSKCC Prostate” was selected. All remaining selection options remained at 

default settings and the SurvExpress analysis was started. To correlate survival data with Gleason 

scores, the stratification method “CLASS:GLEASON” was selected at the result screen 

(Figure M8B). 

 

  

Figure M8. SurvExpress web tool for validation of biomarkers. (A-B) Overview on steps performed to validate c-JUN as 

a PCa biomarker using the SurvExpress web tool. (A) Query window of analysis tool. Highlighted options are: 1) selection of 

gene by gene symbol, 2) selection of tissue type 3) selection of RNA-seq databases of specified tissue type available for survival 

analysis, 4) button to send query. (B) Query result window allows exporting results in PDF format. Additional specifications 

to adjust generated plots, highlighted options are: 1) selection of a stratification method 2) button to reload results and adopt 

adjustments. 
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Tissue microarray survival analysis 

Tissue microarrays (TMA) were a gift from Merima Herac and originated from a cohort of patients 

treated at the Vienna General Hospital (unpublished). Raw data used for plotting of TMA data was 

provided by Olaf Merkel and Astrid Aufinger. Primary tumor biopsy samples of 63 PCa patients 

were included in the TMA set. TMAs were IHC stained to evaluate c-JUN protein expression. c-

JUN expression was validated semi-quantitatively. Cytoplasm and nuclear expression were 

characterized by an expression level of 0 (no expression), 1 (low expression), 2 (mediate 

expression) or 3 (high expression). The individual expression level of cytoplasm and nucleus was 

added to obtain a c-JUN expression value. 31 samples with no measurable c-JUN expression and 

32 samples with low to high expression levels were grouped. A survival curve was plotted for both 

groups and the groups were statistically compared by a Log-rank test. 

2.8.5 Other software 

Primers were designed using the web tool Primer3 at “www.primer3.ut.ee” (Untergasser et al. 

2012; Koressaar and Remm 2007; Kõressaar et al. 2018). Specificity of primers was confirmed via 

PrimerBLAST at “www.ncbi.nlm.nih.gov/tools/primer-blast”. The NetPrimer webtool at 

“www.premierbiosoft.com/netprimer” was used to determine if primer pairs form dimers and to 

exclude primers that form strong dimers. Representative images of IHC and macroscopic prostate 

images were brightness adjusted, resolution adjusted or cropped using Adobe Photoshop CC 

(version 20.0.6; Adobe, USA). Figures were created using Adobe Illustrator (version 23.0.6; 

Adobe). 
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3 Results 

3.1 Low c-JUN expression correlates with bad prognosis in human PCa 
Continued research on c-JUN suggested various tumor-suppressive properties of this AP-1 

transcription factor (Eferl and Wagner 2003; Shaulian 2010). These findings are contrary to the 

common conception within literature of c-JUN being a proto-oncogene. The c-JUN activating 

c-JUN N-terminal kinase (JNK) has previously been identified as a potent tumor-suppressor in a 

murine PCa model (Hübner et al. 2012). The JUN family member JUNB which is also activated 

by JNK has been linked to growth limiting properties in PCa and activation of JUNB may explain 

the mechanism of JNKs tumor-suppression (Thomsen et al. 2015). However, the effects of c-JUN 

expression on PCa tumorigenesis have not been explored thoroughly yet. 

 

We first analyzed c-JUN expression in human patients to investigate c-JUN´s role in PCa 

(Figure 1). For our first experiment we used a publicly available RNA-seq dataset (Taylor et al. 

2011) to generate survival curves with the SurvExpress web tool. By using this tool we were able 

to classify patients into two risk groups with distinct expression of c-JUN (Figure 1A) (Aguirre-

Gamboa et al. 2013). We found significantly decreased c-JUN mRNA expression in high-risk 

patients compared to low-risk patients. Our survival analysis showed a significantly decreased 

survival ratio of the low c-JUN mRNA group at a hazard ratio (HR) of 3.61 (Figure 1B). Gleason 

scores stratification was performed to determine whether c-JUN expression had different effects 

on high or low grade PCa. We measured significantly decreased survival of Gleason score 6 tumor 

patients at low c-JUN expression with a HR of 6.75 (Figure 1C). For Gleason score 7 tumor patients 

we observed a trend toward reduced survival in tumors with low c-JUN expression at a HR of 2.42, 

but these findings were not statistically significant (Figure 1D). 

In addition to evaluation of transcriptomics data, we analyzed c-JUN protein expression levels in 

tissue microarrays (TMAs) of human PCa patients by immunohistochemistry (IHC) with a c-JUN 

antibody. We performed semi-quantitative evaluation of slides by assigning replicates to 

expression levels ranging from 0 for no expression to 3 for high expression. We proceeded by 

splitting the 60 patients equally into a high and a low c JUN expression group and correlated this 

data with survival data of the patients. With a median survival of 66.5 months, we observed a 

significantly decreased progression free survival within the low c-JUN expression group compared 

to the high c-JUN expression group which showed a median survival of 115 months (Figure 1E). 
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In conclusion, our findings from analyses of publicly available RNA-seq data and TMAs suggest 

a correlation between low expression of c-JUN mRNA and protein with the reduced survival 

Figure 1. Low c-JUN RNA and protein levels correlate with bad prognosis in human PCa patients. (A-D) RNA-seq data 

from a publicly available dataset (Taylor et al. 2011) was analyzed with the SurvExpress web tool (Aguirre-Gamboa et al. 

2013). (A) The algorithm classifies patients into two risk groups by high and low c-JUN mRNA expression levels. (B) Survival 

curves of risk groups including data from all patients who participated in the study. Number of total patients included and 

number of censored patients are displayed in the figure inlet. Group comparison was performed via Log-Rank test. Numbers 

of patients at risk at given time points for both risk groups are listed below the survival curve graph. (C) Survival curves for 

patients with Gleason Score 6 tumors and patients with Gleason Score 7 tumors (D). (E) Survival curve of 60 PCa patients 

(data adapted from Olaf Merkel and Astrid Aufinger). Expression data was gained from semi-quantitative analysis of c-JUN 

IHC stained TMAs. Mean survival times are displayed in color. Statistical comparison of survival curves by Log-rank test. 
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probability of human PCa patients (Figure 1B-1E). This data suggests that c-JUN acts as a 

tumor-suppressor in human PCa. 

3.2 Loss of c-Jun in a PCa in-vivo mouse model 
Following our findings suggesting that c-JUN acts as a tumor-suppressor in human datasets, we 

next established an in-vivo model to further investigate putative tumor growth modulating 

properties of c-Jun. We therefore used a Pten knockout (KO) mouse model widely accepted in PCa 

research (S. Wang et al. 2003). Previous studies on Pten KO mice identified JNK as a tumor-

suppressor (Hübner et al. 2012). A c-Jun KO in Pten KO mice may give insights whether c-Jun 

contributes to tumor-suppressive JNK signaling. We generated four genotypes of interest by 

crossbreeding PB-Cre4 transgenic mice (Xiantuo Wu et al. 2001), animals with floxed PtenEx4/Ex5 

alleles (Suzuki et al. 2001) and mice with floxed c-Jun alleles (Behrens et al. 2002). We bred 

Control mice not transgenic for PB-Cre4 which resulted in wild type mice and the three 

homozygous KO genotypes c-JunΔ/Δ, PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ (Figure 2A). On the basis of 

preliminary survival data, we sacrificed animals at 19 weeks of age to ensure progressive tumor 

growth while minimalizing tumor burden. 

To confirm successful KO of Pten and c-Jun in our mouse model, we used quantitative Real Time 

PCR (RT-qPCR) on whole prostate RNA extracts of 19-week-old males (Figure 2B-2C). We 

normalized expression of Pten and c-Jun to expression levels of the housekeeping genes 18s rRNA 

and Cyclophilin A (CypA) (Figure 2B; left and right images). We calculated the relative expression 

by either setting the Control group or the PtenΔ/Δ mean to 1 in case the expression levels in the 

Control group were undetectable. Both groups Control and c-JunΔ/Δ showed similar Pten levels 

whereas Control revealed significantly higher levels compared to PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ 

thereby confirming deletion of Pten in the appropriate genotypes.  

We did not detect significant differences in c-Jun expression between Control and c-JunΔ/Δ while 

PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ were significantly different. PtenΔ/Δ;c-JunΔ/Δ showed significantly 

lower c-Jun levels than Control and PtenΔ/Δ confirming the c-Jun KO for this genotype. 

Interestingly, c-Jun expression seemed to be highly upregulated in PtenΔ/Δ prostates indicating that 

c-Jun may play an important regulative role in tumorigenesis of Pten-loss mediated PCa 

(Figure 2C). 
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3.3 Mouse model confirmation at the protein level 
In addition to KO confirmation of Pten and c-Jun on the mRNA level we next validated our mouse 

model on the protein level by Western blotting (WB). Because we did not obtain reliable antibodies 

for the detection of Pten, we indirectly measured Pten activity by analyzing the phosphorylation 

and expression status of protein kinase B (Akt) which is part of the pro-proliferative PI3K-Akt 

signaling pathway. Akt should be constitutively phosphorylated and activated upon loss of Pten 

Figure 2. Prostate specific prostate specific knockout of Pten and c-Jun by PB-Cre4.  (A) Breeding scheme for KO mouse. 

Genotypes of interest were generated by crossbreeding PB-Cre4 transgenic mice (Xiantuo Wu et al. 2001), animals with floxed 

PtenEx4/Ex5 alleles (Suzuki et al. 2001) and mice with floxed c Jun alleles (Behrens et al. 2002). This crossbreeding resulted in 

PB-Cre4 negative wild type phenotype mice (Control) (dark grey), c-Jun KO (c-JunΔ/Δ) (grey), Pten KO (PtenΔ/Δ) (blue) and 

Pten/c-Jun KO (PtenΔ/Δ;c-JunΔ/Δ) (red) mice. (B-C) RT-qPCR on whole prostate RNA extracts of 19-week-old animals of the 

following genotypes: Control (n=6), c-JunΔ/Δ (n=6), PtenΔ/Δ (n=6), PtenΔ/Δ;c-JunΔ/Δ (n=6). c-Jun and Pten expression levels 

was normalized to house-keeping genes 18S rRNA and CypA. Groups were statistically compared via two-sided unpaired t-test. 

(B) Relative expression of Pten was determined by setting the mean expression levels of the Control group to 1. (C) Relative 

expression of c-Jun was determined by setting the mean expression levels of the PtenΔ/Δ group to 1. 
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(M. S. Song, Salmena, and Pandolfi 2012). For quantification we normalized phospho-Akt (p-Akt) 

and Akt expression to total protein levels determined by the TGX technology.  

 

We measured a significant increase of p-Akt and total Akt levels in PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ 

mice compared to Control which indicates an efficient KO of Pten (Figure 3B). We performed 

c-Jun WB to confirm the KO of c-Jun on the protein level. For quantification we normalized 

phospho-c-Jun (p-c-Jun) and c-Jun expression to the total protein expression which was determined 

by TGX blotting. We found no significant difference in p-c-Jun nor c-Jun expression between 

Control and c-JunΔ/Δ but significantly decreased levels between PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ 

prostates (Figure 4A-4B). We measured highly increased p-c-Jun and c-Jun levels in PtenΔ/Δ 

compared to the other genotypes (Figure 4A-4B). 

 
Figure 3. Pten deficiency leads to increased phosphorylation of Akt. (A-B) WB of whole prostate protein lysates of 19-

week-old animals with antibodies against phospho-Akt (p-Akt), Akt and β-Act as a loading control. Genotypes: Control (n=3), 

c-JunΔ/Δ (n=3), PtenΔ/Δ (n=3), PtenΔ/Δ;c-JunΔ/Δ (n=3). Normalization was performed to total protein assessed by TGX blotting. 

Quantification of relative p-Akt and Akt expression was performed by setting the mean expression levels of the PtenΔ/Δ group 

to 1. Groups were statistically compared via two-sided unpaired t-test. 
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Figure 4. Pten deficiency leads to increased levels of c-Jun. (A-B) WB of whole prostate protein lysates of 19-week-old 

animals with antibodies against phospho-c-Jun (p-c-Jun), c-Jun and β-Act as a loading control. Genotypes: Control (n=6), 

c-JunΔ/Δ (n=6), PtenΔ/Δ (n=6), PtenΔ/Δ;c-JunΔ/Δ (n=6). Normalization was performed to total protein assessed by TGX blot. 

Quantification of relative phospho (p)-c-Jun and c-Jun expression was performed by setting the mean expression levels of the 

PtenΔ/Δ group to 1. (C) c-Jun IHC of FFPE prostate samples from 19-week-old animals. Genotypes: Control (n=5), c-JunΔ/Δ 

(n=5), PtenΔ/Δ (n=5), PtenΔ/Δ;c-JunΔ/Δ (n=5). (D) Light microscopy images were quantified with an automated analysis tool 

measuring total cells and positive cells of the epithelium. Quantification was calculated by dividing positive epithelial cell 

count with total epithelial cell count. Group comparison was performed with a two-sided unpaired t-test. 
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We additionally performed c-Jun IHC on formalin fixed paraffin embedded (FFPE) prostates of 

19-week-old animals as an additional KO validation. We took multiple representative images from 

each sample and then used an automated imaging software macro to measure the total amount of 

c-Jun positive cells in the prostate epithelium. As the anterior prostate lobe developed the largest 

tumor masses in our model and tumorigenic glands resembled the PCa typical cribriform pattern, 

we focused our analysis on the anterior lobe (Figure 4C) (Kryvenko and Epstein 2016; Epstein 

2018). As already observed in RT-qPCR and WB analyses, IHC confirmed a low base level 

expression of c-Jun in Control non-malignant prostate (Figure 4C). As a result, we did not observe 

a significant decrease in c-JunΔ/Δ (Figure 4C-4D). With notably pronounced c-Jun staining intensity 

we also reproduced our RT-qPCR and WB findings which indicated highly increased c-Jun 

expression in the PtenΔ/Δ group (Figure 4C). We measured significantly decreased c-Jun levels in 

the PtenΔ/Δ;c-JunΔ/Δ genotype compared to PtenΔ/Δ which suggests and efficient c-Jun KO 

(Figure 4C-4D). 

 

In conclusion, we confirmed efficient Pten and c-Jun KO in our PCa mouse model on the RNA 

and protein level. We additionally found that c-Jun levels were low in non-malignant prostate tissue 

but were upregulated upon oncogenic transformation in Pten KO animals. 

3.4 c-Jun deficient PCa mice develop aggressive tumors 
We continued our research on the murine model by assessing the effects of c-Jun deficiency on 

tumor burden and survival by morphological and survival analyses. After sacrificing 19-week-old 

animals of all four genotypes, we measured their body weight and then dissected the prostates. We 

carefully removed excess fat tissue, the connected bladder and seminal vesicle without disturbing 

the prostate tissue before measuring the prostate weight. Representative macroscopic images of 

prostates were taken according to mean prostate to body mass ratios. We did not measure a 

significant difference in prostate size and prostate to body mass ratio between the c-JunΔ/Δ to 

Control genotypes indicating that both groups were protected from malignant transformation 

(Figure 5A-5B). With significantly increased prostate mass compared to Control we found clear 

tumor development in the PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ group (Figure 5B). PtenΔ/Δ;c-JunΔ/Δ tumors 

showed increased mass when compared to PtenΔ/Δ tumors (Figure 5A-5B). We next stained FFPE 

slides of prostates with hematoxilin and eosin (H&E) for histological assessment.  
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Figure 5. c-Jun deficiency leads to increased tumor mass and decreased survival in Pten KO mice. (A-C) Prostate samples 

from 19-week-old animals were used to produce representative macroscopic images, tumor mass to body mass plot and 

histological H&E staining. (A) Representative macroscopic images of prostate from ventral view with size indicator in mm. 

(B) Prostate mass to body mass ratio of the following genotypes: Control (n=16), c-JunΔ/Δ (n=16), PtenΔ/Δ (n=16), 

PtenΔ/Δ;c-JunΔ/Δ (n=16). Statistical group comparison was performed with a two-sided unpaired t-test. (C) Microscopic images 

of H&E stained FFPE prostate samples from 19-week-old animals. Representative images show anterior prostate lobe and 

were taken at magnifications of 200 × and 600 ×. Images were white balance adjusted using Photoshop. (D) Survival plot of 

PCa mouse model. Animals which died during the experiment are represented as a hit in cumulative survival and animals 

which were sacrificed past 100 weeks of age were right censored. Mean survival of tumor genotypes is shown at the x axis in 

color. Group comparison was performed via Log-Rank test. 
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We found inconspicuous epithelial monolayers in the prostate glands of Control and c-JunΔ/Δ 

animals (Figure 5C) whereas both PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ prostates contained hyperplastic 

cribriform glands and revealed clear histological signs of oncogenic transformation. Some of the 

glands appeared to be fused but overall, the glands remained well-circumscribed in both genotypes 

suggesting no clear histological difference between PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ animals. We 

surveyed the overall survival in all four genotypes by Kaplan Meier survival analysis. Animals 

which participated in the survival experiment were maintained until their disease related death or 

were sacrificed after reaching a humane endpoint according to the guidelines of the 3R principle 

(Russell, Burch, and Welfare. 1992; Tannenbaum and Bennett 2015). We found no survival 

differences for the genotypes Control and c-JunΔ/Δ (Figure 5D) whereas the PtenΔ/Δ group showed 

significantly decreased survival with a mean survival of 85.3 weeks compared to Control. With a 

mean survival of 67.2 weeks we measured significantly decreased survival of PtenΔ/Δ;c-JunΔ/Δ 

animals when comparing them with PtenΔ/Δ. Our observations suggest that c-JunΔ/Δ develop wild 

type prostates and that c-Jun deficiency in the Pten KO background leads to significantly increased 

tumor burden which results in significantly decreased survival (Figure 5). These findings support 

our observations on human data which suggested that c-JUN is a tumor-suppressor in PCa. 

3.5 c-Jun deficiency does not affect proliferation in a murine PCa model 
Our previous findings suggested that c-Jun expression suppresses murine prostate tumorigenesis 

and therefore our next goal was to determine which mechanisms may be involved in the 

tumor-suppressive properties of c-Jun (Figure 5). We based our further experiments on the 

hallmarks of cancer (Hanahan and Weinberg 2011) and investigated how c-Jun could regulate 

growth and survival of PCa cells. Previous studies suggested that c-Jun modulates hepatocellular 

tumorigenesis as an important regulator of cell cycle genes and c-Jun has been suggested as a 

coactivator and repressor of the prostate growth promoting androgen receptor (AR) (Eferl and 

Wagner 2003; Bubulya et al. 2001; Cai, Hsieh, and Shemshedini 2007). However, there is currently 

no in-vivo data on how c-Jun affects proliferation during prostate tumorigenesis. The regulative 

role of c-Jun on proliferation is controversial with both suppressive and promoting mechanisms 

being described in literature. We therefore investigated potential differences in proliferation in our 

four genotypes by staining for Ki67 which is continuously expressed in proliferating cells (Berney 

et al. 2009). In Ki67 IHC of FFPE prostates from 19-week-old-animals we detected a significantly 

increased number of positive cells in both tumor phenotypes PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ compared 
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to Control and c-JunΔ/Δ samples (Figure 6). We did not detect significant differences between the 

Control and c-JunΔ/Δ group or the PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ prostates. From these results, we 

conclude that changes in proliferation are not likely to affect the observed differences in survival 

between PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ animals in-vivo (Figure 5D). 

 

3.6 c-Jun deficiency does not affect proliferation in a PCa in-vitro model 
In addition to the in-vivo model we established an in-vitro CRISPR-Cas9 mediated KO model to 

study the effects of c-JUN expression in human prostate cancer cell lines. For this purpose we 

chose the PCa cell lines PC-3 and DU145 (Stone et al. 1978; Kaighn et al. 1979). WB experiments 

revealed that both cell lines expressed c-JUN protein to various levels but that PC-3 cells had 

diminished PTEN levels (Figure 7A). To delete c-JUN in the human cell lines, we designed three 

individual guide RNAs (sgRNAs) (G1, G12, G14) against the single exon of c-JUN, taking into 

consideration that different guide RNAs might produce varying KO efficiencies (Figure 7B). We 

Figure 6. c-Jun deficiency has no effect on proliferation in Pten-loss mediated prostate tumors. (A-B) Ki67 IHC of FFPE 

prostate samples from 19-week-old animals of the following genotypes: Control (n=5), c-JunΔ/Δ (n=5), PtenΔ/Δ (n=5), 

PtenΔ/Δ;c-JunΔ/Δ (n=5). (A) Representative images of anterior prostate lobe were taken at magnification of 200 × and 600 × and 

images were white balance adjusted using Photoshop. (B) Quantification was performed by an automated analysis tool. 

Quantification was calculated by dividing positive epithelial cell count with total epithelial cell count. Group comparison was 

performed with a two-sided unpaired t-test. 
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cloned the sgRNAs into the lentiCRISPRv2 one vector system (Sanjana, Shalem, and Zhang 2014; 

Shalem et al. 2014) and transfected HEK293 FT cell line with the vector. 

 

 

We confirmed that all cloned sgRNA vectors were able to target c JUN using the T7 endonuclease 

assay (Figure 8). After confirming the efficiency of the sgRNA vectors, we produced lentiviral 

particles in HEK293 FT cell line and transduced PC-3 and DU145 cells (Figure 7C). In addition to 

sgRNA vector carrying virus we also produced viruses harboring the original lentiCRISPRv2 

vector as an empty vector control cell line (eV). We tested for potential reduction of c-JUN protein 

expression in lysates of G1, G12 and G14 transduced DU145 and PC-3 cell lines compared to 

empty vector controls (Figure 9A & 9C). All sgRNA transduced cell lines showed residual levels 

of c-JUN protein and only the bulk culture DU145 G1 showed near total depletion of the protein. 

Figure 7. Human PCa cell lines to study effects of c-JUN deficiency in-vitro. (A) WB of lysates from human prostate cancer 

cell lines with antibodies against c-JUN, PTEN and β-ACT as a loading control. Right: quantification of WB normalized to β-

ACT expression and relative to the expression in RWPE-1 cell line. (B) sgRNA design for c-JUN KO with accurate 

representation of sgRNA target locations on c-JUNEx1. The sgRNAs G1, G12 and G14 were later introduced into the 

lentiCRISPRv2 vector. sgRNA sequence shown in brackets and overhangs for cloning highlighted in red. sgRNA target site 

location relative to 5´-end of c-JUNEx1 is indicated in base pairs (bp). (C) Schematic representation of c-JUN CRISPR KO 

workflow. sgRNAs were cloned into lentiCRISPR v2 vectors and transfected with the packaging plasmids psPAX2 and 

pMD2.G into HEK293 FT cell line to produce lentiviral particles for transduction. DU145 and PC-3 cell lines were transduced 

with virus carrying either original lentiCRISPR v2 or lentiCRISPR v2 cloned with either one of the three sgRNAs. 
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Figure 8. sgRNA G1, G12 and G14 are able to target c-JUN. (A) T7 

endonuclease assay of DNA extracts from sgRNA lentiCRISPR v2 and 

lentiCRISPR v2 empty vector (eV) transfected HEK239 FT cell lines. G1, 

G12 and G14 were the sgRNAs clones into the lentiCRISPR v2 vector. (-) 

represents reactions without T7 endonuclease enzyme while (+) represents 

reactions using the enzyme. The intense bands at (-) show the undigested 961 

bp product of the c-JUN allele amplified by PCR (blue indicator). Faint bands 

at (+) indicate digestion products of the amplicon (red indicators). 

 

 

 

Figure 9. In-vitro c-JUN KO in human cell 

lines by CRISPR-Cas9. (A) c-JUN WB of 

lysates from transduced DU145 cell line bulk 

cultures and quantification (right) of proteins 

normalized to β-TUB expression. (B) Viable 

cell count-based proliferation curve of DU145 

bulk cultures. Cell density of first measurement 

set to 1 and density measure on consecutive 

days calculated as fold-changes. Empty vector 

control included three technical replicates (t.r.) 

of DU145 transduced with lentiCRISPR v2. 

c-JUN KO included three biological replicates 

(b.r.) of DU145 G1, G12 and G14. Left-side 

image depicts combined values of three 

technical replicates for empty vector control 

and three biological replicates for c-JUN KO 

cell lines. Right-side image depicts values of 

each replicate. Two-sided unpaired t-test was 

used to determine differences between the two 

groups at any time point. (C-D) as in (A-B) but 

for the PC-3 transduced cell line. 
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A previous study in LNCaP cell lines suggested that c-JUN deficiency leads to reduced 

proliferation in PCa cells by (S. Y. Chen et al. 2006). These findings show a tumor-suppressive 

property of c-JUN which is contrary to the findings in our mouse model. We tested whether we 

were able to reproduce these results in our DU145 and PC-3 CRISPR cell lines.  

We therefore performed a viable cell count-based proliferation analysis in the bulk cultures. We 

seeded cells of the transduced cell lines into 6-well plates and measured viable cell counts at 

consecutive days using an automated cell counting device. Three technical replicates of the eV 

transduced cell lines were regarded as the control group and compared with the three biological 

replicates G1, G12 and G14 as c-JUN deficient cell lines. We did not detect significant differences 

in proliferation of c-JUN deficient DU145 and PC-3 cell line bulk cultures compared to their empty 

vector controls (Figure 9B & 9D). However, the KO cell lines still showed residual expression of 

c-JUN (Figure 9A & 9C) and we therefore picked single clones to exclude potential effects of 

residual c-JUN expression. To pick single clones, we isolated single colonies which were seeded 

in a limiting dilution experiment. 

 

For single clone validation, we determined the c-JUN KO efficiency by c-JUN WB. We indeed 

detected several single clones that had entirely lost c-JUN protein expression (DU145 G1.3, 

DU145 G12.1, DU145 G14.2, PC-3 G1.1, PC-3 G1.2, PC-3 G1.3 and PC-3 G14.3). The identified 

full c-JUN KO single clones were further validated by Sanger sequencing to guarantee origin from 

single cells (Figure 10A & 10C). We utilized the TIDE online web tool for this analysis (Brinkman 

et al. 2014). TIDE allows for the analysis of sequencing data from a mixed pool of samples and is 

therefore used to quantify occurring allele frequencies. The insertion-deletion (InDel) range of a 

true single clone should ideally indicate two alleles while bulk cultures have a broad InDel 

spectrum. We validated DU145 G1.3, DU145 G12.1, DU145 G14.2, PC-3 G1.1, PC-3 G1.2 and 

PC-3 G1.3 as true single clones and used these single clone cell lines for future experiments 

(Figure 10B & 10D). PC-3 G1.3 was identified as a triploid single clone with an InDel spectrum 

being divided into three peaks (Figure 10D). For further experiments we selected DU145 eV.1, 

DU145 eV.2, DU145 eV.3, PC-3 eV.1, PC-3 eV.2 and PC-3 eV.3. 
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We next performed proliferation analysis based on viable cell count with three biological replicates 

for empty vector control and three biological replicates for c-JUN KO. As previously observed for 

the bulk cultures, we did not find any overall proliferative differences between single clones of 

empty vector control and c JUN KO replicates in DU145 nor PC-3 cell lines (Figure 11A & 11C). 

At day two of the proliferation experiment we observed a significant increase of cell count in the 

DU145 c-JUN KO single clones, but consecutive time points did not confirm these differences 

(Figure 11A).  

Figure 10. TIDE analysis to verify clonality of single clones in human PCa cell lines. (A) c-JUN WB of lysates from 

transduced DU145 cell line single clones. Right: quantification of proteins normalized to β-TUB expression. 

(B) Insertion-deletion (InDel) spectra of selected transduced DU145 single clones as measured by TIDE assay. DU145 single 

clones G1.3, G12.1 and G14.2 were identified as genetic single clones and used for further experiments. (C-D) as in (A-B) but 

for the PC-3 cell line single clones. PC-3 single clones G1.1 G1.2 and G1.3 were identified as genetic single clones and used 

for further experiments. 
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To increase the sensitivity of our proliferation assays and to measure potential subtle influences of 

c-JUN deficiency on proliferation, we performed a resazurin assay-based proliferation experiment. 

Resazurin is metabolized by viable cells and therefore cell density is directly proportional to the 

cellular metabolization rate (O’Brien et al. 2000). We seeded three technical replicates per time 

point for each biological replicate on a 96-well plate and conducted the first measurement at 

12 hours after seeding. This first time point was regarded as day 0 and results of all consecutive 

time points were calculated as fold-changes over day 0. We measured the relative metabolization 

rates at days 2, 4 and 6 via fluorescence spectrometry after incubating cells for two hours with 

resazurin solution. Again, suggesting no changes in proliferation in c-JUN deficient DU145 and 

PC-3 SCs with the resazurin assay, we confirmed our results of the viable cell count-based 

proliferation curves (Figures 11B & 11D). In conclusion, our proliferation experiments in bulk 

cultures and single clones of DU145 and PC-3 c-JUN KO cell lines did not indicate any significant 

influence of c-JUN on the proliferation of PCa cell lines (Figure 8 & 10). These results from in-vitro 

experiments are in accordance with our observations in the in-vivo model, which did not show any 

proliferative differences between the tumor developing PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ genotypes 

(see section 3.5). 
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Figure 11. c-JUN deficiency has no effects on proliferation in human PCa cell lines. (A) Viable cell count-based 

proliferation curve of DU145 single clones (SC). Left side image depicts combined values of three biological replicates (b.r.) 

for empty vector control and three biological replicates for c-JUN KO cell lines. Right side image depicts values of separate 

biological replicates. Foldchanges were calculated by setting the viable cell count of the first time point as 1. Viable cell count 

foldchanges of empty vector control group and c-JUN KO group were compared for each time point using two-sided unpaired 

t-test. (B) Resazurin assay of DU145 SC. Left-side image depicts combined values of three biological replicates for empty 

vector control and three biological replicates for c-JUN KO cell lines. Right side image depicts values of separate biological 

replicate. For each biological replicate three technical replicates were included in the experiment. Foldchanges were calculated 

by setting the fluorescence intensity units (FIU) of the first time point as 1. FIU foldchanges of empty vector control group and 

c-JUN KO group were compared for each time point using two-sided unpaired t-test. (C-D) As in (A-B) but PC-3 single clone 

cell lines. 
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3.7 c-Jun deficiency does not affect CC3 mediated apoptosis in murine 

PCa model 
c-JUN and JNK were previously suggested to regulate apoptosis of stressed cells (Shaulian et al. 

2000; Hochedlinger, Wagner, and Sabapathy 2002). JNK has been reported to act pro-apoptotic in 

PCa cells, but it remains debatable whether c-JUN participates in these regulative properties in 

prostate tumorigenesis (Lorenzo and Saatcioglu 2008; Xu and Hu 2020). We therefore chose the 

cleaved-caspase 3 (CC3) as a marker to analyze apoptosis in our PCa in-vivo model (Blute et al. 

2017). We observed by IHC that CC3 levels were generally low in all four genotypes of the PCa 

model. We performed semi-quantitative evaluation of expression to avoid the limited sensitivity of 

automated analysis. We assigned the expression levels 0 for no expression, 1 for scarce, 2 for low, 

3 for medium and 4 for high expression to all sections. 

 

For the Control and c-JunΔ/Δ genotypes we observed occasional or no positive cells within the 

prostate epithelia (Figure 12A-12B). We found elevated CC3 expression in epithelial cells in the 

tumor genotypes PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ, however we failed to detect overall significant 

differences in these two genotypes. We additionally observed excessive positive signal within the 

gland lumen of both tumor phenotypes (Figure 12A, black arrows). However, we cannot exclude 

the possibility that this positive signal is unspecific and results from secretions of the prostate gland. 

In summary, we were unable to detect differences between PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ in CC3 

mediated apoptosis, but we cannot exclude the possibility that c-Jun may regulate apoptotic 

pathways which are mediated by other executioner caspases. Future experiments, analyzing other 

caspases and alternate apoptotic signaling will further elucidate a potential contribution of c-Jun to 

apoptosis in the PCa in-vivo model. 
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3.8 Trend of increased senescence in response to c-Jun deficiency in the murine 

PCa model 
Deficiency of the tumor-suppressor gene Pten reportedly causes p53 mediated senescence in 

Pten KO mice (Jung et al. 2019; Z. Chen et al. 2005). This phenotype is called Pten-loss-induced 

cellular senescence (PICS) and is part of a senescence pathway which induces senescence in 

response to oncogenic signaling (Muñoz-Espín and Serrano 2014). We therefore assumed that a 

PICS phenotype is present in our PCa in-vivo model. A possible regulation of this phenotype by c-

Jun may have significant influence on prostate tumorigenesis. c-Jun and JNK were previously 

suggested as negative regulators of senescence (Shaulian et al. 2000; Das et al. 2007; J. J. Lee et 

al. 2010). Senescence primarily suppresses cell growth and therefore acts as a tumor-suppressive 

mechanism (Gorgoulis et al. 2019; Schosserer, Grillari, and Breitenbach 2017). However, 

senescence is regulated by a multitude of different pathways and some forms of senescence shape 

the tumor microenvironment favorably toward tumor progression. We therefore tested whether 

Figure 12. c-JUN deficiency has no effect on apoptosis in Pten-loss mediated prostate tumors. (A-B) Cleaved-caspase 3 

(CC3) IHC of FFPE prostate samples from 19-week-old animals. Genotypes: Control (n=5), c-JunΔ/Δ (n=5), PtenΔ/Δ (n=5), 

PtenΔ/Δ;c-JunΔ/Δ (n=5). (A) Representative images of anterior prostate lobe taken at magnifications of 200 × and 600 × and 

images were white balance adjusted using Photoshop. Black arrows highlight positive intra-luminal staining. (B) Semi-

quantitative evaluation of prostate CC3 expression. Classification into no (0), scarce (1), low (2), medium (3) and high (4) CC3 

expression. Group comparison was performed by Mann-Whitney-U-test. 
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c-Jun regulates senescence in our PCa mouse model and which specific senescence pathways could 

be involved in such a regulation (Gorgoulis et al. 2019). 

 

We tested the senescence markers β-galactosidase and p16INK4a which are universally 

overexpressed in senescent cells (B. Y. Lee et al. 2006; Muñoz-Espín and Serrano 2014). We 

started our investigation into a potential senescence-regulative mechanism of c-Jun by staining 

viable prostate epithelial cells isolated from 19-week-old animal prostates with the β-galactosidase 

substrate C12FDG (Cahu and Sola 2013). We used antibodies against the EpCAM cell surface 

protein in combination with C12FDG staining to isolate epithelial cells from the prostate cell 

population by FACS. We found similar levels of β-galactosidase activity in Control and c-JunΔ/Δ 

(Figure 12A). PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ had significantly elevated activity compared to control 

which suggests that the PCa mouse model does develop a senescence phenotype as it has been 

described in previous studies (Z. Chen et al. 2005). We observed no statistically significant 

difference between PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ. However, the mean percentage of cells with β-

galactosidase activity was slightly increased in the PtenΔ/Δ;c-JunΔ/Δ genotype. As we were only 

able to measure three replicates for each genotype at the time of the experiment, an increase in 

replicate number in future experiments will elucidate the contribution of c-Jun in the regulation of 

senescence. 

We next tested expression of the senescence marker p16INK4a which is the full-length transcription 

product of the CDKN2A gene locus by RT-qPCR and WB. RT-qPCR showed low levels of p16INK4a 

mRNA expression for Control and c-JunΔ/Δ (Figure 12B). We observed significantly increased 

p16INK4a mRNA levels for PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ which again points toward a senescent 

phenotype upon Pten deletion. p16INK4a expression normalized to 18S rRNA expression was 

significantly increased PtenΔ/Δ;c-JunΔ/Δ compared to PtenΔ/Δ. However, we did not observe this 

difference when normalizing to a second housekeeping gene CypA. On the protein level we 

reproduced our RT-qPCR results and measured no detectable p16INK4a expression in Control and 

c-JunΔ/Δ (Figures 12). We found increased p16INK4a expression in both tumor phenotypes but no 

significant difference between PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ prostates (Figure 12C-12D). In 

conclusion, our observations on β galactosidase activity and p16INK4a expression hint toward a mild 

increase in senescence upon c-Jun deficiency in Pten-loss mediated murine PCa. However, these 

findings were not statistically significant and further experiments will assess whether c-Jun 

regulates senescence in murine PCa. 
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Figure 13. c-JUN deficiency may have an effect on senescence in Pten-loss mediated prostate tumors. (A) C12FDG 

staining for senescence FACS of prostate epithelial cell suspension from 19-week-old animals. Genotypes: Control (n=3), 

c-JunΔ/Δ (n=3), PtenΔ/Δ (n=3), PtenΔ/Δ;c-JunΔ/Δ (n=3). Percentage of senescent C12FDG+ epithelial cells to total epithelial cells 

are shown (data adapted from Christina Sternberg). Group comparison was performed with a two-sided unpaired t-test. 

(B) p16INK4a RT-qPCR of whole prostate RNA extracts of 19-week-old animals. Genotypes: Control (n=6), c-JunΔ/Δ (n=6), 

PtenΔ/Δ (n=6), PtenΔ/Δ;c-JunΔ/Δ (n=6). p16INK4a mRNA expression was normalized to 18S rRNA or CypA mRNA expression 

and mean expression in the PtenΔ/Δ group was set to 1. Group comparison was performed with a two-sided unpaired t-test. 

(C) p16INK4a WB of whole prostate protein lysates of 19-week-old animals. Genotypes: Control (n=6), c-JunΔ/Δ (n=6), PtenΔ/Δ 

(n=6), PtenΔ/Δ;c-JunΔ/Δ (n=6). Exclusively the upper band was quantified as p16INK4a because the lower band represents 

C-terminal proteolytically cleaved p16INK4a. (D) p16INK4a protein levels were normalized to total protein levels as assessed by 

Ponceau S staining and p16INK4a level of PtenΔ/Δ group was set to 1. Group comparison was performed with a two-sided 

unpaired t-test. 
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3.9 RNA-seq suggests an influence of c-Jun on PCa immunology and 

inflammation 
We continued to identify mechanisms which could explain tumorigenesis regulating properties of 

c-Jun by performing transcriptomic analysis via RNA-seq. For this experiment we prepared 

next-generation sequencing (NGS) libraries of five animals per group of: Control, PtenΔ/Δ;c-JunΔ/Δ 

and PtenΔ/Δ. The c-JunΔ/Δ genotype could unfortunately not be included due to an insufficient 

number of c-JunΔ/Δ animals at the time of the experiment. We prepared RNA-seq libraries from 

EpCAM MACS sorted prostate epithelial cells of 19-week-old animals. We used DEseq2 and 

edgeR to perform differential gene expression analysis on the mapped sequencing data (Love, 

Huber, and Anders 2014; Robinson, McCarthy, and Smyth 2009). Using DEseq2 normalized data 

we plotted a principal component analysis (PCA) to investigate the association between genotypes. 

We produced a log ratio to mean average (MA) plot from DEseq2 data to compare PtenΔ/Δ;c-JunΔ/Δ 

and PtenΔ/Δ for further exploratory data analysis. 

 

We found clustering of individual replicates within the genotypes Control, PtenΔ/Δ;c-JunΔ/Δ and 

PtenΔ/Δ which confirms that these genotypes exhibit a distinctively different transcription profile in 

PCA analysis (Figure 13A). In our analyses we also compared the genotypes PtenΔ/Δ;c-JunΔ/Δ and 

PtenΔ/Δ with Control but for the scope of this thesis, we focused on differences between 

PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ to explore the role of c-Jun deficiency in prostate tumorigenesis. We 

found a total of 1872 differentially expressed (DE) genes of which 1553 DE genes were 

down-regulated and 319 DE genes were up-regulated (Figure 14B-14C). Overall, deficiency of the 

transcription factor c-Jun appears to primarily lead to a downregulation of genes. 
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We performed gene set enrichment analysis (GSEA) on DEseq2 differentially expressed genes of 

PtenΔ/Δ;c-JunΔ/Δ compared to PtenΔ/Δ in order to identify signaling pathways that rely on c-Jun 

expression in prostate tumorigenesis (Mootha et al. 2003; Subramanian et al. 2005). We 

investigated the gene set collections “Kegg” and “Hallmark” of the Molecular signature database 

(MSigDB) and set our significance cut-off at an adjusted p-value of <0.05 (Subramanian et al. 

2005; Liberzon et al. 2011). With Kegg GSEA we found multiple immune response and 

inflammation related pathways to be down-regulated in the PtenΔ/Δ;c-JunΔ/Δ genotype compared to 

PtenΔ/Δ (Figure 15A). These pathways included cytokine-cytokine receptor interaction, chemokine 

signaling, leukocyte trans-endothelial migration and natural killer (NK) cell mediated cytotoxicity 

all showing a negative normalized enrichment score (NES). Cell-cell interactions seemed to be 

affected in PtenΔ/Δ;c-JunΔ/Δ as we observed a negative NES of the cell adhesion molecules (CAMs) 

data set. We found a positive NES from gene sets primarily associated with cellular metabolism 

including oxidative phosphorylation, citrate cycle, amino/nucleotide sugar metabolism and 

ubiquitin mediated proteolysis pathways. In Hallmark GSEA we observed a downregulation of the 

gene sets grouped within inflammatory response, complement activation and IL2-STAT5 signaling 

which further indicates an involvement of c-Jun in regulation of inflammation and immune 

Figure 14. c-JUN deficiency changes the gene expression profile in Pten-loss mediated prostate tumors. Exploratory data 

analysis of the RNA-seq experiment. Sequencing libraries were generated from total RNA of EpCAM MACS sorted prostate 

epithelial cells of 19-week-old animals. Genotypes: Control (n=5), PtenΔ/Δ (n=5), PtenΔ/Δ;c-JunΔ/Δ (n=5). Normalization to total 

reads and differential gene expression analysis was performed using DEseq2. (A) Principal component analysis (PCA) from 

DEseq2 normalized RNA-seq data. (B) Log ratio to mean average (MA) plot generated from DEseq2 differential gene 

expression data comparing PtenΔ/Δ;c-JunΔ/Δ versus PtenΔ/Δ genotypes. The top-20 most differentially expressed genes are 

indicated on MA plot. (C) Pie chart showing the number of up- and down-regulated genes. 
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response (Figure 15B). The interferon alpha (IFNα) response showed a positive NES in PtenΔ/Δ;c-

JunΔ/Δ. Further pathways with a negative NES included IL6-Jak-STAT3 signaling, KRAS 

signaling, epithelial to mesenchymal transition (EMT) and TNFα signaling via NF-kB. We found 

an upregulation of the gene sets oxidative phosphorylation, protein secretion, cholesterol 

homeostasis, fatty acid metabolism and estrogen response. In summary, our results suggest that 

c-Jun may modulate inflammation, immune response and cell metabolism during prostate 

tumorigenesis. 

 

3.10 c-Jun regulates mRNA expression and activity of other transcription 

factors 
c-Jun is known to participate in complex signaling crosstalks of signaling transduction cascades 

(Meng and Xia 2011). c-Jun was reported to interact with other AP-1 transcription factors in an 

autocrine amplification loop in which c-Jun increases the activity of AP-1 transcription factors and 

vice versa c-Jun expression is promoted by AP-1 activity. c-Jun is also known to regulate other 

non-AP-1 transcriptions factors. For example, c-Jun was identified as a coactivator of AR (Bubulya 

et al. 2001; Cai, Hsieh, and Shemshedini 2007). Crosstalk between c-Jun and other transcription 

factors may play a role in the regulation of prostate tumorigenesis and we therefore explored the 

impact of c-Jun deficiency on the activity of other transcription factors. We used differential gene 

Figure 15. c-JUN deficiency leads to downregulation of multiple pathways of immunological relevance. Gene set 

enrichment analysis (GSEA) using the molecular signature database (MSigDB) gene set collections “Kegg” (A) and 

“Hallmark” (B). GSEA DEseq2 differential gene expression analysis comparing PtenΔ/Δ;c-JunΔ/Δ versus PtenΔ/Δ (data adapted 

from Monika Oberhuber). Significance cut-off was set at an adjusted p-value of ≤0.05. Up to 20 top significantly deregulated 

pathways were plotted according to normalized enrichment score (NES) from lowest to highest. 
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expression analysis data of the RNA-seq experiment to analyze the mRNA expression of related 

AP-1 transcription factors. We plotted log2-foldchanges of the PtenΔ/Δ;c-JunΔ/Δ to PtenΔ/Δ 

differentially expressed (DE) genes. c-Jun mRNA was significantly downregulated in PtenΔ/Δ;c-

JunΔ/Δ compared to PtenΔ/Δ which validates the differential gene expression data and serves as a 

control for the RNA-seq experiment. We observed similar expression of most AP-1 factors 

however Batf and Batf3 showed significantly reduced expression in the PtenΔ/Δ;c-JunΔ/Δ prostates 

(Figure 16A). These findings imply a transcriptional regulation of Batf and Batf3 by c-Jun. 

However, we could not measure Batf protein expression in prostates which suggests that this 

regulation only has minor biological relevance on prostate tumorigenesis (Figure 16B). With 

GSEA of the “transcription factor target” MSigDB gene set collection we investigated whether c-

Jun regulates the activity of 

non-AP-1 transcription 

factors (Yevshin et al. 

2019). This form of GSEA 

determines activity of 

transcription factors by 

analyzing the mRNA 

expression of the genes 

which are activated by the 

transcription factor. We 

observed a downregulation 

of transcription factor 

target genes of Pbx1, Pu.1 

and the core binding factor 

Runx1 (Aml) in 

PtenΔ/Δ;c-JunΔ/Δ prostates 

(Figure 16C). Upregulated 

were target genes of Pax3, 

Nrf2 and Gabp. These 

findings suggest that c-Jun 

is capable of regulating the 

activity of multiple other 

Figure 16. c-JUN deficiency leads to deregulation of other transcription factors. 

(A) Log2-foldchanges of AP-1 transcription factors according to edgeR differential gene 

expression analysis comparing PtenΔ/Δ;c-JunΔ/Δ versus PtenΔ/Δ. Color coding: 

downregulated genes (blue); upregulated genes (red). (B) Batf WB of whole prostate 

protein lysates of 19-week-old animals. Genotypes: Control (n=6), c-JunΔ/Δ (n=6), PtenΔ/Δ 

(n=6), PtenΔ/Δ;c-JunΔ/Δ (n=6). Lysate from Batf expressing cell line was used as positive 

control. (C) GSEA using the MSigDB gene set collection “transcription factor target” 

comparing PtenΔ/Δ;c-JunΔ/Δ versus PtenΔ/Δ (data adapted from Monika Oberhuber). For 

GSEA DEseq2 differential gene expression analysis data was used. Significance cut-off 

was set at an adjusted p-value of ≤0.05. 



Page 82 

transcription factors and the tumor-regulative effects of these transcription factors need to be 

considered to discern how c-Jun regulates prostate tumorigenesis. 

3.11 Trend of deregulation of selected senescence related genes in response to 

c-Jun deficiency 
Finally, we complemented our previous senescence experiment results (see section 3.8) with 

analysis of the RNA-seq data. We therefore analyzed the expression of selected genes which are 

associated with senescence (Muñoz-Espín and Serrano 2014). We observed a mostly equal 

expression of senescence associated genes between PtenΔ/Δ;c-JunΔ/Δ and PtenΔ/Δ with only a few 

genes being DE (Figure 17). p38 β and p16INK4a expression were upregulated in the PtenΔ/Δ;c-JunΔ/Δ 

genotype. However, our previous RT-qPCR and WB experiments suggested that p16INK4a 

expression is not or just mildly increased in the PtenΔ/Δ;c-JunΔ/Δ (Figure 13). For a conclusive 

validation of senescence in our mouse model we will test a broader array of senescence markers in 

the future (Gorgoulis et al. 2019). 

 

  

Figure 17. c-JUN deficiency leads to increased p16INK4a mRNA expression in Pten-loss mediated prostate tumors. 

(A) Log2-foldchanges of AP-1 transcription factors according to edgeR differential gene expression analysis of the genotypes 

PtenΔ/Δ;c-JunΔ/Δ versus PtenΔ/Δ. Color coding: downregulated genes (blue); upregulated genes (red). 
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4 Discussion 

4.1 c-JUN and its role in cancer 
JUN transcription factors were first discovered as the oncoprotein v-Jun of the avian sarcoma 

virus 17 (Vogt 2001). The human gene c-JUN was later identified as a homolog of v-Jun (Wisdom, 

Johnson, and Moore 1999). c-JUN forms homo and heterodimers with other AP-1 transcription 

factors to establish an active transcription factor with direct DNA binding capacity. The basic 

function of c-JUN is the regulation of proliferation, differentiation, apoptosis and it is essential for 

embryogenesis (Jochum, Passegué, and Wagner 2001; Vogt 2001; Eferl et al. 2003). c-JUN 

promotes expression and activity of cell cycle promotors such as cyclin D1, epidermal growth 

factor receptor or granulocyte/macrophage colony-stimulating factor and furthermore 

downregulates cell cycle suppressors such as p53, p16INK4a or p21 (Mariani et al. 2007). The 

upregulation of c-JUN has been associated with multiple malignancies including breast cancer, 

liposarcoma, hepatocellular carcinomas and melanoma (Jiao et al. 2010; Mariani et al. 2007; Eferl 

et al. 2003; Kappelmann, Bosserhoff, and Kuphal 2014). These findings resulted in c-JUN being 

commonly classified as a proto-oncogene. However more recent findings suggest an ambiguous 

role of c-JUN in response to cellular stress (Eferl and Wagner 2003; Shaulian 2010). For example, 

c-JUN was suggested to promote apoptosis and DNA damage repair response (DDR) gene 

expression in UV damaged cells (Shaulian et al. 2000; Devary et al. 1991). Similarly ambiguous 

tumorigenesis regulative properties were reported for the c-JUN activating c-JUN N terminal 

kinase (JNK) (Leppä and Bohmann 1999; Tournier 2013; Bubici and Papa 2014). Interestingly in 

PCa, JNK and the JNK activated JUN family member JUNB were suggested as tumor-suppressors 

(Davis 2000; Thomsen et al. 2015; Hübner et al. 2012). Despite the fact that JUNB and c-JUN 

frequently form heterodimers, the influence of c-JUN on prostate tumorigenesis has not been 

investigated in dept by previous studies (Birner et al. 2015). Taken together, these findings 

implicate that c-JUN/JNK signaling might act tumor-suppressive or tumor-promoting, dependent 

on multiple variables such as cell type or upstream signaling. The aim of this project was to 

determine whether c-JUN acts as a tumor-suppressor or promoter in PCa. 
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4.2 Low c-JUN levels correlate with reduced progression free survival in human 

PCa patients 
To gain insights into the tumor-suppressive or promoting role of c-JUN in human PCa, we first 

analyzed publicly available mRNA-seq data of patients with the SurvExpress web tool. This open 

source software enables the validation of cancer biomarkers and correlation of gene expression to 

survival data (Aguirre-Gamboa et al. 2013). We used the PCa RNA-seq dataset of Taylor et al. 

which contains data from 218 tumors including 181 primary tumors and 37 metastases (Taylor et 

al. 2010). We identified two risk groups with significantly different survival curves 

(Figure 1A-1B). Patients with high levels of c-JUN mRNA expression showed significantly 

increased survival compared to patients with low mRNA expression. These results suggest a 

positive correlation between c-JUN mRNA levels and survival probability of PCa patients. 

Furthermore, we performed c-JUN IHC staining on prostate TMAs of 60 patients who underwent 

treatment at the Vienna General Hospital (Merima Herac, unpublished). We divided patients into 

two groups of which one was characterized by low c-JUN protein expression and one group with 

high expression. We measured reduced progression free survival of the low c-JUN group with a 

mean recurrence time of time of 67 months compared to the high c-JUN group with a mean 

recurrence time of 115 months (Figure 1E). 

Our findings from survival analyses of human PCa patients imply that high levels of c-JUN mRNA 

(Figure 1A-D) and c-JUN protein (Figure 1E) correlate positively with progression free-survival. 

We therefore conclude that c-JUN acts as a tumor-suppressor in human prostate cancer. However, 

c-JUN was previously described as both tumor-suppressive and -promoting (Shaulian et al. 2000; 

Jiao et al. 2010). c-JUN expression may not have an effect on tumor growth if it acts equally 

suppressive and promoting, for example by promoting both proliferation and apoptosis. The 

correlation between c-JUN expression and enhanced survival could also be explained by parallel 

expression of c-JUN and a tumor-suppressor such as JUNB which is activated through the same 

pathways (Thomsen et al. 2015; Meng and Xia 2011). Considering this regulatory crosstalk, it is 

possible that c-JUN expression is simply a byproduct of tumor signaling but no effector. 
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4.3 c-Jun deficiency leads to increased PCa aggressiveness in mice 
For in-vivo experiments we used an aggressive PCa mouse model harboring c-Jun wildtype or 

knockout alleles (Birbach et al. 2011). This mouse model utilizes PB-Cre4 for prostate epithelial 

cell specific KO of genes (Xiantuo Wu et al. 2001). We bred mice expressing Pten and c-Jun at 

wild type levels (Control), mice with Pten deletions (PtenΔ/Δ), mice with c-Jun deletions (c-JunΔ/Δ) 

and mice with both Pten and c-Jun deletions (PtenΔ/Δ;c-JunΔ/Δ) (Figure 2A). We chose 19-week-old 

and 38-week-old animals as experimental timepoints. As sample collection from 38-week-old 

animals was still ongoing, exclusively results from the 19-week-old timepoint are presented within 

the frame of this thesis. We assessed the effects of c-Jun on the aggressiveness of murine PCa by 

analysis of prostate to body mass ratio of 19-week-old animals and by a Kaplan Meier survival 

experiment. We did not find any differences in prostate to body mass ratio between the genotypes 

Control and c-JunΔ/Δ which suggests that c-Jun KO alone cannot drive malignant transformation 

(Figure 5B). However, we measured a significant increase in prostate mass when comparing 

PtenΔ/Δ;c-JunΔ/Δ tumors to PtenΔ/Δ tumors. This increased aggressiveness of PtenΔ/Δ;c-JunΔ/Δ tumors 

was also reflected in decreased mean survival of 85 weeks in PtenΔ/Δ;c-JunΔ/Δ compared to 

67 weeks PtenΔ/Δ animals (Figure 5D). We found no difference in survival of Control and c-JunΔ/Δ 

animals. On H&E sections of prostates we confirmed wild type morphology between Control and 

c-JunΔ/Δ prostates (Figure 5C) (Oliveira et al. 2016). PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ prostates were 

highly similar on a microscopic scale and both genotypes showed tumors with a PCa typical pattern 

of cribriform glands (Shappell et al. 2004; Kryvenko and Epstein 2016; Epstein 2018). PtenΔ/Δ and 

PtenΔ/Δ;c-JunΔ/Δ glands were similarly well circumscribed and showed no difference in 

differentiation of prostate epithelial cells. Due to this similarity, we cannot conclude that 

aggressiveness of the PtenΔ/Δ;c-JunΔ/Δ genotype results from decreased differentiation and 

increased invasiveness of cancer cells. We therefore hypothesized that aggressiveness of the 

PtenΔ/Δ;c-JunΔ/Δ genotype is primarily attributed to enhanced growth and survival of cancer cells. 

 

Our findings on tumor formation and survival strongly implies c-Jun as tumor-suppressor for 

murine PCa formation (Figure 5). Interestingly, during validation of the c-Jun KO we measured a 

significant overexpression of c-Jun on mRNA and protein level in prostates of PtenΔ/Δ animals. 

These findings suggest that c-Jun is upregulated in Pten-loss induced murine PCa and further 

supports the concept of c-Jun acting as a tumor-suppressor in prostate tumorigenesis. Furthermore, 

the in-vivo mouse model promotes our results from human patients indeed implying a 
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tumor-suppressive property of c-JUN in murine and human PCa (Figure 1). We hypothesized that 

c-Jun acts as a PCa tumor-suppressor through the same stress response mechanisms which lead to 

the tumor-suppressive properties of Jnk and JunB in PCa (Konishi et al. 2008; Hübner et al. 2012; 

Thomsen et al. 2015). However, further investigation to identify the exact pathway which facilitates 

the tumor-suppressive properties of c-Jun is required. 

4.4 c-JUN is not required for sustained proliferation of transformed 

prostate cells 
c-JUN has been described to promote cell proliferation by promoting growth factor signaling, 

increasing the expression of cell cycle members such as cyclin D1 and suppressing cell cycle 

inhibitors such as p53, p21 or p16INK4a (Eferl and Wagner 2003; Mariani et al. 2007). In murine 

cancer development c-Jun has primarily been described as a pro-proliferative oncogenic factor 

(Vogt 2001; Eferl et al. 2003; Gurzov et al. 2008). Furthermore, c-JUN has been described as a 

coactivator of the growth promoting AR in human PCa cell lines (Bubulya et al. 2001; Cai, Hsieh, 

and Shemshedini 2007). AR coactivation by c-JUN is required for sustained proliferation in LNCaP 

cell lines (S. Y. Chen et al. 2006). However, an overexpression of c-JUN also resulted in impaired 

growth of LNCaP cells which suggests that coactivity of AR and c-JUN is pro-proliferative but 

c-JUN activity acts anti-proliferative when it overshadows AR activity. Given these contradictive 

regulative properties of c-Jun, we next investigated the influence of c-Jun deficiency on 

proliferation in murine PCa cells by staining prostate sections of 19-week-old animals for the 

proliferation marker Ki67. Ki67 is a cell cycle regulator which is universally expressed in 

proliferating cells but not in resting G0 cells. We observed low proliferation in Control and c-

JunΔ/Δ prostates with only a small number of epithelial cells expressing Ki67 (Figure 6). We 

measured significantly increased Ki67 levels in PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ prostates however we 

did not detect significant differences between the genotypes. Our findings suggest that c-Jun loss 

in murine PCa does not lead to inhibited proliferation of epithelial cells and that c-Jun activity is 

not required for sustained proliferation in the prostate. To validate our findings on proliferation 

from the in-vivo model, we established two human c-JUN KO PCa cell lines (brain metastasis 

derived DU145 and bone marrow metastasis derived PC-3 (Stone et al. 1978; Kaighn et al. 1979)) 

by CRISPR-Cas9 mediated deletion (Sanjana, Shalem, and Zhang 2014; Shalem et al. 2014). We 

used three different sgRNAs (G1, G12 and G14) targeting c-JUNEx1 to produce c-JUN KO cell 

lines and generated an empty vector cell line as Control (Figure 7). In proliferation assays, we did 
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not detect significant differences between c-JUN KO and Control bulk cultures of DU145 and PC-

3. However, c-JUN KO bulk cultures still expressed residual c-JUN protein levels and therefore 

we picked single clones to obtain full c-JUN KO cell lines (Figure 9 & 10). In viable cell count 

base proliferation analysis of the single clones, we obtained results similar to those of bulk culture 

experiments and measured no proliferative difference between c-JUN KO and Control. We 

performed an additional resazurin proliferation assay to increase the sensitivity of our proliferation 

experiments. However, our resazurin assay mirrored the results of the cell-count-based 

proliferation curves showing no difference between c-JUN KO and Control. We therefore conclude 

that loss of c-Jun in an in-vivo model of PCa as well as in an in-vitro cell culture system did not 

result in significant changes in proliferation. 

These findings contradict previous research on androgen-dependent and independent LNCaP cells 

which suggested that coactivation of AR by c-JUN is required for sustained proliferation (S. Y. 

Chen et al. 2006). This coactivation of AR target genes was described as independent from AR 

binding to its ligand and even androgen-independent cell lines such as DU145 and PC-3 should 

show impaired proliferation upon c-JUN deficiency. The previous study used short interference 

RNA (siRNA) to delete c-JUN in LNCaP cells and the discrepancy may be explained by 

methodological differences. In the future, we will address this difference by CRISPR-Cas9 deletion 

of c-JUN in LNCaP cells. Androgen-independent cell lines are the most similar in-vitro model to 

cancer cells of the aggressive PCa subtype castration resistant prostate cancer (CRPC) (Lonergan 

and Tindall 2011). Therefore, we will also investigate the coactivation of AR and c-JUN in 

androgen-independent cell lines in further experiments. 

4.5 c-Jun does not regulate caspase 3 mediated apoptosis in murine 

prostate tumorigenesis 
c-JUN and its activating kinase JNK were previously described to positively regulate apoptosis in 

mouse fibroblasts influenced by genotoxic stressors such as UV-irradiation (Shaulian et al. 2000; 

Hochedlinger, Wagner, and Sabapathy 2002). This mechanism was linked to c-JUN disrupting 

p53-p21 mediated growth arrest in favor of direct apoptosis in response to mitotic catastrophe. 

Furthermore, phosphorylation of c-JUN by JNK has been described to promote apoptosis in starved 

cells and in cells stressed by nitric oxide (NO) (L. Li, Feng, and Porter 2004). These mechanisms 

suggest that c-JUN and its activator JNK which is often referred to as the stress-activated protein 

kinase (SAPK) act as tumor-suppressors in response to cellular stress (Mehan et al. 2011). In stark 
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contrast, several studies showed anti-apoptotic effects of c-Jun in different settings. For example, 

c-Jun was reported to inhibit TNF-α mediated apoptosis in UV-damaged mouse fibroblasts 

(Wisdom, Johnson, and Moore 1999) and later a similar effect was observed for hepatocellular 

carcinomas (Eferl et al. 2003). The ambiguity of c-JUNs regulation of apoptosis appears to be 

dependent on cell type and the upstream signal inducing apoptosis (Leppä and Bohmann 1999). 

We hypothesized that c-Jun promotes apoptosis in the PtenΔ/Δ mouse model which would explain 

the increased aggressiveness of the PtenΔ/Δ;c-JunΔ/Δ phenotype. We therefore tested apoptosis by 

performing IHC of the commonly used apoptosis marker cleaved-caspase 3 (CC3) on prostate 

sections of 19-week-old animals. CC3 positive cells were absent in Control and c-JunΔ/Δ prostates 

whereas both tumor genotypes PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ revealed significantly increased 

numbers of CC3 expressing cells, however we did not observe a difference between the tumor 

genotypes (Figure 12). These findings suggest that c-Jun does not regulate CC3 mediated 

apoptosis. c-Jun activity may promote apoptosis to the same extent as it suppresses apoptosis 

during prostate tumorigenesis which leads to no detectable regulation of apoptosis (Shaulian et al. 

2000; Wisdom, Johnson, and Moore 1999). However, we observed a highly CC3 positive staining 

within the gland lumen in the tumor genotypes (Figure 12A, black arrows). These glands showed 

a histological architecture reminiscent of intraluminal comedonecrosis which is repeatedly 

observed in human PCa (Kryvenko and Epstein 2016; Epstein 2018). Unspecific binding of 

antibody to prostate secretions could explain this staining, but the circumstance of this staining 

only appearing in the tumor genotypes suggests that the staining is indeed specific. The basophil 

granular within the intraluminal secrete may be nuclear residues of apoptotic cells which indicates 

that apoptotic cells are shed into the lumen and the overall rate of apoptosis may be higher than 

expected. A dUTP nick end labeling (TUNEL) assay may be able to clarify this observation by 

detection of fragmented DNA (Kyrylkova et al. 2012). Furthermore, preliminary experiments on 

another apoptotic marker cleaved-caspase 7 (CC7) showed reduced levels in PtenΔ/Δ;c-JunΔ/Δ 

prostates (personal communication Desiree Lindner, Kenner lab). Activation of caspase 7 mediated 

apoptosis has been previously suggested as a potential therapeutic approach in treatment of human 

PCa cancer (Marcelli et al. 1998, 1999). In conclusion, our research suggested that CC3 mediated 

apoptosis is not affected upon c-Jun-loss in-vivo, but that CC7 mediated effects might be a plausible 

explanation for the tumor-suppressive properties of c-Jun. 
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4.6 c-Jun may be a weak regulator of senescence in murine 

prostate tumorigenesis 
Senescence describes a permanent growth arrest of cells in response to cellular stressors and is 

associated with growth suppression in tumors (Muñoz-Espín and Serrano 2014; Shay and Wright 

2000; Hayflick and Moorhead 1961). However, senescent cells often develop a 

senescence-associated secretory phenotype (SASP) which was repeatedly linked to 

tumor-promoting mechanisms (Kirkland and Tchkonia 2017; Muñoz-Espín and Serrano 2014). 

SASP promotes senescence in neighboring cells through paracrine signaling which can damage 

neighboring healthy tissue. Furthermore, SASP is characterized by release of pro-inflammatory 

chemokines and cytokines which shape a tumor-promoting microenvironment. Tumor cells which 

escaped senescence have been reported to adopt stem cell like features which increases their growth 

potential (S. Lee and Schmitt 2019; Milanovic et al. 2018). Multiple senescence marker need to be 

tested to determine whether an observed senescence phenotype suppresses or promotes tumor 

growth (Gorgoulis et al. 2019). Deficiency of the tumor-suppressor gene PTEN leads to the p53 

mediated PTEN-loss induced cellular senescence (PICS) phenotype (Jung et al. 2019) and c-Jun 

was previously reported to suppress p53-p21 mediated senescence (Shaulian et al. 2000). We 

therefore hypothesized that c-Jun suppresses PICS in our PCa mouse model and we aimed to 

investigate the effects of this regulation in prostate tumorigenesis.  

The most commonly used biomarker for senescence is β-galactosidase which is highly enriched in 

senescent cells (B. Y. Lee et al. 2006). β-galactosidase activity is usually tested on cryosections by 

measuring X-Gal metabolization rates. However, we were unable to establish a reliable staining 

protocol for mouse prostates due to issues with false positive and negative staining. We therefore 

chose an alternative β-galactosidase based method to measure senescence in-vivo by staining for 

the X-Gal substrate C12FDG in prostate epithelial cells of 19-week-old animals by flow cytometry 

(Cahu and Sola 2013). PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ prostates showed significantly increased 

numbers C12FDG+ cells compared to Control which suggest that both genotypes do indeed develop 

a PICS phenotype (Figure 13A). Despite a mild trend toward increased senescence in 

PtenΔ/Δ;c-JunΔ/Δ prostates, we did not observe significant differences compared to PtenΔ/Δ animals. 

Further replicates will be necessary to obtain more conclusive results. 
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We also tested the senescence marker p16INK4a on mRNA and protein level in prostates of 

19-week-old animals to further assess the influence of c-Jun on senescence. PtenΔ/Δ and 

PtenΔ/Δ;c-JunΔ/Δ p16INK4a mRNA levels were significantly different when normalized to 18s rRNA 

expression (p-value of 0.0305) but were not significant when normalized to CypA (p-value of 

0.0646) (Figure 13B-12D). In RNA-seq we again measured significantly increased p16INK4a mRNA 

levels (Figure 17). However, we did not observe a difference between PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ 

in p16INK4a protein expression (Figure 13C-13D). Our contradictive observations on p16INK4a 

mRNA and protein expression suggest that either c-Jun does not regulate senescence in-vivo or c-

Jun has a mild suppressive effect on senescence. It is important to note, that RT-qPCR and WB 

experiments were performed using extracts of whole prostates while the RNA-seq experiment 

exclusively tested prostate epithelial cells. To detect minor differences in senescence through RT-

qPCR and WB we would have to use extracts from epithelial cells for these experiments. 

In conclusion, we propose that c-Jun has no effect on senescence or a weak suppressive effect on 

senescence in murine PCa. Previous studies in a Pten/p53 deficient mouse model showed that the 

PICS phenotype primarily suppresses tumor growth in PCa which suggests that c-Jun acts as weak 

tumor-promoter by suppression of PICS (Z. Chen et al. 2005). However, expression of a SASP 

could result in an overall increased aggressiveness of senescent prostate tumors (Muñoz-Espín and 

Serrano 2014; Kirkland and Tchkonia 2017; Milanovic et al. 2018; S. Lee and Schmitt 2019; 

Gorgoulis et al. 2019). Testing of multiple senescence markers including SASP factors and 

stemness factors would be required to conclusively determine whether c-Jun actually suppresses 

senescence and whether this regulation promotes or suppresses tumorigenesis. 

4.7 c-Jun regulates immune response and inflammation 
For transcriptome analysis we performed RNA-seq on prostate epithelial cells of 19-week-old 

animals of the genotypes Control, PtenΔ/Δ and PtenΔ/Δ;c-JunΔ/Δ. We observed a total of 1553 DE 

genes being down-regulated and 319 DE genes being upregulated in PtenΔ/Δ;c-JunΔ/Δ compared to 

PtenΔ/Δ (Figure 14B-14C). This predominant down-regulation of genes in response to c-Jun 

deficiency fits the description of c-Jun being a strong activator of gene transcription (Bakiri et al. 

2002; Garces de Los Fayos Alonso et al. 2018). We investigated pathways potentially regulated by 

c-Jun through GSEA of the “Kegg” and “Hallmark” gene set collections of the MSigDB 

(Subramanian et al. 2005; Liberzon et al. 2011). We observed a down-regulation of multiple 

pathways associated with the development and functionality of immune cells in PtenΔ/Δ;c-JunΔ/Δ. 
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These pathways include B-cell receptor signaling, NK-cell mediated cytotoxicity and leukocyte 

trans-endothelial migration (Figure 15A). The importance of c-Jun and other AP-1 transcription 

factors for activation of leukocytes has been established previously (Foletta, Segal, and Cohen 

1998; Atsaves et al. 2019). However, the RNA-seq experiment exclusively covered prostate 

epithelial cells. This raises the question how biologically relevant deregulation of immune cell 

pathways is for epithelial cells. Epithelial interaction with the innate and adaptive immune system 

is a well-documented mechanism which links epithelial cells with immune response (Schleimer et 

al. 2007). For example, epithelial cells facilitate transport of immune globulins, present antigens 

through pattern recognition receptors (PRR) and express factors which regulate immune cell 

activity and inflammation. We will review the gene sets in more detail to determine whether 

specific deregulated genes are also relevant for the interaction between epithelium and immune 

cells. The downregulation of Toll-like receptor (TLR) signaling in PtenΔ/Δ;c-JunΔ/Δ indeed suggests 

that epithelial-immune cell interaction is impaired upon deficiency of c-Jun (Figure 15A). TLRs 

play an important role in the interaction between cancer and immune cells and can either promote 

anti-tumor immune response or promote tumorigenesis by facilitating inflammation (Shchebliakov 

et al. 2010). Furthermore, we observed a downregulation of cytokine and chemokine pathways 

which further hints toward an important role of c-Jun in regulation of PCa immunology and 

inflammation (Figure 15A). However, cytokine signaling in cancer is commonly associated with 

the formation of a tumor-progressive microenvironment which promotes cell growth, 

inflammation, and angiogenesis (Vindrieux, Escobar, and Lazennec 2009; J. Wang et al. 2005). 

Especially chemokines are known to promote tumor development by attracting inflammatory 

leukocytes and immune suppressive regulatory T-cells into the tumor microenvironment (Lien et 

al. 2017). In contrast, immune response promoting cytokines such as IL-2, IL-12, IL-18 and IFN-

γ act tumor-suppressive (Mocellin, Wang, and Marincola 2001; Dranoff 2004; Sheu et al. 2008). 

These cytokines promote the clearance of cancer cells by stimulating antigen presentation, 

cytotoxic T-cell activity and apoptosis. Our findings suggest that c-Jun regulates inflammation and 

immune response in PCa, but whether these regulatory effects promote or suppress prostate 

tumorigenesis is the subject of further investigation. Future experiments will focus on the status of 

inflammation and immune cell invasion in the PCa mouse model. 
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4.8 c-JUN is a putative PCa biomarker with many faces 
In conclusion, our analysis of human data and experiments on the murine c-Jun KO model 

suggested that c-JUN acts as a tumor-suppressor in PCa development. Low c-JUN levels during 

PCa progression appear to be a risk factor for the survival of human patients. We therefore propose 

c-JUN-loss as a putative biomarker for PCa aggressiveness. We suggest that c-JUN, JNK and 

JUNB participate in a tumor-suppressive stress response in prostate tumorigenesis (Davis 2000; 

Eferl and Wagner 2003; Hübner et al. 2012; Kanno et al. 2012; Thomsen et al. 2015). Contradictive 

tumor-suppressive and tumor-promoting properties were described previously for all three factors, 

however in PCa the tumor-suppressive properties appear dominant. Our findings suggest that the 

pro-proliferative signaling of c-JUN has minor impact on sustained proliferation of PCa cells and 

c-JUN-loss does not lead to any proliferative impairments. We did not observe deregulation of CC3 

mediated apoptosis upon c-Jun-loss, however preliminary results from our lab suggest impaired 

CC7 mediated apoptosis. Senescence appeared to be either unaffected or mildly upregulated upon 

c-Jun-loss. Furthermore, we observed a potential c-Jun mediated regulation of immune response 

and inflammation in murine prostate tumorigenesis. The tumor-suppressive properties of c-Jun 

could be attributed to one of these regulative effects or to a synergistic interaction between them 

and we will investigate the involved pathways in more detail. We suggest that c-JUN is foremost 

a tumor-modulator rather than proto-oncogene or tumor-suppressor. Cell type, tumorigenesis stage 

or origin of the primary activating signal may all have an influence on whether c-JUN promotes or 

suppresses tumor growth. We therefore propose that mere overexpression of c-JUN in any cancer 

type should not be regarded as compelling evidence to define c-JUN as a tumor-promoting factor 

and definition should be backed up by survival analyses. 
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