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ZUSAMMENFASSUNG 

Der Androgenrezeptor (AR) spielt eine maßgebliche Rolle in der medikamentösen Therapie des 

Prostatakarzinoms (PCa). Sowohl supraphysiologische Androgen Level (SAL) als auch einige 

AR-Antagonisten inhibieren die Proliferation von PCa Zellen durch die Induktion zellulärer 

Seneszenz. Hierbei kommt es zu einem permanenten Zellzyklusarrest. Hier zeigte sich, dass 

Enzalutamid (ENZ), ein klinisch verwendetes Anti-Androgen der zweiten Generation, auch zur  

Seneszenzinduktion führt. Eine solche Induktion der Seneszenz scheint zunächst eine 

potenzielle Therapiestrategie für das PCa zu eröffnen. Jedoch ist bekannt, dass seneszente 

Zellen im Rahmen des Senescence-Associated Secretory Phenotype (SASP) Zytokine und 

Chemokine sezernieren. Der SASP ist möglicherweise in der Lage, das Tumormikromileu zu 

modulieren und Effekte parakrin auf umgebende Zellen zu vermitteln. Die Effekte des SASPs 

sind jedoch abhängig von der Bilanz aus sezernierten tumorfördernden und tumorhemmenden 

Faktoren. Diese Faktoren variieren je nach dem, welcher Stimulus zur Induktion der Seneszenz 

führte. Bislang wurde die Komposition und funktionelle Auswirkung des SASP-Sekretoms der 

mit AR-Liganden-behandelten PCa Zellen noch nicht untersucht.  

In dieser Dissertation wurden humane PCa Zelllinien mit AR-Liganden behandelt, um zelluläre 

Seneszenz zu induzieren. Hiernach wurde die Komposition des SASP-Sekretoms dieses 

konditionierten Kulturmediums analysiert. Die Ergebnisse der Analyse zeigten, dass das SASP-

Sekretom von SAL-behandelten Zellen sich von dem ENZ-behandelter Zellen unterscheidet. 

Die funktionelle Auswirkung des SASPs wurde durch die Kultivierung von PCa und 

Immunzellen in konditioniertem Kulturmedium untersucht. Interessanterweise unterdrückt der 

SASP von SAL-behandelten Zellen die Proliferation von PCa Zellen, während der SASP der 

mit Antagonisten-behandelten Zellen diese anregt. Weiterhin reduziert SAL die PCa 

Stammzelleigenschaften. Diese neuen Erkenntnisse legen die Folgerung nahe, dass SAL in der 

Behandlung des PCas einen Vorteil gegenüber Antagonisten hat. Jedoch zeigten weitere 

Untersuchungen eine Unterdrückung der Lymphozyten Proliferation durch das SASP von 

sowohl SAL- als auch ENZ-behandelten Zellen. Darüber hinaus zeigten AR-Liganden-

behandelte PCa Zellen eine Resistenz zur Lymphozyten-vermittelten Apoptose. Diese 

immunsuppressiven Effekte könnten zu langfristigen Nachteilen in der Therapie des PCas 

führen. Daher wurden potenzielle Senolytika zur Eliminierung dieser AR-Liganden-induzierten 
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zellulär seneszenten Zellen untersucht. Aktiviertes AKT konnte in dieser Arbeit als zugrunde 

liegender Mechanismus hinter der apoptotischen Resistenz von SAL- und von ENZ-behandelten 

Zellen identifiziert werden. Dieser Mechanismus unterschied sich jedoch in den AKT-

Downstream-Signalen. Diese unterschiedliche Regulation der AKT-Downstream-Signale 

führte zu einer auffälligen unterschiedlichen Sensibilität gegenübe spezifischer Senolytika; 

ENZ-behandelte Zellen hierbei zu AKT Inhibitoren und SAL-behandelte Zellen zu HSP90 

Inhibitoren. Diese neuen Einsichten deuten darauf hin, dass eine Behandlung mit Senolytika bei 

AR-Liganden-induzierten zellulären Seneszenz eine nützliche therapeutische Strategie beim 

PCa sein könnte. Hierbei muss jedoch die Wahl angemessener Senolytika für jeden spezifischen 

AR-Liganden bedacht werden.  

Zusammengefasst werden in dieser Arbeit erstmalig SASP-vermittelte unerwünschte 

Nebenwirkungen einer AR-Liganden-induzierten zellulären Seneszenz beleuchtet. In dieser 

Dissertation wird hiermit auch die potenzielle Strategie der Eliminierung AR-Liganden-

behandelter Zellen mittels Senolytika aufgezeigt. 
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SUMMARY 

The androgen receptor (AR) represents a major drug target in prostate cancer (PCa) therapy. 

Both supraphysiological androgen level (SAL) and some AR antagonists inhibit PCa cell 

proliferation via induction of cellular senescence, an irreversible cell cycle arrest. Here, it is 

shown that the clinically used second-generation AR antagonist Enzalutamide (ENZ) also 

induces cellular senescence. An induction of cellular senescence seems to be a potential 

strategy for PCa therapy. Unfortunately, senescent cells are known to secrete cytokines and 

chemokines termed as senescence-associated secretory phenotype (SASP). The SASP may 

modulate the tumor microenvironment and mediate paracrine effect to neighboring cells. 

However, the effect of SASP depends on the balance between secreted tumor promoting and 

suppressing factors. These factors can vary when different senescence-inducing stimuli are 

used. So far, the composition and functional effect of SASP secretome of AR ligand-treated 

PCa cells have not yet been analyzed. 

In this thesis, human PCa cell lines were treated with AR ligands to induce cellular 

senescence. Thereafter, conditioned media were collected and analyzed for the composition of 

SASP secretomes. The results show that the SASP secretome of SAL-treated cells differs from 

that of ENZ-treated cells. Functional effects of SASP were examined by culturing PCa and 

immune cells with conditioned media. Interestingly, the SASP of SAL-treated cells 

suppresses, but the SASP of antagonist-treated cells promotes PCa cell proliferation. SAL also 

reduces PCa stemness. These novel findings suggest that SAL may provide more advantage 

than antagonists to inhibit PCa. However, further results show that the SASP of either SAL- or 

ENZ-treated cells suppresses lymphocyte proliferation. Moreover, AR ligand-treated PCa cells 

are resistant to lymphocyte-mediated apoptosis. Such immune-suppressive effects may 

provide long-term disadvantages for PCa therapy. Therefore, potential senolytic compounds to 

eliminate AR ligand-induced cellular senescent cells were also analyzed. This study identifies 

activated AKT as an underlying mechanism for apoptotic resistance of both SAL- and ENZ-

treated cells, but through distinct AKT downstream signals. The different regulation of the 

AKT downstream signal by AR ligands strikingly leads to a distinct apoptotic sensitivity 

towards specific senolytic compounds; ENZ-treated cells towards AKT inhibitor and SAL-

treated cells towards HSP90 inhibitor. These novel findings suggest that treatment with 
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senolytic compounds after AR ligand-induced cellular senescence might be a very useful 

therapeutic strategy in PCa therapy, but a suitable senolytic compound for a particular AR 

ligand should be considered.  

Taken together, this is the first study highlighting undesired side-effects mediated by AR 

ligand-induced cellular senescence via SASP. Thus, this thesis also demonstrates a potential 

strategy to eliminate AR ligand-treated cells by using senolytic compounds. 
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1 INTRODUCTION 

1.1 Androgen receptor (AR) signaling 

Androgen receptor (AR) is a nuclear transcription factor and a member of the steroid hormone 

receptor superfamily (Gelmann 2002). The protein structure of AR contains four distinct 

domains: (1) a large amino (N)-terminal transactivation domain, which is responsible for the 

receptor-mediated transactivation; (2) a central DNA-binding domain, which consists of two 

zinc fingers that form the DNA-binding structure for recognizing and binding to the androgen 

response element (ARE) on the promoter and enhancer of target genes; (3) a hinge region that 

possesses a ligand-dependent nuclear localization signal to mediate nuclear localization; and 

(4) a carboxy (C)-terminal ligand-binding domain, which is responsible for the binding of AR 

ligands (Gelmann 2002, Claessens et al. 2001, Cutress et al. 2008, McEwan 2004). N- and C-

terminal transactivation domains consist of transcriptional activation function-1 and -2, 

respectively. Both activation function-1 and -2 are responsible for the recruitment of co-

regulators and transcription complexes to AR in order to regulate the transcription of target 

genes (Bevan et al. 1999, Heery et al. 1997).  

Although AR is known as a nuclear transcription factor, the AR signaling and function can be 

classified into two manners: (1) genomic action and (2) non-genomic action (Liao et al. 2013, 

Leung and Sadar 2017). In general, the AR localizes in the cytoplasm without ligand binding 

(Figure 1). It forms a complex with heat shock proteins (HSPs) and other chaperones, which 

disable AR from entering into the nucleus (Hessenkemper and Baniahmad 2012). Upon 

binding of androgens (AR agonists) to the receptor, the activated AR then dissociates from 

HSPs (including HSP90), dimerizes, translocates into the nucleus, and binds to AREs. The 

binding of the activated AR to ARE recruits co-regulators leading to transactivation or trans-

repression of target gene transcription. Such process is considered as genomic signaling of 

AR, which is thought to occur over several hours (Liao et al. 2013).  

However, it is known that AR signaling pathway can also occur in a non-genomic manner 

(Figure 1). This non-genomic signaling of AR does not require nuclear translocation and DNA 

binding. Moreover, it was shown that such signaling occurs rapidly within minutes (Peterziel 

et al. 1999). Instead of translocating into the nucleus after binding of androgens, the activated 
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AR in the cytoplasm can interact with or function through several signaling molecules 

including PI3K/AKT, SRC, RAS/RAF1, PKC, MAPK/ERK (Gatson et al. 2006, Baron et al. 

2004, Migliaccio et al. 2000, Peterziel et al. 1999). Activation of these signaling cascades 

along with the regulation of AR target genes lead to cell proliferation and survival.  

 

Figure 1. Genomic and non-genomic signaling of AR control cell proliferation and survival. In 

the cytoplasm, the androgen receptor (AR) forms a complex with heat shock proteins (HSPs). 

Activation of the AR is triggered by binding of androgen (AR agonist) to the receptor. The activated 

AR dissociates from HSPs, and subsequently mediates either (1) genomic or (2) non-genomic AR 

signaling. (1) The activated AR translocates into the nucleus, where it binds to the androgen response 

element (ARE) at the promoter of the target genes. Upon binding to ARE, it recruits co-regulators to 

regulate the gene transcription. Many AR target genes are involved in cell proliferation/survival 

regulation. (2) Instead of translocating into the nucleus, the activated AR interacts with and functions 

through several signaling molecules important for cell proliferation and survival in the cytoplasm, e.g., 

Src, PI3K/AKT, PKC, RAS/RAF1, MAPK/ERK. It is suggested that both genomic and non-genomic 

actions of AR control cell proliferation and survival. Activation of AR by androgen can be blocked by 

Bicalutamide (1st generation AR antagonist) or Enzalutamide (2nd generation AR antagonist). Both 

antagonists competitively inhibit androgen binding to AR. Unlike Bicalutamide, Enzalutamide inhibits 

AR nuclear translocation, DNA binding, and co-regulators recruitment. (Modified from Liao et al. 

2013, Rodriguez-Vida et al. 2015). 

Notably, in the absence of androgens, several growth factors and cytokines can also activate 

AR through multiple signaling pathways including PI3K/AKT or RAS/RAF/MAPK/ERK 

(Ueda et al. 2002, Traish and Morgentaler 2009, Edline and Hsieh 2014) (not shown in 

Figure 1). The activated AR by signal transduction factors eventually translocates into the 
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nucleus, binds to ARE, and regulates target genes transcription, thus, considering as a ligand-

independent genomic AR signaling. 

1.2 Prostate cancer (PCa) and hormone therapies 

For decades, prostate cancer (PCa) is the most diagnosed cancer and the second leading cause 

of cancer mortality of men in many Western countries (Jemal et al. 2007, Siegel et al. 2020). 

Evidences show that androgens play a critical role for the growth of both normal and 

cancerous prostate through the AR (Ntais et al. 2003, Andriole et al. 2004, Lonergan and 

Tindall 2011). Thus, AR represents a major drug target in the treatment of PCa.  

The idea of PCa treatment originated from Huggins and Hodges’s clinical observation in 1941 

suggested that PCa growth can be controlled by reducing the levels of androgens through 

castration (Huggins and Hodges 1941). This finding brought up the current treatment option of 

androgen deprivation therapy (ADT) as a standard therapeutic strategy for PCa. Although it is 

initially effective, yet, the tumor in many patients gradually develops later on to a stage of 

castration-resistant PCa (CRPCa) (Harris et al. 2009). However, the tumor still relies on AR 

signaling at this stage with adaptive AR signaling activation pathways (Decker et al. 2012, 

Nelson 2012). Hence, inhibition of AR signaling by AR antagonists is still applicable. 

The AR antagonists Bicalutamide (BIC) and Enzalutamide (ENZ) are clinically used and 

applied in order to block AR actions in PCa (Wellington and Keam 2006, Rodriguez-Vida et 

al. 2015). BIC is a first-generation AR antagonist. Mechanistically, BIC competes with 

androgen for binding to cytosolic AR (Figure 1). The conformational change of AR after 

binding with BIC is distinct from agonist (Osguthorpe and Hagler 2011). It leads to blockade 

of co-activator binding sites and thus interferes with normal AR target gene expression. 

However, antagonistic actions of BIC might not be totally secured. Evidences show that BIC 

could still stimulate AR nuclear translocation and DNA binding (Masiello et al. 2002). 

Moreover, the switching role from antagonist to agonist of the BIC has also been reported 

(Culig et al. 1999, Bohl et al. 2005). In contrast to BIC, ENZ as a second-generation AR 

antagonist exhibits improved antagonistic activities. It competitively inhibits androgen binding 

to AR with five- to eightfold greater affinity than BIC (Tran et al. 2009, Rodriguez-Vida et al. 
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2015). Also, ENZ inhibits AR nuclear translocation, DNA binding, and co-activator 

recruitment (Figure 1).  

Unfortunately, despite the initial response to AR antagonist treatment including reduction 

level of the diagnostic marker prostate-specific antigen (PSA) and regression of tumor growth, 

a resistance or adaptive response eventually occurs and results in re-growth of the tumor 

(Decker et al. 2012, Perner et al. 2015, Lakshmana and Baniahmad 2019). For example, 

upregulation of glucocorticoid receptor has been detected during AR antagonist treatment 

(Puhr et al. 2018). The activation of glucocorticoid receptor signaling has been proposed as 

one of the underlying adaptive mechanisms for cells to bypass AR blockade. Interestingly, the 

outcomes of either BIC or ENZ treatment have been associated with increased PCa 

stem/progenitor cells (Wen et al. 2016), which might as well be the reason for tumor re-

growth. 

Interestingly, it seems that the level of androgen plays an important role in PCa growth. The 

treatment with AR agonist at supraphysiological androgen level (SAL) is also applied to 

CRPCa patients in clinical trials as an alternative approach to AR antagonists (Teply et al. 

2018, Denmeade 2018). Such therapeutic strategy is called bipolar androgen therapy, since it 

creates rapid cycling between extremely high and low levels of androgen in the blood during a 

treatment cycle. This seems to contradict with the original idea of Huggins and Hodges’s 

observation. Nevertheless, evidences suggest a concentration dependent response of PCa 

proliferation toward androgens (Sonnenschein et al. 1989, Roediger et al. 2014). 

Sonnenschein et al. (1989) and Roediger et al. (2014) showed that SAL inhibits PCa cell 

proliferation, while lower androgen levels enhance proliferation. This indicates an opposite 

effect of different androgen concentrations used in androgen-sensitive PCa cell line. 

1.3 AR ligand-induced cellular senescence 

Cellular senescence is defined as a permanent cell cycle arrest and has initially been proposed 

as one of the cancer inhibition strategies (Campisi 2001, Campisi and d’Adda di Fagagna 2007). 

Interestingly, it has been described that cellular senescence can be induced by AR signaling in 

PCa. On one hand, treatment with SAL using the natural androgen dihydrotestosterone (DHT) 

or the synthetic androgen methyltrienolone (R1881) induces cellular senescence in PCa cells 
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and ex vivo in PCa patient samples (Mirochnik et al. 2012, Roediger et al. 2014). On the other 

hand, an induction of cellular senescence has been shown in PCa cells that were treated with 

first-generation AR antagonist BIC (Burton et al. 2013, Esmaeili et al. 2016a) or other AR 

antagonist-like compounds including atraric acid, halogen-substituted anthranilic acid esters, 

and aminosteroids (Hessenkemper et al. 2014, Roell et al. 2019, Fousteris et al. 2010). Thus, 

cellular senescence might be one of the underlying mechanisms for AR ligand-mediated PCa 

growth inhibition. Of note, an induction of cellular senescence by second-generation AR 

antagonist ENZ has not yet been reported. 

In general, cellular senescence can be triggered by different stimuli including telomere 

shortening, DNA damage, chromatin perturbation, chemotherapeutic agent treatment, 

radiation exposure, activation of oncogenes, oxidative stress, and other stress inducers 

(Campisi and d’Adda di Fagagna 2007). Mechanistically, these stimuli often lead to activation 

of p53-p21Cip1/Waf1 and/or p16INK4a-pRB tumor suppressor pathways. These pathways may 

crosstalk with each other but can also independently cause cell cycle arrest and maintain the 

senescent state. Although most senescent cells exhibit activation of these pathways, 

senescence induction being independent of p53-p21Cip1/Waf1 or p16INK4a-pRB has also been 

reported (Kotolloshi et al. 2020). 

Several markers are used to characterize senescent cells. A specific marker to identify 

senescent cells is the senescence-associated β-galactosidase (SA β-Gal) activity (Campisi and 

d’Adda di Fagagna 2007, Dimri et al. 1995, Lee et al. 2006). The elevated SA β-Gal reflects 

an increased lysosomal biogenesis that commonly occurs in senescent cells. Moreover, since 

both cyclin-dependent kinase inhibitors p21Cip1/Waf1 and p16INK4a are often upregulated in 

senescent cells, detection of these two factors at mRNA and protein are applied as markers for 

cellular senescence (Krishnamurthy et al. 2004) along with the detection of SA β-Gal activity. 

Other proteins may also be used to identify senescent cells such as DEC1 and p15INK4b 

(Collado et al. 2005, Collado and Serrano 2006, Kotolloshi et al. 2020). In addition, detection 

of senescence-associated heterochromatic foci (Narita et al. 2003) and senescence-associated 

DNA-damage foci (Takai et al. 2003) may also be used as markers for some senescent cells.  

In PCa, AR ligand-induced cellular senescence is detected by SA β-Gal activity and the 

p16INK4a-pRB pathway, while p53-p21Cip1/Waf1 pathway is only affected weakly. In line with 
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this, an upregulated p16INK4a was detected in BIC- and atraric acid-induced cellular senescence 

(Esmaeili et al. 2016a, Hessenkemper et al. 2014), whereas detection of senescence-associated 

heterochromatic foci, upregulated p16INK4a, and hypophosphorylated pRB were observed in 

DHT- or R1881-treated cells at SAL (Roediger et al. 2014). Interestingly, it was shown that 

both SAL-induced and antagonist-induced cellular senescence are mediated through the SRC-

AKT pathway (Hessenkemper et al. 2014, Roediger et al. 2014, Kokal et al. 2020). 

Growth arrest is the hallmark of cellular senescence, yet, senescent cells remain metabolically 

active and often become resistance to cell-death signals (Campisi and d’Adda di Fagagna 

2007, Hampel et al. 2004, Salminen et al. 2011). Senescent cells acquire widespread alteration 

in gene expression and intracellular signaling. These features lead to enhanced secretion of 

cytokines, chemokines, growth factors, and proteinases known as the senescence-associated 

secretory phenotype (SASP) (Coppé et al. 2010) (Figure 2A). SASP represents a major 

debating topic for the consequences of cellular senescence induction, because it can mediate 

paracrine effects on neighboring non-senescent tumor cells and may act as a tumor promoter 

(Gonzalez-Meljem et al. 2018, Coppé et al. 2008, 2010). Interestingly, although induction of 

cellular senescence in PCa by AR ligands has been well described, the paracrine effects of 

SASP are rarely investigated.  
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Figure 2. Senescent cells are accompanied by SASP factors. (A) One of the major features of 

senescent cells is the senescence-associated secretory phenotype (SASP). SASP factors are comprised 

of but not limited to secreted interleukins, chemokines, growth factors or regulators, proteases, and 

other inflammatory factors. (B) The benefit of cellular senescence induction remains controversial. On 

the one hand for tumor suppression aspect, senescent cells are already growth arrested, and some SASP 

factors are thought to attract immune cells to the site for tumor clearance. SASP may also trigger 

apoptosis or growth arrest. On the other hand, SASP factors including proteases, growth, and 

angiogenesis factors can mediate paracrine effects on neighboring non-senescent tumor cells, resulting 

in promotion of proliferation, invasion, angiogenesis, and stemness for tumor promotion aspect. 

(Modified from Coppé et al. 2010, Lecot et al. 2016). 

1.4 Senescence-associated secretory phenotype (SASP) and paracrine effects 

Senescent cells are accompanied by SASP. SASP factors can mediate autocrine and paracrine 

effects. The autocrine effect is not in focus as much as the paracrine effects, because the 

senescent cells are already growth arrested. In contrast, paracrine effects from SASP are 

controversially discussed whether it promotes or suppresses tumor growth (Figure 2B). SASP 

gene expression and secretion profiles are cell type specific and may differ when cells are 

exposed to different senescence-inducing stimuli (Basisty et al. 2020, Coppé et al. 2010, Rao 

and Jackson 2016). Hence, the effects on neighboring non-senescent tumor cells by SASP then 

rely on the balance between secreted tumor-promoting and -suppressive factors. This may 

depend as well on how senescence is induced, such as by AR agonist or antagonist, since AR 

is a transcription factor but also interacts with multiple signaling cascades. 
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1.4.1 SASP affects growth and proliferation 

One of the major concerns for the effects of SASP is whether it promotes growth and 

proliferation of the tumor. In fact, SASP contains many secreted growth factors that are potent 

stimulators of cell proliferation. It is well described that the SASP from senescent fibroblasts 

can promote tumor growth and cancer cell proliferation (Saleh et al. 2018, Coppé et al. 2010, 

Liu and Hornsby 2007, Krtolica et al. 2001). Similar outcome has been observed when 

neoplastic prostate epithelium was treated with SASP from senescent prostate fibroblasts 

(Bavik et al. 2006). Interestingly, regardless of how senescence is induced (by oncogene 

overactivity, oxidative stress, DNA damage, or replicative exhaustion), these fibroblasts 

exhibit tumor promoting capability by secreting a subset of growth promoting factors (Saleh et 

al. 2018, Bavik et al. 2006, Krtolica et al. 2001).  

Unfortunately, this may occur as well in case of conventional cancer therapies such as 

chemotherapy or radiation. Such therapies can enhance growth factors in the tumor 

microenvironment via senescence induction and thus resulting in a pro-tumorigenic response 

(Toste et al. 2016, Ohuchida et al. 2004). Notably, irradiation in PCa patients is associated 

with a significantly increased release of exosomes (Lehmann et al. 2008). Moreover, ADT, a 

standard therapeutic option for PCa, was shown to induce SASP in PCa epithelial cells 

(Pernicová et al. 2011). However, neither the paracrine effect of ADT-induced SASP nor 

irradiation-induced exosomes on non-senescent PCa cells were reported. 

Not all SASP factors from senescent cells promote growth and cell proliferation. Although 

limited, evidences exist describing SASP-mediated inhibition of cell proliferation, such as 

through growth arrest or apoptosis induction. It has been shown that the conditioned medium 

derived from senescent breast cancer cells can induce a senescent growth arrest in naive breast 

cancer cells (Di et al. 2008). Consistently, the induction of SA β-Gal activity, cell size, and 

p21Cip1/Waf1 protein level were observed in naive breast cancer cells by culturing with 

conditioned medium. Another case showed that conditioned medium derived from senescent 

primary human foreskin fibroblasts can activate MYC and sensitize the immortalized pre-

transformed cells to TRAIL-induced apoptosis (Vjetrovic et al. 2014). In case of prostate 

cells, impaired growth of immortalized prostate cells by SASP from mesenchymal stromal 
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cells was observed (Alessio et al. 2019). However, Alessio et al. (2019) further showed that 

the same SASP mediates no effect on metastatic PCa cells.  

Taken together, the paracrine effect of SASP on cell growth and proliferation has been 

described in both directions as promoter and suppressor depending on cell type and tissue 

context. Hence, the question remains open for the effect of AR ligand-induced SASP.  

1.4.2 SASP affects stem/progenitor cells 

Stem cells are characterized by two unique capabilities, self-renewal and differentiation. Once 

differentiated, cells usually lose the self-renewal ability. In general, one can obtain pluripotent 

stem cells from the inner cell mass of early stage blastocysts (Kashyap et al. 2009, Thomson 

et al. 1998). However, studies showed that pluripotent stem cells can be induced from 

differentiated adult cell types by epigenetic reprogramming (Kashyap et al. 2009, Yu et al. 

2007, Aoi et al. 2008, Takahashi et al. 2007). The highest efficiency of induced pluripotency 

is achieved by a combination of four transcription factors of either Yamanaka’s factors or 

Thomson’s factors introduced into the differentiated cells (Figure 3). Yamanaka’s factors 

include OCT4, SOX2, KLF4, and MYC. Thomson’s factors include OCT4, SOX2, NANOG, 

and LIN28. These factors are also considered as stem cell markers. Interestingly, OCT4 and 

SOX2 appear to be critically required, whereas in some cases, other factors are dispensable 

(Nakagawa et al. 2008, Huangfu et al. 2008). Nevertheless, a combination of all six factors, 

OCT4, SOX2, NANOG, MYC, KLF4, and LIN28, has been shown to enhance pluripotency 

with reduced time of reprogramming (Liao et al. 2008). Since stem cells can be induced from 

differentiated cells (perhaps by mutations, dedifferentiation, or epigenetic reprogramming), 

cancer stem cells may also be derived in a similar manner from stem cells, progenitor cells, 

differentiated cells, or cancer cells (Figure 3). 
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Figure 3. Overview of the origin of the cancer stem cells. Cancer stem cells can be derived from 

stem cells, progenitor cells, differentiated cells, or cancer cells via mutations and/or when self-renewal 

genes turned on (red arrow). Pluripotent stem cells exhibit the ability to self-renew (green arrow) and 

to differentiate (solid black arrow) into several cell lineages, whereas differentiated cells lose the self-

renewal ability. However, pluripotency can be achieved by dedifferentiation (dash arrow) or epigenetic 

reprogramming of differentiated cells through introduction of either Thomson’s factors or Yamanaka’s 

factors. Among these factors, OCT4 and SOX2 seem to be critically required. (Modified from Kashyap 

et al. 2009, Khan et al. 2019, Sin and Lim 2017). 

SASP is also associated with an induction of a cancer stem cell-like phenotype (Saleh et al. 

2018, Cahu et al. 2012). The high expression of some key SASP factors is strongly correlated 

with stem cell features in tumor cells and has been shown to play an important role in the self-

renewal and proliferation of cancer stem cells (Ma et al. 2015, Yang et al. 2014, Levina et al. 

2010). KITLG encodes SCF (stem cell factor) protein, one of the major secreted factors of 

SASP, is an example. Levina et al. (2010) showed that while chemotherapy of non-small cell 

lung cancer cells can promote lung cancer stemness, blocking SCF-c-kit signaling is sufficient 

to inhibit cancer stem cell proliferation and survival. Hence, this study suggests a role of the 

SCF in cancer stem cells, which could be as well a target for improving antitumor efficacy of 

chemotherapy in human lung cancer (Levina et al. 2010). Consistently, it has been reported 

that chemotherapy-induced senescence could change stem-cell-related properties of malignant 

cells and promotes cancer stemness (Milanovic et al. 2018). Milanovic et al. (2018) revealed 

that this senescence-associated stemness unexpectedly exerts highly aggressive growth 
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potential by escaping from cell-cycle blockade. These findings suggest implications toward 

cancer therapy strategies.  

One of the hypothesized explanations for relapse of many cancer types in patients after certain 

therapeutic treatment is the cancer stem/progenitor cells, which survive or are resistant to such 

therapies. Interestingly, it has been suggested that epithelial stem/progenitor cells are critical 

for regulation and maintenance of the prostatic gland and also play an important role in PCa 

development (Choi et al. 2012, Klarmann et al. 2009). Among other possibilities, PCa 

stem/progenitor cells might survive ADT and contribute to re-growth of PCa and CRPCa 

(Wen et al. 2016, Klarmann et al. 2009, Li and Tang 2011). Moreover, Wen et al. (2016) 

reported that treatment with AR antagonist either BIC or ENZ also leads to an increased PCa 

stem/progenitor population. This suggests an unwanted side-effect by these current clinically 

used AR antagonists. Note that an underlying mechanism behind an enrichment of PCa 

stem/progenitor population might be the AR antagonist-induced SASP.  

1.4.3 SASP affects immune cell responses 

Immune cell attraction leading to tumor clearance is probably the main proposed tumor 

suppressive characteristic of SASP (Figure 2B). Secreted factors as component of SASP can 

attract immune cells, such as natural killer (NK) cells, T cells, and natural killer T (NKT) 

cells, to the tissue microenvironment (Velarde et al. 2013, Rao and Jackson 2016). These cells 

can recognize a number of SASP cytokines through their diverse cell surface receptors (Saleh 

et al. 2018, Morvan and Lanier 2016, Bernardini et al. 2014, Bromley et al. 2008) and mediate 

cytolytic activity on senescent cells and neighboring tumor cells (Xue et al. 2007, Kang et al. 

2011). However, how immune cells would respond to SASP is depending on secreted factors 

from senescent cells and the tumor microenvironment.  

In the last decade, immunotherapies have become more popular in the clinic-oriented research 

field as option for fighting against cancer. In fact, many cancer immunotherapeutic strategies 

have been approved for melanoma, lung cancer, kidney cancer, urothelial cancer, breast 

cancer, and PCa (Boettcher et al. 2019, Hodi et al. 2010, Tang et al. 2018, Kantoff et al. 

2010). An idea of cancer immunotherapy is to boost up the cytotoxic potential of the human 

immune system against malignancies. Immunotherapeutic options include vaccine therapies 

(DNA-, cell-, peptide, or viral vector-based vaccines) and usage of immune checkpoint 
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inhibitors (Boettcher et al. 2019). Interestingly, there are currently many ongoing clinical trials 

for PCa, but only Sipuleucel-T (cell-based vaccine) has been approved so far since 2010. In 

line with this, metastatic PCa does not show satisfying responsive towards checkpoint 

blockade of PD-1/PD-L1 and CTLA-4 (Boettcher et al. 2019, Kwon et al. 2014). It seems that 

PCa exhibits some mechanisms of immunosuppression to limit the effectiveness of therapy. 

Several tumor-intrinsic mechanisms of resistance to immune response are including but not 

limited to: (1) insufficient tumor antigen, (2) loss of MHC/HLA expression, (3) loss of PTEN, 

(4) disruption of IFN-γ signaling, (5) regulation by oncogenic signaling, (6) tumor 

dedifferentiation and stemness, and (7) immune-suppressive tumor microenvironment 

(Kalbasi and Ribas 2020, Vitkin et al. 2019). 

Indeed, it is possible that the immune-suppressive tumor microenvironment might be the 

consequence of secreted SASP factors after conventional therapies. Surprisingly, while SASP 

is generally acknowledged for being immune attractant, SASP-suppressed immune response 

has mostly been described in case of mouse prostate tumor, human PCa cell line, and human 

PCa cells-derived xenograft mouse model (Saleh et al. 2018, Toso et al. 2014, Di Mitri et al. 

2014, Simova et al. 2016, Kloss et al. 2018). Secreted Cxcl2, IL-1RA, and TGF β are 

examples of SASP factors that have been suggested as immune-suppressive cytokines (Rao 

and Jackson 2016, Toso et al. 2014, Di Mitri et al. 2014, Kloss et al. 2018). In case of AR 

ligand-induced senescent PCa cells, AR ligands may regulate the expression of tumor 

antigens, stemness, signaling cascades, and secretion of SASP factors, in which all together 

could lead to immune response modulation. 

1.5 Senolytic compounds 

Senescent cells appear to have the capability of resisting cell death by upregulating pro-

survival/anti-apoptotic networks (Saleh et al. 2018, Salminen et al. 2011, Hampel et al. 2004). 

Interestingly, SASP is also suggested to be involved in this apoptotic-resistant feature (Özcan 

et al. 2016). To overcome this feature of senescence, senolytic agents have been developed 

and are currently in focus. Senolytic compounds are small molecule compounds that 

selectively kill senescent cells by targeting activated pro-survival/anti-apoptotic pathways 

(Wong et al. 2018). Most targeted factors and pathways are PI3K/AKT survival pathway, 
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BCL-2/BCL-XL anti-apoptotic pathway, p53/p21 pathway, HSP90, cell surface glycoproteins, 

and tyrosine kinase receptors, etc. (Wong et al. 2018, Saleh et al. 2018). 

Interestingly, different senescence inducing stimuli might cause distinct activation of pro-

survival/anti-apoptotic pathways (Wong et al. 2018, Hernandez-Segura et al. 2017). Indeed, 

this can perhaps be applied to cells that were induced by AR ligand to undergo cellular 

senescence. In line with this, AR interaction with some survival signaling cascades is well 

described (Gatson et al. 2006, Baron et al. 2004, Migliaccio et al. 2000, Peterziel et al. 1999). 

Evidence indicates some factors in senescent PCa as potential drug target for senolytic agent. 

Roediger et al. (2014) showed that SAL-induced cellular senescence exhibits activated pro-

survival AKT pathway as indicated by enhanced levels of phospho-AKT (p-AKT), suggesting 

that AKT might serve as a potential target in this condition. Another interesting target factor 

for senolysis is HSP90, because both AR and AKT are HSP90 clients (Hessenkemper and 

Baniahmad 2012, He et al. 2013, Centenera et al. 2015, Zhang et al. 2005). It should be kept 

in mind that AR agonist- and antagonist-treated cells might exhibit different upregulated pro-

survival/anti-apoptotic signaling, which preferentially sensitize cells to specific senolytic 

compounds. 

Since the benefit of senescence induction is controversial and limited information is known for 

AR ligand-induced SASP, targeting and eliminating senescent cells using senolytic 

compounds could be a necessary approach along with conventional PCa therapy. 
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2 HYPOTHESES AND OBJECTIVES 

The AR signaling represents a major drug target for PCa therapy. An induction of cellular 

senescence (irreversible cell cycle arrest) has been described in PCa cells after treating with SAL, 

first-generation AR antagonist BIC, and other AR antagonist-like compounds (Roediger et al. 

2014, Esmaeili et al. 2016a, Hessenkemper et al. 2014, Roell et al. 2019, Fousteris et al. 2010). 

However, cellular senescence induction by ENZ, a clinically used and a second-generation AR 

antagonist, has not yet been reported. It is hypothesized that ENZ also induces cellular 

senescence in PCa cells. In this thesis, human PCa cell lines were treated with AR ligands to 

induce cellular senescence. Cells were also treated with ENZ to examine the capability of ENZ 

on cellular senescence induction. 

Although AR ligand-induced cellular senescence seems to be a potential strategy to inhibit PCa 

cell proliferation, the benefit of senescence induction remains controversial. This is because 

senescent cells exhibit SASP that can affect tumor microenvironment and neighboring cells. 

The effect of SASP depends on the balance between secreted tumor promoting and suppressing 

factors. So far, the composition and the effect of SASP secretome of AR ligand-treated PCa 

cells have not been analyzed. Actions of AR in both genomic and non-genomic manner lead to 

the hypothesis that agonist- and antagonist-induced cellular senescent PCa cells exhibit distinct 

SASP secretomes. It is further hypothesized that the distinct SASP between SAL- and 

antagonist-treated cells differentially mediates paracrine effects on PCa and immune cells. Thus, 

this thesis aims to detect factors in the secretory profile of AR ligand-induced cellular senescent 

PCa cells and compare the SASP secretome between control-, agonist-, and antagonist-treated 

cells. Further, functional effects of AR ligand-induced SASP on PCa cell proliferation, PCa 

stemness, immune cell proliferation, and immune clearance of PCa cells were analyzed.  

This thesis also aims to analyze senolytic activities of potential senolytic compounds in PCa 

cells that were senescence-induced by AR ligands. Senescent cells are known to be apoptotic-

resistant by activating pro-survival/anti-apoptotic pathways, which can be targeted by senolytic 

compound (Salminen et al. 2011, Wong et al. 2018). An apoptotic-resistant feature together with 

the possibility that AR ligand-induced SASP may act as tumor promoter will indeed provide 

disadvantages in PCa therapy. Therefore, using senolytic compounds to eliminate AR ligand-

induced cellular senescent PCa cells may be a useful strategy to avoid side-effects of SASP.  
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3 MATERIALS AND METHODS 

(Compositions of all media, buffers and staining solutions are listed in chapter 8 Appendix) 

3.1 Human PCa cell lines and culture 

The androgen-dependent human PCa cell line LNCaP-tet (LNCaP) (Protopopov et al. 2002) 

was cultured in RPMI medium 1640 (Gibco, Life Technologies) supplemented with 5% fetal 

bovine serum (FBS) (Gibco, Life Technologies). The CRPCa cell line C4-2 is derived from 

the LNCaP cell line (Wu et al. 1994). C4-2 cells were cultured in DMEM medium (Gibco, 

Life Technologies) supplemented with 5% FBS.  

LNCaP and C4-2 were cultivated on 10 cm culture dishes (Greiner Bio-One) in an incubator 

with 5% CO2 (HERACELL 240i) at 37°C. They were sub-cultured when the cell density 

reached the confluency of 80%. Briefly, the old medium was removed and cells were washed 

once with 2 ml of 1x PBS buffer. Then, 1 ml of 1x trypsin/EDTA solution was added to the 

cells and incubated for 2 min at 37°C. Trypsin was then inactivated by adding fresh          

FBS-containing medium specific for the particular cell line. After detaching, cells were 

resuspended and an aliquot of the cell suspension was transferred to a new culture dish. The 

ratio for sub-culturing LNCaP and C4-2 cells was 1:3 for every 3 days. 

3.2 Senescence-associated β-galactosidase (SA β-Gal) staining 

Cellular senescence assays were performed using 6-well culture plates (Greiner Bio-One). 

LNCaP or C4-2 cells were seeded at 3.5x104 cells per well. After 48 h of incubation, cellular 

senescence was induced by treating cells with 1 nM R1881 (Perkin Elmer), 1 μM BIC (Sigma-

Aldrich), or 1 μM ENZ (Selleckchem) for 72 h. Cells were treated with 0.1% DMSO as 

solvent control. 

To detect the cellular senescence marker, SA β-Gal staining was performed as described by 

Dimri et al. (1995). Briefly, cells were washed once with 1x PBS and fixed for 5 min with 

1 ml per well of 1% glutaraldehyde fixing solution. Fixed cells were washed again with 

1x PBS and stained with 1.5 ml per well freshly prepared SA β-Gal staining solution. Cells 

were incubated for 24 to 48 h in a CO2-free incubator (HERATHERM) at 37°C. 
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The staining solution composed of 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal), 

which is a galactopyranoside. This galactopyranoside will be cleaved by active β-galactosidase 

and generates an insoluble bluish-greenish product (Dimri et al. 1995). The stained cells were 

counted using the light microscope Axiovert 135 (Zeiss). Two fields per well were selected 

randomly and at least 200 cells per field were counted. Three independent experiments were 

performed, and the mean percentage of stained cells was calculated. 

3.3 Collection of conditioned media from senescent PCa cells 

In order to analyze the SASP of AR ligand-induced cellular senescent PCa cells, first cellular 

senescence was induced in LNCaP or C4-2 cells. Thereafter, the supernatant defined as 

conditioned medium containing SASP of senescent cells was collected for further 

investigation. 

LNCaP or C4-2 cells were seeded at 5x105 cells per 10 cm culture dish. After 48 h of 

incubation, cellular senescence was induced by treating cells with AR ligands for 72 h as 

earlier described. To collect conditioned medium from these senescent cells, cells were 

washed twice with 2 ml of 1x PBS (each time) to remove hormones/AR ligands. Subsequently, 

9 ml of fresh medium without FBS (0% FBS medium) was added and further incubated for 

48 h. The conditioned medium was collected and filtered with 0.2 μm filter (Sarstedt) to 

remove cell debris. Collected conditioned medium from R1881- (Con. R), BIC- (Con. B), 

ENZ- (Con. E), or DMSO-treated cells (Con. D) were immediately used for each experiment 

and stored at 4°C for refreshing/retreatment in some long-term experiments. 

3.4 Analysis of SASP secretome using human cytokine arrays 

Detection of SASP secretome from senescent PCa cells was performed with Human Cytokine 

Antibody Array C1000 kit (RayBiotech) according to manufacturer’s protocol. For each 

condition/treatment, two antibody arrays were used to detect in total 120 cytokines (60 

cytokines per array). All incubation and washing steps were performed at room temperature 

on Polymax 2040 shaker and mixer platform (Heidolph) at 30 rpm. 

Briefly, each antibody array was placed into a well of the incubation tray provided by the kit. 

The arrays were incubated with Blocking Buffer for 30 min at room temperature. After 
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removing Blocking Buffer, each membrane was incubated for 5 h at room temperature with 

1.5 ml undiluted conditioned medium Con. R, Con. E, or Con. D. Conditioned media were 

removed, and each membrane was washed three times with 2 ml of 1x Wash Buffer I (5 min 

incubation each time). After that, each membrane was washed with 1x Wash Buffer II in the 

same manner as Wash Buffer I. After Wash Buffer II was removed, each membrane was 

incubated for 2 h with 1 ml of the Biotinylated Antibody Cocktail. Wash steps with Wash 

Buffer I and II were repeated. Then, each membrane was further incubated for 2 h with 2 ml 

of 1x HRP-Streptavidin and followed by washing steps with Wash Buffer I and II. Next, 

membranes were transferred to plastic sheet on a flat surface and incubated for 2 min (without 

rocking/shaking) at room temperature with 500 μl of Detection Buffer mixture (1:1 ratio 

Detection Buffer C + Detection Buffer D) per membrane. Detection of the signals was 

performed by ImageQuantTM LAS 4000 (GE Healthcare) and quantification of the signals was 

performed with LabImage 1D software (Kapelan Bio-Imaging). 

Quantified signal of 120 cytokines was normalized to the signal of positive control spots 

(provided by the manufacturer) of particular membrane. The normalized signals detected from 

Con. R- and Con. E-treated membranes were calculated in relative to the normalized signals 

from Con. D-treated membrane.  

To analyze the consequent biological processes, molecular functions, and pathways associated 

with these secreted cytokines, bioinformatic gene ontology (GO) analysis and ingenuity 

pathway analysis (IPA) were kindly performed by Marzieh Ehsani (Baniahmad’s group). To 

compare the secretome with transcriptome regulation, the data of cytokine arrays were 

analyzed with the RNA sequencing data. RNA sequencing was kindly performed by Kimia 

Mirzakhani (Baniahmad’s group). 

3.5 Two-dimensional (2D) monolayer proliferation assays and crystal violet staining 

Experiments were performed with PCa cells that were cultured as 2D monolayer model 

(Figure 4A). LNCaP or C4-2 cells were seeded at 1.3x104 cells per well in 6-well culture 

plates and incubated for 24 h. To analyze the effect of AR ligands, cells were treated for 

9 days with AR ligands. The medium and AR ligands were refreshed every 3 days. To 

examine the effect of AR ligand-induced SASP, cells were treated with conditioned medium 
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Con. R, Con. B, Con. E, or Con. D for 8 days. Conditioned media were refreshed every 

2 days. Note that conditioned medium was diluted at 1:1 ratio with 10% FBS-containing 

medium (specific for each cell line) before treatment.  

The effect on cell proliferation was analyzed by crystal violet staining as previously described 

(Esmaeili et al. 2016a, 2016b). Briefly, the cells were washed once with 1x PBS and fixed 

with 1% glutaraldehyde fixing solution for 10 min. Fixed cells were washed again with 

1x PBS and stained with freshly prepared 0.1% crystal violet solution for 30 min. The 

unbound dye was removed by washing several times with deionized H2O, and the stained cells 

were dried overnight. Cells were completely destained using Sørenson’s solution and the 

crystal violet absorbance was measured at OD 590 nm with SPECORD® 50 PLUS UV/Vis 

spectrophotometer (Analytik Jena). 
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Figure 4. Illustration figures for 2D monolayer proliferation and 3D colony formation assays. 

(A) After sub-culturing or seeding, cells adhere on the bottom surface of the petri dish and proliferate 

as monolayer (2D). (B) 3D colony formation assays aim to analyze the colony formation capability of 

single cells. Suspension of cells is seeded in medium-collagen mix and thus, position of individual cell 

is fixed. After 14 days of incubation, picture taken on day 14 is compared with the picture taken on day 

0 of the same field. Hence, (1) holoclone, (2) meroclone, (3) paraclone, or (4) cells which are not able 

to form colony can be identified and calculated for colony formation efficiency (%). 

(C) Representative pictures (from Beaver et al. 2014) illustrate the difference in morphology between 

holoclone, meroclone, and paraclone. 
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3.6 Three-dimensional (3D) colony formation assays: Analysis of stemness 

characteristic of PCa cells 

Stem cells are characterized by their self-renewal ability. The link between stem cell capacity 

and colony forming ability in 2D monolayer was established by Barrandon and Green (1987). 

However, three-dimensional (3D) cancer cell culture was later established due to the fact that 

it is more relevant to the in vivo situation. Hence, this study conducted 3D colony formation 

assays by adapting the protocols from Bahmad et al (2018) to examine the effects of AR 

ligands and AR ligand-induced SASP on stemness characteristic of PCa cells.  

Using medium-collagen mix, the assay allows each single cell to grow freely in 3D as 

suspension culture, however, the position of each cell is fixed, making it easy to analyze 

which single cell is forming holoclone, meroclone, or paraclone (Figure 4B and C). The 

definition of each clonal type is based on morphology and proliferation/renewal capacity. The 

cancer holoclones are rounded tightly packed cells that can be passaged indefinitely (Beaver et 

al. 2014). Paraclones are irregular in composition and loosely packed cells, which incapable of 

further proliferation or self-renewal (Beaver et al. 2014). Meroclones have intermediate 

morphology and phenotype between holoclones and paraclones. Note that it has been reported 

that both holoclone- and meroclone-derived from PCa cell lines contain a population of stem 

cells (Beaver et al. 2014). 

3.6.1 3D colony formation with AR ligands 

To examine the effects of AR ligands, two experimental setups were proceeded. In 

experimental setup #1, LNCaP cells were trypsinized from 10 cm culture dishes. The trypsin 

was neutralized by adding 4 ml of 0.5% FBS RPMI medium and cells were centrifuged at 

200 x g for 5 min at room temperature. The supernatant was removed and the cells were 

singled by gently resuspending with 0% FBS RPMI medium. Next, the cell suspension in 

0% FBS RPMI medium was mixed in a 1:1 ratio with collagen I, rat tail (Gibco, Life 

Technologies) to reach cell density of 2,000 cells per 100 μl. Seeding of LNCaP cells was 

performed by adding 100 μl mix (2,000 cells) into each well of 96-flat bottom-well culture 

plate (Greiner Bio-One). The medium-collagen mix was allowed to solidify in a 5% CO2 

incubator at 37°C for 1 h. Thereafter, 200 μl of fresh 5% FBS RPMI medium with appropriate 

concentration of AR ligand was added per well. The cells were treated with AR ligands for 
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14 days. For each well, the treatment was refreshed every 2 days by replacing 100 μl fresh 

5% FBS RPMI medium with appropriate concentration of AR ligand.  

In experimental setup #2, LNCaP cells were seeded at 2.5x105 cells per 10 cm culture dish. 

The cells were treated with AR ligands for 6 days. Next, trypsinization and seeding of AR 

ligand-treated cells into 96-well culture plate were performed as experimental setup #1. After 

solidification of medium-collagen mix, 200 μl of fresh 5% FBS RPMI medium without AR 

ligand was added per well and the cells were cultured for 14 days. The treatment was 

refreshed every 2 days by exchanging 100 μl fresh 5% FBS RPMI medium without AR ligand. 

3.6.2 3D colony formation with conditioned media containing SASP secretome 

To examine the paracrine effects of AR ligand-induced SASP on stemness characteristic of 

LNCaP cells, trypsinization and seeding of LNCaP cells into 96-well culture plate were 

performed as experimental setup #1. For treatment, the conditioned medium collected from 

AR ligand-induced cellular senescent LNCaP cells was diluted 1:1 ratio with 10% FBS 

medium and then 200 μl of the diluted medium was added to each well. The treatment was 

refreshed every 2 days by replacing 100 μl freshly diluted medium per well. Cells were treated 

with conditioned media for 14 days. 

3.6.3 Analysis of colony formation efficiency of holoclone and meroclone 

To analyze the colony formation efficiency (CFE) of holoclone and meroclone, pictures of 

four random fields per well were taken by AxioCam MRm R3 camera mounted with the 

brightfield microscope CellObserver Z1 (Zeiss). The resulting images were processed by 

ZEN Blue software (Zeiss). Colony sizes at day 14 were measured by Fiji ImageJ software. 

The colony diameter is defined as 2·(A/π)1/2, where A is the area of colony computed by the 

software. Based on preliminary data, colonies that exhibit diameter less than 40 μm were 

neither considered as holoclones nor meroclones. Holoclones and meroclones were 

distinguished by the morphology of the colony (Barrandon and Green 1987, Beaver et al. 

2014) (Figure 4C). For precise calculation of CFE, pictures of the same field were taken after 

seeding (day 0) and on day 14 (Figure 4B). This enables us to consider specifically whether 

how many single cells on day 0 formed colony on day 14. Note that, if the colony on day 14 
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was formed from a clump of cells since day 0, it will be excluded from calculation. The 

formula of CFE was calculated according to the following: 

CFE (%) = 100% × (
Total number of holoclone or meroclone formed on day 14

Total number of single cell counted on day 0
) 

3.7 Preparation of peripheral blood mononuclear cells (PBMCs) 

Preparation of peripheral blood mononuclear cells (PBMCs) was adapted from Junking et al. 

(2017). For each experiment, 36 ml of blood sample from healthy male donor was collected in 

S-Monovette® EDTA K3 tubes (Sarstedt). The blood sample was gently mixed 1:1 ratio with 

2% FBS in 1x PBS buffer. Next, each 30 ml of PBS-blood mixture was gently added to the 

top of 15 ml LymphoprepTM solution (STEMCELL Technologies) per one reaction tube. 

Of note, the reaction tube should be tilted and the PBS-blood mixture should be allowed to 

slowly flow down from the wall of the tube to the LymphoprepTM solution by gravity. 

Separation phase of PBMCs was achieved through gradient centrifugation at 800 x g for 

20 min at room temperature without brake function. PBMCs from two reaction tubes were 

transferred into the same new reaction tube and subsequently mixed with 30 ml red blood cell 

lysis buffer. After 5 min incubation, centrifugation was performed at 450 x g for 10 min. 

Supernatant was then removed and the PBMCs pellet was washed by resuspending with 30 ml 

of pure RPMI medium 1640 followed by centrifugation at 450 x g for 10 min. Supernatant 

was again discarded and the PBMCs pellet was resuspended with 10 ml serum free AIM-V 

medium (Gibco, Life Technologies). Cell suspension was distributed for 2 ml per well into    

6-well culture plate and incubated for 2 h in a 5% CO2 incubator at 37°C. 

After 2 h of incubation, non-adherent cells were gently collected from each well into a 

reaction tube. Centrifugation at 1,000 rpm for 5 min at room temperature was performed. 

Supernatant was discarded and the cell pellet was resuspended with 1 ml freshly prepared 

lymphocyte freezing solution. The non-adherent cells were cryopreserved as a source of 

lymphocytes. After removing non-adherent cells, adherent cells were further cultured as a 

source of dendritic cells. 
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3.8 Generation of mature dendritic cells and activation of lymphocytes 

The protocol for generating dendritic cells and activating lymphocytes were adapted from 

Junking et al. (2017). Briefly, the monocytes (adherent PBMCs) were first cultured in serum 

free AIM-V medium supplemented with 50 ng/ml GM-CSF (ImmunoTools) and 25 ng/ml   

IL-4 (ImmunoTools) for 5 days in order to differentiate them into immature dendritic cells. 

The medium and cytokines were refreshed every day. The immature dendritic cells were 

further cultured in serum free AIM-V medium supplemented with 50 ng/ml TNF-α 

(ImmunoTools) and 50 ng/ml IFN-γ (ImmunoTools) for 2 days in order to differentiate cells 

into mature dendritic cells. These mature dendritic cells were used for activation of 

lymphocytes. Successful differentiation was confirmed by cell morphology under light 

microscope Axiovert 135.  

To activate the lymphocytes, the frozen non-adherent PBMCs were thawed up and co-cultured 

with mature dendritic cells for 3 days in AIM-V medium supplemented with 5% human serum 

(HS) (Sigma-Aldrich). After that, the activated non-adherent PBMCs (lymphocytes) were 

transferred into new 6-well culture plate. Clonal expansion of activated lymphocytes was 

performed by culturing the cells for 10 days in serum free AIM-V medium supplemented with 

20 ng/ml IL-2 (ImmunoTools), 10 ng/ml IL-7 (ImmunoTools), and 20 ng/ml IL-15 

(ImmunoTools). Medium and cytokines were refreshed every 2 days. Successful activation 

and expansion of lymphocytes were confirmed by flow cytometry. 

To examine the paracrine effects of AR ligand-induced SASP on lymphocyte activation and 

expansion, the procedures were performed as mentioned above. However, during the 

activation process, conditioned medium of AR ligand-treated LNCaP or C4-2 cells was diluted 

at 1:1 ratio with 10% human serum (HS)-containing RPMI or DMEM medium (depending on 

the source of conditioned medium). Moreover, during the clonal expansion process, 

conditioned medium was diluted at 1:1 ratio with 4% HS RPMI or DMEM medium and 

applied with or without addition of IL-2, -7, and -15. As control for both steps, 0% FBS 

medium was used instead of conditioned medium. Treated lymphocytes were analyzed by 

flow cytometry and by the size of lymphocyte cluster formation during expansion period. To 

analyze the size of lymphocyte clusters, pictures of five random fields per well were taken by 

Fujifilm X-T20 mirrorless digital camera mounted with the light microscope. Cluster was 
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detected and the cluster’s size (area) was measured by countPHICS software (Brzozowska et 

al. 2019). 

3.9 Killing assays of PCa cells by immune cells 

To address the cytolytic activity of immune effector cells, co-culturing of activated 

lymphocytes (effectors) and PCa cells (targets) was performed. The incubation time as well as 

the ratio between effectors and targets were optimized based on preliminary experiments. 

Effectors were co-cultured with targets at 5:1 ratio. To detect the protein levels of cleaved 

PARP (c-PARP) as apoptotic marker by Western blotting, protein extraction was performed 

after co-cultured for 1.5 h. To analyze the percentage of apoptotic target cells, Annexin V 

staining was performed after co-cultured for 3 h and subsequently detected by flow cytometry. 

To analyze the target cells viability, crystal violet staining was performed after 6 h of           

co-culturing.   

PCa cells as targets were seeded at 1.5x105 cells per 10 cm culture dish for c-PARP analysis, 

at 4x104 cells per 35 mm culture dish (VWR) for Annexin V analysis, and at 4x104 cells per 

well of 6-well culture plate for crystal violet staining. After 48 h of incubation, cells were 

either treated for 72 h with AR ligands (in 5% FBS medium) or for 96 h with conditioned 

media derived from AR ligand-induced cellular senescent cells. Note that conditioned medium 

was diluted at 1:1 ratio with 10% FBS medium prior treatment. Since different treatments 

might lead to unequal cell number, one set of targets per treatment was trypsinized and 

counted in Neubauer chamber. The number of effectors required for each treatment was 

calculated and added to the other set of targets at 5:1 ratio. AIM-V medium supplemented 

with 5% HS was used during co-culturing (killing) process of AR ligand-treated PCa cells. 

Conditioned medium was diluted at 1:1 ratio with 10% HS medium and used during killing 

process of conditioned media-treated PCa cells. 

3.10 Flow cytometry 

Flow cytometry was performed and analyzed with BD Accuri C6 Plus flow cytometer and 

software (BD Biosciences) according to manufacturer’s protocols. 
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3.10.1 Analysis of lymphocyte activation 

To analyze the surface proteins CD3 and CD8 of lymphocytes, non-adherent PBMCs and 

activated lymphocytes were collected by centrifugation for 5 min at 450 x g. After removing 

the supernatant, cells were washed twice by resuspending with cold 1x PBS supplemented 

with 2% FBS and followed by 450 x g centrifugation for 5 min at 4°C each time. Note that 

cells were equally distributed into different pre-cooled light protected reaction tubes before 

second wash. Next, the supernatant was removed and cell pellet in each reaction tube was 

resuspended with 50 µl of corresponding antibodies staining solution (Table 1). Mouse IgG1 

antibody was used as isotype control. Incubation for 30 min with antibodies was performed at 

4°C in the dark. Again, cells were washed twice with cold 2% FBS in 1x PBS buffer and 

followed by centrifugation (450 x g, 5 min at 4°C) each time. Supernatant was discarded. The 

pellet was resuspended and fixed with cold 1% PFA fixing solution and immediately 

processed for detection with flow cytometer. 

Table 1. List of antibodies used for flow cytometry 

Antibody 
Conjugated 

fluorophores 
Source Isotype Company, Ref. no. Dilution Diluent 

Human CD3 FITC Mouse IgG1 Immuno Tools, 21620033 1:50 2% FBS in 1x PBS 

Human CD8 APC Mouse IgG1 Immuno Tools, 21810086 1:50 2% FBS in 1x PBS 

Mouse IgG1 FITC Mouse IgG1 Immuno Tools, 21275513 1:50 2% FBS in 1x PBS 

Mouse IgG1 APC Mouse IgG1 Immuno Tools, 21275516 1:50 2% FBS in 1x PBS 

Annexin V APC Chicken - Immuno Tools, 31490016 1.5:100 1x Annexin 

binding buffer 

3.10.2 Annexin V staining for analyzing apoptosis  

To analyze the percentage of apoptotic target cells after co-cultured with lymphocytes, 

Annexin V staining was performed. For each treatment/condition (two 35 mm culture dishes), 

supernatant containing lymphocytes and detached target cells were collected into 15 ml 

reaction tube. Remaining attached target cells were washed once with 1x PBS (1 ml per dish) 

and the supernatant was collected to the same reaction tube. Trypsinization of attached target 

cells (0.5 ml per dish) was performed with 2 min incubation at 37°C. Trypsin was inactivated 

by adding fresh 5% FBS medium (1 ml per dish). The trypsinized cells were collected into the 
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reaction tube. Centrifugation was performed at 450 x g for 5 min. After removing the 

supernatant, cell pellet was resuspended with cold 1x Annexin binding buffer and equally 

distributed into different pre-cooled light protected reaction tubes (98.5 µl each). 1.5 µl of 

Annexin V was added to corresponding reaction tubes. After 15 min incubation (4°C in dark 

condition), the Annexin V staining was immediately detected with flow cytometry. Mouse 

IgG1 APC conjugated was used as fluorophore control. 

3.11 Killing assays of PCa cells by senolytic compounds  

To analyze the senolytic activity of senolytic agents in senescent PCa cells, the AKT inhibitor 

MK2206 (MK) and the HSP90 inhibitor Ganetespib (GT) were used. LNCaP cells were 

seeded at 5x105 cells per 10 cm culture dish for MK experiments and at 1.2x105 cells per 

10 cm culture dish for GT experiments. Cellular senescence was first induced by treating cells 

with AR ligands for 72 h. Thereafter, the medium and ligands were removed, and cells were 

further treated with 1 µM MK (Selleckchem), 25 nM GT (Selleckchem), or 0.1% DMSO as 

solvent control. Protein extraction and Western blotting were performed to detect the apoptotic 

marker.  

3.12 Protein extraction and Western blotting 

3.12.1 Whole cell lysate (intracellular protein extraction) 

To extract intracellular protein, whole cell lysate preparation was adapted from Esmaeili et al. 

(2016a, 2016b). Briefly, cells were washed once with 1x PBS, then scraped in cold 1x PBS, 

and transferred to 1.5 ml reaction tube. The tube was centrifuged (2,500 rpm, 5 min, at 4°C) to 

collect the cells. The cell pellet was resuspended in NETN buffer (5-fold volume of the pellet) 

supplemented with phosphatase inhibitors and incubated in ice for 10 min. The mixture was 

then frozen in liquid nitrogen for 1 min and thawed up in 37°C water bath for 3 cycles. 

Centrifugation (15,000 rpm, 15 min, at 4°C) was performed to precipitate the cell debris. The 

supernatant was collected into a new cooled tube as whole cell protein extract. Quantification 

of protein concentration was performed with NanoDrop ND-1000 Spectrophotometer 

(Peqlab). The extracted protein was long-term stored at -80°C. 
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3.12.2 Methanol precipitation (secreted protein precipitation) 

To concentrate secreted proteins, methanol precipitation of conditioned medium was 

performed. A total of 8 ml conditioned medium was distributed into two pre-cooled reaction 

tubes (4 ml each). Subsequently, 36 ml of cold methanol (VWR) was added to each falcon and 

followed by 15 sec strong mixing. The mixture was incubated at 4°C for 20 min to precipitate 

the secreted protein. The precipitated protein was collected through centrifugation (4,700 rpm, 

20 min, at 4°C). Pellets of both tubes were resuspended with the same 100 µl cold 90% 

methanol until homogeneous. The mixture was collected into a new cooled 1.5 ml reaction 

tube and followed by centrifugation (15,000 rpm, 15 min, at 4°C). After removing the 

supernatant, the pellet was resuspended with 50 µl of Milli-Q H2O and long-term stored at      

-80°C as precipitated secreted protein. Quantification of protein concentration was performed 

by preparing sample with PierceTM BCATM Protein-Assay kit (Thermo Scientific) and 

measured with the NanoDrop ND-1000 Spectrophotometer. 

3.12.3 Western blotting 

Western blotting was performed to analyze either intracellular or secreted protein levels. 

Proteins were separated by SDS-PAGE, using 1 ml stacking gel (5% acrylamide) and 5 ml 

separating gel (10-15% acrylamide depending on the size of the target protein). For 

intracellular protein sample, each 35 µg of protein was diluted in NETN buffer and mixed 

with 3 µl of 5x SDS to reach in total 15 µl. For secreted protein sample, each 50 µg of protein 

was diluted in Milli-Q H2O and mixed with 6 µl of 5x SDS to reach in total of 30 µl mix. The 

mixture was boiled at 99°C for 10 min, and loaded into a well of polyacrylamide gel. Gel 

electrophoresis was performed with Mini-PROTEAN® Tetra Vertical Electrophoresis Cell 

(Bio-Rad), 1x running buffer was used, and the voltage was set to 80 V. Once, the 

PageRulerTM Prestained Protein Ladder bands (Thermo Scientific) were distinctively 

separated, the voltage was changed to 150 V. 

The proteins were transferred onto Amersham Hybond P 0.2 PVDF Western blotting 

membrane (GE Healthcare) by wet-tank-blotting system (bsb11-biotech service blu). Briefly, 

the membrane was activated in methanol for 10 sec. The wet-blot sandwich was made up by 

one sponge on cathode side, four blotting papers (Whatmann), the membrane, the gel, four 

blotting papers, and one sponge on the anode side. Note that, sponges and blotting papers were 
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prior soaked with 1x blotting buffer. After putting the sandwich into the blotting chamber, the 

1x blotting buffer supplemented with either 10 or 20% methanol (depending on the size of the 

target protein) was filled to cover the sandwich. The wet-tank-blotting system was set to run at 

200 mA for 2 h. After blotting, the membrane was blocked with 10% skim milk (Biomol) for 

1 h at room temperature, and followed by three times washing with 1x TBS-T buffer (5 min 

each time). 

For target protein detection, the membrane was incubated for 16 h at 4°C with specific 

primary antibody (Table 2) against protein of interest. The membrane was again washed three 

times with 1x TBS-T buffer (5 min each time), and further incubated at room temperature with 

secondary antibody (Table 2) against particular primary antibody for 1 h. Later, three times 

washing step was repeated and the membrane was incubated for 2 min with AmershamTM 

ECLTM Western Blotting Detection Reagents (GE Healthcare). The signals were detected by 

ImageQuantTM LAS 4000 machine. LabImage 1D software was used for quantification of 

protein expression, and the expression of protein was normalized to the expression of β-Actin 

(loading control). 

Table 2. List of antibodies against human proteins used for Western blotting 

Target 
1st/2nd 

Antibody 
Source Company, Ref. no. 

Dilution with 

1x TBS-T 
Protein size (kDa) 

ALDH1A1 1st Rabbit Invitrogen, PA5-34901 1:1,000 55 

ANG 1st Rabbit Bosterbio, A00146 1:2,000 14 

AKT 1st  Rabbit Cell Signaling, 4685 1:2,000 60 

AR 1st Mouse Biogenex, 256M 1:2,000 110 

MYC 1st Rabbit Cell Signaling, 5605 1:1,000 57-65 

Mouse IgG HRP* 2nd Horse Cell Signaling, 7076 1:10,000 - 

OCT4 1st Rabbit Cell Signaling, 2750 1:1,000 45 

p-AKT (S473) 1st Rabbit Cell Signaling, 4058 1:5,000 60 

PARP 1st Mouse Cell Signaling, 9546 1:2,000 
Uncleaved: 116 

Cleaved: 89 

PSA 1st  Rabbit Cell Signaling, 2475 1:1,000 29 

p-S6 (S235/236) 1st  Rabbit Cell Signaling, 2211 1:5,000 32 

p16INK4a 1st Mouse Santa Cruz, sc-81613 1:500 16-25 

p21Cip1/Waf1 1st  Mouse Cell Signaling, 2946 1:2,000 21 

Rabbit IgG HRP* 2nd Goat Cell Signaling, 7074 1:10,000 - 
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SOX2 1st Rabbit ABclonal, A6171 1:1,000 35-40 

S6 1st Rabbit Cell Signaling, 2217  1:5,000 32 

TIMP2 1st Rabbit ABclonal, A1558 1:1,000 24 

β-Actin 1st  Mouse Abcam, ab6276 1:10,000 42 

(*) Secondary antibodies are conjugated to horseradish peroxidase (HRP). 

3.13 Analysis of PCa phospho-kinome using human phospho-kinase arrays 

To analyze and compare the phosphorylation profiles of kinases and their protein substrates 

between conditioned media-treated LNCaP cells, Human Phospho-Kinase Array kit (R&D 

Systems) was applied according to the manufacturer’s protocol. For each condition/treatment, 

there are two antibody arrays recognizing in total 43 kinase phosphorylation sites and 2 other 

proteins. All incubation and wash steps were performed at 20 rpm on Polymax 2040 shaker 

and mixer platform. 

LNCaP cells were seeded at 2.5x105 cells per 10 cm culture dish. After 24 h, cells were treated 

for 6 days with Con. R, Con. B, Con. E, or Con. D as control. Cell lysate was performed with 

Lysis Buffer 6 as described in manufacturer’s protocol. Quantification of protein 

concentration was performed with PierceTM BCATM Protein-Assay kit and measured with 

NanoDrop ND-1000 Spectrophotometer. 

Each antibody array was placed into a well of the incubation tray provided by the kit. The 

arrays were incubated with blocking buffer (Array Buffer 1) for 1 h at room temperature. 

While the membranes were blocking, the samples were prepared by diluting 600 µg cell lysate 

(maximum 500 µl) to a final volume of 3 ml with Array Buffer 1. After removing blocking 

buffer, each membrane was incubated for 16 h at 4°C with 1.5 ml of the prepared samples 

(300 µg per membrane). The samples were removed, and each membrane was washed three 

times with 1x Wash Buffer (10 min incubation at room temperature each time). After Wash 

Buffer was removed, each membrane was incubated for 2 h at room temperature with 1 ml of 

the diluted Detection Antibody Cocktail. The washing step was repeated. Then, each 

membrane was incubated for 30 min at room temperature with 1 ml of diluted HRP-

Streptavidin and followed by washing step with Wash Buffer. Next, membranes were 

transferred to plastic sheet on a flat surface and incubated for 1 min (no rocking/shaking) at 

room temperature with 500 μl of prepared Chemi Reagent Mix (1:1 ratio Chemi Reagent 1 + 
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Chemi Reagent 2) per membrane. Detection of the signals was performed by ImageQuantTM 

LAS 4000 and quantification of the signals was performed with LabImage 1D software. The 

quantified signals were normalized to the signal of positive control spots (provided by the 

manufacturer) of particular membrane. The normalized signals detected from Con. R-, 

Con. B-, or Con. E-treated samples were calculated in relative to the signals from Con. D-

treated sample. To analyze the pathways associated with SASP factors, bioinformatic 

ingenuity pathway analysis (IPA) was kindly performed by Marzieh Ehsani (AG Baniahmad). 

3.14 RNA extraction and quantitative reverse transcription-PCR (qRT-PCR) 

(Composition of reaction mixes are listed in chapter 8 Appendix) 

3.14.1 RNA extraction and cDNA synthesis 

RNA extraction was performed using peqGOLD TriFastTM kit (Peqlab). Briefly, cells were 

washed once with 1x PBS, incubated with 1 ml TriFast reagent per 10 cm culture dish for      

5-10 min (cells were lysed), followed by pipetting 10 times up and down, and transferred to a 

reaction tube. For each tube, 0.2 ml chloroform was added, the tubes were shaken for 15 sec, 

and incubated for 10 min. RNA, DNA, and protein were separated into three layers after 

centrifugation (12,000 x g, 5 min). RNA phase was transferred into new cooled tube, 250 µl of 

99.8% isopropanol was added per tube, mixed, and followed by 20 min incubation at 4°C. 

Purified RNA extract was precipitated by centrifugation (12,000 x g, 20 min, at 4°C), and 

washed twice with 1 ml of 75% EtOH (centrifuge at 12,000 x g, 10 min, at 4°C each wash). 

Supernatant was removed and RNA pellet was air dried. Dried RNA pellet was resolved in 

15 µl DEPC-treated H2O (Roth). Concentration of RNA was measured by NanoDrop         

ND-1000 Spectrophotometer. Quality of RNA was confirmed by agarose gel electrophoresis. 

Extracted RNA (2 µg) was synthesized into cDNA using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). The final cDNA product was diluted 1:1 by DEPC-

treated H2O. Extracted RNA was long-term stored at -80°C, while cDNA was stored at -20°C. 

3.14.2 qRT-PCR 

To analyze the transcription levels of target genes, qRT-PCR was performed with cDNA using 

SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad), gene specific primers (Table 3), 

and Bio-Rad CFX96TM Real Time PCR detection system (Bio-Rad). qRT-PCR results were 
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analyzed via ΔΔCt method (Pfaffl 2001) with CFX manager software (Bio-Rad) or via the 

following formula: 

Ratio =
(Etarget)

−Cttreatment

(EHKG)−Cttreatment
 ÷  

(Etarget)
−Ctcontrol

(EHKG)−Ctcontrol
 

where E = 1 + (
% primer efficiency

100
) 

The ratio (relative normalized expression) value represents the expression level of target gene 

by particular treatment, normalized to housekeeping gene (HKG), and relative to control 

treatment. E is defined as qPCR amplification efficiency of particular target or HKG. Ct value 

is defined as PCR cycles that the PCR product of a particular target or HKG is amplified 

across the threshold (background level). 

Table 3. List of human primers used for qRT-PCR analysis 

Gene Primer Sequence 5’ → 3’ Annealing Temperature 

β-Actin  
fwd 

rev 

CACCACACCTTCTACAATGAGC 

CACAGCCTGGATAGCAACG 
60°C 

ANG 
fwd 

rev 

CACACTTCCTGACCCAGCACTA 

TTCTCTGTGAGGGTTTCCATTC 
60°C 

CDKN2A 

(p16INK4a) 

fwd 

rev 

CTTGCCTGGAAAGATACCG 

CCCTCCTCTTTCTTCCTCC 
55°C 

CCND1 

(Cyclin D1) 

fwd 

rev 

TCAACCTAAGTTCGGTTCCGATG 

GTCAGCCTCCACACTCTTGC 
60°C 

MYC 
fwd 

rev 

GCTGCTTAGACGCTGGATTT 

GAGTCGTAGTCGAGGTCATAGTT 
60°C 

E2F1 
fwd 

rev 

GCAGAGCAGATGGTTATGG 

GATCTGAAAGTTCTCCGAAGAG 
60°C 

KLK3 (PSA) 
fwd 

rev 

GAGGCTGGGAGTGCGAGAAG 

TTGTTCCTGATGCAGTGGGC 
60°C 

MET 
fwd 

rev 

GGTCAATTCAGCGAAGTCCT 

TGGAGACACTGGATGGGAGT 
55°C 

NANOG 
fwd 

rev 

CCTATGCCTGTGATTTGTGG 

AAGTGGGTTGTTTGCCTTTG 
65°C 

PCNA 
fwd 

rev 

TTTTCTGTCACCAAATTTGTACCTC 

CTGCATTTAGAGTCAAGACCCTTT 
55°C 
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POU5F1 

(OCT4) 

fwd 

rev 

GGGTTCTATTTGGGAAGGTA 

GTTGCCTCTCACTCGGTTCT 
60°C 

KITLG 

(SCF) 

fwd 

rev 

TGTTGGATAAGCGAGATGGT 

GGGTTCTGGGCTCTTGAATG 
60°C 

TBP 
fwd 

rev 

GGCGTGTGAAGATAACCCAAGG 

CGCTGGAACTCGTCTCACT 
55°C 

CCL25 

(TECK) 

fwd 

rev 

GCCTGCTGCGATATTCTACC 

TGGAAGGTCTGCGTGTTGT 
55°C 

TIMP2 
fwd 

rev 

CCAAGCAGGAGTTTCTCGAC 

GACCCATGGGATGAGTGTTT 
55°C 

 

3.15 Statistical analyses  

For statistical analyses, two-tailed unpaired t-test, one-way ANOVA, and post hoc tests 

(Dunnett’s and Bonferroni’s multiple comparisons test) were performed with GraphPad Prism 

8.0 software. In this thesis, t-test was conducted to compare the means between two groups 

(comparing each treatment to control treatment). One-way ANOVA was performed to 

compare the means of all treatments to each other. Post hoc test (either Dunnett’s or 

Bonferroni’s multiple comparisons test) was required after ANOVA to specify whether which 

pair among analyzed groups is statistically significant difference (McHugh 2011, Mishra et al. 

2019).    

Mean, standard deviation (SD), and standard error of mean (SEM) were calculated from 

number of biological replicates/independent experiments (N) or technical replicates (n). 

A 95% confidence interval (p-value (p)≤0.05) was considered as statistically significant (*). 

A 99% confidence interval (p≤0.01) and a 99.9% confidence interval (p≤0.001) were indicated 

by two (**) and three stars (***), respectively. 
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4 RESULTS 

4.1 The second-generation of AR antagonist Enzalutamide (ENZ) induces cellular 

senescence in PCa cells leading to inhibition of cell proliferation 

Enzalutamide (ENZ) is a second-generation of AR antagonist, which is currently used for 

treating PCa patients (Rodriguez-Vida et al. 2015). Our group has previously reported that AR 

agonist at SAL, first-generation AR antagonist Bicalutamide (BIC), and other AR antagonist-

like compounds induce cellular senescence in PCa cells (Roediger et al. 2014, Esmaeili et al. 

2016a, Hessenkemper et al. 2014, Roell et al. 2019, Fousteris et al. 2010). However, 

senescence induction by ENZ has never been reported. Thus, the hypothesis was that ENZ can 

also induce cellular senescence in PCa cells. To analyze whether ENZ can induce cellular 

senescence, androgen-sensitive LNCaP and castration-resistant C4-2 human PCa cell lines 

were used.  

Each cell line was treated with AR ligands for 72 h to induce cellular senescence. The 

senescent cells were detected by SA β-Gal staining as a specific senescence marker (Dimri et 

al. 1995) (Figure 5A). Confirming previous studies, SAL induces cellular senescence in both 

cell lines after treating with either the synthetic AR agonist R1881 (Figure 5A and B) or the 

natural androgen DHT (data not shown). An induction of cellular senescence by antagonists 

was also observed with either BIC or ENZ (Figure 5A and B). This is the first report showing 

that a clinically used AR antagonist ENZ induces cellular senescence in human PCa cells 

(Pungsrinont et al. 2020). In line with this, ENZ upregulates both transcription and protein 

levels of CDKN2A/p16INK4a, another molecular marker and a key regulator of senescence 

(Figure 5C and D). 

To examine whether AR ligands also trigger apoptosis, the apoptotic marker cleaved PARP 

(c-PARP) was analyzed. In comparison to the loaded c-PARP positive control, no c-PARP 

was detected after AR ligand treatment (Figure 5E). Hence, the data suggest that AR ligands 

do not induce apoptosis in LNCaP and C4-2 cells. 
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Figure 5. AR ligands induce cellular senescence and not apoptosis. (A and B) LNCaP and C4-2 

cells were treated with R1881 (1 nM), BIC (1 µM), ENZ (1 µM), or DMSO (0.1%) as solvent control 
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for 72 h. SA β-Gal staining was performed and stained cells were counted. (A) Representative pictures 

of cells after SA β-Gal staining were taken under light microscope. (B) Percentage (%) of SA β-Gal 

positive stained cells. Bar graphs are shown as mean + SEM from three independent experiments (N = 

3). (C and D) Cells were treated with ENZ (1 µM) or DMSO (0.1%). (C) mRNA level of CDKN2A 

encoding p16INK4a was analyzed by qRT-PCR after 48 h of treatment. CDKN2A expression was 

normalized to the expression of housekeeping genes β-Actin and TBP. The mRNA expression of 

DMSO-treated cells was set arbitrarily as 1. Bar graphs are shown as mean + SEM from three 

independent experiments (N = 3). (D) Protein level of p16INK4a was detected after 72 h of treatment by 

Western blotting and normalized to β-Actin. Numbers indicate normalized p16INK4a band intensities 

relative to DMSO control. (E) Detection of full length PARP (FL-PARP) and cleaved PARP (c-PARP) 

after 72 h of treatment was conducted by Western blotting. β-Actin served as loading control. Protein 

extracted from apoptotic LNCaP cells treated with 1 µM AKT inhibitor (MK2206) was loaded as 

positive control for c-PARP. Statistical analyses in (B) and (C) were performed by using two-tailed 

unpaired t-test comparing each treatment to DMSO treatment. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 

This study also analyzed the cell proliferation of ENZ-treated PCa cells along with other 

ligand-treated cells. Proliferation assays were analyzed by crystal violet staining, which 

reflected the cell number of each treatment. As expected, a remarked suppression of cell 

proliferation by AR ligands including ENZ was observed in both LNCaP and C4-2 cell lines 

(Figure 6A and B). Moreover, mRNA expressions of key factors that control cell proliferation 

were analyzed. MYC mRNA level was significantly suppressed by all ligands (Supplemental 

Figure S1). Apart from MYC, SAL prominently suppressed CCND1, E2F1, and PCNA mRNA 

levels, whereas antagonists significantly suppressed E2F1 level. These results are being in line 

with the observed inhibition of cell proliferation.  

Taken together, the results show that AR ligands do not induce apoptosis, but induce cellular 

senescence and suppress expression of some key factors that mediate cell proliferation. Thus, 

it leads to inhibition of PCa cell proliferation. 
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Figure 6. AR ligands suppress PCa cell proliferation. LNCaP or C4-2 cells were treated with R1881 

(1 nM), BIC (1 µM), ENZ (1 µM), or DMSO (0.1%) as solvent control for 9 days. Crystal violet 

staining was performed on day 0 (1st day of treatment) and day 9. (A) Representative crystal violet 

staining pictures of cells after 9 days of treatment. (B) Crystal violet absorbance (OD 590 nm) on day 9 

was normalized to the value of day 0 and presented as relative to DMSO treatment. Bar graphs are 

shown as mean + SEM from total of six technical replicates (n = 6) of three independent experiments. 

Statistical analysis was performed by using two-tailed unpaired t-test comparing each treatment to 

DMSO treatment. ***, p≤0.001.  

4.2 AR antagonist- and agonist-induced cellular senescent PCa cells exhibit distinct 

SASP secretomes 

Senescent cells are known to secrete cytokines and chemokines termed as SASP, which can 

affect tumor microenvironment and neighboring cells (Coppé et al. 2010, Lecot et al. 2016). 

The effect of SASP depends on the balance between secreted tumor promoting and 

suppressing factors. However, the composition of SASP secretome of AR ligand-treated PCa 

cells has not yet been studied. Notably, AR is a transcription factor and some SASP genes are 

AR responsive genes (Jin et al. 2013). Thus, the hypothesis was that expression levels of 

SASP factors in PCa cells are different among AR ligand-treated cells and may lead to distinct 

SASP secretomes. 

To analyze and compare the cytokine secretion profiles of AR ligand-induced cellular 

senescence, conditioned media from DMSO- (Con. D), R1881- (Con. R), and ENZ-treated 

(Con. E) PCa cells were collected and loaded on human cytokine antibody arrays. The antibody 

arrays can detect in total 120 different cytokines. The results from cytokine arrays reveal that 

AR agonist and antagonist induce a different secreted level of cytokines from both LNCaP and 

C4-2 cells (Figure 7; Supplemental Figure S2). The data of 120 cytokines were summarized in 
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Venn’s diagrams (Figure 7A). Among the detected cytokines, secreted levels of 96 cytokines 

from LNCaP cells and 89 cytokines from C4-2 cells were altered by AR ligands. 

The secretory profile was first compared between agonist- and antagonist-treated cells. The 

data show that, on one hand, secreted level of some cytokines was changed in the same 

direction (enhanced or suppressed) by both agonist and antagonist (Figure 7B), representing 

an overlapping secretome of SAL- and ENZ-induced cellular senescent cells. On the other 

hand, secreted level of some cytokines was altered in an opposite direction between the two 

ligands (Figure 7C). Moreover, secretion of some cytokines was only affected by either 

agonist or antagonist alone (Figure 7D). These data indicate that AR ligand-treated PCa cells 

exhibit distinct secretory profiles. 
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Figure 7. AR ligand-induced cellular senescent PCa cells possess distinct sets of secreted 

cytokines. Cellular senescence was induced in LNCaP or C4-2 cells by treating with either AR agonist 

at SAL (1 nM R1881) or antagonist (1 µM ENZ) for 72 h. Cells were also treated with DMSO as a 

solvent control. Thereafter, cells were washed twice with 1x PBS and further incubated with 0% FBS 

medium for 48 h. The conditioned medium was collected and loaded on human cytokine arrays to 

detect the secretion of 120 cytokines as shown in Supplemental Figure S2. Note that a regulated 

cytokine secretion is defined when the secretion level was altered by at least 20% compared to control-

treated sample. (A) Venn’s diagrams summarize the total number of secreted cytokines regulated by 

AR ligands. The data are derived from two independent experiments. (B) Lists of secreted cytokines 

that were regulated in the same direction by both R1881 and ENZ. (C) Lists of secreted cytokines 

which were oppositely regulated between R1881 and ENZ. (D) Lists of secreted cytokines that were 

only regulated by either R1881 or ENZ. Enhanced and suppressed secretion in (B-D) is relative to 

control (DMSO)-treated cells. 
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Next, the secretory profile was compared between LNCaP and C4-2 cells treated with the 

same ligand. On one hand, secreted level of some cytokines was similarly altered by both cell 

lines. This includes the secretion of Angiogenin (ANG), which was enhanced by SAL and 

suppressed by ENZ (Figure 7C). On the other hand, the secreted level of some cytokines was 

oppositely altered by the two cell lines treated with the same ligand. This includes the 

secretion of SCF, TECK, and TIMP-2. SCF secretion by LNCaP cells was enhanced, while 

the secretion by C4-2 cells was suppressed by either SAL or ENZ (Figure 7B). ENZ enhanced 

the secretion of TECK and TIMP-2 in LNCaP cells (Figure 7C and D), but suppressed the 

secretion in C4-2 cells (Figure 7B). Note that TIMP-2 secretion was suppressed by SAL in 

both cell lines. Thus, the results indicate that cytokine secretion of senescent PCa cells is both 

AR ligand and cell line dependent. 

To confirm the results from cytokine arrays, secreted proteins of AR ligand-treated PCa cells 

were concentrated by performing methanol precipitation of conditioned media and 

subsequently analyzed by Western blotting. Con. D, Con. R, and Con. E refer to conditioned 

media derived from DMSO-, R1881-, and ENZ-treated cells, respectively. ANG and TIMP-2 

were chosen as representative targets due to a strong detected signal on cytokine arrays 

(Supplemental Figure S2). Secreted PSA, a protein which is encoded by the AR target gene 

KLK3, was also analyzed and served as a control. As expected, PSA secretion was enhanced 

by AR agonist and suppressed by antagonist in both cell lines (Figure 8A). ANG secretion was 

also enhanced by agonist and suppressed by antagonist. TIMP-2 secretion was suppressed by 

agonist in both cell lines. Moreover, the results show an enhanced TIMP-2 secretion by 

antagonist-treated LNCaP cells, but suppressed secretion by C4-2 cells. These results confirm 

the data of cytokine arrays. 

It was hypothesized that the cytokine secretion may be reflected at transcription level because 

AR is a transcription factor. To address this, intracellular protein and mRNA levels were 

analyzed. As control, expected effects by AR ligands on PSA/KLK3 level were observed in 

both cell lines at all three levels (secreted, intracellular protein, and mRNA levels) (Figure 8A-

C). This indicates that the differences in PSA secretion correlate with transcriptional 

regulation. Supporting the hypothesis, AR ligand-mediated changes of ANG level were 

similarly observed at secreted and intracellular levels of both cell lines. Moreover, 
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TIMP2/TIMP-2 suppression by agonist and induction by antagonist were detected in LNCaP 

cells at mRNA, intracellular protein, and secreted levels.  

However, the secreted level of TIMP-2 by antagonist-treated C4-2 cells neither correlated to 

intracellular protein nor to mRNA levels (Figure 8A-C). Similarly, secreted TECK level did 

not correlate with the mRNA expression of antagonist-treated C4-2 cells (Figure 7B; Figure 

8C). An uncorrelation between secreted and transcription levels was also observed for 

SCF/KITLG in LNCaP, but not in C4-2 cells (Figure 7B; Figure 8C). Notably, the levels of 

approximately 30% of cytokines in both cell lines are similarly influenced (enhanced, 

suppressed, or not affected) by SAL at mRNA and secreted levels (Figure 8D). Hence, the 

data indicate that secretion of some SASP factors is associated with regulated transcriptional 

level, whereas secretion of other factors is independent of transcription. 

Taken together, the data show that AR ligand-induced cellular senescent PCa cells possess 

distinct SASP secretomes. The results suggest that secretion of some SASP factors is both AR 

ligand and cell line dependent. Although secreted levels of some cytokines are associated with 

AR ligand-controlled transcription, some are not and may be regulated at a non-genomic level 

by AR ligands. In line with this, it is known that the AR also interacts with multiple signaling 

cascades in the cytoplasm. It seems that other unknown mechanisms and cellular pathways are 

involved for the cytokine secretion.  
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Figure 8. Secreted level of some SASP factors by AR ligands is independent of transcription 

regulation. (A) Western blot analysis of secreted proteins by LNCaP and C4-2 cells. Secreted proteins 

of AR ligand-induced cellular senescent cells were precipitated from conditioned medium by 

methanol. Equal amount was loaded on SDS-PAGE. Angiogenin (ANG) and TIMP-2 are 

representative targets selected to confirm the results of cytokine arrays. Secreted PSA served as a 

control. Con. D, Con. R, and Con. E are conditioned media derived from control (DMSO)-, R1881-, 

and ENZ-treated cells, respectively. Numbers indicate band intensities relative to Con. D sample. 

(B) PSA, ANG, and TIMP-2 intracellular protein levels were detected by Western blotting and 

normalized to β-Actin. Protein extraction was performed after 72 h treatment of 1 nM R1881, 

1 µM BIC, 1 µM ENZ, or 0.1% DMSO as solvent control. Numbers indicate normalized band 

intensities relative to DMSO control. (C) mRNA levels of KLK3, ANG, TIMP2, KITLG, and CCL25 

were analyzed by qRT-PCR. RNA extraction was conducted after 48 h treatment with the same 

concentration as (B). Bar graphs are shown as mean + SEM from three independent experiments (N = 

3). β-Actin and TBP served as housekeeping genes. Statistical analysis was performed by using       

two-tailed unpaired t-test comparing each treatment to DMSO treatment. *, p≤0.05; **, p≤0.01;      

***, p≤0.001; ns, not significant. (D) Schematic figures summarize the overlapping data from cytokine 

arrays (small circle) and RNA sequencing (big circle) upon 1 nM R1881 (SAL) treatment versus 

DMSO as solvent control. Out of 120 targets from cytokine arrays, the regulation of 71 and 

82 cytokines is available in RNA sequencing data of LNCaP and C4-2, respectively. The levels of 

22 from 71 targets (30.99%) for LNCaP and 26 from 82 targets (31.71%) for C4-2 were similarly 

altered at both RNA and secreted levels. Threshold for alteration of secreted level was set at ±20%, and 

of RNA at the value of log2 fold change ±1. 
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4.3 Bioinformatic gene ontology (GO) analysis suggests paracrine effects of AR 

ligand-induced SASP on PCa cell proliferation and immune system 

Major concern regarding an induction of senescence is the paracrine effect on neighboring 

non-senescent cells via SASP. The effect relies on the balance between secreted tumor-

promoting and -suppressive factors. In this study, effects of SASP on PCa cell proliferation 

and immune cells are in focus. To address this, bioinformatic gene ontology (GO) was used to 

analyze whether the secreted cytokines may influence cell proliferation and immune system. 

For each cell line, cytokines were categorized into four sets based on their regulated secretion 

detected by cytokine arrays. The four sets include secreted cytokines, which are (1) enhanced 

by R1881, (2) suppressed by R1881, (3) enhanced by ENZ, or (4) suppressed by ENZ. Each 

set was analyzed for GO. An outcome was obtained and presented as “enriched GO terms” 

(Figure 9; Table 4). 

The data reveal that all sets of cytokines secreted by both cell lines were significantly enriched 

in the GO term “regulation of cell proliferation” (Figure 9; Table 4). This GO term was 

enriched by the majority of cytokines secreted by LNCaP (Supplemental Table S1) and C4-2 

cells (data not shown). Thus, it suggests that the secreted cytokines may regulate the 

proliferation of other cells. Biological process including GO terms “regulation of the immune 

system process” and “regulation of leukocyte migration” were also significantly enriched by 

secreted cytokines from all conditions (Figure 9; Table 4). Thus, the data suggest possible 

effect of the secreted cytokines towards regulation of immune system as well. Interestingly, it 

seems that the cytokines secreted by LNCaP cells may have more impact to the immune 

system than cytokines secreted by C4-2 cells. In line with this, most of GO terms regarding 

immune system were significantly enriched by all sets of cytokines secreted from treated 

LNCaP cells (Table 4). This includes regulation of immune response, immune effector 

process, lymphocyte proliferation, lymphocyte mediated immunity, lymphocyte activation, 

and lymphocyte differentiation. 

Taken together, GO analysis indicated that distinct sets of cytokines secreted by AR ligand-

induced cellular senescent PCa cells may mediate paracrine effect on cell proliferation and 

immune system. The analysis pointed to cytokines in each set that are associated with 

regulation of those biological processes. However, GO analysis software did not provide the 
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information on up- or downregulation. Therefore, it is unclear whether these sets of secreted 

cytokines will promote or suppress the process. Further experiments are required to examine 

the effect of AR ligand-induced SASP.  

 

 

A 

 

 

 

 

 

 

 

 

 

 

 

 B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS 

 

43 

 

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 D 

 

 

 

 

 

 

 

 

 

 

 

E 

 

 

 

 

 

 

 



RESULTS 

 

44 

 

 F 

 

 

 

 

 

 

 

 

 

 

G 

 

 

 

 

 

 

 

H 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Cytokines secreted by AR ligand-treated PCa cells significantly enriched in GO terms 

regarding cell proliferation and immune system. Each set of regulated cytokine secretion from AR 
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ligand-induced cellular senescent (A-D) LNCaP or (E-H) C4-2 cells was analyzed with gProfile R 

package (v0.6.8) to predict whether the secreted cytokines can influence cell proliferation and immune 

system. Significant enriched GO terms by secreted cytokines from (A, B, E, and F) R1881 (SAL)- or 

(C, D, G, and H) ENZ-treated cells are shown. The p-value for each GO term is indicated by the shade 

of colors. The number of cytokines enriched in particular GO term is demonstrated by the size of 

circle. Rich factor for particular GO term = cytokine amount ÷ total number of genes in database 

involved in particular biological process. 

Table 4. Summary of significant enriched GO terms regarding cell proliferation and immune 

system by secreted cytokines of AR ligand-treated PCa cells 

 
* indicates significant enriched GO term by particular set of secreted cytokines. 

4.4 AR agonist-induced SASP suppresses, whereas antagonist-induced SASP 

promotes LNCaP cell proliferation 

The results from GO analysis indicate that cytokines secreted by AR ligand-treated PCa cells 

may affect the regulation of cell proliferation. Since distinct secretory profiles were detected 

among AR ligand-treated cells, it was hypothesized that the paracrine effect of SASP from 

agonist-treated cells is different to the effect of SASP from antagonist-treated cells. To 

analyze this hypothesis, PCa cell proliferation assays with conditioned media were conducted. 

LNCaP cells were treated with conditioned media collected from AR ligand-treated LNCaP, 

whereas C4-2 cells were treated with conditioned media of AR ligand-treated C4-2. Con. D, 

Con. R, Con. B, and Con. E refer to conditioned media derived from DMSO-, R1881-, BIC-, 

and ENZ-treated cells, respectively. 
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Earlier results showed that AR ligands regulate PCa cell proliferation. Therefore, it is 

necessary to confirm that no AR ligand remains in the conditioned media that may affect cell 

proliferation. For that purpose, qRT-PCR was performed to detect the expression of the AR 

target KLK3 (PSA). As control, KLK3 mRNA level was significantly induced by androgen 

treatment and inhibited by AR antagonists in both cell lines (Supplemental Figure S3). In 

contrast, treatment with conditioned media did not affect KLK3 mRNA level. These data 

suggest that the conditioned media do not have enough ligands to regulate AR activity. 

Interestingly, the results show that LNCaP cell proliferation, but not C4-2 cells, was affected 

by conditioned media (Figure 10A and B). In line with this, Con. R treatment significantly 

suppressed the proliferation of LNCaP cells. Furthermore, either Con. B or Con. E 

surprisingly promoted LNCaP cell proliferation. These novel findings hint to the possible 

undesired side-effect of AR antagonist treatment and suggest a tumor suppressive role of 

Con. R. Thus, the effect of conditioned media from agonist-treated cells is opposite to the 

effect of conditioned medium from antagonist-treated cells. 
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Figure 10. Conditioned media from AR ligand-induced cellular senescence mediate paracrine 

effect on LNCaP cell proliferation. Similar experiments were performed as Figure 6 except that the 

LNCaP and C4-2 cells were treated with Con. R, Con. B, Con. E, or Con. D as control for 8 days. 

(A) Representative crystal violet staining pictures of cells after 8 days of treatment. (B) Crystal violet 

absorbance (OD 590 nm) on day 8 was normalized to the value of day 0 and presented as relative to 

Con. D treatment. Bar graphs are shown as mean + SEM from total of six technical replicates (n = 6) 

of three independent experiments. Statistical analysis was performed by using one-way ANOVA 

followed by Dunnett’s multiple comparisons test. *, p≤0.05; **, p≤0.01; ***, p≤0.001; ns, not 

significant. 

The results of GO analysis were further analyzed to pinpoint towards possible cytokines 

associated with the observed effect of LNCaP proliferation. Since LNCaP cell proliferation 

was oppositely regulated by Con. R and Con. E, it may be explained by distinct secretory 

profiles between agonist- and antagonist-treated cells. Hence, the cytokines that the secretion 

level was similarly affected by both agonist and antagonist are unlikely to be underlying 

factors. In fact, the secreted level of cytokine that inhibit cell proliferation is expected to be 

enhanced in Con. R but suppressed in Con. E, and vice versa for the secreted level of cytokine 

that promote cell proliferation. Here, according to the list of secreted cytokines that enriched 

in the GO term “regulation of cell proliferation” (Supplemental Table S1), secreted levels of 

10 cytokines were oppositely altered (enhanced or suppressed) between R1881 and ENZ 

treatment. They are ANG, BLC, GCP-2, GDNF, IL-2, soluble IL-6R, CXCL-11, IL-5, TIMP-2, 

and lymphotactin. The secretion of the first six cytokines was enhanced by R1881 and 

suppressed by ENZ. In contrast, the secretion of the last four cytokines was suppressed by 

R1881 and enhanced by ENZ. Therefore, the data suggest that regulation of LNCaP cell 

proliferation by conditioned media might be mediated by but not limited to these secreted 

cytokines. Secreted cytokines affected by either R1881 or ENZ alone should not be excluded. 

4.5 AR ligand-induced SASP regulates phospho-kinome of PCa cells 

To further investigate how the conditioned media regulates LNCaP cells proliferation, 

expression levels of cell cycle regulators, the AR, and the phospho-kinome were analyzed in 

conditioned media-treated LNCaP cells. LNCaP cells were treated with Con. D, Con. R, 

Con. B, or Con. E for 6 days.  

Surprisingly, no regulation at mRNA level was observed for the analyzed factors MYC, 

CCND1, E2F1, PCNA, and CDKN2A (Figure 11A). Also, the protein levels of two well-
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known senescence regulators p16INK4a and p21Cip1/Waf1 were not clearly affected after treating 

with conditioned media (Figure 11B). This suggests that cellular senescence may not be the 

reason for Con. R-mediated growth suppression, unless other cellular senescence pathways 

were triggered. Additionally, no regulation of AR at protein level was observed (Figure 11B). 

Hence, the data show that expressions of analyzed cell proliferating key factors, senescence 

regulators, and AR are not associated with the conditioned media-regulated LNCaP cell 

proliferation. 
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Figure 11. Conditioned media do not affect the expression of cell cycle regulators. LNCaP cells 

were treated with Con. R, Con. B, Con. E, or Con. D as control for 6 days. (A) mRNA levels of MYC, 

CCND1, E2F1, PCNA, and CDKN2A were analyzed by qRT-PCR. Bar graphs are shown as          

mean + SEM from total of six technical replicates (n = 6) of two independent experiments. β-Actin and 

TBP served as housekeeping genes. Normalized mRNA levels of Con. D-treated cells were set 

arbitrarily as 1. Statistical analysis was performed by using one-way ANOVA followed by Dunnett’s 

multiple comparisons test. ns, not significant. (B) Protein levels of AR, p16INK4a, and p21Cip1/Waf1 were 

analyzed by Western blotting and normalized to β-Actin. Numbers indicate normalized band intensities 

relative to Con. D treatment. 

The phospho-kinome of conditioned media-treated LNCaP cells was analyzed by loading cell 

lysates on human phospho-kinase arrays. Based on the observed effects of LNCaP cell 

proliferation by conditioned media, an opposite regulation of phospho-kinases was expected 

between Con. R-treated cells and Con. B- or Con. E-treated cells. Unfortunately, this 

expectation was not observed in any individual factor (Figure 12). However, the results show 

that treatment with Con. R reduced levels of phospho-AMPKα1, phospho-CHK-2, and          
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β-Catenin. No significant enhanced phosphorylation level was observed for other factors 

except EGFR, which was however significantly upregulated by Con. E as well. In contrast, 

treatment with Con. B or Con. E significantly enhanced levels of phospho-RSK1/2/3 and 

HSP60. Only Con. E significantly enhanced phosphorylation levels of ERK1/2, JNK1/2/3, 

LYN, CREB, HSP27, and MSK1/2. Notably, neither Con. B nor Con. E reduced 

phosphorylation level of any other analyzed factors. This specific regulation of multiple 

factors and not individual ones reflects the possibility of how conditioned media regulate 

LNCaP cell proliferation. 
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Figure 12. Conditioned media regulate phospho-kinome of PCa cells. Similar experiments were 

performed as described in Figure 11 with LNCaP cells. Protein extraction and analysis of phospho-

kinase regulation were conducted using human phospho-kinase array kit. The antibody arrays 

recognize in total 43 kinase phosphorylation sites and 2 other proteins. Bar graphs are shown as 

mean + SEM from total of four technical replicates (n = 4) of two independent experiments. 

Normalized protein levels of Con. D-treated cells were set arbitrarily as 1. Statistical analysis was 

performed by using one-way ANOVA followed by Dunnett’s multiple comparisons test. *, p≤0.05;  

**, p≤0.01; ***, p≤0.001; ns, not significant. 

A bioinformatic ingenuity pathway analysis (IPA) was performed to analyze whether 

cytokines secreted by AR ligand-treated LNCaP cells may modulate the phospho-kinome of 

conditioned media-treated cells. Interestingly, IPA revealed that Adiponectin and IGF-1R can 

activate and lead to phosphorylation of AMPKα1 (Supplemental Figure S4A). The secretion 

of these two factors from LNCaP cells was suppressed by SAL and not affected by ENZ 

(Figure 7D). Thus, this finding correlates to the significant reduced phospho-AMPKα1 level in 

Con. R-treated cells. Furthermore, IPA indicated that the phospho-kinome of Con. E-treated 

cells can be regulated by secreted cytokines including Eotaxin-1, IL-17A, IL-4, NT-3, PIGF, 

TPO, TIMP-1, soluble TNF-R2, and VEGF-A (Supplemental Figure S4B). Secretion of these 
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cytokines from LNCaP cells was enhanced by ENZ and not affected by SAL (Figure 7D). IPA 

revealed that they can affect phosphorylation of ERK, whereas JNK and RSK phosphorylation 

can also be affected by IL-4 and VEGF-A (Supplemental Figure S4B). Thus, an enhanced 

secretion of these cytokines in Con. E associates with induced phospho-ERK, -JNK, and -RSK 

levels in Con. E-treated cells.  

Taken together, the data suggest that phospho-kinome of PCa cells can be modulated by 

secreted cytokines of AR ligand-treated LNCaP cells. This may partially explain the observed 

results of conditioned media-regulated LNCaP cell proliferation. 

4.6 AR ligands and conditioned medium containing SASP of AR agonist-treated PCa 

cells regulate the expression of stemness markers 

Among other possibilities, it has been suggested that PCa stem/progenitor cells survive 

therapeutic intervention including AR antagonists and contribute to re-growth of PCa (Wen et 

al. 2016, Klarmann et al. 2009, Li and Tang 2011). It has also been reported that 

chemotherapy-induced senescence could change stem-cell-related properties of malignant 

cells and promotes cancer stemness (Milanovic et al. 2018). Therefore, the hypothesis was 

that AR ligands and/or AR ligand-induced SASP can regulate stemness and stemness markers. 

To examine this hypothesis, LNCaP cells were treated with conditioned media or AR ligands. 

After that, the expression of stemness markers including OCT4, NANOG, SCF, MET, SOX2, 

MYC, and ALDH1A1 were analyzed.  

Interestingly, treatment with Con. R significantly downregulated stemness markers POU5F1 

(OCT4), NANOG, KITLG (SCF), and MET mRNA levels (Figure 13A). No upregulation at 

mRNA level of analyzed stemness markers was observed by either Con. B or Con. E. 

Surprisingly, no clear reduction of OCT4, SOX2, and MYC protein levels by Con. R was 

detected (Figure 13B). Also, none of analyzed stemness markers was clearly affected at 

protein level by Con. B or Con. E. However, among the analyzed stemness markers, 

ALDH1A1 protein was slightly downregulated by Con. R. These data suggest that some 

stemness markers can be regulated by conditioned medium of SAL-treated LNCaP cells.  

SAL-treated LNCaP cells exhibited significant downregulation of POU5F1, NANOG, KITLG, 

and MET mRNA levels (Figure 13C). The protein levels of OCT4, SOX2, MYC, and 



RESULTS 

 

52 

 

ALDH1A1 were also reduced by SAL treatment (Figure 13B). In contrast to SAL,               

AR antagonists significantly upregulated NANOG and MET mRNA levels (Figure 13C). 

Antagonist-induced OCT4, SOX2, and ALDH1A1 were also observed (Figure 13B). Thus, the 

data suggest that both mRNA and protein levels of analyzed stemness markers are AR ligand-

controlled. This supports the hypothesis that stemness can be regulated by AR ligands. 
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Figure 13. Con. R and AR ligands regulate the expression of stemness markers. LNCaP cells were 

treated with conditioned media or AR ligands for 6 days. (A) mRNA levels of POU5F1, NANOG, 

KITLG, and MET were analyzed by qRT-PCR after treating with indicated conditioned media. Bar 

graphs are shown as mean + SEM from total of six technical replicates (n = 6) of two independent 

experiments. β-Actin and TBP served as housekeeping genes. One-way ANOVA followed by 

Dunnett’s multiple comparisons test was performed for statistical analysis. (B) Protein levels of OCT4, 

SOX2, MYC, and ALDH1A1 were analyzed by Western blotting and normalized to β-Actin. Numbers 

indicate normalized band intensities relative to Con. D (for conditioned media) and to DMSO (for AR 

ligands) treatments. (C) Normalized mRNA levels of indicated stemness markers were analyzed by 

qRT-PCR after treating with indicated ligands. Bar graphs are shown as mean + SEM from total of 

six technical replicates (n = 6) of two independent experiments. Normalized mRNA levels of control-

treated cells in (A) and (C) were set arbitrarily as 1. Statistical analysis was performed by using      

two-tailed unpaired t-test comparing each treatment to DMSO treatment. *, p≤0.05; **, p≤0.01;      

***, p≤0.001; ns, not significant. 
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4.7 SASP does not affect 3D colony formation of PCa cells 

3D colony formation assay is an in vitro method that commonly used to identify and study 

properties of cancer stem cells (Bahmad et al. 2018, Beaver et al. 2014). Single cells can grow 

and form 3 types of colonies termed as holoclone, meroclone, and paraclone. The definition of 

each clonal type is based on morphology and proliferation/renewal capacity. An increased 

number of holoclone and meroclone formation has been suggested as an indicative for 

enrichment of PCa stemness (Beaver et al. 2014). Since Con. R and AR ligands regulate the 

expression of stemness markers, the hypothesis was that they also affect holoclone and 

meroclone formation efficiency as well as the size of colonies.  

Here, the effect of conditioned media on holoclone and meroclone formation was analyzed by 

3D colony formation assays as illustrated in Figure 14A. The suspension of single cells was 

treated for 14 days with Con. D, Con. R, Con. B, or Con. E. The medium-collagen mix 

technique adapted from Bahmad et al. (2018) allowed each single cell to grow freely in 3D at 

a fixed position, making it easy to analyze how many percent of seeded single cell formed 

holoclone and meroclone. Representative pictures show that the morphology of generated 

colonies is similar between treatments (Figure 14B). Also, the colony formation efficiency and 

the size of colonies were not affected (Figure 14B-D). Thus, the data suggest that conditioned 

media derived from AR ligand-induced cellular senescent PCa cells including Con. R may not 

have an impact on colony formation and colony growth, being in line with slightly changed 

protein level of stemness markers. 
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Figure 14. Conditioned media do not affect LNCaP 3D colony formation. (A) Illustration of 

experimental setup for (B-D). LNCaP cells were seeded in 0% FBS medium-collagen mix for 

3D colony formation assays. The single cell suspension was treated for 14 days with Con. D as control, 

Con. R, Con. B, or Con. E. (B) Representative pictures after 14 days of colony formation. 

(C) Holoclone and meroclone formation efficiency (%) indicates the percentage of single cells from 

the seeding day that formed a colony with a diameter larger than 40 μm at day 14. Bar graphs are 

shown as mean + SEM from four technical replicates (n = 4) of two independent experiments. (D) Box 

and whisker plots compare the size of colonies larger than 40 μm in diameter from both independent 

experiments. Box plots represent 50 percentiles, lines between box plot represent the median diameter, 

dots represent the mean diameter, and the end of each whisker line represents maximum and minimum 

diameter. Statistical analyses in (C) and (D) were performed by using one-way ANOVA followed by 

Dunnett’s multiple comparisons test. ns, not significant. 

4.8 AR agonist suppresses 3D colony formation and reduces colony size 

To examine the effect of AR ligands on holoclone and meroclone formation, 3D colony 

formation assays were conducted as illustrated in Figure 15A. The suspension of single cells 

was treated for 14 days with AR ligands. The results show that R1881 at SAL and ENZ 

suppressed colony formation efficiency (Figure 15B and C). Moreover, colonies derived from 

R1881 treatment exhibited significantly smaller size than the control (Figure 15D). Next, 

another experimental setup was performed as illustrated in Figure 15E. LNCaP monolayer was 

treated for 6 days with AR ligands. Thereafter, cells were seeded and cultured without ligand 

for 14 days. Interestingly, significant suppression of colony formation was observed only in 

R1881-pretreated condition (Figure 15F and G), but the size of generated colonies was similar 

to other treatments (Figure 15H). Notably, similar results to R1881 treatment were also 

observed in both experimental setups when using DHT at SAL (data not shown).  
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Taken together, both experimental setups reveal consistent results that SAL suppresses PCa 

holoclone and meroclone formation efficiency. Thus, it indicates that SAL reduces stemness, 

which is consistent with reduced expression of all analyzed stemness markers by SAL. 
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Figure 15. SAL treatment suppresses LNCaP 3D colony formation. (A) Illustration of experimental 

setup for (B-D). Similar experiments were performed as Figure 14 except that the single cell 

suspension was treated for 14 days with 0.1% DMSO as solvent control, 1 nM R1881, 1 μM BIC, or 

1 μM ENZ. (B) Representative pictures after 14 days of treatment. (C) Holoclone and meroclone 

formation efficiency (%) indicates the percentage of single cells from the seeding day that formed a 

colony with a diameter larger than 40 μm at day 14. Bar graphs are shown as mean + SEM from three 

independent experiments (N = 3). Statistical analysis was performed by using two-tailed unpaired t-test 

comparing holoclone and meroclone formation efficiency of each treatment to DMSO treatment.        

*, p≤0.05; **, p≤0.01; ***, p≤0.001; ns, not significant. (D) Box and whisker plots compare the size of 

colonies larger than 40 μm in diameter from all three independent experiments. Statistical analysis was 

performed by using one-way ANOVA followed by Dunnett’s multiple comparisons test. ***, p≤0.001; 

ns, not significant. (E) Illustration of experimental setup for (F-H). LNCaP monolayer was treated for 

6 days with the same treatments and concentrations as (A-D). Thereafter, the cells were seeded and 

cultured for 14 days without AR ligands. (F) Representative pictures after 14 days of colony formation. 

(G) Holoclone and meroclone formation efficiency (%) and statistical analysis were calculated as in (C). 

(H) Box and whisker plots as well as statistical analysis were performed as in (D). 

4.9 SASP does not affect lymphocyte-mediated apoptosis 

The secretome from AR ligand-treated cells revealed significant enriched GO terms for 

regulation of immunity (Table 4). It indicates that the induced SASP can influence immune 

system. Immune cell attraction leading to tumor cell clearance is probably the main tumor 

suppressive role of SASP (Rao and Jackson 2016, Saleh et al. 2018, Kang et al. 2011). 

Through immune cell surface receptors, immune cells can recognize SASP factors in the 

tumor microenvironment as well as cell surface antigens of tumor cells. Thus, the response of 

immune cells depends as well on the balance between immune-attractant and -suppressive 

SASP factors. This led to the hypothesis that distinct secretomes induced by AR ligands 

differentially influence immune cell response. In this study, the effect of lymphocyte-mediated 

cytotoxicity was analyzed with conditioned media-treated PCa cells. For that purpose, human 
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lymphocytes were isolated from blood samples of a healthy donor, activated, and clonal 

expanded ex vivo prior co-culturing with treated PCa cells (Figure 16A). 
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Figure 16. Culturing and activation of human immune cells. (A) Illustration of experimental setup 

for culturing and activation of immune cells adapted from Junking et al. (2017). Isolation of peripheral 

blood mononuclear cells (PBMCs) was performed with LymphoprepTM solution. Adherent cells were 

cultured as monocytes and differentiated into mature dendritic cells (DCs) by treating with GM-CSF 

(50 ng/ml), IL-4 (25 ng/ml), TNF-α (50 ng/ml), and IFN-γ (50 ng/ml). Non-adherent cells (non-

activated lymphocytes) were activated by co-culturing with mature DCs. Activated lymphocytes were 

collected and further cultured (expanded) with IL-2 (20 ng/ml), IL-7 (10 ng/ml), and IL-15 (20 ng/ml) 

for 10 days. (B) Detection of CD3+ and CD8+ lymphocyte populations by flow cytometry. Detection 

intensity threshold was set according to unstained, IgG FITC, IgG APC, CD3 FITC, and CD8 APC 

stained populations. Green = CD3+; red = CD8+; blue = CD3+CD8+; brown = CD3-CD8-. 

(C) Percentage of CD3+ and CD8+ antibodies stained cells analyzed from flow cytometry data. 

Numbers indicates the mean percentage of 4 different populations within non-activated or activated 

lymphocytes populations. The mean percentage was calculated from three independent experiments (N 

= 3). (D) Separated histogram data from (C) as mean + SEM. Statistical analysis was performed by 

using two-tailed unpaired t-test comparing activated population to non-activated population. *, p≤0.05; 

ns, not significant. 

Mononuclear cells were successfully isolated as monocytes (adherent cells) and non-activated 

lymphocytes (non-adherent cells) (Figure 16A). Differentiation of antigen presenting cells or 

mature dendritic cells (DCs) from monocytes was confirmed by morphological changes from 

spherical to a dendritic shape. These cells were used for activating lymphocytes by               

co-culturing. After that, activated lymphocytes were further cultured for clonal expansion, 

which was indicated by colony formation of lymphocytes (Figure 16A). Successful activation 

and clonal expansion were further confirmed by a significant increased proportion of 

CD3+CD8+ cytotoxic T cells in the activated lymphocyte population (Figure 16B-D). 

Next, lymphocyte-mediated killing assays of PCa cells were conducted by co-culturing 

conditioned media-treated LNCaP cells with activated lymphocytes. The ratio between 

lymphocytes and PCa cells as well as the incubation time were optimized based on 
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preliminary experiments (Supplemental Figure S5). Intracellular protein of PCa cells was 

extracted after co-culturing for 1.5 h with lymphocytes. c-PARP was successfully detected as 

an indication for lymphocyte-mediated apoptosis (Figure 17A). No c-PARP was detected 

when cells were not co-cultured with lymphocytes. This suggests that conditioned media alone 

do not trigger apoptosis in LNCaP cells. Surprisingly, no clear difference of c-PARP level was 

observed between Con. D-, Con. R-, and Con. E-treated LNCaP cells that were co-cultured 

with lymphocytes (Figure 17A). This suggests that conditioned media do not affect 

lymphocyte-mediated apoptosis. Furthermore, to analyze the LNCaP cell viability, crystal 

violet staining was performed after co-culturing for 6 h with lymphocytes (Figure 17B). The 

percentage of cell survival was calculated from crystal violet absorbance (Figure 17C). 

Consistent with detected c-PARP levels, similar crystal violet staining or percentage of cell 

survival was detected after co-culturing with lymphocytes. Thus, the results suggest that 

conditioned media do not affect lymphocyte-mediated killing of LNCaP cells. 
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Figure 17. Conditioned media do not affect lymphocyte-mediated apoptosis. LNCaP cells were 

treated for 4 days with Con. D as control, Con. R, or Con. E. Thereafter, PCa cells were co-cultured 
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with or without activated lymphocytes in a ratio of 1:5 (PCa cells: lymphocytes). (A) Protein extraction 

was performed after co-culturing for 1.5 h. Detection of full length PARP (FL-PARP) and cleaved 

PARP (c-PARP) was conducted by Western blotting and normalized to β-Actin. Upper and middle 

numbers indicate normalized FL-PARP and c-PARP band intensities relative to Con. D+lymphocytes. 

Lower numbers indicate the ratios of c-PARP versus FL-PARP levels. (B) Representative pictures of 

crystal violet staining after co-culturing for 6 h. (C) Percentage of cell survival calculated from crystal 

violet absorbance (OD 590 nm). Cell survival without lymphocyte co-culture was set arbitrarily as 

100%. Bar graphs are shown as mean + SEM from total of four technical replicates (n = 4) of two 

independent experiments. Statistical analysis was performed by using one-way ANOVA followed by 

Bonferroni’s multiple comparisons test. ***, p≤0.001; ns, not significant. 

4.10 SASP suppresses lymphocyte proliferation 

The results from GO analysis also suggest that the induced SASP of AR ligand-treated PCa 

cells regulate lymphocyte proliferation (Table 4). Moreover, this particular GO term was 

significantly enriched by all sets of secreted cytokines from treated LNCaP, but not by all sets 

of C4-2 cells. Hence, the hypothesis was that the SASP of AR ligand-treated LNCaP cells may 

have more impact to the lymphocyte proliferation than the SASP of C4-2 cells. To verify this 

hypothesis, lymphocytes were treated with conditioned media during activation and clonal 

expansion. Similar experiments were conducted as described in Figure 16A except that 

Con. D, Con. R, and Con. E were used. Moreover, during clonal expansion with conditioned 

media, lymphocytes were also treated with or without IL-2, -7, and -15. Note that, addition of 

these three cytokines is recommended during lymphocyte clonal expansion in the original 

protocol (Figure 16A; Junking et al. 2017), since they promote proliferation, survival and 

differentiation of lymphocytes (Rochman et al. 2009). 

A clear difference was observed during clonal expansion between with and without IL-2, -7, 

and -15 (Figure 18A; Supplemental Figure S6A). Lymphocytes formed colonies as an 

indication of clonal expansion/proliferation due to addition of these three cytokines as 

expected. No colony formation was observed without addition of these cytokines even the 

cells were treated with conditioned media. This indicates that IL-2, -7, and -15 are sufficient 

for lymphocyte clonal expansion/proliferation.  

Focusing on lymphocytes that were co-treated with the three cytokines and conditioned media, 

lymphocyte colonies cultured in either LNCaP Con. R or Con. E had significantly smaller size 

than Con. D (Figure 18A and B). The effect was observed after 6 days of clonal expansion. 
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Similar results were observed in another independent experiment (Supplemental Figure S6A 

and B). These data suggest that conditioned medium collected from either R1881- or ENZ-

treated LNCaP cells suppresses lymphocyte proliferation. Notably, neither colony formation 

nor colony size was affected by conditioned media of C4-2 cells (Figure 18A and C). 

Therefore, it supports the notion that SASP of AR ligand-treated LNCaP cells have more 

impact on the lymphocyte proliferation than SASP of C4-2 cells. 
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Figure 18. Con. R and Con. E of LNCaP cells suppress lymphocyte clonal expansion. Activation 

and clonal expansion of lymphocytes were performed as illustrated in Figure 16A except that Con. D 

as control, Con. R, and Con. E were used. Furthermore, during clonal expansion, activated 

lymphocytes were treated with or without IL-2, -7, and -15. (A) Representative pictures of lymphocyte 

colonies after 6 days of conditioned media with or without IL-2, -7, and -15 co-treatment.                   

(B and C) Mean area of lymphocyte colonies after 6 days of clonal expansion with (B) LNCaP’s 

conditioned media or (C) C4-2’s conditioned media with IL-2, -7, and -15 treatment. Measured values 

from conditions without IL-2, -7, and -15 treatments were used for setting the threshold and therefore, 

area below 0.005 mm2 was considered as background (data not shown). Bar graphs show               

mean area + SEM calculated from colonies that exhibited an area equal to or above 0.005 mm2 with 

indicated number of colonies (n). Statistical analyses in (B) and (C) were performed by using one-way 

ANOVA followed by Dunnett’s multiple comparisons test. **, p≤0.01; ns, not significant.  
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The results of GO analysis were further analyzed to identify possible cytokines associated 

with the observed effect of lymphocyte proliferation. Since lymphocyte proliferation was 

suppressed by either Con. R or Con. E of LNCaP cells, it may be explained by an overlapping 

SASP secretome of agonist- and antagonist-treated LNCaP cells. Hence, cytokines that the 

secretion was oppositely altered by agonist and antagonist are excluded. According to the list 

of secreted cytokines that enriched in the GO term “regulation of lymphocyte proliferation” 

(Supplemental Table S1), 6 candidates may be involved. This includes gp130, IGF-1, Leptin, 

RANTES, TGF β1, and IGFBP-2. The secretion of the first five cytokines was enhanced by 

R1881 and ENZ, whereas the secretion of IGFBP-2 was suppressed (Supplemental Table S1). 

The data suggest that suppression of lymphocyte proliferation by conditioned media might be 

mediated by but not limited to these secreted cytokines. Secreted cytokines which were 

affected by R1881 or ENZ alone should not be excluded. 

Taken together, the results indicate that conditioned media from AR ligand-treated LNCaP 

cells suppress lymphocyte proliferation. These data suggest immunosuppressive consequence 

from AR ligand-induced cellular senescence. 

4.11 Treatment with AR ligands renders PCa cells resistant to lymphocyte-mediated 

apoptosis 

Immunotherapy has become more popular in the clinic-oriented research field as option for 

fighting against cancer. However, it seems that PCa exhibits some mechanisms of 

immunosuppression to limit the effectiveness of therapy (Boettcher et al. 2019, Kwon et al. 

2014). This thesis showed that lymphocyte proliferation can be suppressed by conditioned 

media derived from AR ligand-induced cellular senescent cells. Interestingly, it has been 

suggested that senescent cells activate pro-survival/anti-apoptotic signaling, leading to 

apoptotic resistance (Wong et al. 2018, Salminen et al. 2011). This led to the hypothesis that 

AR ligand-induced cellular senescent PCa cells are also resistant to lymphocyte-mediated 

cytotoxicity. To examine this, lymphocyte-mediated killing assays of PCa cells were 

conducted by co-culturing AR ligand-pretreated cells with activated lymphocytes.  
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Expression of c-PARP was successfully detected in both LNCaP and C4-2 cells as an 

indication for apoptosis mediated by activated lymphocytes after 1.5 h of co-culturing 

(Figure 19A). c-PARP was not detected in AR ligand-treated cells that were not co-cultured 

with lymphocytes. This confirms earlier data that AR ligand itself does not induce apoptosis. 

Interestingly, AR ligand-treated cells that were co-cultured with lymphocytes exhibited less   

c-PARP level than the DMSO-treated cells (Figure 19A). Thus, the data indicate that AR 

ligand-treated PCa cells are resistant to lymphocyte-mediated apoptosis. 

This finding was also confirmed by results obtained from flow cytometry, where Annexin V 

stained LNCaP cells were detected after co-culture with lymphocytes for 3 h (Figure 19B and 

C). Without lymphocytes, a low percentage of Annexin V stained cells was detected at similar 

level between treatments. This possibly represents a basal apoptotic level. However, it was 

significantly increased by the presence of lymphocytes (Figure 19B and C). Importantly, both 

R1881- and ENZ-treated population had significantly less Annexin V stained cells than 

DMSO-treated population after co-culture. Thus, the data support the notion that AR ligand-

treated PCa cells are resistant to lymphocyte-mediated apoptosis. 

Resistance of apoptosis might result in better survival. To analyze PCa cell viability after     

co-culturing with lymphocytes, crystal violet staining was performed after co-culture for 6 h 

(Figure 19D). The percentage of cell survival was calculated from crystal violet absorbance 

(Figure 19E). Cell survival of LNCaP populations without lymphocyte co-culture was 

considered as 100%. As expected, the percentage of LNCaP cell survival was reduced after 

lymphocyte co-culture. This reflects that the LNCaP cells were killed by lymphocytes. 

Consistent with detected c-PARP and Annexin V, SAL-treated LNCaP cells showed a higher 

percentage of cell survival than control-treated cells (Figure 19E). Similar outcome was also 

observed in C4-2 cells (data not shown). Thus, the data confirm that SAL-treated PCa cells are 

resistant to lymphocyte-mediated apoptosis. Surprisingly, cell survival of ENZ-treated cells 

was similar to control-treated cells (Figure 19E). This result indicates that the earlier observed 

apoptotic resistance in ENZ-treated cells could not sustain 6 h of co-culturing with 

lymphocytes. Therefore, it also demonstrates that the resistance of ENZ-treated cells does not 

last as long as SAL-treated cells. 
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Figure 19. AR ligand-induced cellular senescent PCa cells are resistant to lymphocyte-mediated 

apoptosis. LNCaP and C4-2 cells were treated for 72 h with 1 nM R1881, 1 µM ENZ, or 0.1% DMSO 

as solvent control. Thereafter, PCa cells were co-cultured with or without activated lymphocytes in a 

ratio of 1:5 (PCa cells: lymphocytes). (A) Protein extraction was performed after co-cultured for 1.5 h. 

Detection of full length PARP (FL-PARP) and cleaved PARP (c-PARP) was conducted by Western 

blotting and normalized to β-Actin. Upper and middle numbers indicate normalized FL-PARP and     

c-PARP band intensities relative to DMSO+lymphocytes. Lower numbers indicate the ratios of           

c-PARP versus FL-PARP levels. (B) Detection of Annexin V stained LNCaP cells was performed by 

flow cytometry after co-cultured for 3 h. LNCaP and lymphocytes populations were first identified for 

correct gating. Detection intensity threshold was set according to unstained and IgG APC stained 

populations (green = Annexin V negative; red = Annexin V positive). (C) Percentage of Annexin V 

stained LNCaP cells analyzed from the data of flow cytometry. Bar graphs are shown as mean + SEM 

from six technical replicates (n = 6) of two independent experiments. (D) Representative pictures of 

crystal violet staining after co-cultured for 6 h. (E) Percentage of cell survival calculated from crystal 

violet absorbance (OD 590 nm). Cell survival without lymphocyte co-culture was set arbitrarily as 

100%. Bar graphs are shown as mean + SEM from total of six technical replicates (n = 6) of three 

independent experiments. Statistical analyses in (C) and (E) were performed by using one-way 

ANOVA followed by Bonferroni’s multiple comparisons test. ***, p≤0.001; ns, not significant. 
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4.12 Induction of cellular senescence by AR ligands is associated with enhanced 

phosphorylation level of the pro-survival/anti-apoptotic factor AKT 

This thesis reveals that treatment with AR ligands induces cellular senescence and also renders 

PCa cells resistant to lymphocyte-mediated apoptosis. Interestingly, an apoptotic resistance is 

one of the hallmark features of senescent cells (Salminen et al. 2011). The capability of 

senescent cells to resist cell death is due to activation or upregulation of pro-survival/anti-

apoptotic pathways. Our group has previously reported that AKT, a pro-survival/anti-

apoptotic factor, is activated in SAL-induced cellular senescent PCa cells (Roediger et al. 

2014). This led to the hypothesis that AKT is also activated by ENZ.  

To address this, LNCaP cells on one hand were treated for 72 h with SAL and ENZ as 

senescence-induced condition. On the other hand, cells were treated with low androgen level 

(LAL) and DMSO as control. Intracellular protein level of phospho-AKT (p-AKT) was 

analyzed by Western blotting. Note that phosphorylation of AKT is an indication for AKT 

activation (Balasuriya et al. 2020). The results show that p-AKT level and p-AKT/AKT ratio 

were induced by SAL but not LAL (Figure 20). This confirms the data of Roediger et al. 

(2014) and indicates that an activation of AKT is specific to androgen treatment at SAL. 

Interestingly, induced p-AKT level and the p-AKT/AKT ratio were also detected in ENZ-

treated cells (Figure 20; Supplemental Figure S7). Thus, the data indicate that both SAL and 

ENZ activate AKT, which may serve as a common pro-survival/anti-apoptotic factor in AR 

ligand-induced cellular senescent PCa cells.  

 

 

 

 

 

 

Figure 20. AR ligands induce the phosphorylation level of the pro-survival/anti-apoptotic factor 

AKT. LNCaP cells were treated for 72 h with 1 nM R1881 (SAL), 1 pM R1881 (LAL), 10 µM ENZ, 

or 0.1% DMSO as solvent control. Protein extraction and Western blotting were performed to analyze 

protein levels of AKT and phosphorylated AKT (p-AKT) at serine 473 (S473). β-Actin served as 

loading control. Numbers indicate normalized pan-Akt or Akt band intensities relative to DMSO 

control. Ratio of p-AKT versus AKT levels was also calculated.  
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4.13 AR antagonist- and agonist-treated PCa cells are preferentially sensitive to 

apoptosis induction by AKT and HSP90 inhibitors: Analysis of potential senolytic 

compounds  

So far, this study shows that although AR ligands induce cellular senescence in PCa cells, the 

treatment of these ligands alone might not be beneficial, because both AR ligands and the 

induced SASP can mediate immunosuppressive effects. Moreover, SASP of antagonist-treated 

cells can promote PCa cell proliferation. Therefore, this study also aimed to analyze some 

inhibitors of pro-survival/anti-apoptotic factor as potential senolytic compounds for 

eliminating AR ligand-induced cellular senescent cells. 

Since the pro-survival/anti-apoptotic factor AKT is activated in AR ligand-treated PCa cells, it 

was hypothesized that inhibitors of AKT can serve as a senolytic compound. To examine this, 

LNCaP cells were first treated with AR ligands to induce cellular senescence and subsequently 

treated with the AKT inhibitor MK2206 (MK). AR is required for androgen-sensitive PCa cell 

survival (Yang et al. 2005) and it is known that both AR and AKT are stabilized by HSP90 

(Centenera et al. 2015, Zhang et al. 2005). Thus, AR ligand-pretreated cells were also treated 

with HSP90 inhibitor Ganetespib (GT), a compound used in clinical trials for cancer therapy. 

HSP90 inhibitor GT has been suggested to induce apoptosis in senescent cells (Fuhrmann-

Stroissnigg et al. 2017, 2018). Hence, it was also hypothesized that GT can serve as a 

senolytic compound for AR ligand-induced cellular senescent PCa cells.  

Preliminary data indicates that both compounds inhibited LNCaP cell proliferation (data not 

shown) through apoptosis in a concentration dependent manner (Supplemental Figure S8).   

An induction of c-PARP by MK was detected after 24 h and by GT after 48 h of treatment. 

Hence, these time points were used and the optimized concentration of these inhibitors (1 µM 

for MK and 25 nM for GT) were applied to AR ligand-treated cells. 

Focusing first on the effect of the HSP90 inhibitor, GT treatment significantly enhanced        

c-PARP level in the cells that were pretreated with SAL (Figure 21A and B). An enhanced 

detachment of cells and a significant reduced percentage of SA β-Gal positive cells were 

observed by GT in SAL-pretreated cells (Supplemental Figure S9). In case of ENZ-pretreated 

cells, slightly induced c-PARP was detected but not significantly pronounced compared to 
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control-pretreated cells (Figure 21A and B). These data indicate a senolytic activity of GT 

preferentially for SAL-treated cells.  

MK is a highly selective allosteric AKT inhibitor and has never been identified as a senolytic 

agent before. Interestingly, MK-induced c-PARP in SAL-pretreated cells is significantly less 

pronounced than in control-pretreated cells (Figure 21A and B). This result suggests that  

SAL-treated cells are resistant to MK-induced apoptosis. In contrast, the c-PARP level in 

ENZ-pretreated cells is significantly higher than in control (Figure 21A and B). MK-enhanced 

cell detachment was also observed in ENZ-pretreated cells (Supplemental Figure S10A). 

These data suggest that the ENZ-treated cells are sensitive to MK-mediated apoptosis.  

Surprisingly, no reduction of SA β-Gal positive cells by MK was observed in ENZ-pretreated 

condition (Supplemental Figure S10B and C). Note that an increased SA β-Gal level was also 

observed after MK treatment in solvent-pretreated cells, which suggests that MK can also 

induce cellular senescence. This indication is in line with a previous study conducted by Xie et 

al. (2018). The data altogether lead to the hypothesis that MK on one hand triggers apoptosis 

and detachment of ENZ-induced cellular senescent cells, while on the other hand it induces 

cellular senescence in the remaining adherent cells (Supplemental Figure S10D). Thus, these 

dual activities might explain a compensated level of SA β-Gal staining.  

Taken together, these data suggest a novel role of the AKT-inhibitor MK as a senolytic agent 

for AR antagonist-treated LNCaP cells, whereas GT can be used for eliminating SAL-induced 

cellular senescent LNCaP cells. 
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Figure 21. Targeting senescent LNCaP cells with senolytic compounds. LNCaP cells were treated 

for 72 h with 1 nM R1881, 10 μM ENZ, or 0.1% DMSO as solvent control. After that, the AR ligands 

were removed, replaced by fresh medium with 25 nM Ganetespib (GT), 1 μM MK2206 (MK), or 

0.1% DMSO, and further incubated for additional 24 h for MK and 48 h for GT. (A) Protein extraction 

and Western blotting were performed to detect FL-PARP and c-PARP. β-Actin served as loading 

control. (B) Quantification of fold c-PARP levels normalized to β-Actin from Western blotting data. 

Values obtained from DMSO+GT and DMSO+MK were set arbitrarily as 1. Bar graphs are shown as 

mean + SEM from three independent experiments (N = 3). Statistical analysis was performed by using 

two-tailed unpaired t-test comparing each treatment to DMSO+inhibitor treatment. *, p≤0.05;         

***, p≤0.001; ns, not significant. These figures have been published by Pungsrinont et al. (2020).     

4.14 AR ligands differentially regulate phosphorylation of ribosomal S6 protein, a 

downstream target of the pro-survival/anti-apoptotic AKT signaling  

Despite an activation of AKT by SAL and ENZ, different senolytic effects by MK or GT were 

observed between SAL- and ENZ-treated cells. Thus, the hypothesis was that downstream 

signaling of AKT might be differentially regulated by AR ligands. To address this, protein 

levels of AR, p-AKT, AKT, downstream target of AKT signaling such as ribosomal S6 (S6) 

and its phosphorylated form (p-S6) were analyzed. 

Interestingly, without treatment of MK or GT, the results show that both AR ligands 

upregulate p-AKT level but differentially regulate the downstream target of AKT signaling 

(Figure 22). On one hand, induction of p-S6 level was observed after SAL treatment. On the 

other hand, p-S6 level was not enhanced by ENZ. This suggests a distinction between AR 

agonist- and antagonist-induced cellular senescence. Importantly, it also implies that the  

AKT-S6 pathway is more active in SAL-treated cells. 

Focusing on the effects of MK, it potently inhibited p-AKT level in all conditions (Figure 22). 

A strong reduction of p-S6 level by MK was observed in either ENZ- or solvent-pretreated 

cells, indicating that MK potently inhibited the AKT signaling in these cells. However, an 

inhibition of p-S6 level in ENZ-treated cells was not clearly distinct from control-treated cells. 

This suggests that other downstream targets of AKT might be involved in apoptotic sensitivity 

of ENZ-treated cells towards MK. Decreased p-S6 level by MK was also observed in SAL-

pretreated cells when compared to without MK, but surprisingly, the p-S6 level still remained 

high (Figure 22). This remained p-S6 level suggests that activation of the AKT downstream 

target like p-S6 was not fully inhibited by MK. It also indicates that the p-S6 might be partly 

regulated by AR ligand independent of AKT phosphorylation. Interestingly, studies showed 
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that the p-S6 itself, besides AKT, may be a critical pro-survival/anti-apoptotic factor (Jeon et 

al. 2008, Wittenberg et al. 2016). This might explain how SAL-induced cellular senescent 

LNCaP exhibited resistance towards MK. 

As expected, the protein level of AR as a HSP90 client was reduced by GT (Figure 22; 

Supplemental Figure S8). GT inhibited also AKT signaling. Downregulation of AKT, p-AKT, 

and p-S6 protein levels by GT were observed (Figure 22). Interestingly, a reduced p-AKT 

level by GT was not as potent as by MK, but the p-S6 level was strongly reduced by GT. This 

effect was observed even in SAL-pretreated cells. It shows that p-S6 was more effectively 

inhibited by GT than by MK. Assuming that the survival of SAL-treated cells depends on 

upregulated p-S6 levels, GT-inhibited p-S6 level will lead to potent apoptosis induction. This 

might explain the sensitivity of SAL-induced cellular senescent cells towards GT treatment.  

Together, these results show that SAL and ENZ differentially regulate pro-survival/anti-

apoptotic signaling, in which AKT-S6 pathway is more active in SAL-treated cells. The 

regulation of p-S6 level can explain the distinct observed situations between apoptosis 

induction by MK and GT in SAL-pretreated cells. Other downstream targets of AKT might be 

involved in apoptotic sensitivity of ENZ-treated cells towards MK. 
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Figure 22. AR agonist and antagonist differentially regulate pro-survival/anti-apoptotic signaling 

AKT-S6. Similar experiments were performed as described in Figure 21. Detection of phospho-AKT 

(p-AKT), phospho-S6 (p-S6), AKT, S6, and AR was performed by Western blotting and normalized to 

β-Actin levels. For AR, AKT and S6, numbers indicate normalized band intensities relative to DMSO 

control. For p-AKT and p-S6, upper numbers indicate normalized band intensities relative to DMSO 

control and lower numbers indicate ratio of phosphorylated versus total protein levels. This figure has 

been published by Pungsrinont et al. (2020). 

Taken all results together, this thesis shows that AR agonist at SAL and antagonists including 

the clinically used ENZ inhibit PCa cell proliferation via induction of cellular senescence. 

Interestingly, SAL- and ENZ-induced cellular senescent PCa cells possess distinct SASP 

secretomes. The data show that secreted levels of some SASP factors are associated with AR 

ligand-controlled transcription, while some are not and may be regulated at a non-genomic 

level by AR ligands. Bioinformatic analyses indicate that some AR ligand-induced SASP 

factors can regulate cell proliferation and immune responses. Initially, it seems that SAL may 

provide more advantages than antagonists, because the results show that the SASP of SAL-

treated cells suppresses, but the SASP of antagonist-treated cells promotes LNCaP cell 

proliferation. Moreover, a reduced PCa stemness by SAL but not by antagonists was observed. 

However, further data suggest some immunosuppressive effects mediated by both AR ligands 

and the induced SASP. Unfortunately, both SAL- and ENZ-treated PCa cells are resistant to 

lymphocyte-mediated apoptosis, and the induced SASP can suppress lymphocyte 

proliferation. Thus, treatment of these ligands may provide long-term disadvantages in PCa 

therapy. Interestingly, this study suggests activated AKT as an underlying mechanism for 

apoptotic resistance of both SAL- and ENZ-treated cells, but through distinct AKT 

downstream signals. This different regulation preferentially sensitizes cells to a specific 

senolytic compound. ENZ-treated cells are sensitive to apoptosis induction by AKT inhibitor 

MK, and SAL-treated cells are sensitized by HSP90 inhibitor GT-induced apoptosis. Thus, the 

data suggest that it may be a useful strategy to combine AR ligand treatment with senolytic 

compounds. In line with this, AKT inhibitor with AR antagonist or HSP90 inhibitor with SAL 

treatment may be beneficial therapeutic options for PCa. 
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5 DISCUSSION 

The AR represents a major drug target for PCa treatment. Our group has previously shown that 

AR agonist at SAL, 1st generation of AR antagonist BIC, and other AR antagonist-like 

compounds induce cellular senescence in PCa cells (Roediger et al. 2014, Esmaeili et al. 

2016a, Hessenkemper et al. 2014, Roell et al. 2019, Fousteris et al. 2010). Cellular senescence 

is defined as an irreversible cell cycle arrest (Campisi 2001, Campisi and d’Adda di Fagagna 

2007). Thus, AR ligand-induced cellular senescence seems to meet the main objective for 

suppressing PCa proliferation. However, senescent cells are metabolically active and known to 

exhibit SASP. It can mediate paracrine effects on neighboring cells and may act as either tumor 

promoter or suppressor (Gonzalez-Meljem et al. 2018, Lecot et al. 2016). Surprisingly, the 

SASP from AR ligand-mediated cellular senescence has not been studied. Therefore, the aims 

of this study were to analyze the composition of SASP secretome of AR ligand-treated PCa 

cells and to highlight functional effects of SASP on PCa and immune cells. Given the fact that 

SASP may act as tumor promoter, this study aimed also to analyze senolytic compounds in 

order to eliminate senescent cells by targeting pro-survival/anti-apoptotic pathways. 

5.1 AR ligands induce cellular senescence leading to distinct SASP secretomes 

This study confirms the previous studies that SAL and BIC induce cellular senescence in PCa 

cells. It is, however, the first study showing that cellular senescence is induced by the 

2nd generation of AR antagonist ENZ (Pungsrinont et al. 2020), which is clinically used to treat 

PCa patients. An induction of SA β-Gal and a well-known senescence key regulator p16INK4a 

by ENZ were detected. Notably, SAL- and other antagonist-induced cellular senescence are 

also accompanied by an induction of p16INK4a level (Roediger et al. 2014, Hessenkemper et al. 

2014, Esmaeili et al. 2016a, Gupta et al. 2020). Thus, it seems that p16INK4a is a central marker 

and regulator for AR ligand-mediated cellular senescence. Along with induction of SA β-Gal 

and p16INK4a expression, some cell cycle promotors were downregulated after AR ligand 

treatment, being in line with the observed inhibition of cell proliferation. 

Interestingly, AR antagonists BIC and ENZ have been reported to trigger apoptosis in PCa 

cells (Wellington and Keam 2006, Rodriguez-Vida et al. 2015). However, an induced c-PARP 

protein and an enhanced percentage of Annexin V positive cells were not detected after 
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treatment with either antagonist or SAL in the used cell lines. These data suggest that AR 

ligands do not induce apoptosis in these cells. Therefore, the data demonstrate that an 

inhibition of cell proliferation observed in this study is a consequence of AR ligand-induced 

cellular senescence. 

It has been shown that secretory phenotypes can be altered when different senescence-inducing 

stimuli are used (Basisty et al. 2020, Coppé et al. 2010, Rao and Jackson 2016). In this thesis, 

the data of cytokine arrays show that SAL- and ENZ-induced cellular senescent PCa cells 

possess distinct SASP secretomes. Interestingly, AR is a nuclear transcription factor (Gelmann 

2002), in which some genes encoding SASP factors have been reported as AR responsive 

genes (Jin et al. 2013). This led to the hypothesis that the secreted level of some SASP factors 

of AR ligand-treated cells is a result of AR ligand-controlled transcription. Supporting this 

hypothesis, the data reveal that secreted levels of about 30% of the analyzed cytokines 

correlate with their transcription levels. In addition, this study analyzed TIMP-2 and ANG as 

representative SASP factors since their secreted levels were differentially altered among AR 

ligands. The results show that regulated mRNA levels of TIMP-2 in LNCaP cells and ANG in 

C4-2 cells corresponded to both intracellular protein and secreted levels. Thus, the data 

indicate that secretion of some SASP factors associate with AR ligand-controlled transcription. 

This can explain the distinction of SASP secretomes between SAL- and ENZ-treated cells. 

Interestingly, it seems that secretion of some SASP factors is cell line dependent and can be 

controlled by an unknown mechanism. For example, TIMP2 and CCL25 (TECK) mRNA levels 

were upregulated by antagonists in both LNCaP and C4-2 cell lines. TIMP-2 and TECK 

secretion by LNCaP cells correlated with intracellular levels. However, the secreted levels of 

TIMP-2 and TECK from C4-2 cells inversely corresponded to intracellular levels. Therefore, 

these results suggest that the secretion of TIMP-2 and TECK from C4-2 cells was controlled by 

an unknown mechanism regardless of ligand-regulated mRNA level. Interestingly, AR 

interacts with multiple signaling cascades in the cytoplasm in a non-genomic manner 

(Saranyutanon et al. 2019, Gatson et al. 2006, Baron et al. 2004, Migliaccio et al. 2000). Those 

signaling pathways include but not limit to PI3K-AKT-mTOR and MAPK/ERK, which are 

also known to control and regulate SASP secretion (Bent et al. 2016, Anerillas et al. 2020, 

Watanabe et al. 2017). Thus, it is possible that secretion of some cytokines is regulated at a 

non-genomic level by AR ligands.  
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5.2 The SASP of AR ligand-treated PCa cells mediates paracrine effects on 

neighboring cells  

The paracrine effect mediated by SASP relies on the balance between secreted tumor-

promoting and -suppressive factors (Coppé et al. 2010, Lecot et al. 2016). As earlier discussed, 

the transcription and the secretion of SASP factors are cell line specific and vary when cells are 

exposed to AR agonist or antagonist. This leads to controversial discussion whether AR ligand-

induced SASP plays a role as tumor promoter or suppressor.  

5.2.1 The SASP of AR ligand-treated cells modulates the phospho-kinome and 

regulates PCa cell proliferation 

This thesis shows that LNCaP cell proliferation was suppressed when cells were treated with 

Con. R, a conditioned medium containing SASP of SAL-treated LNCaP cells. In contrast, 

LNCaP cell proliferation was enhanced by Con. E, a conditioned medium containing SASP of 

ENZ-treated LNCaP cells. These data suggest that SAL-induced SASP may play a tumor 

suppressive role, whereas antagonist-induced SASP exerts the tumor promoting role. 

The effect on cell proliferation by AR ligand-induced SASP may be explained by distinct 

SASP secretomes (Figure 23). SASP factors that are enriched in GO term “regulation of cell 

proliferation” and oppositely regulated by SAL and ENZ were hypothesized to be candidates. 

Secreted levels of SASP factors including ANG, BLC, GCP-2, soluble IL-6R, IL-2, GDNF, 

CXCL-11, IL-5, TIMP-2, and Lymphotactin were oppositely affected by SAL and ENZ. 

Cytokine array data reveal that the secretion of the first six factors was enhanced by SAL and 

suppressed by ENZ, whereas the secretion of the other factors was suppressed by SAL and 

enhanced by ENZ. Thus, the data lead to the question whether it is possible that ANG, BLC, 

GCP-2, soluble IL-6R, IL-2, and GDNF may negatively regulate, whereas CXCL-11, TIMP-2, 

IL-5, and Lymphotactin may positively regulate cell proliferation (Figure 23). Unfortunately, 

the negative role of ANG, BLC, and GCP-2 on cell proliferation is rarely reported.                 

IL-6 signaling is generally known to promote progression of PCa (Nguyen et al. 2014, Culig et 

al. 2005). However, interaction between IL-6 and soluble IL-6R has been discussed for an anti-

proliferative effect in PCa cells (Santer et al. 2010). IL-2 has been shown to inhibit cervical 

cancer cell proliferation (Valle-Mendiola et al. 2014). GDNF may suppress colorectal cancer 

cell proliferation through its alternative receptor, GAS1 (Fielder et al. 2018, Schueler-Furman 
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et al. 2006, Li et al. 2016). Thus, an enhanced secretion of soluble IL-6R, IL-2, and GDNF by 

SAL correlates with Con. R-suppressed cell proliferation. In contrast, the positive role on cell 

proliferation of CXCL-11 and TIMP-2 have been described in PCa and adenocarcinoma cells, 

respectively (Wang et al. 2018a, Kim et al. 2015). IL-5 is well-known as cell proliferating 

factor of some immune cells (Kouro and Takatsu 2009). Lymphotactin enhances cell 

proliferation of epithelial ovarian carcinoma through its receptor (XCR1), which also expresses 

in PCa cells (Kim et al. 2012). Therefore, an enhanced secretion of CXCL-11, IL-5, TIMP-2, 

and Lymphotactin by ENZ correlates as well with Con. E-enhanced LNCaP cell proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 23. The SASP of AR ligand-treated cells modulates phospho-kinome and regulates PCa 

cell proliferation. SAL and ENZ-induced cellular senescent LNCaP cells possess distinct SASP 

secretomes. The secretion of some SASP factors is (1) oppositely regulated by SAL and ENZ, while 

the secretion of some factors is (2) either affected by SAL or ENZ. On one hand, conditioned medium 

containing SASP of SAL-treated cells suppresses LNCaP cell proliferation, AMPKα1 phosphorylation 

level, and β-Catenin protein level. On the other hand, conditioned medium containing SASP of     

ENZ-treated cells enhances LNCaP cell proliferation and phosphorylation levels of CREB, RSK1/2/3, 

JNK1/2/3, and ERK1/2. It is questioned whether ANG, BLC, GCP-2, IL-2, soluble IL-6R, and GDNF 

may act as inhibitor of cell proliferation, since their secreted levels are enhanced by SAL but 

suppressed by ENZ. Vice versa, the secretion of CXCL-11, IL-5, TIMP-2, and Lymphotactin are 

suppressed by SAL but enhanced by ENZ. Thus, these factors are also questioned for their positive 

role on cell proliferation regulation. IPA suggests that SAL-suppressed secretion of Adiponectin and 

IGF-1R correlates with suppressed phospho-AMPKα1 level. In contrast, ENZ-enhanced secretion of 

Eotaxin-1, IL-17A, IL-4, NT-3, PIGF, TPO, TIMP-1, TNF R2, and VEGF-A correlates with induced 

phosphorylation levels of CREB, RSK1/2/3, JNK1/2/3, and ERK1/2. 
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The possibility of how SASP regulates LNCaP cell proliferation may also be explained by the 

regulation of phospho-kinome in conditioned media-treated cells. β-Catenin and phospho-

AMPKα1 levels were downregulated by Con. R and not affected by Con. E (Figure 23). Many 

studies have shown that the expression of β-Catenin is important for promoting PCa cell 

proliferation (Zhu et al. 2016, Wang et al. 2018b, Lu et al. 2009, Liang et al. 2018).     

AMPK-induced PCa cell progression and disease recurrence were also suggested (Li et al. 

2017, Tennakoon et al. 2014). Thus, Con. R-reduced β-Catenin and phospho-AMPKα1 levels 

correlate with reduced LNCaP cell proliferation. In contrast, phosphorylation levels of ERK, 

JNK, RSK, and CREB were induced by Con. E and not affected by Con. R (Figure 23). Both 

ERK and JNK are mitogen-activated protein kinases (MAPKs), and the activation of ERK or 

JNK is known to promote cell proliferation (Xu and Hu 2020, Mebratu and Tesfaigzi 2009). 

Interestingly, RSK can be phosphorylated by activated ERK. Both activated ERK and RSK 

translocate to the nucleus where they activate multiple transcription factors including CREB to 

promote cell survival and proliferation (Mebratu and Tesfaigzi 2009). Thus, increased 

phosphorylation of these kinases also correlates with Con. E-enhanced cell proliferation. 

Interestingly, a bioinformatic IPA reveals that, on one hand, Adiponectin and IGF-1R may 

activate and lead to phosphorylation of AMPKα1. The secretion of both factors was 

suppressed by SAL and not affected by ENZ (Figure 23). On the other hand, IPA shows that 

phosphorylation of JNK and RSK can be affected by IL-4 and VEGF-A, whereas ERK 

phosphorylation is affected by Eotaxin-1, IL-17A, IL-4, NT-3, PIGF, TPO, TIMP-1, TNF R2, 

and VEGF-A. Secreted levels of these factors were enhanced by ENZ and not affected by 

SAL (Figure 23). Thus, the secretion of these cytokines affected by either SAL or ENZ alone 

correlates with the modulated phospho-kinome, and therefore, their association on LNCaP cell 

proliferation should not be excluded. 

Unlike LNCaP cells, the results surprisingly show that C4-2 cell proliferation was not affected 

by conditioned media collected from C4-2 cells. An insensitivity towards conditioned media 

of C4-2 cells might be due to many reasons including the concentration of the secreted 

cytokines as well as a castration-resistant stage of C4-2 cells. On one hand, the concentration 

of cytokines that regulate cell proliferation in conditioned media may not be sufficient to 

mediate detectable effect. On the other hand, it is known that the CRPCa cells exhibit some 

adaptive response to overcome androgen deprivation (Decker et al. 2012, Perner et al. 2015, 



DISCUSSION 

 

77 
 

Lakshmana and Baniahmad 2019, Dutt and Gao 2009). This adaptive response can result in an 

enhanced basal activity of other signaling pathways, thus, the response towards cytokines in 

conditioned media may be reduced. 

5.2.2 AR agonist, but not the agonist-induced SASP, suppresses PCa stemness  

PCa stem/progenitor cells are hypothesized to be resistant to and survive therapeutic 

intervention (Maitland and Collins 2008, Tang et al. 2009, Li and Tang 2011). Thus, these 

cells may be a reason for tumor relapse. Interestingly, it has been reported that chemotherapy-

induced senescence could change stem-cell-related properties of malignant cells and promotes 

cancer stemness (Milanovic et al. 2018). Therefore, it was hypothesized in this thesis that PCa 

stemness can also be regulated by SASP of AR ligand-treated PCa cells.  

This study shows that some stemness markers especially at mRNA level can be regulated by 

conditioned medium containing SASP of SAL-treated LNCaP cells. However, it did not affect 

Yamanaka’s factors at protein levels. Neither mRNA level nor protein level of analyzed 

stemness markers was affected by conditioned media containing SASP of antagonist-treated 

LNCaP cells. Importantly, the results show that conditioned media containing SASP of AR 

ligand-treated cells do not affect holoclone and meroclone formation of PCa cells. This is 

being in line with the analyzed protein level of stemness markers. Thus, it suggests that SASP 

of AR ligand-treated LNCaP cells do not have an impact on PCa stemness. 

Interestingly, Wen et al. (2016) reported that the population of stem-like cells increased after 

AR antagonist treatment with either BIC or ENZ along with upregulation of stemness markers 

POU5F1 (OCT4) and NANOG. This thesis shows that BIC and ENZ induce some stemness 

markers at both mRNA and protein levels including NANOG, MET, OCT4, SOX2, and 

ALDH1A1. Hence, the results are consistent with the study conducted by Wen et al. (2016). 

Notably, an increased stem-like cell population after ADT has also been reported (Tang et al. 

2009). Thus, it seems that increased stem-like cell population correlates with reduced activity 

of AR signaling. Actually, the link between AR expression and PCa stemness has also been 

described. Srinivasan et al. (2018) showed that AR expression reduces PCa stemness 

characteristics by repressing stemness marker SOX2. Vice versa, loss of AR expression 

promotes PCa stem-like cell phenotype through STAT3 signaling and an increased SOX2 

expression (Schroeder et al. 2014). Moreover, PCa stem/progenitor cells are often reported to 
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have low or undetectable AR level (Deng and Tang 2015, Leão et al. 2017). In fact, AR 

negative PCa cells are expected to be insensitive toward AR targeting therapies. This is in line 

with the hypothesis that PCa stem/progenitor cells are resistance and survive after certain 

therapies.  

Unlike antagonists, the effect of SAL on PCa stem/progenitor cells is rarely reported. This 

study shows that SAL strikingly suppressed all analyzed stemness markers at both mRNA and 

protein levels. This is in line with an invert correlation between AR expression/activity and 

PCa stemness as earlier discussed. Furthermore, SAL potently inhibited holoclone and 

meroclone formation efficiency of LNCaP cells in both experimental setups of 3D colony 

formation assays. These data suggest that SAL-treated cell population possessed reduced 

stemness characteristics. Surprisingly, the colony size was affected when different 

experimental setups were used. Colonies formed during SAL treatment showed a reduced size, 

whereas the size of colonies formed from SAL-pretreated monolayer was unaffected. The 

latter is likely due to the absence of SAL during the 3D colony formation, suggesting that 

long-term SAL may be important for suppressing the self-renewal ability. 

5.2.3 The SASP of AR ligand-treated cells suppresses lymphocyte proliferation 

It is known that SASP modulates tumor microenvironment as well as affects immune 

responses (Velarde et al. 2013, Rao and Jackson 2016, Toso et al. 2014). This includes 

regulation of lymphocyte proliferation and lymphocyte-mediated apoptosis of cancer cells. 

Interestingly, this study indicates that conditioned media containing SASP of AR ligand-

treated LNCaP cells do not promote lymphocyte-mediated apoptosis, but suppress lymphocyte 

proliferation. Thus, this finding suggests an immune-suppressive role of AR ligand-induced 

SASP. 

Since SASP of both SAL- and antagonist-treated cells show a similar effect by suppressing 

lymphocyte proliferation, it may be explained by an overlapping SASP secretome between 

agonist- and antagonist-treated LNCaP cells. This thesis focused on 6 cytokines, which were 

also significantly enriched in GO term “regulation of lymphocyte proliferation”. They are 

gp130, IGF-1, Leptin, RANTES, TGF β1, and IGFBP-2. The secretion of the first five 

cytokines was enhanced by either SAL or ENZ, whereas the secretion of IGFBP-2 was 

suppressed by either SAL or ENZ. Interestingly, among these cytokines, Leptin and TGF β1 
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have been described for their negative regulation of lymphocyte proliferation (Lord et al. 

2002, Thomas and Massagué 2005, Kloss et al. 2018). In contrast, positive regulation of cell 

proliferation by IGFBP-2 in leukemia cells, PBMCs, and lymphocytes was also reported, 

whereas anti-IGFBP-2 showed anti-proliferative effect (Chen et al. 2013, Hettmer et al. 2005). 

These information support the notion that suppression of lymphocyte proliferation by 

conditioned media might be mediated by but not limited to suppressed secretion of IGFBP-2 

and enhanced secretion of Leptin and TGF β1. Indeed, secreted cytokines which were affected 

by SAL or ENZ alone should not be excluded. 

Taken functional effects of SASP together, this study demonstrates for the first time possible 

paracrine effects mediated by SASP of AR ligand-treated PCa cells. The SASP of SAL-treated 

cells initially seems to play a role as tumor suppressor by inhibiting LNCaP cell proliferation, 

however, it also suppresses lymphocyte proliferation. Importantly, this study highlights the 

dark sides of AR antagonists. The SASP of antagonist-treated cells does not only suppress 

lymphocyte proliferation, but it also promotes LNCaP cell proliferation. 

5.3 AR ligand-activated pro-survival/anti-apoptotic AKT signaling correlates with 

resistance of PCa cells against lymphocyte-mediated apoptosis 

Many immunotherapeutic strategies have been approved for various cancer types (Boettcher et 

al. 2019, Hodi et al. 2010, Tang et al. 2018, Kantoff et al. 2010). There are several ongoing 

clinical trials for PCa as well. However, since 2010, only Sipuleucel-T (cell-based vaccine) 

has so far been approved. It seems that PCa exhibits some mechanisms of immune-

suppression to limit the effectiveness of immunotherapies (Pu et al. 2016, Kloss et al. 2018). 

Indeed, this may be due to an immune-suppressive tumor microenvironment modulated by 

SASP (as shown in this study). However, apart from SASP-suppressed lymphocyte 

proliferation, this study shows that AR ligand-treated PCa cells themselves exhibit an 

immune-tolerance feature. Either SAL- or ENZ-treated cells are resistance to lymphocyte-

mediated apoptosis. 

Lymphocyte-mediated apoptosis requires cell surface signal interaction of both lymphocytes 

and their target cells. While some antigens on cancer cells serve as targets for lymphocyte to 

recognize and kill cancer cells, some surface antigens can inhibit lymphocyte-mediated killing 
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(Morvan and Lanier 2016, Han et al. 2020). As example, one of cytolytic inhibitory signals is 

mediated through interaction of PD-L1 on cancer cells and the PD-1 receptor on cytotoxic T 

cells. Note that a negative correlation between AR and PD-L1 expressions has been reported 

(Jiang et al. 2020). In addition, it is possible that AR ligands alter the expression of other PCa 

cell surface factors, thus, hindering the immune cells to recognize and kill the target cells. 

However, further investigation on this point is required. 

Besides changes of cell surface antigen expression, it is possible that some anti-apoptotic 

signals are activated in treated PCa cells. An apoptotic resistance is suggested to be one of the 

hallmark features of senescent cells (Salminen et al. 2011, Campisi and d’Adda di Fagagna 

2007, Hampel et al. 2004). Senescent cells possess upregulated pro-survival/anti-apoptotic 

signaling pathways (Wong et al. 2018, Salminen et al. 2011). This study identifies that a    

pro-survival/anti-apoptotic AKT signaling is activated in AR ligand-induced cellular senescent 

PCa cells. However, the data reveal that the downstream signaling of AKT is differentially 

regulated between AR agonist- and antagonist-treated cells. The protein S6 is an example. 

SAL-treated cells exhibited increased p-S6 level, whereas the antagonist did not affect p-S6 

level. This also implies that the pro-survival/anti-apoptotic AKT-S6 pathway is more active in 

SAL- than antagonist-treated cells. This distinct regulation of AKT-S6 pathway may also 

explain a resistance toward lymphocyte-mediated apoptosis. In line with this, the levels of     

c-PARP and Annexin V positive stained cells after co-culturing with lymphocytes were lower 

in SAL- than ENZ-treated cells. Moreover, higher cell viability after co-culture was observed 

in SAL-treated cells. Therefore, a more active AKT-S6 pathway may explain an apoptotic 

resistance of SAL-treated cells being more effective than ENZ-treated cells.    

Taken together with the effects of SASP, these results reveal disadvantage issues of either 

SAL or AR antagonist treatment. Indeed, both ligands induce growth arrest by induction of 

cellular senescence, but the treated cells are resistance to lymphocyte-mediated apoptosis and 

exhibit a SASP that can suppress lymphocyte proliferation. This suggests that treatment with 

AR ligands alone may not be beneficial in long-term. Hence, new strategies are required to 

improve such disadvantages. 
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5.4 An approach to a new therapeutic strategy: Targeting pro-survival/anti-apoptotic 

signaling with senolytic compounds after AR ligand-induced cellular senescence 

This study proposes that induction of cellular senescence in PCa cells with AR ligands and 

elimination of those cells by senolytic compounds might be a very useful strategy. Senolytic 

compounds are small molecule compounds that selectively kill senescent cells by targeting 

activated pro-survival or anti-apoptotic pathways (Wong et al. 2018). However, as described 

earlier, a pro-survival/anti-apoptotic AKT signaling is differentially regulated by SAL and 

antagonist. This may lead to distinct senolytic sensitivity between SAL- and ENZ-pretreated 

cells. 

This study analyzed senolytic activity of the AKT inhibitor (MK) and HSP90 inhibitor (GT) 

after AR ligand-induced cellular senescence. The data suggest that either MK or GT is capable 

of inhibiting AKT signaling. MK is a highly allosteric AKT inhibitor, and therefore directly 

inhibits AKT (Hirai et al. 2010). In contrast, GT indirectly inhibits AKT signaling because 

AKT is one of the clients of HSP90 (Zhang et al. 2005). In line with this, treatment with GT 

leads to reduced AKT protein level. Interestingly, the results show that SAL-induced cellular 

senescent LNCaP cells were sensitive to apoptosis induction by GT, but surprisingly exhibited 

resistance towards MK. In contrast, ENZ-induced cellular senescent LNCaP cells were 

preferentially sensitized by MK-mediated apoptosis. To our knowledge, this is the first study 

demonstrating a novel role of MK as senolytic compound for antagonist-pretreated PCa cells 

(Pungsrinont et al. 2020). 

Interestingly, the above results can be explained by the regulation of AKT downstream targets 

mediated by AR ligands. In case of SAL-induced cellular senescence, it is hypothesized that 

the resistance to MK-mediated apoptosis is due to the remaining high p-S6 level after AKT 

inhibition. The high p-S6 level also demonstrates that SAL treatment phosphorylates directly 

or indirectly S6 independent of AKT phosphorylation. Indeed, it is possible that this process is 

mediated through non-genomic AR signaling. Interestingly, many studies showed that      

mouse embryonic fibroblasts (MEFs) expressing unphosphorylatable S6 (S6P-/-) are more 

sensitive to TRAIL-, etoposide-, and MG132-induced apoptosis than control MEFs (Meyuhas 

2015, Jeon et al. 2008, Wittenberg et al. 2016). This suggests that p-S6 may be a critical pro-

survival factor and supports the notion that p-S6 level is important for apoptotic resistance. 
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Moreover, p-S6 level may also explain the outcome that SAL-pretreated cells were sensitized 

by GT-mediated apoptosis. The data show that GT did not potently inhibit p-Akt level as 

strong as MK, but p-S6 level was however efficiently reduced by GT in SAL-pretreated cells. 

Assuming that the survival of SAL-treated LNCaP cells relies on the upregulated p-S6 level, 

the cells would be more sensitized to apoptosis if p-S6 level is reduced. 

Unlike SAL-treated cells, although the level of p-AKT was clearly induced, the data reveal that 

the level of p-S6 was not elevated by ENZ. Thus, p-S6 levels is not the reason for ENZ-treated 

cells being sensitized by MK-induced apoptosis. This suggests that activated AKT signaling by 

ENZ does not go through S6, but rather activates other downstream pathways. Interestingly, 

Pilling and Hwang (2019) showed that ENZ induces phospho-BAD (p-BAD) level in 22Rv1 

PCa cell line, leading to inactivation of BAD which is a pro-apoptotic factor and another 

downstream target of AKT. Moreover, p-BAD level was suppressed by co-treatment of MK 

and ENZ together, but was not suppressed when 22Rv1 cells were treated with MK alone. 

Importantly, an enhanced apoptosis by ENZ and MK co-treatment was also observed when 

compared to MK alone (Pilling and Hwang 2019). Notably, although Pilling and Hwang 

treated the cells with MK at the same time with ENZ, the outcome is similar to the result of this 

thesis, which MK was treated after ENZ-induced cellular senescence. Thus, AKT-BAD 

pathway might explain the AR antagonist-specific senolytic activity mediated by MK. 

Taken together, the data show that treatment with senolytic compounds may be a beneficial 

therapeutic option along with AR ligands. However, the senolytic activity of a compound is 

limited when senescence is induced by different stimuli. Thus, the choice of a senolytic 

compound depends on the pro-survival/anti-apoptotic pathway activated by a particular 

senescence inducer. 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

This study highlights and summarizes for the first time overlapping and diverse features 

between SAL- and AR antagonist-induced cellular senescence (Figure 24). Apart from the fact 

that AR ligands induce cellular senescence leading to inhibition of PCa cell proliferation, the 

data show that SAL inhibits stemness characteristics. Moreover, the SASP of SAL-treated cells 

suppresses, but the SASP of antagonist-treated cells promotes LNCaP cell proliferation. This 

opposite effect on cell proliferation is due to a distinct composition of SASP secretome 

between SAL- and antagonist-treated cells, which can modulate the phospho-kinome of PCa 

cells. Thus, these data initially suggest that treatment with SAL may provide more advantages 

than antagonists. However, further evidences suggest that treatment with either SAL or 

antagonists alone may not be beneficial in long-term for PCa therapy. The results indicate 

immune-suppressive effects mediated by both AR ligands and the induced SASP. In line with 

this, AR ligand-treated PCa cells are resistant to lymphocyte-mediated apoptosis, and the 

SASP of ligand-treated LNCaP cells suppresses lymphocyte proliferation. This study identifies 

that activation of pro-survival/anti-apoptotic AKT signaling is one of the underlying 

mechanisms for apoptotic resistance of AR ligand-treated cells. However, the downstream 

target of AKT signaling is differentially regulated by AR ligands. It appears that one can take 

advantage of this different regulation. The data show that different regulation between 

antagonist- and SAL-treated cells leads to distinct apoptotic sensitivity towards specific 

senolytic compounds. Antagonist-treated cells are sensitive towards the AKT inhibitor, 

whereas SAL-treated cells are sensitive towards the HSP90 inhibitor. Taken together, the data 

suggest that induction of cellular senescence in PCa cells and elimination of these cells by 

senolytic compounds might be a very useful strategy for future therapeutic approach.  

For future perspective, the data suggest that effective treatment could be achieved when a 

suitable senolytic compound for a particular AR ligand is used. Therefore, pro-survival/anti-

apoptotic pathways should be identified and other inhibitors may be analyzed to find more 

candidates as senolytic compounds. Future approaches for PCa immunotherapy may also be 

drawn towards the usage of SASP inhibitors along with CAR-T cells. The expression profile of 

AR ligand-regulated cell surface antigens may be analyzed in order to generate potential CAR-

T cells. This may improve the lymphocyte-mediated killing of AR ligand-treated PCa cells. 
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Figure 24. Diverse effects between SAL- and AR antagonist-induced cellular senescence. Either 

SAL (R1881) or AR antagonist (ENZ) treatment inhibits LNCaP cell proliferation by inducing cellular 

senescence and suppressing the expression of cell cycle promoters. SAL-treated cells exhibit reduced 

stemness characteristics, while AR antagonist induces expression of stemness markers. AR ligand-

treated PCa cells are resistance towards lymphocyte-mediated apoptosis. Both ligands activate anti-

apoptotic/pro-survival AKT signaling. However, downstream target of AKT signaling is differentially 

activated by SAL- and antagonist-treated cells. This leads to distinct response in apoptotic sensitivity 

towards senolytic compounds HSP90 inhibitor (Ganetespib) and AKT inhibitor (MK2206). 

Interestingly, SASP secretomes between SAL- and antagonist-treated PCa cells differ from each other. 

Moreover, the paracrine effects mediated by SASP between those cells are also diverse. On the one 

hand, SASP of SAL-treated LNCaP cells suppresses both the proliferation of LNCaP cells and 

lymphocytes. On the other hand, SASP of antagonist-treated LNCaP cells promotes LNCaP cell 

proliferation, but suppresses lymphocyte proliferation. SASP-regulated LNCaP cell proliferation is 

partially explained by alteration of LNCaP phospho-kinome modulated by SASP. 
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8 APPENDIX 

8.1 Recipe of cell culture media, self-prepared buffers, solutions, and reaction mixes 

8.1.1 Cell culture media (stored at 4°C) 

0% FBS RPMI medium: 477.5 ml RPMI medium 1640 

(500 ml)   5 ml  100x Penicillin-Streptomycin  (1x) 

    5 ml  100 mM Sodium pyruvate  (1 mM) 

    12.5 ml  1 M HEPES buffer pH 7.5  (25 mM) 

0% FBS DMEM medium: 382.5 ml DMEM medium with 

(500 ml)      high D-Glucose   (25 mM) 

L-Glutamine   (4 mM) 

sodium pyruvate  (1 mM) 

    100 ml  Ham’s F-12 nutrient mix   (20% v/v) 

    5 ml  100x Penicillin-Streptomycin  (1x) 

    12.5 ml  1 M HEPES buffer pH 7.5  (25 mM) 

0.5% FBS RPMI medium: 18 ml  0% FBS RPMI medium 

(20 ml)    2 ml  5% FBS RPMI medium  

4% HS RPMI or DMEM: 48 ml  0% FBS RPMI or DMEM medium 

medium (50 ml)   2 ml  Human AB serum (HS)   (4% v/v) 

5% FBS RPMI or DMEM: 475 ml  0% FBS RPMI or DMEM medium 

medium (500 ml)  25 ml  FBS     (5% v/v) 

5% HS AIM-V medium: 38 ml  Serum free AIM-V medium 

(40 ml)    2 ml  Human AB serum (HS)   (5% v/v) 

10% FBS RPMI or DMEM: 45 ml  0% FBS RPMI or DMEM medium 

medium (50 ml)   5 ml  FBS     (10% v/v) 

10% HS RPMI or DMEM: 36 ml  0% FBS RPMI or DMEM medium 

medium (40 ml)   4 ml  Human AB serum (HS)   (10% v/v) 

8.1.2 Cell culture buffers/solutions 

1 M HEPES buffer pH 7.5: Dissolve 238.31 g of HEPES in Milli-Q H2O, adjust pH to 7.5, sterile  

(1 L)    filter with 0.2 μm filter, and store at room temperature 

10x PBS buffer pH 7.4 (1 L): 80 g  NaCl     (1.37 M) 

    2 g  KCl     (27 mM) 

    17.8 g  Na2HPO4·2H2O    (100 mM)    

    2.4 g  KH2PO4    (18 mM) 

    Dissolve in Milli-Q H2O, adjust pH to 7.4, sterile filter with 0.2 μm  

    filter, and store at room temperature 

1x PBS buffer:   Dilute 10x PBS buffer with Milli-Q H2O, autoclave, and store at room 

temperature 

10x Trypsin diluting buffer: 1.98 g  KCl     (53 mM) 

(500 ml)   0.3 g   KH2PO4    (4.4 mM) 

    40 g  NaCl     (1.37 M) 
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    1.75 g  NaHCO3    (42 mM) 

    0.3 g  Na2HPO4·2H2O    (3.4 mM) 

    5 g  D-Glucose    (56 mM) 

    Dissolve in Milli-Q H2O, sterile filter with 0.2 μm filter and store at 

    room temperature 

1x Trypsin/EDTA solution: 100 ml  10x Trypsin/EDTA solution (Gibco) 

(1 L)    100 ml  10x Trypsin diluting buffer 

Dissolve in Milli Q H2O, sterile filtered with 0.2 μm filter and store  

at -20°C 

2% FBS in 1x PBS buffer: 49 ml  1x PBS buffer 

(50 ml)    1 ml  FBS 

    Store at 4°C 

Lymphocyte freezing solution: 0.9 ml  Human AB serum (HS)  

(1 ml)    0.1 ml  100% DMSO 

Red blood cell lysis buffer: 8.3 g  NH4Cl     (155 mM) 

(1 L)    1.008 g  NaHCO3    (12 mM) 

    200 μl  0.5 M EDTA pH 8.0   (0.1 mM) 

    Dissolve in Milli-Q H2O, autoclave, and store at room temperature 

8.1.3 Buffers/solutions for fixing, SA β-Gal staining, and crystal violet staining 

1% Glutaraldehyde fixing:  Freshly dilute 50% glutaraldehyde solution (Roth) with 1x PBS 

solution 

SA β-Gal staining solution: 22.866 ml Milli-Q H2O 

(37 ml)    7.4 ml  0.2 M Citric acid/sodium phosphate (40 mM)  

buffer (pH 6.0)   

    1.85 ml  100 mM K3Fe(CN)6 solution   (5 mM) 

1.85 ml  100 mM K4Fe(CN)6 solution  (5 mM) 

1.11 ml  5 M NaCl    (150 mM) 

74 μl  1 M MgCl2    (2 mM) 

1.85 ml  20 mg/ml X-Gal solution  (1 mg/ml) 

Adjust pH to 6.0 with either 0.1 M citric acid or 0.2 M sodium 

phosphate solution and protect from light 

0.2 M Citric acid/sodium: 36.85 ml 0.1 M Citric acid solution 

phosphate buffer (pH 6.0) 63.15 ml 0.2 M Sodium phosphate solution 

Adjust pH to 6.0 with either 0.1 M citric acid or 0.2 M sodium 

phosphate solution and store at -20°C 

X-Gal solution (20 mg/ml): Dissolve X-Gal (Invitrogen) in dimethylformamide (DMF), protect 

from light, and store at -20°C 

NOTE: To prepare 0.1 M Citric acid, 0.2 M Sodium phosphate, 100 mM K3Fe(CN)6, and 100 mM 

K4Fe(CN)6 solutions, C6H8O7, Na2HPO4, K3Fe(CN)6, and K4Fe(CN)6 powders were dissolved in Milli-

Q H2O respective. 

1% Crystal violet solution: Dissolve 0.5 g of Crystal violet (Roth) in Milli-Q H2O and store at 

(50 ml)    room temperature 

0.1% Crystal violet solution:  Freshly dilute 1% crystal violet solution with 1x PBS 
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Sørenson’s solution (500 ml): 4.5 g  Tri-sodium citrate   (35 mM) 

    0.833 ml 37% HCl    (0.02 N) 

    200 ml  EtOH (VWR)    (40% v/v) 

    Dissolve in Milli-Q H2O and store at room temperature 

8.1.4  Flow cytometry buffer/solution (stored at 4°C) 

1% PFA fixing solution (10 ml): 7.5 ml   2% FBS in 1x PBS buffer 

    2.5 ml   4% PFA solution   

1x Annexin binding buffer:  Dilute 10x Annexin binding buffer (MabTag) with Milli-Q H2O 

8.1.5 Buffers/solutions for protein extraction and Western blotting 

NETN buffer (100 ml):  10 ml  1 M NaCl    (100 mM) 

    2 ml  1 M Tris-HCl pH 8.0   (20 mM) 

    200 µl  0.5 M EDTA    (1 mM) 

    1.429 ml 70% NP-40 Tergitol® solution  (1% NP-40) 

    Dissolve in Milli-Q H2O, sterile filter with 0.2 μm filter, and store at 4°C 

Phosphatase inhibitors in: 711.2 µl NETN buffer 

NETN buffer (800 µl)  0.8 µl  100 mM Na3VO4   (100 µM) 

    8 µl  1 M β-Glycerophosphate  (10 mM) 

    80 µl  0.5 M NaF    (50 mM) 

5% Acrylamide stacking gel: 0.68 ml  Milli-Q H2O 

(1 ml)    0.17 ml  30% acrylamide mix 

    0.13 ml  1 M Tris pH 6.8 

    0.01 ml  10% SDS solution 

    0.01 ml  10% ammonium persulfate (APS) solution 

    0.001 ml  TEMED 

Resolving/separating gel (5 ml): (10% acrylamide) (12% acrylamide) (15% acrylamide) 

Milli-Q H2O  1.9 ml   1.6 ml   1.1 ml 

30% acrylamide mix  1.7 ml   2.0 ml   2.5 ml 

1.5 M Tris pH 8.8 1.3 ml   1.3 ml   1.3 ml 

10% SDS solution 0.05 ml   0.05 ml   0.05 ml 

10% APS solution 0.05 ml   0.05 ml   0.05 ml 

TEMED  0.002 ml  0.002 ml  0.002 ml 

10x Electrophoresis running: 30.3 g   Tris     (250 mM)  

buffer (1 L)   144.1 g   Glycine     (1.92 M) 

    100 ml   10% SDS solution   (1% SDS) 

    Dissolve in Milli-Q H2O and store at room temperature 

10x Blotting buffer (500 ml): 15.15 g   Tris     (250 mM) 

    72.05 g   Glycine     (1.92 M) 

    5 ml   10% SDS solution   (0.1% SDS) 

    Dissolve in Milli-Q H2O and store at 4°C 

1x Blotting buffer (2 L):  200 ml   10x blotting buffer 

    200 or 400 ml  Methanol          (10 or 20% v/v) 

    Dissolve in Milli-Q H2O and store at 4°C 

10% Skim milk (500 ml): Dissolve 50 g of skim milk in 1x TBS-T buffer, mix until homogeneous, 
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    centrifuge at 4,700 rpm (20 mins at room temperature), collect 

supernatant, and store at -20°C 

5x TBS-T buffer (2 L):  60.57 g   Tris      (250 mM) 

    87.66 g   NaCl     (750 mM) 

    Dissolve in Milli-Q H2O and adjust pH to 7.5 with 37% HCl 

    10 ml   TWEEN® 20    (0.5%) 

    Store at 4°C 

NOTE: 1x Electrophoresis running and 1x TBST-T buffers were diluted from 10x and 5x stocks 

respectively with Milli-Q H2O and stored at 4°C 

8.1.6 Reaction mixes for cDNA synthesis and qRT-PCR 

Reaction mix for cDNA synthesis (20 µl): cDNA synthesis steps: 

2 µl 10x Reverse transcriptase buffer            10 min 25°C Initial step and primer attachment 

0.8 µl 25x dNTP mix            120 min 37°C cDNA synthesis  

2 µl 10x random primers   5 min 85°C Inactivation of RT 

1 µl  MultiScribeTM Reverse Transcriptase 

10 µl 0.2 µg/µl RNA 

4.2 µl DEPC-treated H2O     

qRT-PCR reaction mix (5 µl):   qRT-PCR steps: 

0.1 µl 10 µM forward primer   10 min 95°C Denaturation 

0.1 µl 10 µM reverse primer   10 sec 95°C 

2.5 µl 2x SYBR® Green Supermix  15 sec Annealing Temperature    45 cycles 

1 µl  cDNA     30 sec 72°C 

1.3 µl DEPC-treated H2O   30 sec 95°C 

      5 sec 65°C           Melting step 

      increasing 0.5°C/sec until reached 95°C 

8.2 Supplemental results (Figures and Table) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure S1. AR ligands suppress the expression of cell cycle regulators. LNCaP cells 

were treated with R1881 (1 nM), BIC (1 µM), ENZ (1 µM), or DMSO (0.1%) as solvent control for 

6 days. RNA extraction was performed and mRNA levels of MYC, CCND1 (Cyclin D1), E2F1, and 

PCNA, were analyzed by qRT-PCR. Bar graphs are shown as mean + SEM from total of six technical 

replicates (n = 6) of two independent experiments. β-Actin and TBP served as housekeeping genes. 

Statistical analysis was performed by using two-tailed unpaired t-test comparing each treatment to 

DMSO treatment. *, p≤0.05; **, p≤0.01; ***, p≤0.001; ns, not significant. 
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Supplemental Figure S2. Cytokine secretion levels from AR ligand-induced cellular senescent 

PCa cells. Experiments were performed as described in Figure 7. (A-D) Fold secretion of 120 cytokines 

analyzed from detected signals of human cytokine arrays. Arrays were incubated with conditioned 

medium collected from DMSO- (Con. D), R1881- (Con. R), or ENZ-treated (Con. E) LNCaP (A and B) 

or C4-2 (C and D) cells. Normalized fold secretion in Con. D was set arbitrarily as 1. Bar graphs are 

shown as mean + SEM from total of four technical replicates (n = 4) of two independent experiments. 

ND, not detected or below detection level. Inserted figures are example of detected signals on human 

cytokine arrays incubated with Con. D of LNCaP or C4-2 cells. Red squares localize the detected 

signals of Angiogenin (ANG) on membrane #1 and TIMP-2 on membrane #2, which were selected as 

representative targets for confirming arrays results. 
 

 

Supplemental Figure S3. Conditioned media do not affect transcription levels of AR target gene 

KLK3. Similar experiments with AR ligands were performed as described in Supplemental Figure S1 

with LNCaP and C4-2 cells. In addition, other sets of cells were also treated for 6 days with 

conditioned medium derived from R1881- (Con. R), BIC- (Con. B), ENZ-induced cellular senescent 

PCa cells (Con. E), or DMSO-treated cells (Con. D) as control. RNA extraction was performed and 

mRNA level of AR target gene KLK3, a PSA encoding gene, was analyzed by qRT-PCR. Bar graphs 

are shown as mean + SEM from total of six technical replicates (n = 6) of two independent 

experiments for LNCaP and three technical replicates (n = 3) of single experiment for C4-2. β-Actin 

and TBP served as housekeeping genes. Normalized mRNA levels of control-treated cells were set 

arbitrarily as 1. For AR ligand treatment, statistical analysis was performed by using two-tailed 

unpaired t-test compared each treatment to DMSO treatment. For conditioned medium treatment,    

one-way ANOVA followed by Dunnett’s multiple comparisons test was performed. *, p≤0.05;        

***, p≤0.001; ns, not significant. 
 

A IPA of cytokines secreted by R1881-treated LNCaP cells 
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B   IPA of cytokines secreted by ENZ-treated LNCaP cells    

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Supplemental Figure S4. Some cytokines secreted by AR ligand-treated LNCaP cells can 

modulate the phospho-kinome. IPA was performed to analyze kinases and protein targets of the 

phospho-kinase arrays along with secreted cytokines of AR ligand-treated LNCaP cells. IPA provides 

information based on database and publications for interactions (activation and/or phosphorylation) 

between these factors. (A) IPA of cytokines secreted by SAL-treated cells. (B) IPA of cytokines 

secreted by ENZ-treated cells. Note that, (A) and (B) show only interactions which are consistent with 

the results of phospho-kinase arrays in Figure 12. Secreted levels of Adiponectin and IGF-1R were 

suppressed by SAL. Con. R reduced phosphorylation level of AMPKα1. Secreted levels of Eotaxin-1, 

IL-17A, IL-4, NT-3, PIGF, TPO, TIMP-1, TNF R2, and VEGF-A were enhanced by ENZ. Con. E 

induced phosphorylation levels of ERK1/2, JNK1/3, RSK1/2, and CREB. 
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Supplemental Figure S5. LNCaP cells were killed by activated lymphocytes. LNCaP cells were  

co-cultured with activated lymphocytes with indicated ratios. Pictures were captured from live imaging 

microscope at 0, 3, and 6 h after co-culturing was started. The results suggest 1:5 ratio and 6 h to be the 

maximum co-culturing ratio and incubation time for analyzing the lymphocyte-mediated cytotoxicity 

on LNCaP cells. 
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Supplemental Figure S6. Conditioned media from AR ligand-induced cellular senescent LNCaP 

cells suppress lymphocyte clonal expansion. Experiment was performed as described in Figure 18 

with conditioned media of AR ligand-treated LNCaP cells. (A) Representative pictures at day 0, 6, and 

10 of lymphocyte colonies after conditioned media with or without IL-2, -7, and -15 co-treatment. 

(B) Bar graphs show mean area + SEM calculated from colonies that exhibited an area equal to or 

above 0.005 mm2 with indicated number of colonies (n). Statistical analysis was performed by using 

one-way ANOVA followed by Dunnett’s multiple comparisons test. ***, p≤0.001; *, p≤0.05. 
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Supplemental Figure S7. AR ligands induce phosphorylation level of AKT. The same Western blot 

membranes shown in Figure 20 including the cropped out 1 µM ENZ and 0.1 µM ENZ treatments. 
 

           
 

 

 

 

 

 

 

 

 

 

 
 

 

Supplemental Figure S8. MK2206 and GT induce c-PARP levels in a concentration dependent 

manner. LNCaP cells were treated with indicated concentration of MK2206 (left panel), GT (right 

panel), or 0.1% DMSO as solvent control. The protein was extracted and detection of FL-PARP,         

c-PARP, and AR was performed by Western blotting. β-Actin served as loading control. Inhibition of 

cell proliferation (data not shown) and induction of c-PARP were detected after 24 h treatment with 

MK2206 and after 48 h with GT. These figures have been published by Pungsrinont et al. (2020). The 

results with GT treatment are derived from Malika Sutter’s Bachelor thesis (Baniahmad’s group). 
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Supplemental Figure S9. GT enhances detachment and reduces percentage of SA β-Gal positive 

cells after SAL-induced cellular senescence. Similar experiments were performed as described in 

Figure 21. (A) Representative pictures of detaching cells under light microscope after indicated 

treatments. (B) Representative pictures of SA β-Gal staining under light microscope. (C) Percentage of 

SA β-Gal positive cells. Bar graphs are shown as mean + SD from three technical replicates (n = 3) of 

a single experiment. Statistical analysis was performed by using two-tailed unpaired t-test comparing 

between with and without GT treatment within. **, p≤0.01; ***, p≤0.001; ns, not significant. These 

figures have been published by Pungsrinont et al. (2020). 
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Supplemental Figure S10. MK2206 induces LNCaP cell detachment but does not reduce the 

percentage of SA β-Gal positive cells. LNCaP cells were treated for 72 h with 1 nM R1881, 

10 μM ENZ, or 0.1% DMSO as solvent control. After that, the AR ligands were removed. Fresh 

medium with 1 μM MK2206 (MK) or 0.1% DMSO was added, and further incubated for additional 

72 h. (A) Representative pictures of detaching cells under light microscope after indicated treatments. 

(B) Representative pictures of SA-β-Gal staining under light microscope. (C) Percentage of SA β-Gal 

positive cells after 24 h of MK treatment. Bar graphs are shown as mean + SEM from three 

independent experiments (N = 3). Statistical analysis was performed by using two-tailed unpaired t-test 

comparing between with and without MK. ***, p≤0.001; ns, not significant. (D) A schematic figure 

illustrates an unchanged or compensated percentage level of SA β-Gal positive cells after MK in   

ENZ-pretreated cells. Numbers represent the calculated percentage of SA β-Gal positive cells. These 

data have been published by Pungsrinont et al. (2020). The results in A-C are derived from Maren 

Ertingshausen’s Bachelor thesis (Baniahmad’s group). 
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Supplemental Table S1. List of cytokines secreted by treated LNCaP cells that enriched in 

regulation of cell proliferation, lymphocyte proliferation, and immune system process 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

                 * Colours indicate enrichment of cytokines  

            in particular GO term. 
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