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Zusammenfassung

Zusammenfassung

Prostatakrebs ist die am häufigsten diagnostizierte Krebserkrankung bei männlichen Erwachsenen
in westlichen Industrienationen. Obwohl Prostatakarzinome langsam fortschreiten und in frühen
Stadien kurativ behandelbar sind, stellen fortgeschrittene Prostatakarzinome die Klinik weiterhin
vor eine Herausforderung. Alle in der Klinik genutzten Androgen-Deprivations-Therapien inhi-
bieren die Aktivität der C-terminalen Liganenbindedomäne des Androgen Rezeptors. Diese Art
von Therapie ist anfangs äußerst effektiv darin das Tumorvolumen zu reduzieren. Allerdings en-
twickeln die meisten Patienten im Verlauf ihrer Behandlung eine lethale, therapieresistente Form,
die als kastrations-resistenter Prostatakrebs bezeichnet wird. Einer der Gründe dafür ist die Ex-
pression von konstitutiv-aktiven Androgen Rezeptor Varianten, die keine Ligandenbindedomäne
besitzen. Neuartige Therapieformen, die die Androgen Rezeptor Aktivität auf andere Weise hem-
men, sind daher von großer medizinischer Bedeutung. Eine vielversprechende Möglichkeit die Ak-
tivität des Androgen Rezeptors zu inhibieren wäre die Unterbindung von Interaktionen zwischen
Androgen Rezeptor N-Terminus und regulatorischen Proteinen. Das Co-Chaperon BAG1L ist ein
solches regulatorisches Protein, dass in der Lage ist den N-Terminus des Androgen Rezeptors zu
binden und so dessen Aktivität zu regulieren. BAG1L wird im Übergang zu kastrations-resistentem
Prostatakrebs überexprimiert und hohe BAG1L Proteinlevel in Primärtumoren prognostizieren
eine reduzierte Wirkung des Hormontherapeutikums Abirateron. In dieser Arbeit konnte ein
partiell gefalteter polyAlanin-Bereich im N-terminus des Androgen Rezeptors als Bindemotiv
für BAG1L identifiziert werden. Mutationen innerhalb dieser Region reduzierten die BAG1L-
vermittelte Transaktivierung und die Bindung von BAG1L an den Androgen Rezeptor. Des weit-
eren wurde gezeigt, dass der Verlust von BAG1L zu einer reduzierten Bindung von klassischen
Koaktivatoren an den Androgen Rezeptor führt. BAG1L reguliert außerdem die Expression einer
Gruppe von Androgen Rezeptor Zielgenen, die eine Rolle in der Regulation der intrazellulären
ROS-Level spielen. Behandlung mit dem Oxidase Inhibitor Diphenyleneiodonium chlorid inhi-
bierte das Wachstum von BAG1L exprimierenden Prostatakrebszellen, jedoch nicht von BAG1L
Knock-out Zellen. Es konnte weiterhin eine Substanz, 2-(4-fluorophenyl)-5-(trifluoromethyl)-
1,3-benzothiazole, identifziert werden, die selektiv die Interaktion zwischen BAG1L und der N-
Terminalen Domäne des Androgen Rezeptors inhibiert. Dieses Benzothiazol-Derivat bindet an
die BAG Domäne und inhibiert das Wachstum von BAG1L exprimierenden Prostatakrebszellen.
In dieser Arbeit konnte somit ein niedrigmolekularer Inhibitor identifiziert werden, der für die
Behandlung von fortgeschrittenem Prostatakrebs weiterentwickelt werden könnte.
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Abstract

Abstract

Prostate Cancer is the most commonly diagnosed cancer in men. Although prostate carcinoma are
considered slow-growing tumors and are well-manageable in early stages of the disease, advanced
prostate tumors still provide a challenge for the clinics. All clinically approved androgen depri-
vation therapies for prostate cancer target the C-terminal ligand-binding domain of the androgen
receptor. These kind of therapies are initially effective in reducing tumor volume, but fail at later
stages as most patients develop a lethal, therapy-resistant state termed castration-resistant prostate
cancer. One of the reasons for this is the expression of constitutively active androgen receptor
variants that lack the ligand-binding domain. Therefore, novel therapy options that target AR ac-
tivity through a different mechanism represent an unmet medical need. A promising possibility
to reduce androgen receptor signaling would be the disruption of interaction of the androgen re-
ceptor activation function-1 domain with regulatory proteins. The cochaperone BAG1L is such a
regulatory protein which binds the N-terminus of the AR and regulates its activity. BAG1L ex-
pression increases in the progression to castration-resistant prostate cancer and high protein levels
of BAG1L in primary tumors predict a poor clinical benefit for patients to abiraterone therapy. In
this work a partially folded, polyalanine region at the androgen receptor N-terminal domain was
identified as the binding motif for BAG1L. Mutations in this region affected BAG1L-mediated
transactivation and BAG1L binding to the N-terminus of the androgen receptor. Furthermore, loss
of BAG1L reduces the affinity of DHT-bound AR to some coregulator motifs of classical coreg-
ulators and affected gene expression of a subset of AR target genes involved in the regulation of
oxidative stress. Treatment with the oxidase inhibitor diphenyleneiodonium chloride reduced the
growth of prostate cancer cells in the presence but not in the absence of BAG1L. Furthermore, a
2-(4-fluorophenyl)-5-(trifluoromethyl)-1,3-benzothiazole (A4B17) was identified as a selective in-
hibitor of BAG1L androgen receptor interaction. The benzothiazole compound A4B17 was shown
to bind to the BAG domain and inhibited growth of AR positive prostate cancer cells depending
on their level of BAG1L expression. Therefore, this study has identified a small molecule inhibitor
that could be further developed for therapy advanced BAG1L positive prostate cancers.
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Introduction

1 Introduction

1.1 Prostate Cancer

Prostate Cancer (PCa) was first described in 1853 by the London surgeon J. Adams during a his-
tological examination. In his report Adams stated that this condition was "a very rare disease"
(Adams, 1853). Intriguingly, today, PCa is one of the most commonly diagnosed cancers in men
in the western industrialized nations with 58.780 new cases in 2016 (Robert-Koch-Institut, 2016).
It is also one of the leading causes of cancer-related death in men with 14.417 death cases in
Germany in 2016 (Robert-Koch-Institut, 2016). This apparent contradiction can be attributed to
several factors:
First, in the early 1900s it was difficult to distinguish PCa from other diseases in the urinary tract.
An improved medical knowledge has therefore led to an increase in the detection of PCa. Second,
as the average life expectancy has improved over the past century, the number of new PCa cases
has increased accordingly since the prevalence of PCa increases with age, more than for any other
cancer type (Greenlee et al., 2001; Siegel et al., 2019). Third, early screening methods such as
the detection of increased serum levels of the prostate specific antigen (PSA), a glycoprotein ex-
pressed by prostate tissue, has led to an increase in the detection of new PCa cases (Greenlee et al.,
2001; Siegel et al., 2019). Additionally, looking at epidemiological data, it seems that a "modern,
western" life-style contributes to an increase in PCa case numbers (Schottenfeld & Fraumeni Jr.,
1997). Intriguingly, asian men that emigrated to Western countries are more commonly diagnosed
with prostate cancer than men in their country of origin (Lee et al., 2007). However, complete
understanding of the risk factors contributing to the development of prostate tumors remains elu-
sive. Age and genetics are primary risk factors. For instance PCa is very uncommon in men
younger than 45, while the average age of diagnosis is 70 (Siegel et al., 2019). Further, men who
have first-degree family members with PCa appear to have a two-times higher risk of developing
the disease compared to men without PCa in the family (Edwards & Eeles, 2004; Goh et al., 2012).

PCa is a malignant tumor disease of the prostate, a walnut shaped gland in men, which produces
and stores the seminal fluid (Krebsinformationsdienst des Deutschen Krebsforschungszentrums
(DKFZ), 2017). Prostate tumors are usually classified as adenocarcinomas and are considered to
be slow-growing tumors (Schottenfeld & Fraumeni Jr., 1997). At first, small clusters of abnor-
mal cells restricted to normal prostate gland tissue can be identified. This condition is known as
prostatic intraepithelial neoplasia (PIN) (McNeal & Bostwick, 1986). Depending on the degree
of abnormality of these cell clusters, one can distinguish between high-grade PIN (HGPIN) or
low-grade PIN (LGPIN). Even though there is no clear proof that PIN will eventually develop into
PCa, HGPIN is often considered to be a PCa precursor (Montironi et al., 2007; De Marzo et al.,
2003). Tumor formation takes place when the deregulated cells begin to multiply and invade the
surrounding prostatic tissue (the stroma). When a tumor grows large enough it may invade the
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Introduction

nearby organs like the seminal vesicles or the rectum (Partin et al., 1989; Gengler & Finby, 1975).
Prostate carcinomas usually start to spread by lymphogenic metastasis, affecting the lymph nodes
of the little pelvis, the lumbar lymph nodes and later the mediastinal lymph nodes and root of the
lung. The later occurring hematogenic metastasis mainly affects the bones, rather than the lung or
liver (Erbar, 2002).

1.1.1 Castration-resistant Prostate Cancer

In 1941, Charles Huggins and Clarence Hodges showed that the growth and proliferation of
prostate tumors is highly dependent on androgens (Huggins & Hodges, 1941). Since then, andro-
gen deprivation therapy (ADT) which inhibits androgen production (orchiectomy, LHRH analogs)
or androgen receptor (AR) function (antiandrogens), is mainly used as a treatment for patients
who have relapsed after local therapy or who were diagnosed with already disseminated tumors
(Wirth et al., 2009). However, despite this treatment, most patients eventually experience disease
progression within a median of 18–24 months and develop a more aggressive form of PCa (Huang
et al., 2018). At this state the tumors develop independent of hormones, which is referred to as
castration-resistant prostate cancer (CRPC) (Galletti et al., 2017). Intriguingly at this stage of the
disease the tumors still remain dependent on AR signalling for growth (de Bono et al., 2011; Fizazi
et al., 2012).
The development of hormone-sensitive prostate carcinoma to CRPC is a multi-step process in
which the AR still plays a key role. There are several mechanisms that can contribute to the
transition to CRPC such as (i) amplification of the AR gene (Visakorpi et al., 1995a), (ii) changes
in the expression or mutations of the AR (Lallous et al., 2016; Taplin et al., 2003; Chandrasekar
et al., 2015), (iii) expression of AR splice variants (Dehm & Tindall, 2011; Guo et al., 2009; Hu
et al., 2009), (iv) post-translational modifications of the AR (van der Steen et al., 2013), as well
as (v) changes in the expression or mutations of AR coactivators (Shiota et al., 2010; Xu et al.,
2009) and (vi) intratumoral production of androgen (Cai et al., 2011). A better understanding of the
underlying molecular mechanisms of the different resistant pathways is crucial for the development
of novel therapies for the treatment of CRPC.

1.2 Androgen Receptor

1.2.1 Androgren Receptor Structure

Androgens exert their growth promoting action in PCa through binding to the androgen receptor
(AR) and is therefore a key protein in the development and progression of PCa and the main target
in prostate cancer therapy (Brinkmann, 2011).
The AR is a nuclear receptor belonging to the family of steroid hormone receptors. The AR
encoding gene is localized on the X-chromosome (q11-12), has a length of 90 kb and consists
of 8 exons and 7 introns (Migeon et al., 1981; Brown et al., 1989; Lubahn et al., 2014). The
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AR-protein has a molecular mass of approximately 110 kDa and consists, like all steroid hormone
receptors of four structurally and functionally distinct domains: (i) a N-terminal domain (NTD),
important for transactivation (residues 1–555) (ii) a centrally-located DNA-binding domain (DBD;
residues 555–623) (iii) a variable hinge region (residues 623–665) and (iv) a C-terminal ligand-
binding domain (LBD) (residues 665–919) (Bennett et al., 2010). The DBD shares the highest
sequence homology with other steroid hormone receptors. The AR LBD is also highly conserved
amongst some receptors of the family. In contrast, N-terminal domain as well as the hinge region
differ greatly in size and primary sequence amongst the different receptor and can therefore be
considered receptor-specific (Burris & McCabe, 2000) (Figure 1.1).
The AR NTD is encoded by exon 1 and contributes to almost half of the AR size. It is known that
the AR NTD is required for full transactivation of the AR (Claessens, 2007). This activity is medi-
ated mainly by the primary effector region ’activation function 1’ (AF-1), which can be further sub-
divided into the transactivation units τ1 (aminoacids 100-360) and τ5 (360-528) (Callewaert et al.,
2006; Chamberlain et al., 1996). These regions play a crucial role in the ligand-dependent and
independent transactivation of the AR. Furthermore, an 23FQNLF27 motif is located N-terminally
of the τ1 and a related 433WHTLF437 is located in the τ5 region. Both motifs are known to play
roles in the ligand-independent and interdomain interactions of the N- and C-terminal domains
(N/C-interaction) of the AR (Dehm & Tindall, 2007; He et al., 2000). This interaction stabilizes
the AR homodimer complex and prevents ligand dissociation (Zhou et al., 1995; Langley et al.,
1998). The NTD furthermore possesses polyglutamine (CAG) and polyglycine (GGC) repeats with
varying length, which results in differences in published AR sizes. Deletion of the polyglutamine
repeats results in reduced α-helical structures, whereas addition of glutamine repeats moderately
increased α-helical structures. These conformational changes in the NTD impact protein-protein
interactions and AR transactivation activity (Werner et al., 2006; Davies et al., 2008). In contrast
to the AR DBD or LBD no X-ray crystallography study of the AR NTD has so far been carried
out which mainly is due to its intrinsically disordered nature (Lavery & McEwan, 2008; Tan et al.,
2014). Intrinsically disordered regions are known to be involved in multiple protein-protein inter-
actions and are considered to be the hubs for signaling networks inside cells. These regions most
likely adapt transient structures upon binding to their interaction partner, allowing interactions with
many diverse binding partners, including coactivators, the transcription machinery or transcription
factors. These interactions are mostly of low affinity, however, cooperative binding of multiple
partners allow for a highly specific regulation of AR activity (Wright & Dyson, 2015).
The centrally located AR DBD recognizes and binds to so called androgen response elements

(ARE) on DNA. This binding is mediated by two zinc finger motifs, which consist of three α-
helices and a C-terminal prolongation (Sawyers & Rauscher, 2014). The first zinc finger motif,
which mediates direct binding to the DNA, contains a P box for specific sequence recognition
of the ARE, which consists of two hexameric half-sites in direct repeat orientation (Umesono
& Evans, 1989; Evans, 1988). The second zinc cluster contains a so called D-box (residues 596-
ASRND-600), which mediates "head-to-head" protein-protein interactions and is therefore involved
in the formation of homodimers (Glass, 1994). A nuclear localization signal which allows nuclear
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import of the AR is localized at the transition of DBD to the hinge region (Kaku et al., 2008; Zhou
et al., 1994).
The hinge region is a flexible region which is only moderately conserved among different steroid
hormone receptors. The hinge region possesses acetylation sites, which regulate AR folding, sub-
cellular localization, coactivator binding and transcriptional activity (Clinckemalie et al., 2012;
Haelens et al., 2007).
The highly conserved C-terminal LBD is important for ligand-binding and interaction with heat
shock proteins and coactivators (Tan et al., 2014). Transactivation of most steroid hormone re-
ceptors is mediated by a region called activation function 2 (AF-2), which enables the ligand-
dependent transactivation activity (Moras & Gronemeyer, 1998). The prototypal LBD of steroid
hormone receptors usually consists of 12 α-helices. However, helix 2 of the AR was replaced by a
flexible linker, and therefore the AR LBD comprises only 11 helices (Tan et al., 2015). Binding of
testosterone or the more potent 5α-dihydrotestosterone (DHT) induces a conformational change in
the AR LBD. Helices 3, 4 and 11 of the LBD are then reorganized and form a hydrophobic bind-
ing surface, referred to as activation function-2. The amphipathic helix 11 is thereby positioned
on top of the binding surface to prevent dissociation of the ligand (Hur et al., 2004). These con-
formational changes allow the binding of coactivators through their conserved motifs LxxLL or
FxxLF to the AF-2. However, in contrast to other steroid hormone receptors the affinity of the AR
AF-2 for coactivator binding motifs is lower in the presence of ligand (Hur et al., 2004; He et al.,
2000; Dubbink et al., 2004). Instead binding to an alternative binding motif in the AR NTD is pre-
ferred, resulting in the N/C-interaction, which exposes alternative coactivator binding sites in the
AR NTD and hinge region (Claessens, 2007; Dehm & Tindall, 2007; Clinckemalie et al., 2012).
Additionally, a binding surface termed binding function 3 (BF-3) had recently been identified in
the LBD. This surface was found to be an allosteric modulator for AF-2 coactivator recruitment
(Estébanez-Perpiñá et al., 2007).

1.2.1.1 Androgen Receptor splice variants in CRPC

During castration resistance most PCa cells still depend on AR activity (Castellan et al., 2018;
de Bono et al., 2011; Fizazi et al., 2012). However, it is so far poorly understood which molecular
mechanism lead to a renewed enhancement of AR action after ADT (AR reactivation). One of the
mechanism suggested to contribute to continuous AR activity in the nucleus is the expression of
AR splicevariants (AR-SV). Most of these AR-SV lack a ligand-binding domain and are mostly
constitutively active (Dehm et al., 2008; Guo et al., 2009; Hu et al., 2009; Sun et al., 2010; Lu &
Luo, 2013).
Many AR-SV have so far been identified in PCa models, xenografts or patient samples (Lu &
Luo, 2013). The most commonly described and best characterized splice-variant is AR-V7. It
was found that AR-V7 is overexpressed in metastases of CRPC patient (Hörnberg et al., 2011;
Qu et al., 2015) and its expression is correlated with androgen-independent proliferation and PCa
progression (Dehm et al., 2008).
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Figure 1.1: AR structure
Schematic represantation of the AR structure. The AR possesses multiple functional domains: the N-
terminal domain (NTD, blue), the DNA-binding domain (DBD; green), a short hinge region and the ligand
binding domain (LBD, red). The NTD contains the activation function-1 which can further be subdivided
into the transactivation units τ1 and τ5. The DNA-binding domain comprises two zinc finger motifs. The
LBD encompasses the activation function-2 as well the allosteric modulator binding function 3

AR-SV can arise from different mechanisms like alternative splicing or genomic rearrangements
(Dehm et al., 2008; Guo et al., 2009; Hu et al., 2009; Sun et al., 2010). However, low androgen
levels are required for AR-SV formation. Structurally, AR-V7 shares the conserved N-terminal
AF-1 domain, the DNA-binding domain and part of the hinge region with the full-length AR
(AR-FL). However, instead of the classical LBD, this AR variant possesses a unique C-terminal
sequence composed of 16 amino acids termed cryptic exon 3 (Hu et al., 2009).
On the cellular level AR-V7 is exclusively localized in the nucleus (Hu et al., 2009). It was
previously shown that AR-V7 co-localizes and forms heterodimers with AR-FL. Intriguingly, AR-
V7 preferentially interacts with co-repressors and acts predominantly as a repressor of transcription
for genes that limit CRPC proliferation (Cato et al., 2019). This hints at a distinct role of AR-V7
compared to AR-FL in CRPC.

1.2.2 Androgen Receptor Action

The AR is a ligand-dependent transcription factor which regulates transcription of androgen-
responsive genes (Mangelsdorf et al., 1995). It plays a crucial role in the male sexual development
and differentiation, as well as in different diseases such as spinal and bulbar muscular atrophy,
androgen insensitivity syndrome and prostate cancer (Brinkmann et al., 1995; Heinlein & Chang,
2002).
In the absence of hormone the AR forms a complex with heat-shock proteins, chaperones and
cochaperones, which maintain the AR conformation relevant for ligand-binding (Cato & Peterziel,
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1998; Peterziel et al., 1999). In the ligand- bound state the AR adopts an active conformation,
exposing the AF-2 region shaped by helices 3, 4 and 11 (Hur et al., 2004). This conformational
change induces dissociation of the AR from the chaperone complex, AR phosphorylation and N/C
interaction of the AR. Subsequent exposure of the NLS (617-RKCYEAGMTLGARKLKK-634)
allows nuclear import of the AR through binding to importin-α (Brinkmann et al., 1999; Nazareth
& Weigel, 1996).
Inside the nucleus the AR acts as a homodimer and recognizes AREs in the promotor or en-
hancer regions of AR target genes. Binding to the imperfect palindromic hexameric elements
GG(A/T)ACAnnnTGTTCT enables the interaction of the AR with cofactor proteins as well as the
basal transcription machinery (Roche et al., 1992; Shang et al., 2002; Burris & McCabe, 2000).
Here the AR binds to components of the preinitiation complex (PIC), such as the TATA-Box bind-

ing protein (TBP) and helicase TFIIH (Transcription factor II H) (Mcewan & Gustafsson, 1997).
Besides the classical ARE consensus sequence, more specific response elements for AR bind-
ing which are often partial replication of the canoncial hexamer 5’-TGTTCT-3’ were identified in
androgen-regulated genes (Rennie et al., 1993; Adler et al., 1993; Rundlett & Miesfeld, 1995;
Claessens et al., 1996; Verrijdt et al., 2002)

1.2.2.1 Targeting AR signalling in PCa therapy

An early detection of prostate tumors ensures better prognosis for patients and allows for more
treatment options. Early detection methods include tactile examinations of the prostate and the
laboratory determination of blood PSA-levels. Increased PSA-levels, however, are only an indi-
cation but no definite proof for an existing tumor (Wirth et al., 2009). To validate the results of
PSA screenings and to determine the tumor stage, different instrument-based methods are em-
ployed, like the digital-rectal and transrectal ultrasound examination, follow-up punch biopsies of
the prostate and x-ray examinations to rule out the existence of metastases (Wirth et al., 2009).
At the time of diagnosis, most patients have usually developed a locally confined tumor. At this
early stage patients can be monitored via active surveillance ("watchful waiting) to prevent unnec-
essary, overtreatment (Erbar, 2002). Furthermore, locally confined tumors are primarily treated by
radical prostatectomy and/or radiation therapy and are well-managed this way. For metastatic or
recurrent tumors androgen deprivation therapy (ADT) is the standard therapy. Here tumor growth
is inhibited by (i) blocking androgen biosynthesis or by (ii) applying anti-androgens that compete
with endogenous androgens for AR binding (Wirth et al., 2009).
The former is achieved by a compound class comprising (LHRH) agonists and antagonists (Labrie
et al., 1982; Schally et al., 1971), as well as abiraterone acetate (Castellan et al., 2018), which
inhibit important steps in androgen biosynthesis. While LHRH agonists and antagonists affect the
release of luteinizing hormone (LH), which promotes testosterone production in the Leydig cells
of the testis, abiraterone inhibits the enzyme CYP17, a key protein in testosterone synthesis (Row-
lands et al., 1995). Abiraterone is able to inhibit androgen production in the adrenal glands, testes
as well as intratumorally (Rice et al., 2019). Treatment with abiraterone decreases serum testos-
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terone levels to 1–2 ng/dL, which is a 20- to 50-fold reduction compared to surgical castration,
resulting in a state called “super-castrate” (Suzman & Antonarakis, 2014).
The latter is achieved via a compound class that includes steroidal (e.g. cyproterone acetate)
and non-steroidal antiandrogens (flutamide, bicalutamide and nilutamide) (Neri et al., 1967; Furr,
1988; Raynaud et al., 1979). Steroidal antiandrogens are structurally related to testosterone, and
bind the AR but show reduced capacity to activate the receptor (Migliari et al., 1999). Further-
more, steroidal antiandrogens can reduce androgen levels (and also estrogen levels) by stimulating
the negative feedback loop at hypothalamus level (Singh et al., 2000). However, steroidal antian-
drogens show off-target hormonal activity, activating progesterone and glucocorticoid receptors.
These off-target effects together with suppression of estrogen levels and partial AR activation lead
to an increase of unwanted side-effects such as liver changes, hepatotoxicity as well as depression,
anxiety, and fatigue in patients (Singh et al., 2000). Non-steroidal anti-androgens show no struc-
tural relation to testosterone and therefore do not express any off-target hormonal activity (Singh
et al., 2000). Non-steroidal antiandrogens specifically inhibit androgen binding to the AR and
thereby affecting AR translocation and downstream signaling (Singh et al., 2000; Migliari et al.,
1999) The second-generation (non-steroidal) anti-androgens enzalutamide (Tran et al., 2010), apa-
lutamide (Clegg et al., 2012) and darolutamide (Moilanen et al., 2015) bind AR with higher affinity
than first-generation anti-androgens resulting in lower IC50 (Rice et al., 2019). These compounds
affect AR translocation, DNA-binding and co-activator recruitment to the DNA-bound AR, result-
ing in an increased efficacy and potency (Rice et al., 2019; Tran et al., 2010; Clegg et al., 2012;
Moilanen et al., 2015). At the CRPC stage the only treatment options available are chemother-
apy (docetaxel and cabazitaxel) or immunotherapy. However, these therapies usually prolong the
patient lifes for only a few months (Petrylak et al., 2004; Tannock et al., 2004).
Efforts to develop drugs that target the AR NTD have led to identification of three compounds.
The bispecific antibody 3E10-AR441 accumulates in the nucleus of prostate cancer cells, due to
its high affinity to DNA. At the same time, it binds the N-terminus or the AR, thereby inhibiting
AR activity. Immunoprecipitation assays showed that 3E10-AR441 binds full-length AR, as well
as ARv7 in VCaP and 22Rv1 cells. Furthermore, it was shown that 3E10-AR441 inhibits AR
function in a ligand-dependent manner (Goicochea et al., 2017). However, so far no data regarding
the effect of 3E10- AR441 on tumor growth has been published.
Furthermore, chlorinated peptides called Sintokamides, isolated from the marine sponge Dysidea
sp., were identified in a screen for natural marine extracts that inhibit AR activity in reporter gene
analyses. Sintokamides were also shown to inhibit growth of AR positive but not AR negative PCa
cells (Sadar et al., 2008). However, these compounds need further characterization. The first AR-
NTD targeting compound to enter clinical trials for prostate cancer therapy was Ralaniten acetate
(EPI-506) that specifically binds to the τ5 region in the AR NTD (Myung et al., 2013). Ralaniten
acetate is a prodrug of Ralaniten (EPI-002) one of the four stereoisomers of EPI-001 (Myung et al.,
2013; Andersen et al., 2010). It was able to reduce PSA serum levels predominantly at higher doses
in some patients. However, it was discontinued in favor of EPI-7386 due to a high drug burden
(NCT02606123).
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1.3 AR coregulators

Even though the AR is able to interact with the basal transcription machinery, other regulatory
proteins are involved in the transcriptional regulation of AR target genes (Katzenellenbogen &
Katzenellenbogen, 1996). The expression of coregulators is considered to play a crucial role for
the specificity of AR action (Heemers et al., 2009). Coregulators are recruited by nuclear recep-
tors in response to ligand-binding to either activate (coactivators) or repress (corepressors) the
transcription of target genes (Wang et al., 2005; Heinlein & Chang, 2002; McKenna et al., 1999).
Coactivators can be subdivided in different groups: (i) proteins that connect parts of the preini-
tiation complex to the chromatin-bound receptor. (ii) proteins that modify chromatin via histone
acetyltransferase (HAT) activity, in order to expose promotor regions and subsequently facilitate
binding of transcription factors (McKenna & O’Malley, 2002; Glass & Rosenfeld, 2000). The
best-characterized coactivators are the members of the p160-family and of the p300/CBP-family
(Heinlein & Chang, 2002; Culig et al., 2004). The p160 family comprises SRC-1/NCoA1, SRC-
2/NCoA2/TIF2 and SRC-3/NCoA3/TRAM1, which interact with nuclear receptors and recruit
transcriptional enzymes to chromatin to facilitate the assembly of general transcription factors
for transcriptional activation (Xu et al., 2009). The p300/CBP coactivator family consists of two
closely related proteins, p300/EP300 and CBP (CREB-binding protein). Both proteins posses an
intrinsic histone acetyltransferase (HAT) activity (Jin et al., 2011) which allows the remodeling of
chromatin at the promotor level. Both proteins further recruit the basal transcriptional machinery
including RNA polymerase II to the promoter and act as adaptor molecules (Goodman & Smolik,
2000).
Most of classical NR coregulators, interact with the AF-2 in the AR LBD via a LxxLL motif in
a hormone-dependent manner. Binding of androgens induces rearrangements of hydrophobic and
charged amino acids in helix 11 of the LBD (He et al., 2002; Estébanez-Perpiñá et al., 2005).
These hydrophobic clefts binds to the α-helix formed by the LxxLL motif (Darimont et al., 1998).
However, interactions with coactivator are not only mediated by LxxLL motifs. Phage display
analysis demonstrated that the AR AF-2 preferentially binds to the related phenylalanine-rich motif
FxxLF at the AR NTD, due to conformational constraints (Hsu et al., 2003). This motif was
originally identified at the AR NTD (23FQNLF27) as essential for mediating the intramolecular
N/C interaction of he receptor. However, this motif is also present in other coactivators, such as
ARA70/RFG, ARA55/Hic-5, and ARA54 (He et al., 2002).
Other coactivators bind to the AR NTD independent of a LxxLL or FxxLF motif. For example, the
co activator MED1 (mediator of RNA polymerase II transcription subunit 1) binds to the τ1 region
in the AR NTD via two non-canonical α-helices (Jin et al., 2012). Furthermore, some coactivators
interact with the DBD/hinge-region of the AR, like BAF57 (BRG1-associated factor 57), which
mediates its interaction through a proline-rich- and a high mobility group HMG (Link et al., 2008).
This shows that different coactivators use different domains to enhance AR transactivation.
Some AR coactivator are expressed in a cell- and tissue-specific manner. It is thought that these
coactivators selectively enhance AF-2 accessibility for other coactivators. For example the coac-
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tivators Melanoma Antigen-11 (MAGE-A11) and Cyclin D1 bind to the 23FQNLF27 motif and
compete with the N/C interaction of the AR (Burd et al., 2005; Bai et al., 2005, 2008), thus en-
hancing the recruitment of coactivators of the p160- and p300/CBP-family to the exposed AF-2
region (Askew et al., 2009, 2010).

1.3.1 AR coactivators in prostate cancer

Many coactivators of the p160-family as well as CBP are not only overexpressed in the primary
prostate tumors but also in the metastatic tumor. Furthermore, expression of coactivators con-
tributes to the specificity of AR action in prostate cancer and changes in coactivator expression
drastically affect AR activity (Heemers et al., 2009; Xu et al., 2009).
Prostate cancer cells are able to adapt to an environment with low androgen concentrations in the
progression to CRPC and it is reported that over-expression of different coactivators is one of the
mechanisms to enhance AR sensitivity to low androgen concentrations. Furthermore, expression
of some coactivators leads to resistance to antiandrogens (Huang et al., 2018).
Coactivators are therefore interesting therapeutic targets for treatment of recurring prostate cancer
(Chmelar et al., 2007; Heemers & Tindall, 2005; Agoulnik et al., 2003). The inhibition of coac-
tivators that are specifically overexpressed in prostate tumors and that promote tumor growth and
survival might be a promising strategy to overcome resistance in advanced PCa

1.4 BAG1 family of proteins

One protein that is known to modulate AR activity in PCa is Bcl-2 associated athanogene-1L. The
term Bcl-2 associated athanogene-1 (BAG1) is derived from the greek words a-/anti- meaning
against and thanaton meaning death and can be ascribed to the fact that BAG1 proteins enhance
the anti-apoptotic properties of BCL2 (Takayama et al., 1995). In contrast to the known AR coreg-
ulators BAG1L does not possess a classical LxxLL- or FxxLF-motif for AR, which suggest that it
must use other mechanisms to regulate AR activity. In pathological conditions BAG1 expression
is correlated with different neurodegenerative diseases like Alzheimer’s or cancers (Gamerdinger
et al., 2009; Takayama et al., 1997). The first BAG1 coding gene was identified in a screen for
interaction partners of Bcl2 using murine cDNA libraries of the mouse (Takayama et al., 1995).
Meanwhile, four more BAG proteins have been identified (BAG2-5), which all possess a conserved
C-terminal BAG domain. However, BAG5 contains 5 tandem repeats of the BAG domain, but only
the 5th repeat is functionally related to the classical BAG domain of BAG1 (Arakawa et al., 2010).
In humans, BAG1L belongs to a family of four proteins (BAG1L (50 kDa), BAG1M (46 kDa),
BAG1 (36 kDa) and BAG1S (29 kDa)) derived from the same mRNA by alternative translation-
initiation. This mechanism results in highly conserved C-terminal regions but variable N-terminal
sequences. The translation of the largest isoform, BAG1L, begins at a non-canonical CUG-codon,
while the other three isoforms are translated from AUG start-codon (Takayama et al., 1997; Yang
et al., 1998). Alternative translational start sites such as the non-AUG start codon of BAG1L
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are thought to regulate subcellular localization and/or distinct biological functions of the different
isoforms (Touriol et al., 2003). BAG1L is the only BAG1 isoform which possesses a complete
NLS and is therefore localized in the nucleas, where it can regulate the activity of NR (Takayama
et al., 1998; Shatkina et al., 2003).
The BAG domain consists of 110-124 amino acids and is composed of three antiparallel α-helices,
which are organized by 30-40 amino acids (Takayama & Reed, 2001). The BAG domain is an im-
portant interaction surface for a variety of proteins, including the anti-apoptotic protein Bcl2, heat-
shock proteins of the Hsp/Hsc70-family, as well as the serine/threonine kinase Raf-1, which plays
an important role in mitogen-activated protein kinase (MAPK)-signaling pathways (Takayama
et al., 1997; Briknarová et al., 2001; Sondermann et al., 2001). BAG1 proteins furthermore possess
a centrally located ubiquitin-like domain (ULD), which links the chaperone activity of Hsp70 to
the degradation complex for misfolded proteins (Lüders et al., 2000). The different BAG1 proteins
possess varying number of copies of a TR/QSEEX-motif. This region can be targeted by several
kinases, however, its exact function is so far unknown (Takayama et al., 1997). The largest iso-
form BAG1L is the only BAG1 isoform that carries an entire nuclear localization signal (NLS) and
is therefore localized in the nucleus (Takayama et al., 1997; Shatkina et al., 2003). The isoform
BAG1M possesses a shorter version of the NLS motif and can also migrate to the nucleus under
stress conditions (Zeiner et al., 1999).

Figure 1.2: BAG proteins
Schematic diagram of the human BAG proteins representing the BAG domain, the ubiquitin-like domain,
TXSEES repeats, the nuclear localization sequence, the WW domain, the IPV (Ile-Pro-Val) motifs and the
PxxP motif. The domains of the proteins are derived from UniProt.

One of the best studied protein-protein interactions (PPI) of BAG1 proteins is with the molecular
Chaperones Hsp70/Hsc70. Under stressful conditions, like heat shock or hypoxia, Hsp70/Hsc70
prevents the accumulation of misfolded proteins in the cytosol (Sondermann et al., 2001). The
ATPase-domain of Hsp70, which is important for ATP binding, hydrolysis and nucleotide ex-
change, was shown in NMR studies to bind helices two and three of the BAG domain of BAG1
(Briknarová et al., 2001; Townsend et al., 2003). Site-directed mutagenesis in the binding surface
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confirmed these findings, resulting in a loss of binding of BAG1 to Hsc70 in yeast-two-hybrid and
transfection experiment (Briknarová et al., 2001). A 1.9 angstrom crystal structure of the BAG
domain bound to Hsc70 has been resolved and showed that the three-helix bundle of the BAG
domain induces conformational changes in the ATPase domain of Hsc70 to prevent nucleotide
binding (Sondermann et al., 2001). It is therefore thought that binding of the BAG domain to the
nucleotide binding domain of Hsp70 enables ADP release, accelerates ATP cycle and promotes the
refolding activity of Hsp70. Hence BAG1 is classified as a nucleotide exchange factor for Hsp70.

1.4.1 BAG1L regulation of AR activity

It has previously been shown that the BAG domain of BAG1L enhances the transactivation func-
tion of the AR through interaction with the AR NTD τ5 region (residues 360-528) (Shatkina et al.,
2003). This interaction is most likely transient, as NMR studies showed reduction in resonance
intensities at the C-terminal part of AR τ5 in NMR experiments (Cato et al., 2017). The residues
that showed reduced resonance intensities were previously identified to be present in a partially
folded region in the otherwise intrinsically disordered AR NTD (De Mol et al., 2016). Addition-
ally, triple alanine substitutions in helices one and two of the BAG domain abolished the changes
in resonance intensities, showing that these residues are important for BAG domain binding to the
AR NTD. These mutations also reduced BAG1L-mediated AR transactivation activity but had no
effect on the interaction with Hsp70 (Cato et al., 2017). This suggests that BAG domain has dif-
ferent binding sites for protein-protein interactions (PPIs) with AR and Hsp70. This would allow
targeting the BAG domain-AR NTD interaction without interfering with its nucleotide exchanged
factor function for the molecular chaperone Hsp70 (Cato et al., 2017).
Besides the BAG domain another binding motif for the AR was identified in the N-terminal region
of BAG1L. A duplicated hexapeptide motif, GARRPR (residues 6-11 and 66-71), was shown to
interact with the allosteric binding factor 3 (BF3) region in the AR LBD (Jehle et al., 2014). The
GARRPR motif is exclusive to BAG1L and was not identified in other cofactors that bind the AR
NTD, such as members of p160 family or MED1 (Alen et al., 1999; Bevan et al., 1999; Christiaens
et al., 2002; Jin et al., 2012). These findings suggest that BAG1L links the N- and C-terminal
regions of the AR, however, there was so far no connection of BAG1L to other proteins, such as
MAGE-A11, that modulate N/C interactions, suggesting a unique role of this protein in AR action
(Liu et al., 2011; Minges et al., 2013).

1.4.2 BAG1L in prostate cancer

Given the fact that BAG1L regulates AR activity, its role in the development and progression of
prostate cancer is therefore of great interest.
The connection between BAG1L and prostate cancer was reported when localization of BAG1L
and AR in benign and malignant prostate tissue became evident. While AR was expressed in the
epithelium of benign and malignant prostate tissue, BAG1L was found in the basal cells in benign
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tissue and its expression was shifted to the secretory epithelium in malignant tissue, suggesting a
colocalization of BAG1L and AR under tumor conditions (Shatkina et al., 2003). Furthermore, in
immunohistochemical studies BAG1L expression was increased in hormone refractory PCa com-
pared to localized untreated tumors (Krajewska et al., 2006; Maki et al., 2007). Additionally, it was
shown that BAG1 gene is amplified in 6 of 81 of hormone refractors patient samples, while no gene
amplification was observed in 130 patient samples of untreated patients (Maki et al., 2007). Re-
cent studies showed that nuclear BAG1 (corresponding to BAG1L) is overexpressed in metatstatic
CRPC patient samples compared to samples of hormone-sensitive PCa patients. Furthermore, ex-
pression levels of nuclear BAG1L correlated with a reduced clincal benefit from abiraterone (Cato
et al., 2017).
These findings suggest a role of BAG1L in advanced hormone-refractory PCa. As previously
mentioned, the expression of AR-SV is one mechanism suggested for AR reactivation in CRPC.
Given the fact that BAG1L regulates AR activity through interaction with the τ5 region in the AR
NTD, BAG1L might also play a role in the regulation of AR-SV (Shatkina et al., 2003; Cato et al.,
2017). Therefore, BAG1L might be suitable molecule to target for the treatment of CRPC patients.
The BAG1 inhibitor Thio-2, an N-ethyl-4-(6- methyl-1,3-benzothiazol-2-yl)aniline compound was
reported to bind the BAG domain of BAG1 in in silico analyses (Enthammer et al., 2013). Accord-
ingly, Thio-2 was shown to reduce BAG1L-mediated AR AF1 activity in mammalian-one-hydrid
assays and reduced binding of BAG1L to the AR in a coimmunoprecipitation experiments. Fur-
thermore, hormone-senstive LNCaP cells showed reduced proliferation upon treatment with Thio-
2 with an IC50 of 17.5 µM (Cato et al., 2017). Even though this effect was only observed at high
concentrations (IC50) the data suggest that BAG1L might be a promising target in overcoming
resistance in CRPC.
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1.5 Aim of this work

PCa is the most commonly diagnosed cancer in males. In the early stages of PCa, the tumors
depend on androgens for proliferation and progression. Therefore, reducing androgen-mediated
signaling is an effective strategy to reduce PCa growth in the early stages of the disease. An-
drogens exert their growth-promoting effects through binding to the AR. Upon ligand-binding the
AR regulates the expression of genes that mediate growth and proliferation. During consecutive
treatment the behavior of PCa cells changes and a shift to androgen-independent growth occurs.
Mechanism contributing to the switch to androgen-independence include the overexpression of
AR-SV. Most of these AR-SV lack the AR LBD but are constitutively active. Targeting the N-
terminal domain of the AR would provide a promising alternative for treatment of CRPC patients.
However, this approach has proven to be difficult to implement due to the intrinsically disordered
region of the AR NTD.
Instead targeting regulatory proteins that bind the AR NTD is much more promising in order to
overcome resistance in advanced PCa. One protein that is known to bind the AR NTD in the τ5
region and to regulate AR activity is the cochaperone BAG1L. BAG1L colocalizes with the AR in
the secretory epithelium exclusively in PCa and BAG1L expression is enhanced in CRPC.
The aim of this work is to determine how BAG1L regulates AR activity at the AR NTD by sys-
tematic analysis of the sequences that constitute BAG1L interaction surface using NMR analysis,
site-directed mutagenesis and transfection experiments. A further aim is to identify the down-
stream signaling pathway of BAG1L reguulated AR activity.
In addition, compounds that inhibit the BAG1L-AR interaction are to be identified for use as
potential selective inhibitors of AR-NTD activity and AR dependent PCa growth.
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2 Material and Methods

2.1 Materials

2.1.1 Chemicals

Table 2.1: Chemicals
Name Source

Agarose Peqlab, Erlangen, Germany
Ampicillin Roth, Karlsruhe, Germany
Ammonium Persulfate (APS) Roth, Karlsruhe, Germany
Bovine Serum Albumine (BSA) PAA Laboratories GmbH, Pasching, Austria
Bacto-Agar Otto Nordwald GmbH, Hamburg, Germany
Bacto-Trypton Roth, Karlsruhe, Germany
Bacto-yeast extract Roth, Karlsruhe, Germany
Dimethylsuloxide (DMSO) Fluka, Neu Ulm, Germany
Dithiothreitol (DTT) Gibco, Invitrogen, Karlsruhe; Germany
DNA Marker 1 Kb PeqLab, Erlangen, Germany
Dulbecco’s Modified Eagle Medium (DMEM) Gibco, Invitrogen, Karlsruhe, Germany
Ethylenediamine Tetraacetic Acid (EDTA) Roth, Karlsruhe, Germany
Ethanol (EtOH) Roth, Karlsruhe, Germany
Ethidium Bromide Roth, Karlsruhe, Germany
FBS (Fetal Bovine Serum) Gibco, Invitrogen, Karlsruhe, Germany
G418 (Geneticin®) Sigma Aldrich, Taufkirchen, Germany
Glycylglycerine Roth, Karlsruhe, Germany
Glycine Roth, Karlsruhe, Germany
Glycerol Roth, Karlsruhe, Germany
Glucose Roth, Karlsruhe, Germany
Glutamine Sigma Aldrich, Taufkirchen, Germany
Hydrogen Chloride (HCl) Roth, Karlsruhe, Germany
Isopropanol Roth, Karlsruhe, Germany
Magnesium Chloride Roth, Karlsruhe, Germany
Magnesium Sulfate Roth, Karlsruhe, Germany
β-mercaptoethanol Roth, Karlsruhe, Germany
Nonident P-40 (NP40) Boehringer, Mannheim, Germany
1x Phosphate Buffered Saline (-CaCl2/MgCl2) Gibco, Invitrogen, Karlsruhe, Germany
PMSF (phenyl methanesulphonyl fluoride) Sigma Aldrich, Taufkirchen, Germany
Potassium Chloride Merck, Darmstadt, Germany
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Name Source

Protein Marker PeqLab, Erlangen, Germany
Rotiphorese (Acrylamide/bisacrylamide (30%) (w/v)) Roth, Karlsruhe, Germany
Rotisol Roth, Karlsruhe, Germany
RPMI medium 1640 Gibco, Invitrogen, Karlsruhe, Germany
Sodium Chloride Roth, Karlsruhe, Germany
Sodium Dodecyl Sulphate (SDS) Roth, Karlsruhe, Germany
Sodium Hydroxide Roth, Karlsruhe, Germany
Sodium N-lauryl sarcosinate (Sarkosyl) Sigma Aldrich, Taufkirchen, Germany
Tetramethyl ethylen diamine (TEMED) Roth, Karlsruhe, Germany
Tris-base Roth, Karlsruhe, Germany
Tris-HCl Roth, Karlsruhe, Germany
Triton-X-100 Sigma Aldrich, Taufkirchen, Germany
Trypsin (0,25%)-EDTA Gibco, Invitrogen, Karlsruhe, Karlsruhe
Tween 20 Roth, Karlsruhe, Germany

2.1.2 Consumables

Table 2.2: Consumables
Name Source

10 cm Bacto-petri dishes Greiner Bio-One, Nürtingen, Germany
15 cm cell culture petri dishes Greiner Bio-One, Nürtingen, Germany
10 cm cell culture petri dishes Greiner Bio-One, Nürtingen, Germany
6-well multiwell plates Greiner Bio-One, Nürtingen, Germany
12-well multiwell plates Greiner Bio-One, Nürtingen, Germany
24-well multiwell plates Greiner Bio-One, Nürtingen, Germany
48-well multiwell plates Greiner Bio-One, Nürtingen, Germany
Corning T-75 CellBind Flask Stein Labortechnik, Remchingen, Germany
50 ml reaction tube Greiner Bio-One, Nürtingen, Germany
15 ml reaction tube Greiner Bio-One, Nürtingen, Germany
2 ml reaction tube Eppendorf, Hamburg, Germany
1,5 ml reaction tube Eppendorf, Hamburg, Germany
96-well PCR Plate Steinbrenner Laborsysteme GmbH Wiesenbach German
qPCR sealing film Steinbrenner Laborsysteme GmbH Wiesenbach German
1 ml pipetttips (blue) Stein Labortechnik, Remchingen, Germany
200 µl pipetttips (yellow) VWR International, Bruchsal, Germany
3 ml syringes Braun, Melsungen, Germany
Sterile filter (pore size 0,22 µm) Carl Roth, Karlsruhe, Germany
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2.1.3 Bacterias

Table 2.3: Bacteria strains
Name Genotype Application

E. coli DH5α F-, endA1, hsdR17 (rk
-, mk

+), supE44,
∆lac, U169 (φ80lacZ∆M15), thi-1, λ -,
recA1, gyrA96, relA1 (Meselson , Nature
1968)

Amplification of plasmid
DNA

BL21 (DE3) pLysS F-, ompT, hsdSB (rB
-, mB

-), dcm, gal,
DE3, pLysS (Cmr) (Studier and Moffatt,
J. Mol. Biol. 189 (1986)

Expression of proteins

2.1.4 Cell lines

Table 2.4: Mammalian cell lines
Name Source & description

LNCaP Human, androgen-sensitive prostate adenocarcinoma cell lines, which
is derived from the left supraclavicular lymph node metastasis of a 50-
year old caucasian man (Horoszewicz et al., 1983)

Control LNCaP cells Vector control for TALEN-induced BAG1L KO LNCaP cells (Cato
et al., 2017)

BAG1L KO LNCaP
cells

LNCaP cell carrying a TALEN-induced Bag-1L KO (Cato et al., 2017)

LNCaP95 Human prostate adenocarcinoma cell line derived from LNCaP cells
cultured in phenol red-free RPMI-1640 with 10% (v/v) charcoal
stripped FBS (Pflug et al., 1999)

LNCaP95-shGFP LNCaP95 cells that were lentivirally transduced with vector pLKO-Tet-
On (Wiederschain et al., 2009) expressing shRNA for targeting GFP
(Cato et al., 2019)

LNCaP95-shAR-FL LNCaP95 cells that were lentivirally transduced with vector pLKO-Tet-
On (Wiederschain et al., 2009) expressing shRNA for targeting AR-FL
(exon 8) (Cato et al., 2019)

LNCaP95-shAR-V7 LNCaP95 cells that were lentivirally transduced with vector pLKO-Tet-
On (Wiederschain et al., 2009) expressing shRNA for targeting AR-V7
(cryptic exon 3) (Cato et al., 2019)

LNCaP95-BAG1L LNCaP cells transduced with an expression vector for BAG1L (pOZN)
(Cato et al., 2017)

LNCaP95-vector LNCaP cells transduced with an empty vector construct (pOZN) (Cato
et al., 2017)

16



Material and Methods

HeLa Human epithelial cells derived from a cervix carcinoma of a 31-year old
afro-american woman

COS-7 fibroblast-like cell line derived from kidney tissue of the African green
monkey (Gluzman, 1981)

The prostate cancer cell line LNCaP, as well as Control and BAG1L KO LNCaP cells were cul-
tured in RPMI 1640 (Gibco, Invitrogen, Karlsruhe, Germany) supplemented with 10% (v/v) FBS
(PAA Laboratories, Pasching, Austria). The CRPC model cell line LNCaP95 and all cell lines de-
rived from it, were cultured in phenol red-free RPMI 1640 medium supplemented with 10% (v/v)
charcoal/dextran-stripped FBS, penicillin/streptomycin (100 u/ml) and L-glutamine (2 mM). Cells
expressing pLKO-Tet-On backbones were selected with 1 µg/ml puromycin and shRNA expres-
sion was induced with 1 µg/ml doxycycline. The human cervical cancer cell line HeLa and the
fibroblast-like cell line COS-7 from the african green monkey were cultured in DMEM medium
supplement with 10% (v/v) FBS.

2.1.5 Oligonucleotides

All nucleotides were ordered from the company metabion (Planegg, Germany) and were ordered
desalted.
The following oligonucleotides were used for QuikChange-PCR (Kunkel, 1985):

Table 2.5: Oligonucleotides used for QuikChange PCR
Name Sequence (5’-3‘ direction)

Tau5_L391A_FW TCAAGCTGGAGAACCCGGCGGACTACGGCAGCGCCT
Tau5_L391A_REV AGGCGCTGCCGTAGTCCGCCGGGTTCTCCAGCTTGA
Tau5_W397A_FW TGGACTACGGCAGCGCCGCGGCGGCTGCGGCGGCGC
Tau5_W397A_REV GCGCCGCCGCAGCCGCCGCGGCGCTGCCGTAGTCCA
Tau5_C404A_FW CGGCTGCGGCGGCGCAGGCCCGCTATGGGGACCTGG
Tau5_C40A_REV CCAGGTCCCCATAGCGGGCCTGCGCCGCCGCAGCCG
Tau5_R405S_FW GCGGCGCAGTGCAGCTATGGGGACC
Tau5_R405S_REV GGTCCCCATAGCTGCACTGCGCCGC
Tau5_C404AR405A_FW CCAGGTCCCCATAGGCGGCCTGCGCCGCCGCAG
Tau5_C404AR405A_REV CTGCGGCGGCGCAGGCCGCCTATGGGGACCTGG
Tau5_W397C404A_FW CGGCAGCGCCGCGGCGGCTGCGGCGGCGCAGGCCCG

CTATGGGG
Tau5_W397C404A_REV CCCCATAGCGGGCCTGCGCCGCCGCAGCCGCCGCGGC

GCTGCCG
BAGD_FW
(R305A/R308A/K309A)

GAACCTTTTTTACCAAGCCTGCCGCTTTCAATGCACTG
TCTTTGAAATTTTCTGGCAGGATCAGTGTGTCAAT
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Name Sequence (5’-3‘ direction)

BAGD_REV
(R305A/R308A/K309A)

ATTGACACACTGATCCTGCCAGAAAATTTCAAAGACA
GTGCATTGAAAGCGGCAGGCTTGGTAAAAAAGGTTC

The following oligonucleotides were used for qRT-PCR:

Table 2.6: Oligonucleotides used for qRT-PCR
Name Sequence (5’-3‘ direction)

Rib36B4_FW CTCCTGAGCGCAAGTACTCC
Rib36B4_REV GTCACCTTCACCGTTGTTCCA
F5_FW TCCAGGCCGAGAATACACCTA
F5_REV CGATTTGCTTGTCAAACGTCTTC
DUOX1_FW GTGCTCCCTCTGTTGTTCGT
DUOX1_REV GCTTCTCAGACACGATGCTCT
MICAL1_FW ATGGGCAGCCTGATGTCTCT
MICAL1_REV GGCGCCATGCTTCTCTTG
NNT_FW TGGTCAAGCAGGGTTTTAATGT
NNT_REV TCCTTTGCCCCTTGGATTTGG

2.1.6 Enzymes

All enzymes for polymerase chain reaction, restriction enzymes and enzymes for ligation of DNA-
fragments were obtained from New Enland Biolabs (Beverly, USA), Promega (Mannheim, Ger-
many) and Thermo Fisher Scientific/Fermentas (St. Leon-Rot, Germany).

2.1.7 Plasmids

Table 2.7: Plasmids
Name Description

pcDNA3.1 (+) Eukaryotic expression vector carrying a CMV
(Cytomegalovirus)-Promotor. For selection in eukaryotes
the vector contains a Geneticin (G418)-resistance gene.
For selection in bacteria the vector contains an ampicillin-
resistance gene (Invitrogen, Karlsruhe, Germany)
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Name Description

pcDNA3.1-BAG1L(cMut) Eukaryotic expression vector, which contains the cDNA of the
human BAG1L gene. Expression of BAG1L is favored due
to mutation of the CUG start codon to AUG and expression
is controlled by T7-promotor. The plasmid was kindly pro-
vided by John C. Reed, M.D. Ph.D.. Mutations in the residues
K231/232/279 to alanine (referred to as cMut) were introduced
by QuikChange PCR and validated by sequencing (Cato2017).

pcDNA3.1-BAG1M(NLS) Eukaryotic expression vector, which contains the cDNA of the
human BAG1M gene or the BAG1M gene fused to an NLS
of simian virus 40. The plasmids were described in Shatkina
et al. (2003)

pcDNA3.1-AR-FL Eukaryotic expression vector, expressing the human AR-FL
protein. The plasmid was kindly provided by Laura Cato,
Ph.D.

pcDNA3.1-AR-V7 Eukaryotic expression vector, expressing the human AR-V7
protein. The plasmid was kindly provided by Laura Cato,
Ph.D.

pM Eukaryotic expression vector, which carries the cDNA of the
DNA-binding domain (DBD) of the yeast-specific transcrip-
tion factor Gal4 (Gal4DBD, amino acids 1-147) The Fusion-
protein is translocated to the nucleus due to a Gal4 nuclear
resistance sequence. Upstream of the Gal4DBD a multiple
cloning site is located. For selection in bacteria the plasmid
carries an ampicillin resistance gene.

pM-AR-AF1/AF2 Eukaryotic expression plasmid, which was used for
Mammalian-One-Hybrid Assay. The plasmid contains
the coding sequence of the human AR-AF1 region (amino
acids 1-556) or the human AR-AF2 (amino acids fused to the
Gal4DBD.

pM-AR-τ5 Eukaryotic expression plasmid, which was used for
Mammalian-One-Hybrid and Mammalian-Two-Hybrid
Assay. The plasmid contains the coding sequence of the
human AR-AF1τ5 region (amino acids 360-548) fused to the
Gal4DBD (Shatkina2003)

pVP-16 Eukaryotic expression vector encoding the transactivation do-
main of the Herpes simplex virus VP16 protein. The plasmid
was kindly gifted by Karin Knudsen, PhD.
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Name Description

pVP-BAG1L Eukaryotic expression vector, which carries the coding se-
quence of the human BAG1L. Upstream of the BAG1L cDNA
the transactivation domain of the Herpes simplex virus VP16
protein is located.

pG5E4∆38-Luciferase Reporter construct carrying the coding sequence of fire-
fly luciferase controlled by five copies of the Gal4-DNA-
binding site (upstream activation sequence (UAS)) upstream
of the adenovirus E4 promotor. This plasmid was used
for Mammalian-One-Hybrid- and Mammalian-Two-Hybrid-
Assays (Barrett et al., 1988)

PSA-Enhancer-luc Reporter construct carrying the coding sequence of the firefly
luciferase driven by the -3935 to -4326 PSA core enhancer up-
stream of the E4TATA box. The plasmid was kindly provided
by Elizabeth M. Wilson, PhD

Ubi-renilla luciferase Reporter construct, which expresses the Renilla reniformis Lu-
ciferase cDNA (Promega, Mannheim, Germany) under control
of the Ubiquitin promotor. The plasmid was used in Luciferase
assay to check transfection efficiency.

pET28-Gb1a-BAGD Prokaryotic expression plasmid, containing a histidin (His)-
tag. C-terminally of the tag a multiple cloning site is located,
in which the coding sequence of the human BAG domain was
cloned. Additionally, expressed proteins are fused to Gb1a (B1
Immunoglobulin binding domain of streptococcus protein G,
56 amino acids) to increase protein yield. Proteinexpression is
controlled by the lac operon and can be induced by IPTG. For
selection in bacteria the plasmid contains a kanamycin resis-
tance gene.

2.1.8 Equipment

Measuring devices:

StepOnePlus™ Real-Time PCR System, Applied Biosystems, Darmstadt, Germany
VICTOR Light 1420 Luminsecence Counter, PerkinElmer, Rodgau, Germany

Software:

Adobe Photoshop CS5.1, Adobe Systems Incorporated
GraphPad Prism 6, GraphPad Software, San Diego, California, USA
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Microsoft Word for Mac, version 16.16.20, Microsoft Corporation
Microsoft Excel for Mac, version 16.16.20, Microsoft Corporation
Microsoft Powerpoint for Mac, version 16.16.20, Microsoft Corporation
StepOnePlus software v2.3, Applied Biosystems, Darmstadt, Germany
Wallac 1420 Manager, Version 3.0, PerkinElmer Life Sciences, Wallac Oy, Finnland

2.2 Methods

2.2.1 DNA and RNA methods

2.2.1.1 Preparation of plasmid DNA ("Miniprep" and "Maxiprep")

Small-scale and large-scale purification of plasmid DNA was performed using materials of the
Plasmid Midi Kit (Qiagen, Hilden).
For small-scale purification of plasmid DNA transformed bacteria were incubated ON at 37°C in
3 ml of 1x LB medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) supple-
mented with 0.1 mg/ml ampicillin or 50 µg/ml kanamycin (according to the antibiotic resistance
of the plasmid) on a shaker at 280 ppm. Thereafter 2 ml of the bacteria culture were transferred
into an 1.5 ml reaction tube and centrifuged at 13.000 rpm for 3 minutes (Heraeus Biofuge pico,
rotor #3328). The Pellet was resuspended in 200 µl of Buffer P1 (Resuspension Buffer) and the
equal volume of Buffer P2 (Lysis Buffer) was added. The mixture was gently inverted and there-
after, incubated for 5 minutes at room temperature. Afterwards 200 µl of Buffer P3 (Neutralization
Buffer) was added and the suspension was gently mixed by inverting. After 20 min of incubation
on ice the solution was centrifuged at 14.000 rpm at 4°C for 10 min (Eppendorf centrifuge 5417 R;
rotor F45-30-11). The supernatant was transferred into a new 1.5 ml reaction tube and DNA was
precipitated by adding 800 µl of isopropanol. After gently mixing the solution was centrifuged at
14.000 rpm for 10 minutes at 4°C (Eppendorf centrifuge 5417 R; rotor F45-30-11). The pellet was
washed twice with 1 ml of 70 % (v/v) ethanol. Thereafter, ethanol was removed and the residual
ethanol was allowed to evaporate. The DNA was resuspended in 30-50 µl nuclease-free water.
For the large scale purification of plasmid DNA transformed bacteria were incubated ON at 37°C
in 100 ml of 1x LB medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) sup-
plemented with 0.1 mg/ml ampicillin or 50 µg/ml kanamycin (depending on the selection marker
of the plasmid) on a shaker at 280 ppm. The overnight culture was centrifuged at 4.000 rpm for
15 min at 4°C (Centrifuge Hermle ZK 401, rotor A.14). The pellet was resuspended in 4 ml of
Buffer P1 (Resuspension Buffer) and the equal volume of Buffer P2 (Lysis Buffer) was added.
After gently inverting the mixture was incubated for 5 minutes at room temperature. Thereafter, 4
ml of Buffer P3 (Neutralization Buffer) was added and the suspension was gently mixed. After 20
minutes incubation on ice the suspension was centrifuged at 4.000 rpm for 30 minutes at 4°C (Ep-
pendorf centifruge 5810, rotor A-4-62). In the meantime a QIAGEN-tip 100 was equilibrated with
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Table 2.8: QuikChange PCR program

temperature cycle repeat

95°C 5 min

95°C 30 sec

55°C 1 min 16-18x

68°C 1 min/kb (~7 min)

4°C ∞

4 ml of Buffer QBT (Equilibration Buffer). The supernatant was applied to the QIAGEN-tip and
allowed to flow through. The column was washed twice with Buffer QC which was also allowed
to move through by gravity flow. The DNA was eluted using 5 ml of Buffer QF (Elution Buffer)
into a new falcon tube. Precipitation was performed using 3.5 ml of isopropanol. The suspension
was centrifuged at 4.000 rpm for 30 minutes at 4°C (Eppendorf centifruge 5810, rotor A-4-62).
After discarding the supernatant the pellet was washed twice with 70 % ethanol. The pellet was
air dried and dissolved in approximately 200-400 µl.

2.2.1.2 QuikChange Polymerase Chain Reaction

QuikChange polymerase chain reaction (PCR) was used for site-directed mutagenesis of plasmid
DNA. This allows inter alia the exchange of specific amino acids of a double-stranded plasmid.
Oligonucleotides were designed individually according to the desired mutation. The desired mu-
tation was placed in the center of an otherwise homologues 25-45 base pair oligonucleotide. The
oligonucleotides were designed that their melting temperature was higher than 78°C and the GC-
content was at least 40 %.
The reaction was performed using 50 nm of the template plasmid, 125 ng of forward- and reverse
primer, 10 mM dNTPs and 2,5 U PfuTurbo DNA-Polymerase. The PCR reaction was carried out
in T100 Thermal Cycler (BioRad, Feldkirchen, Germany) with the following steps:
After PCR reaction DpnI (10 u) were added to the reaction mixture, which was incubated for 1
h at 37°C to digest methylated and hemi-methylated DNA. The PCR product was used for the
transformation of E. coli DH5α.
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2.2.1.3 Restriction digestion, extraction of DNA from agarose gels and ligation

In some cases mutated regions were subcloned into other plasmids after QuikChange PCR. There-
fore, both plasmids were digested with the same restriction enzymes and the fragments (vector and
insert) were separated in agarose gel electrophoresis, extracted from the gel and ligated with the
desired fragment.
For restriction enzyme digestion 10 µg of DNA were incubated for 1 h at 37°C with 10-20 U of
the respective enzymes (High-Fidelity Enzymes, New England Biolabs, Frankfurt or FastDigest
Enzymes, Thermo Fisher Scientific, Karlsruhe, Germany) in an appropriate amount (up to 50 µl)
of CutSmart or FastDigest Buffer. These enzymes are fully active in their universal buffer system
and 1 µl of these enzymes is able to cut 1 µg of Lamda-DNA in 5 min at 37°C.
The digested DNA was then separated according to the fragment size by electrophoresis in 1-2
% (w/v) agarose gels. The fragment of interest was extracted with a scalpel under UV-light. The
extraction of DNA fragments from agarose gels was performed by using PeqGold Gel Extraction
Kit (PeqLab Biotechnologie GmbH, VWR, Bruchsal, Germany) according to manufacturer proto-
col. The weight of the piece of gel was determined and an equal volume of Binding Buffer was
added. The gel was dissolved at 55°C for 7 min. The DNA/Agarose-solution was transferred into
a PerfectBind-column which was then centrifuged at 10.000 rpm for 1 min (Eppendorf centrifuge
5417 R, rotor F45-30-11). The flow-through was discarded and the column was washed twice with
750 µl of completed GC wash buffer at 10.000 rpm for 1 min. The wash buffer was discarded after
each washing step and the column was dried by empty centrifugation at 10.000 rpm for 1 min. The
DNA was eluted through addition of 30 µl ddH2O and subsequent centrifugation at 5.000 rpm for
1 min. Thereafter, the DNA-concentration was measured using a NanoDrop ND-1000 (Thermo
Fisher Scientific, Karlsruhe, Germany).
For ligation 50-100 ng of vector and a threefold molar excess of insert were incubated over night
at 4°C with 5 U of T4 DNA-Ligase (Thermo Fisher Scientific, Karlsruhe, Deutschland) in the
according reaction buffer (50 mM Tris-HCl pH 7.5; 10 mM DTT; 1 mM ATP; 25 mg/ml BSA)
(Thermo Fisher Scientific, Karlsruhe, Germany). The reaction was stopped by heat-inactivation at
65°C for 10 min. The ligation product was used for transformation of E. coli DH5α.

2.2.1.4 Separation of nucleic acids by agarose gel electrophoresis

Separation of DNA fragments was performed using horizontal agarose gel electrophoresis. De-
pending on the fragment size an agarose concentration ranging from 1-2% (w/v) was used. There-
fore, the appropriate amount of agarose was dissolved in 1x TAE buffer (0.04 M Tris pH 7.2; 0.02
sodium acetate; 1mM EDTA). The mixture was boiled and after cooling down ethidium bromide
was added to a final concentration of 0.4 mg/ml. The solution was transferred into a horizontal
gel chamber and a comb was inserted to enable formation of pockets in which the samples could
be placed. For the electrophoretic separation the gel was placed in a chamber filled with 1x TAE
buffer and the samples, to which DNA sample buffer (5mM EDTA; 50% (v/v) glycerol; 0.01g
bromophenolblue) was added, were loaded onto the gel. To validate fragment sizes the peqGOLD
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1 kb DNA ladder (0.5 mg DNA/ml, for fragments ranging from 250 to 10000 bp) was loaded in
a separate slot. The electrophoresis was performed at 120 V and the separated fragments were
visualized under a UV light source until the colored marker reached about half of the gel. Pictures
were taken on an Eagle-Eye camera system (Stratagene, Heidelberg, Germany).

2.2.1.5 Transformation of plasmid DNA

For transformation 50 µl of chemically competent bacteria DH5α were gently thawed on ice.
Subsequently, 5 µl of the ligation mix or the purified plasmid DNA were added and the mix was
incubated for 30 min on ice. Thereafter, the cells were thermically shocked at 42°C for 45 sec
and then incubated on ice for 2 min. Afterwards, 500 µl of 1x SOC medium was added and the
bacteria were incubated 1 h at 37ºC shaken gently.
During the incubation time, the antibiotic resistance could be expressed. In the meantime 1x LB
agar plates (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) 1.5% agar-agar), with
0.1 mg/ml ampicillin or 50 µg/ml kanamycin were pre-warmed at 37°C. Finally, the transformed
bacteria were plated and incubated ON at 37ºC.

2.2.1.6 RNA extraction from eukaryotic cells

For RNA extraction 2 x 105 LNCaP were cultured in 6-well wells in phenolred free RPMI 1640
medium enriched with 3% (v/v) charcoal-stripped FBS (CCS) for three days. Thereafter, cells
were treated with 10-8 M DHT or 0.1 % DHT for 16 h. If the effect of compounds was analysed
in qRT-PCR cells were treated with 5 µM of compound 1 h prior to hormone treatment. For
RNA extraction from eukaryotic cells the innuPREP RNA Mini Kit (Analytic Jena AG, Jena,
Germany) was used. The cells were washed with 1x PBS (-MgCl2/-CaCl2) and subsequently 400
µl RL Buffer (Lysis buffer) was added to the cells. Samples were incubated for 3 min at room
temperature. Cell lysates were pipetted into an Spin Filter D which was placed into a receiver
tube and centrifuged at 11.000 rpm for 2 min (Eppendorf centifuge 5417R, rotor F45-30-11). Spin
Filter D was discarded and the flow-through was transferred to a Spin Filter R column which was
placed in a new receiver tube and centrifuged at 11.000 rpm for 2 min (Eppendorf centifuge 5417R,
rotor F45-30-11). The flow-through was discarded. The Spin Filter D was placed in a new receiver
tube and was washed with 500 µl of Washing Solution HS and centrifuged at 11.000 rpm for 1
min (Eppendorf centifuge 5417R, rotor F45-30-11). The filtrate was discarded and Spin Filter R
was placed in a new receiver tube. In second washing step 700 µl of Washing Solution LS were
added to the column and the column was centrifuged at 11.000 rpm for 1 min (Eppendorf centifuge
5417R, rotor F45-30-11). The flow-through was discarded again and the column was dried from
residual ethanol by empty centrifugation with a fresh collection tube for 3 min at 11.000 rpm.
The Spin Filter D was then placed in a new 1.5 ml collection tube and 30 µl of RNAse-free water
(Promega, Mannheim, Germany) were put directly to the spin column membrane. RNA was eluted
by centrifugation at 8.000 rpm for 1 min. RNA concentration was measured using a NanoDrop
ND-1000 (Thermo Fisher Scientific, Karlsruhe, Germany).
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2.2.1.7 Synthesis of complementary DNA (cDNA)

For cDNA synthesis 2 µg of the DNase-free, purified RNA was incubated with 200 ng of Random
Primer at 70°C. For qualitative and quantitative control of cDNA synthesis the reaction mixtures
were split equally. Afterwards, 1 mM dNTPS (VWR, Darmstadt, Germany) and M-MLV reaction
buffer (Promega, Mannheim, Germany) was added to both samples. As a negative control one
reaction mixture was incubated without reverse transcriptase, while 200 u of M-MLV (Moloney

Murine Leukemia Virus) reverse transcriptase (Promega, Mannheim, Germany) were added to the
sample. The cDNA synthesis was carried out in a T100 Thermal Cycler (BioRad, Feldkirchen,
Germany) with the following protocol:

Table 2.9: Protocol for reverse transcription
temperature cycle

60°C 10 min
42°C 60 min
70°C 10 min
4°C ∞

Table 2.10: Random Primer used for cDNA synthesis
Name Sequence (5’ - 3’)

Random A NNNNNNA
Random T NNNNNNT
Random G NNNNNNG
Random C NNNNNNC

The cDNA was diluted by adding 100 µl of nuclease-free water (Promega, Mannheim, Germany).

2.2.1.8 Quality Control PCR (QC-PCR)

To check the quality and purity of the synthesized cDNA a PCR reaction using oligonucleotides
for the housekeeping gene β-actin was performed. For this 4 µl of the cDNA were mixed with 10
pmol of forward- and reverse-primer, 0.25 mM dNTPs and 1.25 units GoTaq polymerase (Promega,
Mannheim, Germany) in green GoTaq reaction buffer (Promega, Mannheim, Germany). The PCR
reaction was performed according to following protocol:

Table 2.11: Protocol for quality control PCR
temperature cycle repeat

95°C 2 min
95°C 30 sec
55°C 40 sec 30x
72°C 45 sec
72°C 10 min
4°C ∞
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The transcription of β-actin was analyzed on a 1 % (w/v) agarose gel. The existence of a β-actin
in the sample was interpreted as successful reverse transcription, while the existence of a β-actin
band in the negative control without reverse transcriptase pointed towards contamination of other
reagents. This would have led to an exclusion from the study.

2.2.1.9 Quantitative Real-Time PCR (qRT-PCR)

For quantitative Real-Time PCR 4 µl of cDNA were incubated with 10 pmol forward- and revers-
primer, 10 µmol of 2x GoTaq qPCR Master Mix (Promega, Mannheim, Germany) and 4 µl of
nuclease-free water (Promega, Mannheim, Germany). The reaction was performed with a final
volume of 20 µl in a StepOnePlus Real Time PCR Reader with the following protocol:

Table 2.12: Protocol for quantitative Real Time PCR
temperature cycle repeat

95°C 15 min
95°C 15 sec
60°C 30 sec 40x
95°C 15 sec
60°C 1 min

The fluorescence after intercalation of SYBR Green to double stranded DNA was detected. For
each experimental set up a fixed threshold was defined in the exponential phase between cycles
15 and 40, when the PCR product exactly duplicates, to obtain comparable threshold cycles (Ct
values) for analysis. Differences in gene expression were determined in relation to the gene ex-
pression of the housekeeping gene Rib36B4 (human ribosomal subunit 36B4). For the analysis the
∆Ct value was determined by subtracting the Ct value of the gene of interest from the Ct value of
the housekeeping gene.

2.2.1.10 RNA sequencing

For transcriptomic analysis Control and BAG1L KO cells were hormone-starved for 96 h in phenol
red-free medium supplemented with 3% (v/v) CCS. Subsequently, cells were treated for 16 h with
0.01% (v/v) EtOH or 10 mM DHT. The total RNA was extracted using innuPREP RNA Mini
Kit (Analytic Jena AG, Jena, Germany), as described above (2.2.1.6). The mRNA libraries were
generated using IlluminaTruSeq stranded mRNA sample kit with 1 mg of total RNA per sample.
The library preparation and sequencing (HiSeq1500 Illumina platform) was performed at the NGS
facility at the Institute of Biological and Chemical System at KIT. Data was analysed at the Dana-
Farber Cancer Institute of the Harvard Medical School in Boston. Fastq files were processed
with CASAVA and mapped against the human reference genome GRCh37 using TopHat 2.0.11
(Trapnell et al., 2009). Reads were quantified with HTSeq (Anders et al., 2015), using the reference
gene annotation from Ensembl. Differential expression analysis was performed using DESeq2
(Love et al., 2014). AR target genes were defined as genes that were differentially expressed in
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the presence of DHT (p(FDR) ≤ 0.05, fold change ≥ 2) and which harbor a DHT-responsive AR
binding site within 50 kb of their transcription start site. Differentially expressed target genes were
plotted in a Scatter Blot Matrix with differentially expression AR target genes of control cells on
the x-axis and differentially expressed AR target genes of BAG1L KO cells on the y-axis. RNA-seq
data have been deposited at the GEO depository under accession number GSE89939.

2.2.1.11 Quantification of nucleic acids

Quantification of DNA and RNA was performed with a NanoDrop ND-1000, which measures the
extinction of the sample at 260, 280 and 230 nm. The concentration of RNA and DNA is calculated
from the OD260 by the Beer-Lamber-equation. An OD260=1 corresponds to 50 ng/µl of double-
stranded DNA. The ratio of OD260/OD280 is used to determine potential contaminations of proteins
and a value of 1.8 indicates a pure nucleic acid preparation. The ratio of OD260/OD230 is used to
determine potential contaminations of organic chemicals and solvents and a value greater than 1.6
is accepted a contamination-free. For RNA a ratio of OD260/OD280 greater than 1.8 is acceptable
with very pure RNA typically showing a ratio of 2.1. The OD260/OD230 should as well be greater
than 2 for RNA.

2.2.2 Cell culture and transfection methods

2.2.2.1 Cell culture

All mammalian cell lines were cultured in standard conditions at 37ºC, 5% of CO2 and 95% of hu-
midity in an incubator (Steri Cult 200, Forma Scientific Labortech GmbH, Göttingen, Germany).
All cell lines were cultured in sterile Cellstar Petri dishes (Greiner Bio-One, Nürtingen, Germany).
Cells were confirmed to be mycoplasma-negative using the VenorGeM Classic Mycoplasma De-
tection Kit for conventional PCR machines (Minerva Biolabs, Berlin, Germany).
Cells were cultured until confluency of 80-90% was reached. The cell culture medium was then
removed and cells were carefully washed with 1x PBS (-MgCl2/-CaCl2). To detach cells from the
culture vessel 0.5-1 ml of 0.25% Trypsin-EDTA were added to the cells and incubated for 5 min
at 37°C. Trypsination was stopped by adding at least the tenfold volume of fresh medium to the
cells. Cells were then transferred into a falcon tube and Trypsin was removed by centrifugation at
800 rpm for 3 min. Cells were picked up in fresh medium and were seeded at the desired dilution.
For long-term storage all mammalian cells were cultured on 15 cm2 cell culture plates until 80-
90% of confluency were reached. The cells were then washed with 1x PBS (-MgCl2/-CaCl2) and
were detached from the plate using 1 ml of 0.25% Trypsin-EDTA for 5 mi at 37°C. Trypsination
was stopped by adding at least the tenfold volume of fresh medium to the cells. Cells were then
transferred into a falcon tube and Trypsin was removed by centrifugation at 800 rpm for 3 min.
Cells were resuspended up in 2 ml of 90% (v/v) FCS and 10% (v/v) DMSO and 1 ml each was
transferred in cryotube. The cells were slowly frozen at -80°C in freezing containers filled with
isopropanol.
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To take frozen cells into culture cryotubes were thawed quickly (maximum 1 min) at 37°C in a
waterbath. Cells were then transferred into fresh medium and centrifuged at 800 rpm for 3 min
(Biofuge Heraeus pico, rotor # 3328) to remove residual DMSO. Cells were taken up in fresh
medium and plated onto new cell culture plate.
The human cervical cancer cell line HeLa and the fibroblast-like cell line COS-7 from the african
green monkey were cultured in DMEM medium enriched with 10% (v/v) FBS. The human lym-
phnode metastasis LNCaP cell line, as well as the derived Control and BAG1L KO cell lines,
were cultured in RPMI 1640 enriched with 10% (v/v) FBS. The CRPC model cell line LNCaP95,
which is derived from LNCaP, was cultured in phenol red-free RPMI 1640 supplemented with 10%
(v/v) CCS, 100 u/ml (v/v) penicillin/streptomycin and 1% (v/v) L-Glutamine (Gibco, Invitrogen,
Karlsruhe, Germany). LNCaP95 cells were cultured in 75 cm2 flasks with a CellBind surface.

2.2.2.2 Transfection with FuGene

For transfection with FuGene HeLa or COS-7 cells were seeded at a densitiy of 2 x 105 cells per
well in 6-well plates. For all reportgene assays the following DNA amounts were used:

Table 2.13: General Transfection mixture
plasmid amount

Reporter luciferase 0.8 µg
renilla luciferase 0.2 µg

AR construct 0.2 µg
BAG1 construct 1 µg

The transfection mix was then diluted in 100 µl of serum-free medium and 4,4 µl of FuGene were
added. The solution was gently mixed by inverting and incubated for 15 min at room temperature.
Finally the solution was dropwise added into the cell culture medium and distributed evenly by
gentle swirling. If the effect of compounds was analyzed, cells were treated with compound 24 h
after transfection and hormone was added 1 h after compound application. The cells were usually
harvested 48 h after transfection.

2.2.2.3 Luciferase assay

For the analysis of AR-FL and AR-V7 activity HeLa cells were seeded in 6-well cell culture plates
at a density of 2 x 105 in RPMI 1640 supplemented with 10% (v/v) FBS. One day post seeding cell
culture medium was changed to phenol red-free RPMI 1640 supplemented with 3% (v/v) CCS and
cells were transfected with FuGene 6. The effect of BAG1L on AR-FL and AR-V7 activity was
investigated by transfection of 0.2 µg of pcDNA3.1 AR-FL or pcDNA3.1 AR-V7, 0.8 µg of PSA-
Enhancer-luciferase and 0.2 µg of Ubi-renilla construct. The PSA-Enhancer-luciferase contains
the -3935 to -4326 PSA core enhancer upstream of the E4TATA box driving the expression of
a firefly luciferase. The expression of the luciferase takes place after activation of AR and its
binding to the promotor region. The transfection efficiency was determined with the help of a
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renilla luciferase construct. The expression of the renilla luciferase is controlled by a Ubiquitin
promotor, which is independent of AR transactivation.
The cells were treated 24 h post transfection with 10 nM DHT or ethanol for 16 h. Afterwards,
cells were washed once with 1x PBS (-MgCl2/-CaCl2) and lysed with 200 µl 1x Passive lysis buffer

(Promega, Mannheim, Germany). For each sample 20 µl of lysates were measured in duplicates
in a 96-well luminometer plate. The relative luciferase activity was calculated by dividing firefly
luciferase activity through renilla luciferase activity.

2.2.2.4 Mammalian-One-Hybrid and Mammalian-Two-Hybrid

To examine in vivo transactivation and protein-protein interactions Mammalian-One-Hybrid and
Mammalian-Two-Hybrid Assays were performed. For the investigation of the effect of AR τ5 mu-
tations on the transactivation activity as well as on interaction with BAG1L the cervical carcinoma
cell line HeLa was used. To examine the effect of benzothiazole derivatives on AR AF1 activity
the fibroblast like cell line COS-7 from the African green monkey was used, due to its low expres-
sion of endogenous BAG1L. In both cases 1 x 105 cell were seeded per 6-well in DMEM medium
supplemented with 10% (v/v) FBS. For the analysis of benzothiazol derivates on AR-AF2 activity
cells were transfected in phenol red-free medium supplemented with 3% (v/v) CCS. Cells were
transfected in suspension with FuGene 6.
The transactivation of AR τ5 mutations was examined by Mammalian-One-Hybrid-Assay with
HeLa cells transfected with 0.2 µg of Gal4DBD-AR-τ5 and increasing concentrations of pcDNA3.1.-
BAG1L balanced with pcDNA3.1 empty vector to 1 µg. The effect of AR τ5 mutations on inter-
action with BAG1L was investigated by transfecting HeLa cells with 0.2 µg of Gal4DBD-AR-τ5,
-τ5∆Pro-C404A or -τ5-C404AR405A and 1 µg of VP16-BAG1L or VP-16 empty vector. For
the analysis of the benzothiazole derivatives on AR-AF1/AF2 transactivation COS-7 cells were
transfected with 0.2 µg of Gal4DBD-AR-AF1 or pM-AR-AF2 and 1 µg pcDNA3.1.-BAG1L. The
transactivation of the Gal4DBD was detected through cotransfection of 0.8 µg of a pG5E4∆38 lu-
ciferase construct, which comprises five copies of a Gal4-DNA-Binding site (upstream activation

sequence (UAS)), upstream of the Adenovirus E4 promotor. Transactivation of the Gal4DBD leads
to binding to the UAS and subsequently to the expression of the firefly luciferase. Transfection-
efficiency was analyzed through transfection of 0.2 µg of renilla luciferase, which was controlled
by the constitutively active Ubiquitin-promotor. Cells transfected with Gal4DBD-AR-AF2 were
treated with ethanol or 10-8 M DHT 24 h post transfection.
The cells were harvested 48 h post transfection after washing once with 1x PBS (-MgCl2/-CaCl2)
and addition of 200 µl 1x Passive lysis buffer (Promega, Mannheim, Deutschland). For each
sample 20 µl of lysates were measured in duplicates in a 96-well luminometer plate. The relative
luciferase activity was calculated by dividing firefly luciferase activity through renilla luciferase
activity.
For the measurement of the firefly-luciferase activity 70 µl of Gly-Gly-Buffer (25 mM Glyglycin,
15 mM MgSO4, 1 mM DTT and 0.1 mM ATP) and 20 µl of luciferin solution (1 mM firefly
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luciferin, 25 mM Glyglycin, 15 mM MgSO4, 4 mM EGTA) were autoinjected per well and the lu-
ciferase activity was measured in a Victor Light 1420 Luminscence Counter (PerkinElmer, Rodau,
Deutschland).
For the measurement of renilla luciferase activity 100 µl of Coelenterazin-Buffer (0.1 M KPi (0.2
M KH2PO4, 0.2 M K2HPO4), 0.5 M NaCl, 1 mM EDTA, pH 7.6, 0.2 nM Coelenterazin) were
autoinjected and luciferaserase activity was measured in Victor Light 1420 Luminscence Counter

(PerkinElmer, Rodau, Deutschland).

2.2.2.5 Proliferation Assay in 2D cell culture

To examine the proliferation of PCa cell lines in the presence of different compounds Control
and BAG1L KO LNCaP cells or LNCaP95 cells overexpressing vector or BAG1L were seeded
at a density of 4 x 104 cells/well into 12-well plates in their standard culture medium. For each
treatment and time point triplicates were seeded. The baseline cell number was determined one
day after seeding by counting in a Neubauer chamber. Afterwards, cells were treated with the
indicated concentration of the compounds. Cells were counted on the indicated days and the mean
of three triplicates was calculated. Proliferation factor was determined by normalizing the mean
for each sample to day 0.

2.2.2.6 Proliferation Assay in 3D cell culture

For the generation of 3D cell culture cryogels, poly(ethylene glycol) diacrylate (PEGda, MW 575,
Sigma-Aldrich, Munich, Germany) was diluted in 1x PBS (-MgCl2/-CaCl2) (11.2 w/v %). To re-
move any particles the solution was filtered through a 0.22 µm filter (Roth, Karlsruhe,Germany).
Subsequently, the mixture was precooled at -20°C for 5 min. Afterwards, 100 mg Ammonium per-
sulfate (APS) (Roth, Karlsruhe, Germany) and tetrametyhlethylenediamine (TEMED) (0.075 w/v
%) (Merck, Darmstadt, Germany) were added. The mixture was taken up in a 3 ml syringe (Braun,
Melsungen, Germany) and was polymerization was allowed at -20°C for 3 h. After thawing, the
PEGda cryogels were cut into 3 mm thick discs.
Cryogels slices were inserted into the wells of conventional 12-well cell culture plates, washed
with 70% (v/v) ethanol for 5 min and ethanol was removed by three washing steps with 1x PBS
(-MgCl2/-CaCl2). After the last washing step PBS was removed and cryogels were air dried under
a laminar flow cabinet for at least 30 min. Afterwards, LNCaP95 cells were seeded at a density of
2.5 x 105 in 20 µl of culture medium. The cells were allowed to attach to the scaffold at 37°C for
2 h and subsequently each well was filled with 1 ml of cell culture medium. One day post seeding
1 µg/ml doxycycline and 1 µg/ml puromycin were added to the medium.
To analyze growth cryogels were removed from the medium 7 days post seeding, incubated ON
at 56 °C in lysis buffer (10 × 10-3 M Tris-HCl pH 7.5; 1 × 10-3 M EDTA, 1% (w/v) sodium do-
decyl sulfate) containing 200 µg/ml Proteinase K (Sigma-Aldrich, Munich, Germany). Proteinase
K digestion was stopped at 95 °C for 10 min and DNA was precipitated through addition of iso-
propanol. After washing with 70% (v/v) ethanol DNA was dissolved in 10 × 10-3 M Tris-HCl pH
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7.5, 1 × 10 -3 M EDTA. The concentration was measured spectro-photometrically at a NanoDrop
ND-1000 (Thermo Fisher Scientific, Karlsruhe, Germany).
To analyze cell morphology in scanning electron microscopy cells were fixed in 2.5 % (v/v) glu-
taraldehyde for 1 h and followed by sequential washes with 50%, 70%, 95%, and 100% ethanol
(v/v) for 5 min each. Thereafter, the samples were dried under vacuum before silver sputtering.
Measurements were performed at a scanning electron microscope (Zeiss Supra 60 VP, Carl Zeiss
NTS company, Oberkochen, Germany) with an accelerating voltage of 3 kV. Cell clusters were
colored in photoshop CS 5.1.

2.2.3 Protein methods

2.2.3.1 Protein Preparation from BL21

For the generation of purified BAG domain the plasmid pET28.GB1a.BAGDfl was used for trans-
formation of the E. coli strain BL21 (DE3). For the generation of a a 15N-labelled BAG domain
bacteria were grown ON in 100 ml of M9 minimal medium supplemented with 0.5 g/l 15NH4Cl.
For the production of an unlabelled BAG domain bacteria were grown ON in 1x LB medium (1%
(w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl). The next morning the ON cultured
was diluted 1:10 with the corresponding medium and bacteria were grown to an OD600 of 0.8.
Subsequently, production of the His-tagged protein was induced by adding 0.5 mM IPTG. Bacte-
ria were allowed to grow ON at 16°C on a shaker. Bacteria culture was centrifuged at 4.000 rpm
for 30 min (HERMLE ZK 401, rotor A.9) and pellets were resuspended in lysis buffer (50 mM
NaHPO4, pH 8.0; 10 mM Imidazole; 300 mM NaCl) supplemented with 1% (v/v) µl of Triton X-
100, 0,2 mM PMSF, 5 mM β-Mercaptoethanol and 1 mM DTT. After resuspension 1.5% (w/v) of
N-Laurylsarcosine and 100 µg/ml Lysozyme was added to the suspension. Bacteria were lysed for
30 min on ice while gently shaking. To ensure complete lysis bacteria were additionally sonificated
twice for 30 sec (2 Hz). The lysates were cleared by centrifugation at 8.000 rpm for 20 min and
proteins were coupled to Ni-NTA beads (Expedeon, Heidelberg, Germany) rotating at 4°C over
night. The beads were washed three times with 20 ml of wash buffer (50 mM NaHPO4, pH 8.0;
20 mM Imidazole; 300 mM NaCl) supplemented with 5 mM β-Mercaptoethanol, and 1 mM DTT.
Multiple fractions (300µl) of proteins were eluted with elution buffer (50 mM NaHPO4, pH 8; 250
mM Imidazole; 300 mM NaCl, 2 mM PMSF) supplemented with 5 mM β-Mercaptoethanol, 1
mM DTT. The fractions were analyzed on a coomassie-stained SDS-Gel (Laemmli, 1970) and the
fractions containing the highest amount of proteins were pooled. Pooled fractions were transferred
to a dialysis tube and dialysed twice against 1x PBS (-MgCl2/-CaCl2) with 1 mM DTT for sev-
eral hours at 4°C. The dialysed proteins were analysed on a coomassie-stained SDS-Gel and the
concentration was determined using Bradford reagent. The His.Gb1-tag was cleaved off the 15N-
labelled BAG domain using 1µg TEV proteinase per 100 µg of protein. The cleaved His.Gb1-tag
was removed from the solution by Ni-agarose beads (Biozol, Eching, Germany).
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2.2.3.2 Separation of protein by SDS PAGE (Polyacrylamide gel electrophoresis)

Proteins were separated according to their size by SDS-PAGE (sodium dodecylsulfate polyacry-

lamide gel electrophoresis) (Laemmli, 1970). Therefore 10% (v/v) polyacrylamide gels (10%
(v/v) Rotiphorese Gel 30; 375 mM Tris-HCl, pH 8.8; 0.1% (v/v) SDS; 0.1% (v/v) APS; 0.4%
(v/v) TEMED) were cast in SDS-PAGE apparatus (BioRad, Mini-PROTEAN® Tetra Vertical Elec-
trophoresis Cell, Feldkirchen, Germany). To ensure straight edges the separating gel was overlaid
with Isopropanol, which was removed after polymerization of the gel. On top of the separating gel
a 5% (v/v) stacking gel (5% (v/v) Rotiphorese Gel30; 125 mM Tris-HCl, pH 6.8; 0.1% (v/v) SDS;
0.1% (v/v) APS; 1% (v/v) TEMED) was cast and a comb was placed on top to allow the formation
of sample pockets. The electrophoretical separation was performed in 1x Laemmli-Buffer (25 mM
Tris Base, 200 mM Glycin, 0.1% (w/v) SDS) in the running chamber. The desired amount of cell
lysate was diluted in sample buffer, boiled at 95°C for 5 min and was loaded onto the SDS gel.
The electrophoretical run was performed at 25 mA per small gel.

2.2.3.3 Quantification of protein extract

The concentration of proteins from lysates was determined via Bradford method (Bradford MM,
1976). For this, 100 µl of 1x Bradford solution (5x stock solution; Bio-Rad, Munich, Germany)
in H2O was mixed with 1 µl of lysate. For the generation of a calibration line 100 µl of 1x
Bradford were mixed with increasing concentrations (0 µg µl, 2 µg µl, 4 µg µl, 8 µg µl )of BSA
in lysisbuffer. The Lysis buffer was used as zero value. Determination of the protein content was
carried out by measuring the optical density at 595 nm and concentration was calculated with the
aid of the calibration line.

2.2.3.4 Differential Scanning Fluorimetry

Binding of compounds to the purified unlabelled BAG domain protein was monitored using dif-
ferential scanning fluorimetry. As a fluorescent probe SYPRO orange (Thermo Fisher Scientific,
Karlsruhe, Germany) was used. The protein was used at a final concentration of 0.11 µg/µl and
SYPRO orange (final concentration 50×) in buffer (HEPES pH 7.0, 150 mM NaCl). Indicated
concentrations of the compounds dissolved in DMSO were added to the protein mixture. Melt-
ing curve analysis was performed on a StepOnePlus real-time qPCR thermocycler (ThermoFisher
Scientific, Karlsruhe, Germany), ranging from 25 to 99 °C with a ramp of 1%. The melting tem-
perature (Tm) of the protein in the presence of compounds was determined from the inflection
point of the melting curve. Melting temperatures were plotted against compound concentration to
identify concentration-dependent increase in the melting temperature.

2.2.3.5 NMR

To check binding of AR τ5 peptides to the 15N-labelled BAG domain the peptides were dissolved
in either phosphate buffer or DMSO. Peptides were dialyzed over night against 1x PBS with 2 mM
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DTT. The peptides were added to 50 µM 15N-labelled BAG domain to reach a final concentration
of 300 µM in PBS/DTT and the mixture was transferred to a 5 mm NMR tube. 1H15N-HSQC spec-
tra were measured with a Avance III 600 MHz spectrometer (Bruker BioSpin GmBH, Rheinstetten,
Germany), which was equipped with a TXI-cryoprobe and Z-gradient. Spectra were acquired with
16 scans per increment, 2048 points in the direct and 256 points in the indirect dimension at a
temperature of 26.7°C. Calibration, processing and analysis of spectra was performed using Top-
spin ((Bruker BioSpin GmbH, Rheinstetten, Germany). Chemical shift changes were calculated
with the following formula: For interaction studies, peptides were dissolved at 1.5. mM concen-
tration in either phosphate buffer or DMSO and dialysed over night against phosphate buffered
saline (PBS) buffer with 2 mM DTT. The peptides were added to 50 µM 15N-BagD in PBS/DTT
to a final concentration of 300 µM and transferred to a 5 mm NMR tube. 1H15N-HSQC spectra
were measured on an Avance III 600 MHz spectrometer (Bruker BioSpin GmBH, Rheinstetten,
Germany) equipped with a TXI-cryoprobe and Z-gradients. Spectra were acquired with 16 scans
per increment, 2048 points in the direct and 256 points in the indirect dimension. The temperature
was set to 26.7 °C. Spectra were calibrated, processed and analysed with Topspin (Bruker BioSpin
GmbH, Rheinstetten, Germany). Chemical shifts changes (CSP) were calculated with the follow-
ing formula: CSP=

√
(δCS(1H)2 +(0.1CS(15N)2)) (CS = chemical shifts in Hz of 1H and 15N

resonances).

2.2.3.6 MARCoNI assay

For the analysis of coregulator binding to the AR in the presence and absence of BAG1L, control
and BAG1L KO LNCaP cells were hormone-starved in phenol red-free RPMI 1640 medium sup-
plemented with 3% (v/v) CCS for 96 h. The cells were then treated with 10-8 M DHT for 4 h or 16
h. The cells were harvested by trypsination and pellets were frozen. Pellets were further processed
at PamGene B.V. ( ’s-Hertogenbosch, The Netherlands). AR-containing lysates were incubated
on a PamChip (PamGene) with 154 coregulator-derived NR-binding motifs. After washing of
PamChip bound AR was detected via a fluorescently labeled antibody and quantified using BioN-
avigator software (PamGene). Experiments were performed in technical quadruplicates.

2.2.3.7 Reduced 2´7-dichlorofluorescein (DCF) diacetate oxidation assay

For the determination of ROS levels Control and BAG1L KO LNCaP cells were hormone-starved
for 48 h in phenol red-free RPMI 1640 medium supplemented with 4% (v/v) CCS and 1% (v/v)
FCS. The cells were then plated at a density of 1.5 x 104 cells/well in 96-well plates in phenol red-
free medium supplemented with 5% (v/v) CCS for 48 h. Thereafter, the cells were treated with 10-8

M R1881 or ethanol for 96 h. For detection of ROS 10 µM H2DCF-DA in phenol red-free medium
was added for 40 min at 37°C. Afterwards, cells were washed with phenol red-free medium and in-
cubated at room temperature for 120 min prior to measuring the fluorescence at 485 nm excitation
and 530 nm emission in a multi-well fluorescence reader (SpectraMax iD3, Molecular Devices
with SoftMax Pro 7 software, Biberach an der Riss, Germany). The detected fluorescence was
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then normalized to the total cell number, which was determined by counting Hoecht-stained nu-
clei. Therefore, cells were incubated with Hoechst dye (0.3 µg/ml final concentration) for 30 min
at 37°C and imaged using the tenfold objective of the automated fluorescence microscope IX81
(Olympus, Germany). For each well four pictures were taken and automated image analysis was
performed with the Olympus scanR̂ analysis software.

2.2.3.8 in silico analysis

To investigate sequence homology of the AR τ5 region, a multiple sequence alignment was per-
formed using the online software tool MultAlin (http://multalin.toulouse.inra.fr/multalin) using the
alignment parameter Blosum62-12-2.
AR protein sequences of mammalians, birds, fish and amphibians were taken from the National
Center of Biotechnology Information (https://www.ncbi.nlm.nih.gov/protein/) with the following
accesion numbers: Homo sapiens NP_000035.2; Canis lupus familiaris NP_001003053.1; Rat-
tus norvegicus NP_036634.1; Gallus gallus NP_001035179.1; Mus musculus NP_038504.1; Sus
scrofa NP_999479.2; Taeniopygia guttata NP_001070156.1; Ovis aries NP_001295513.1; Bos
taurus NP_001231056.1; Macaca mulatta NP_001028083.1; Pan troglodytes NP_001009012.1;
Equus caballus NP_001157363.1; Danio rerio NP_001076592.1; Oryctolagus cuniculus
NP_001182653.1; Pongo abelii XP_009233214.1; Macaca mulatta NP_001028083.1;

2.2.4 Synthesis of benzothiazole derivatives

All benzothiazole derivatives were synthesized at the Compounds Platform (ComPlat) at KIT.
Benzothiazole derivatives were synthesize according to the general procedures GP1 and GP2.
GP1: The aldehyde (1.20 equiv) was dissolved in toluene and a 2-amino-benzenethiol (1.00 equiv)
as well as p-toluene sulphonic acid monohydrate (0.1 equiv) were added. The reaction was stirred
for 18 h at 70 °C. To prepare the reaction mixture for purification by column chromatography
(dryload method), silica gel was added and the mixture of combined organic phases and silica gel
was evaporated. The crude reaction products were purified by flash chromatography followed by
HPLC purification when necessary.
GP2: 4-Fluorobenzaldehyde (1.00 equiv), the amine (1.50 equiv), tetrabutylazanium;bromide (0.300
equiv) and potassium carbonate (1.00 equiv) were stirred at 95 °C for three days. Water was added
to the reaction and the resulting mixture was extracted three times with ethyl acetate. The com-
bined organic phases were washed with brine and dried over Na2SO4 and filtered. As preparation
for column chromatography (dryload), silica gel was added (6 g) and the mixture of combined
organic phases + silica gel was evaporated.
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2.2.5 Statistics

All experiments were performed with at least three replicates. Differences between two groups
were analyzed by Student’s t test and multiple comparison were determined by one-way ANOVA
followed by a post-hoc test. If there were two factors (such as dose and time) investigated, data
were analyzed by two-way ANOVA followed by a post hoc test. Data was expressed as means
± SEM, and p ≤ 0.05 was considered significant. All analyses were performed using Microsoft
Excel 2010 and GraphPad Prism 6 software.
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3 Results

3.1 Proliferation of LNCaP95 PCa cells is reduced upon

knockdown of AR-FL or AR-V7

During the progression to castration-resistant prostate cancer (CRPC), tumor growth and prolif-
eration remain critically dependent on AR activity (Visakorpi et al., 1995b; Watson et al., 2015).
However, the molecular basis responsible for reactivation of AR transcriptional activity are so far
poorly understood. One of the mechanisms suggested to be accountable for AR reactivation in
CRPC is the increased expression of AR splice variants (AR-SV) which lack the ligand-binding
domain (LBD) and are constitutively active. The most common and so far best characterized AR-
SV is AR-V7. AR-V7 is generated by cryptic exon exclusion and therefore shares the N-terminal
activation function-1 (AF-1) domain, the DNA-binding domain (DBD) and a partial hinge region
with the full-length AR (AR-FL) but possesses a unique 16-amino-acid sequence (CE3) at the C-
terminus instead of the classic LBD. The expression of AR-V7 is thought to contribute to CRPC
(Hu et al., 2009) but its exact role is not known. To determine the contribution of AR-V7, the CRPC
model cell line LNCaP95 which endogenously expresses both AR-FL and AR-V7 was employed.
LNCaP95 cells were lentivirally transduced with doxycycline (dox)-inducible short hairpin RNAs
(shRNAs) that selectively down-regulated the expression of AR-FL (shAR-FL), AR-V7 (shARv7)
or GFP as a control (shGFP). Effective down-regulation of both receptor types was confirmed by
Western blotting (Cato et al., 2019).
Cells were seeded into a 3D scaffold of polyethyleneglycol diacrylate to mimic the physical prop-
erties of malignant prostate tissue (Göppert et al., 2016) and cultured in medium containing doxy-
cycline and puromycin for selection. Cells in the scaffold were visualized at the end of the study by
scanning electron microscopy and proliferation was determined by quantification of the DNA con-
tent of cells in the matrix. The cells expressing both AR variants (shGFP) formed large spheroids
that invaded the pores of the scaffold and covered a larger area, whereas knockdown of either AR-
FL or AR-V7 resulted in the formation of smaller globular spheroids that were mostly focused
(Figure 3.1A). This suggested that the knockdown of AR-FL or AR-V7 resulted in decreased pro-
liferation, a result that could be confirmed by the determination of the DNA content in the bar chart
(Figure 3.1B).
These results suggest that AR-FL and AR-V7 can both promote proliferation of LNCaP95 cells.
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Figure 3.1: LNCaP95 proliferation is hampered upon knock-down of AR-FL or AR-V7
(A) LNCaP95 cells expressing shAR-FL, shAR-V7 or shGFP were cultured in 3D PEGda575-Cryogels.
After 7 days spheroids were fixed in glutaraldehyde and cryogels were dehydrated by ascending alcohol
series, prior to visualization via SEM. Representantive images are shown. (B) Growth of LNCaP95 cell
lines expressing shAR-FL, shAR-V7 or shGFP was analyzed by determination of the total DNA amount
isolated from spheroids after 7 days of culture in 3D PEGda575-Cryogels. Data shows the mean of four
independent experiments normalized to day 0 ±SEM. Significance was calculated using students t-test ∗∗ p
≤ 0.01; ∗∗∗ p ≤ 0.001

3.1.1 BAG1L regulates the activity of AR-FL and AR-V7

The findings that that the expression of AR-FL as well as AR-V7 is needed for the growth of
CRPC cells suggests that targeting both AR variants is crucial to overcome resistance in advanced
PCa. Therefore, regulatory proteins required for the activity of both receptors might be promising
targeting options. The hypothesis of this work is that the cochaperone BAG1L which is overex-
pressed during the progression to CRPC and which enhances the activity of the AR by binding its
N-terminal domain might function by regulating the activity of both proteins.
To test this hypothesis a reporter-gene assay was carried out in HeLa cells using as reporter gene a
PSA-Enhancer-luciferase construct that contains the -3935 to -4326 PSA core enhancer upstream
of the E4TATA box driving the expression of a firefly luciferase. PSA (prostate-specific antigen)
is a glycoprotein enzyme which is present at low concentrations in the serum of healthy men but
is often increased in the presence of prostate tumors and is clinically used as an early marker for
PCa. HeLa cells were additionally transfected with a renilla luciferase being driven by a ubiquitin
promoter for control of transfection efficiency and ARwt or AR-V7 expression vectors as well as
increasing amounts of BAG1L. Solvent (ethanol) or 5α-dihydrotestorene (DHT) was added to the
cells. Luciferase activity was measured and firefly luciferase activity was normalized to renilla ac-
tivity. The results showed that increasing amounts of BAG1L hormone-dependently enhanced the
relative luciferase activity in AR-FL expressing cells significantly. A similar trend was observed
in ARv7 transfected cells, however, the enhancing effect of BAG1L was less strong and occurred
in a hormone-independent way confirming the hypothesis that BAG1L positively regulates the
activities of both AR-FL and AR-V7. (Figure 3.2)
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Figure 3.2: BAG1L enhances activity of AR-FL and AR-V7
Hela cells were transiently transfected with PSA-enhancer-luciferase, Ubiquitin-Renilla, pcDNA-AR-FL
or pcDNA-AR-V7 and increasing amounts of pcDNA-BAG1L. Cells were treated with solvent (ethanol)
or DHT 24 h post transfection. Samples were harvested and luciferase activity was presented as relative
luciferase units (RLU) which is the ratio of firefly over renilla luciferase activity. Bar charts represent the
mean of 3 independent experiments; each experiment was measured in duplicates and the mean of duplicates
was used as one independent experiment. Error bars represent SEM. Significances were calculated using
students t-test with ∗ p ≤ 0.05, ∗∗ p ≤ 0.01

3.2 Identification of BAG1L binding sites in the AR-NTD

As BAG1L enhances the hormone-dependent activity of the full-length AR as well as the hormone-
independent action of AR-SV to the same extent, the action of BAG1L must therefore occur via the
N-terminus of the AR, that is present in both AR isoforms. To gain more insights into the potential
binding site at the AR NTD, a heteronuclear single quantum coherence (HSQC) NMR titration
approach was carried out using a purified 15N-labelled BAG domain and seven unlabelled peptides
that span the complete tau5 region, which was formerly reported to be important for binding of
BAG1L to the AR (Figure 3.3A). (Cato et al., 2017). The NMR experiments were performed by
PD Dr. Claudia Muhle-Goll.
The results showed that the longest peptide PM206 which comprises the polyproline region and
a folded polyalanine region, but not the classical WHTLF binding motif, which is known to be
important for ligand-independent AR activity (Dehm et al., 2007), caused small but distinct chem-
ical shifts (biggest chemical shift differences of 40 Hz) in the BAG domain sequence (especially
at E283, V325, E326 and N328) (Figure 3.3B and C). Peptide PM205 that covers the polyproline
region and upstream sequences was however not able to induce chemical shifts (Figure 3.3B). In-
terestingly, peptide PM153 which possesses the partially folded poly-alanine stretch adjacent to the
poly-proline region produced the same weak chemical shifts as PM206 (Figure 3.3B). The other
peptides that contained sequences downstream of the poly-alanine stretch including the classical
WHTLF binding motif did not induce chemical shifts. This identified the sequence of PM153
(’HAR IKL ENP LDY GSA WAA AAA QCR YGD LA’) as potential motif for BAG domain
binding however it has to be considered a low affinity binding because of the weak chemical shifts
produced in the NMR experiments.
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Figure 3.3: Identification of the BAG1L binding sites in the τ5 region
(A) Schematic illustration of the different peptides spanning the τ5 region of the AR NTD that were used in
HSQC NMR studies. (B) Complete (top) and close-up (bottom) HSQC spectra of 50 µM 15N-labelled BAG
domain alone (black) and in the presence of 300 µM peptide PM206 (red). (C) Chemical shift differences
of amino acid residues in the 15N-labelled BAG domain (50 µM) upon addition of 300 µM of the indicated
ARt5 peptides.

3.2.1 Multiple sequence alignment of AR τ5 region shows high sequence

conservation

The information that BAG1L binds to a poly-alanine region in the AR τ5, which has so far not been
reported to be important for protein-protein interactions, led to question whether this motif is evo-
lutionary conserved amongst different species. To investigate this, a multiple sequence alignment
was performed using the online software tool MultAlin (http://multalin.toulouse.inra.fr/multalin)
and AR protein sequences of mammalians, birds, fish and amphibians were taken from the National
Center of Biotechnology Information (https://www.ncbi.nlm.nih.gov/protein/).
The multiple sequence alignment showed that the AR tau5 sequence is highly conserved in mam-
malian species. The highest degree of conservation was found inter alia in the poly-proline re-
gion, the adjacent ’HARIKLEN’ motif present in peptide PM153, the partially folded poly-alanine
stretch and the ’WHTLF’-motif. However, there was little consensus to the AR protein sequence
of Xenopus laevis and almost no sequence homology to sequences of Danio rerio, Gallus Gallus

and Taeniopygia guttata (Figure 3.4).
These results hint at a conserved, regulatory function of the BAG1L binding sides in mammalian
AR action, which is not present in fish, bird and amphibians.
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Figure 3.4: Identification of conserved BAG1L regulatory elements in the τ5 region
Top: Schematic representation of the ARτ5 region. Bottom: Multiple sequence alignment of AR protein se-
quences from different species showing conserved residues in the BAG1L binding site. The alignment was
performed with the online software tool MultAlin (http://multalin.toulouse.inra.fr/multalin/). The sequences
were taken from the National Center of Biotechnology Information (https://www.ncbi.nlm.nih.gov/protein/)
with the following accesion numbers: Homo sapiens NP_000035.2; Canis lupus familiaris
NP_001003053.1; Rattus norvegicus NP_036634.1; Gallus gallus NP_001035179.1; Mus muscu-
lus NP_038504.1; Sus scrofa NP_999479.2; Taeniopygia guttata NP_001070156.1; Ovis aries
NP_001295513.1; Bos taurus NP_001231056.1; Macaca mulatta NP_001028083.1; Pan troglodytes
NP_001009012.1; Equus caballus NP_001157363.1; Danio rerio NP_001076592.1; Oryctolagus cuniculus
NP_001182653.1; Pongo abelii XP_009233214.1; Macaca mulatta NP_001028083.1; Oryctolagus cunicu-
lus NP_001182653.1.

3.2.2 Mutations in the BAG1L binding site affect AR τ5 activity

BAG1L has been reported to upregulate AR activity through the interaction with the AR τ5 (Shatk-
ina et al., 2003; Cato et al., 2017). However, it has previously been difficult to identify a distinct
interaction site for BAG1L on the AR. In order to test the hypothesis that the binding motif iden-
tified in the NMR studies mediates BAG1L activity at AR τ5, a mammalian-one-hybrid assay
with wild-type and mutant AR τ5 constructs was performed. The principal of mammalian-one-

hybrid assays is based on the fact that transcriptional activators consist of two distinct units, a
DNA-binding unit (here: GAL4-DBD) and a transactivation unit (here: AR-τ5). Only activation
of the transactivation unit enables binding of the GAL4-DBD of Saccharomyces cervisiae to the
upstream activation sequence (UAS) (here: GAL4 binding sites) in the nucleus and subsequent
expression of the reporter gene firefly-luciferase.
For this experiment alanine substitution in single amino acid residues were inserted via QuikChange
site-directed mutagenesis into a wild-type AR τ5 construct and an AR τ5 construct in which the
poly-proline stretch was deleted (∆Pro). The single amino acid residues that were substituted in
this experiment showed reduced resonance intensities (L391, W397 and C404) in a NMR study
(Cato et al, 2017) or had previously been identified in a SPOT analysis by a former PhD student
in the laboratory using different AR τ5 peptides and a GST-BAG1L C-terminal protein, (W397,
C404 and R405). To study potential collective effects of the mutations, combinations of the alanine
substitutions were inserted. Additionally, ∆Pro was combined with L391A, W392A and C404A or
∆Pro with C404A and R405A or just a combination of C404A and R405A. Furthermore, the effect
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of mutation in the WHTLF motif to AHTAA was analyzed.
HeLa cells were transfected with a firefly luciferase construct under control of a GAL4-DNA
binding site and a renilla luciferase construct controlled by a Ubiquitin promoter. Additionally,
wild-type ARτ5 and the different mutants described above fused to a GAL4-DBD were cotrans-
fected along with increasing amounts of BAG1L. Luciferase activity was measured and presented
as firefly luciferase activity relative to renilla luciferase activity (Figure 3.5).
The results showed that overexpression of BAG1L in the presence of wild-type ARτ5 construct re-
sulted in a 14-fold increase of AR τ5 activity. Single amino acid substitutions of the residues L391,
W392, C404 and R405 had only moderate effects on the BAG1L-mediated AR τ5 activity. Sim-
ilarly, the mutation of the WHTLF motif to AHTAA mutant did not significantly change BAG1L
effect at the AR τ5. In contrast to the NMR results, deletion of the poly-proline region significantly
reduced the BAG1L effect on AR τ5 activity inducing luciferase activity only 6-fold in comparison
to basal activity. This inhibitory effect was more evident when an alanine substitution in residues
L391 or C404 was inserted in addition to deletion of the poly-proline region. However, alanine
substitution in residue W397 in the ∆Pro context did not significantly change BAG1L-mediated
AR τ5 activity compared to the wild-type AR τ5 construct. Intriguingly, combinations of the ala-
nine substitutions in the wild-type or in the ∆Pro backbone increased the BAG1L-mediated AR τ5
activity compared to the basal activity tremendously (C404A/R405A)(Figure 3.5).
The findings that single alanine substitutions in the amino acid residues had no effect on BAG1L-
mediated AR τ5 activity but that deletion of the poly-proline region, significantly reduced BAG1L-
mediated AR τ5 activity, particularly in combination with mutation L391A and C404A, suggests
that BAG1L action at the AR τ5 region appears rather through a specific conformation than via
single amino acid sequences. This hypothesis is further supported by the results that the peptide
containing the polyproline region alone did not show chemical shifts in the NMR experiments,
suggesting that polyproline region alone is not sufficient for mediating BAG1L effect at the AR
tau5. The result that mutation in the WHTLF motif did not affect BAG1L action at the AR τ5
region validates that the poly-proline and poly-alanine regions are mainly required for BAG1L
interaction with the AR NTD.
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Figure 3.5: Mutations in the potential BAG1L binding sites affect AR τ5 activity
Mammalian-one-hybrid assay in HeLa cells transiently transfected with pG5∆E4-38-luciferase, Ubiquitin-
Renilla, the indicated pM-AR-τ5 constructs fused to Gal4 DBD and increasing amounts of pcDNA-BAG1L.
Samples were harvested 48 h after transfection and luciferase activity was measured in duplicates. The
mean of duplicates was used as one independent experiment. The bar charts are the mean of at least three
independent experiments ± SEM, relative to the empty BAG1L expression vector. p-values were calculated
using one-way ANOVA and Dunnett’s test: ∗ p ≤ 0.05, ∗∗ p ≤ 0.01 and ∗∗∗∗ p ≤ 0.0001

To examine whether the observed inhibitory or enhancing effects of mutations in the τ5 region on
BAG1L action were brought about by decreased or facilitated binding of BAG1L to the mutants,
a mammalian-two-hybrid experiment was performed. The principle of mammalian-two-hybrid as-
says is similar to mammalian-one-hybrid assays. However, in this type of interaction study the
DNA-binding unit (here: GAL4-DBD) and the transactivation unit (here: VP16) are seperated.
Only interaction of the VP-16 fusion construct with the GAL4 fusion construct enables expression
of the firefly luciferase. In this experiment mutant ∆ProC404A, which showed the strongest neg-
ative effect, and C404R405A, which showed the most enhancing effect on AR τ5 activity were
further analyzed.
In this assay, HeLa cells were transfected with the firefly luciferase construct controlled by a GAL4
DNA binding site, a renilla luciferase construct under control of an ubiquitin promoter, the different
pM-ARτ5 constructs and the herpes virus activation domain VP-16 or VP-16 fused to BAG1L.
Luciferase activity was measured and firefly activity was normalized to renilla luciferase activity
(Figure 3.6 Top). The empty vector pM, which expresses yeast Gal4-DBD alone, did not increase
the activity of the Gal4-luciferase fusion protein and neither did cotransfection with the activator
protein VP-16 or the BAG1L-VP-16 fusion protein. Also neither the activity of the Gal4-ARτ5
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construct nor mutants thereof were enhanced in the presence of VP-16. Cotransfection of pM-
ARτ5 and VP-16 BAG1L enhanced luciferase activity 55-fold compared to the basal activity of
pM-ARτ5, which is due to interaction of BAG1L to the wild-type τ5 region. BAG1L-mediated
luciferase activity was reduced to 34-fold increase compared to the basal activity, when the AR
τ5∆ProC404 mutant was expressed. Overexpression of the C404A/R405A mutant resulted in an
increased BAG1L effect showing a 64-fold increase of luciferase activity compared to the basal
activity (Figure 3.6 Bottom).
Together these results suggest that mutations in the BAG1L binding site lead to changes in the
interaction of BAG1L with the ARτ5 and these changes in interaction affect the transactivation
activity of the AR τ5 region.

Figure 3.6: Mutations in the BAG1L binding sites affect BAG1L binding to AR τ5 region
Mammalian-two-hybrid assay with HeLa cells transiently transfected with pG5∆E4-38-Luciferase,
Ubiquitin-Renilla, the indicated ARτ5 constructs fused to Gal4-DBD (pM) and a VP16-BAG1L construct
or the VP16 empty vector as a control. Samples were harvested 48 h after transfection and luciferase ac-
tivity was measured in duplicates. The mean of duplicates was used as one independent experiment. The
bar charts are the mean of three independent experiments ∓ SEM, relative to the Gal4-DBD (pM) vector
control. p-values were calculated using student’s t-test: ∗ p ≤ 0.05, ∗∗∗ p ≤ 0.001
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3.3 Knock-out of BAG1L leads to reduced co-regulator

recruitment to AR

BAG1L is not a classical AR coactivator as it does not mediate histone acetyltransferase (HAT)
activity. Its effect on AR gene expression is thought to be through a change in conformation of the
receptor upon binding which results in the recruitment of coactivators to the AR (Cato et al., 2017).
To identify which coactivators are recruited to the AR by BAG1L, a Microarray Assay for Real-

time Coregulator-Nuclear receptor Interaction (MARCoNI) was carried out in order to determine
the interaction of coactivator peptides with the AR in the presence and absence of BAG1L. To
this end, LNCaP control and BAG1L KO cells (Cato et al., 2017) were hormone-starved and
then treated with vehicle or hormone (DHT). Cell lysates were further analyzed on a PAMchip,
which carries immobilized peptides encompassing the LxxLL or FxxLF binding motifs of known
coregulators, and binding of the AR to those peptides was detected with an AR-specific antibody.
Treatment with DHT effectively enhanced binding of the AR to the coregulators CBP, GELS,
NCOA1/2/3 and 4, PAK6, PRGC1, RAD9A and ZHNI3 with association factors (AF) between
250 and 3000. Lysates of BAG1L KO cells showed a significant reduction of AR binding to the
cofactor motifs reaching approximately 50 % in some cases compared to the control cells in the
presence and absence of hormone (Figure 3.7 Bottom and Table 3.1). However this reduced effect
was more noticeable in the 16 h DHT treatment than in the 4 h DHT treatment.
These results identify the coactivators that may play a role in BAG1L-mediated activation of AR
action.

Figure 3.7: Knock-out of BAG1L reduces binding of Co-factors to the AR
Control and BAG1L KO LNCaP cells were starved for 72 h and treated with vehicle or hormone (DHT) for
4 h or 16 h. Cells were harvested and lysed and the total protein amount was determined via Bradford assay.
Input was normalized to total protein amount. Lysates were applied to a Chip carrying co-activator binding
sites. After incubation excess lysates were removed and binding of AR to the peptides was detected with a
specific AR antibody. Each sample was measured in quadruplets
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Table 3.1: AR affinity (AU) to coregulator motifs in the abscence or presence of BAG1L

Coregulators 4 h DHT (AU) 16 h DHT (AU)

(Residues) Control BAG1LKO Control BAG1LKO

CBP (347-368) ∼ 1000 ∼ 500 ∼ 500 ∼ 10

GELS (377 - 398) ∼ 2500 ∼ 1500 ∼ 1000 ∼ 500

NCOA1 (1421-1441) ∼ 1750 ∼ 1000 ∼ 500 ∼ 100

NCOA2 (630 - 651) ∼ 500 ∼ 300 ∼ 75 0

NCOA2 (734 - 755) ∼ 600 ∼ 300 ∼ 200 0

NCOA3(610 - 631) ∼ 750 ∼ 500 ∼ 500 ∼ 100

NCOA3 (726 - 747) ∼ 750 ∼ 500 ∼ 500 ∼ 250

NCOA4 (316 - 337) ∼ 2000 ∼ 1000 ∼ 1000 ∼ 500

PAK6 (249-270) ∼ 250 ∼ 200 ∼ 250 0

PRGC1 (134-154) ∼ 3000 ∼ 1600 ∼ 2000 ∼ 1000

RAD9A (349 - 370) ∼ 2000 ∼ 1000 ∼ 1000 ∼ 500

ZNHI3 (90 - 111) ∼ 600 ∼ 450 ∼ 450 ∼ 150

3.4 Knock-out of BAG1L affects AR target gene profile

Many of the coregulators that showed differential binding to the AR upon BAG1L KO in the MAR-
CoNI experiments are involved in transcriptional regulation of the AR (Xu et al., 2009; Goodman
& Smolik, 2000; Broustas et al., 2019). This suggested that loss of BAG1L would also alter the
expression of AR target genes. To identify BAG1L regulated AR target genes and pathways previ-
ously generated RNA-seq results (Cato et al., 2017) were re-analyzed by calculating the differences
in fold change for androgen-responsive gene in the control and BAG1L KO cells. The androgen
responsive genes were then plotted in a Scatter Plot Matrix. Here, differentially regulated genes of
LNCaP control cells on the x-axis (vehicle (EtOH) vs DHT). Genes which were strongly regulated
by DHT in these cells can be found in the far left and far right area of the Matrix and genes that
moderatly regulated by DHT can be found in the center of the Matrix. Differentially, regulated
genes of LNCaP BAG1L KO cells were blotted on the y-axis (vehicle (EtOH) vs DHT). Genes
which were strongly regulated by DHT in the BAG1L KO cells can therefore be found in the top
and the bottom area of the Matrix. 3.8).
Gene ontology analysis was then performed using the Broad Institute Molecular Signature Database
(MSigDB) to identify AR-regulated signaling pathways controlled by BAG1L. These studies-
revealed, as expected, that most of the genes were linked ton androgen response. Additionally
the BAG1L regulated androgen response genes were associated with oxidative stress and metabolic
processes (Figure 3.8B). Some of those genes were highlighted in purple in the Scatter Blot Matrix
(Figure 3.8A). Analysis of the RNA-seq results was performed by Irene Lee and Jaice Rottenberg
at the Dana-Farber-Institute in Boston.
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To validate the findings of the RNA-seq results, four of the BAG-1L regulated AR target genes were
chosen for quantitative RealTime-PCR analysis. Hormone-treated control and BAG1L KO LNCaP
cells were compared in terms of the expression of the AR target gene transcripts of MICAL1,
DUOX1, NNT and F5. MICAL1 and DUOX1 code for NAD(P)H oxidases and NNT codes for a
NAD(P)H transhydrogenase. These proteins are directly involved in maintaining ROS levels in the
cell. The gene F5 codes for the Proaccelerin protein, which is involved in blood coaggulation and
represents a potential prostate cancer marker. The expression of all four genes was significantly
induced in control cells in response to DHT treatment. BAG1L KO resulted in a significantly
reduced expression of MICAL1, DUOX1 and F5 in absence as well as in the presence of hormone.
Expression levels of NNT in BAG1L KO cells were comparable to the expression in control cells
under vehicle conditions. However, no hormone effect was observed in the absence of BAG1L.
Together these results validated the findings of the RNA seq analysis, showing that loss of BAG1L
reduces the expression of several AR target genes, some of which are associated with oxidative
stress.

Figure 3.8: Identification of BAG1L-regulated AR target genes
(A) Analysis of RNA-seq data from LNCaP control and BAG1L KO cells. Scatter Plot Matrix represents
genes of interest in LNCaP Control cells (ethanol vs DHT) on x-axis and LNCaP BAG1L KO cells (ethanol
vs DHT) on y-axis. (B) Hallmark Pathways (GSEA; Top) and GO Terms (Bottom) associated with BAG1L-
regulated direct AR-target genes. (C) Validation of BAG1L-responsive direct AR target genes. LNCaP
Control and BAG1L KO cells were hormone-starved for 72 h and treated with vehicle (ethanol) or DHT for
16 h. RNA was extracted and transcribed into cDNA. The expression of target genes was analyzed using
specific primers for the indicated genes. Significance was calculated by Two-Way ANOVA and Sidak’s test
* p ≤ 0.05, *** ≤ 0.001
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3.5 BAG1L plays a role in the regulation of androgen-mediated

oxidative stress

The analysis of RNA-seq results hinted at a role of BAG1L in AR-mediated regulation of oxidative
stress. Oxidative stress describes an imbalance of elevated reactive oxygen species (ROS) levels
and the ’antioxidant’ defense mechanisms in the cell. Oxidative stress can be indirectly determined
by measuring oxidative stress marker such as the levels of DNA/RNA damage, lipid peroxidation
or protein oxidation/nitration or by direct measurement of cellular reactive oxygen species using
fluorescent dye-based methods (Abcam, 2020). To further examine the role of BAG1L in the reg-
ulation of oxidative stress, ROS production was measured in the androgen-responsive control and
BAG1L KO LNCaP cells. The fluorescent probe 2´,7´-dichlorofluorescein diacetate (DCF), which
is inter alia a reporter for hydrogen peroxide and hydroxyl radicals, was used for this purpose.
LNCaP control and BAG1L KO cells were subjected to H2DCF and subsequently treated with
10-8M androgen (R1881) for 96 h. The cells were subjected to H2DCF for 40 minutes and H2DCF
oxidation was measured at 485 nm excitation and 530 nm emission.
H2DCF oxidation was slightly increased in control cells after treatment with R1881 compared to
the vehicle control. In the BAG1L KO cells the basal H2DCF oxidation was reduced compared
to the vehicle treated control cells. Additionally, treatment of R1881 did not enhance H2DCF
oxidation (Figure 3.9A).
This suggests that BAG1L indeed contributes to the production of ROS in PCa cells in the presence
and absence of hormone.
Classically the production of ROS is associated with cell stress and apoptosis. However, it has
been reported that low levels of ROS can also enhance cell growth and proliferation, especially
in a tumor context (Day & Suzuki, 2005). To asses if that BAG1L can enhance the production
of ROS to promote proliferation of PCa cells a proliferation assay with the NAD(P)H oxidase
inhibitor diphenyleiodonium (DPI) was performed. NAD(P)H oxidases are membrane-bound en-
zyme complexes that catalyze the production of superoxide (O2

-) radicals. DPI inhibits the activity
of those enzymes, resulting in reduction of superoxide radicals in the cells. Control and BAG1L
KO LNCaP cells were seeded one day prior to treatment with DPI. The basal cell number was
determined by counting on the day of treatment. Additionally, cells were counted one, three and
five days post treatment. One day post application no significant differences in proliferation was
observed between the two cell lines. After three days of treatment, proliferation of control cells
and BAG1L KO was slightly reduced in the presence of DPI compared to solvent treated cells.
Five days post application, DPI treatment reduced proliferation of control cells by half compared
to the vehicle treated cells. BAG1L KO cells proliferated less under vehicle conditions compared
to control cells. However, addition of DPI did not further inhibit proliferation of BAG1L KO cells.
(Figure 3.9B).
Together these results suggest that production of ROS in PCa cells promotes proliferation and is
regulated by AR and BAG1L.
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Figure 3.9: Loss of BAG1L reduces production of reactive oxygen species (ROS) in LNCaP cells
(A) Control and BAG1L KO LNCaP cells were starved for 4 days and subsequently treated with 10-8M
androgen (R1881) for 96 h. Cells were then subjected to H2DCF for 40 minutes and thereafter H2DCF
oxidation was measured at 485 nm excitation and 530 nm emission. The results represent the averages of
H2DCF oxidation ± SEM (** p ≤ 0.01, n = 6) (B) NAD(P)H oxidase inhibitor inhibits proliferation of
LNCaP control cells but not of BAG1L KO cells. Proliferation of control and BAG1L KO LNCaP cells was
determined in the absence and presence of 0.1 µM of the NAD(P)H oxidase inhibitor diphenyleneiodonium
(DPI). Cell number was assessed by counting on days 0, 1, 3 and 5 post treatment. Data shows the average
of three independent experiments ± SEM, normalized to day 0; p-values were calculated using students
t-test ** ≤ 0.01

3.6 Identification of small molecule AR-AF-1 inhibitors

After the site and mode of action of BAG1L was clarified, it was considered appropriate to apply
this knowledge to search for inhibitors that would function through the BAG1L-AR-AF1 inter-
action. The small molecule 2-arylbenzothiazole Thio-2 (A1B1) had previously been reported to
inhibit BAG1 action and was predicted in in silico analyses to bind the C-terminal BAG domain
(Enthammer et al., 2013; Papadakis et al., 2016). However, in subsequent studies, Thio-2 was
shown to be a non-selective inhibitor (unpublished data of our group). In collaboration with the
Compounds Platform (ComPlat) of the KIT, 47 derivatives of Thio-2 were synthesized. In this
process different substituents were introduced into the benzothiazole (building block A) and aryl
(building block B) parts of the core structure to improve its pharmacological effects. The resulting
compounds can be sorted into five different classes A1B (17 compounds) plus A1B20, A2B (14
compounds), A3B (5 compounds) and A4B (11 compounds) (Figure 3.10).
The derivatives were then analyzed for their efficacy to reduce AR target gene expression in quan-
titative real-time PCR (qPCR) experiments. To this end, the BAG1L-regulated AR target gene
F5, which was identified in the RNA-seq reanalysis (Figure 3.8C) was used. Hormone responsive
LNCaP cells were hormone-starved for three days and subsequently treated with 5 µM of each
compound, DMSO as negative control or the classical antiandrogen enzalutamide as positive con-
trol. One hour post application, DHT was added to the cells and the samples were incubated for
16 h. Expression of Proaccelerin was analyzed using specific primers.
DHT-treatment in the absence of compounds increased F5 expression tenfold compared to vehicle
treated cells. Application of Thio-2 (A1B1) inhibited DHT-mediated F5 expression only slightly.
However, a number of the Thio-2 derivatives were able to inhibit F5 expression by approximately
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Figure 3.10: Synthesis of benzothiazole derivatives.
Schematic description of the synthesis of different 2-arylbenzothiazoles. Reaction was performed with
different aldehydes and 2-aminoaryl thiols resulting in five different classes of benzothiazoles: A1B, A1B20,
A2B, A3B and A4B. PTSA: p-Toluene Sulphonic Acid, ETOH: ethanol and MeCN: acetonitrile.

60 % or more showing an inhibitory effect comparable to the classical antiandrogen enzalutamide
(Enza). The most prominent inhibitions were achieved by compounds with an aryl building blocks
B11, B17, B18 or B20. The different substitutions on the the benzothiazole ring did not show
consistent effects. Six of the compounds, A1B17, A1B18, A1B20, A2B17, A2B18 and A4B17
(highlighted in dark grey), which showed improved inhibition were chosen for further analysis
(Figure 3.11 B and C).
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Figure 3.11: Identification of benzothiazole derivatives that inhibit BAG1L-regulated AR target gene
expression.
(A) Efficacy of different benzothiazole compounds to down-regulate androgen-mediated gene expression
of the Proaccelerin gene (F5) determined in quantitative RT-PCR studies. LNCaP cells were starved for
72 h and subsequently treated with 5 µM of the indicated compounds, DMSO as a negative control or
enzalutamide (Enza) as positive control. One hour post application, DHT was added to the samples. Total
RNA was extracted and RT-PCR was carried out with the F5 primer and a control ribosomal RNA primer.
The bar chart shows F5 expression relative to the housekeeping gene Rib36B4 and normalized to DHT-
treated control ± SEM (n = 3-23; student’s t-test * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). (B) The
structures of the six 2-arylbenzothiazole derivatives selected as inhibitors of AR activity.

3.7 Small molecule AR-AF-1 inhibitors selectively inhibit

BAG1L-mediated AF1 activity

To determine whether the compounds that effectively downregulated F5 expression selectively
function through the BAG1L-AR-AF1 interaction, a series of mammalian-one-hybrid assays (see
section 3.2.2) was performed. In these experiments the potency of the compounds in the presence
of different BAG1 variants was assessed. Furthermore, their effects on basal AR-AF1 activity and
on the AR AF-2 activity were analyzed. All experiments were performed as described in the fol-
lowing:

To exclude the possibility that endogenous BAG1L levels could influence the potency of the com-
pounds the experiments were performed in COS-7 cells, that do not express BAG1L. For each
experiment COS-7 cells were transfected with a firefly luciferase construct under control of the
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GAL4 binding sites and a renilla luciferase controlled by an ubiquitin promoter to check the trans-
fection efficiency. Furthermore, cells were transfected either with the AR-AF1 or AR-AF2 fused
to the GAL4-DBD. Cells transfected with AR-AF2 were additionally treated with ethanol or DHT
24 h after transfection.
To first demonstrate the effect of the BAG1 variants on AR-AF1/AF2 activity cells were transfected
with increasing concentration of BAG1L, BAG1L-cMut, BAG1M or BAG1M-NLS (DNA-amount
was equalized with empty vector).
For investigation of the compounds, cells were transfected with one concentration of BAG1L,
BAG1L-cMut, BAG1M or BAG1M-NLS. Cells were treated with the compounds one day post
transfection and luciferase activity was measured 48 h post transfection. The firefly luciferase
activity was normalized to renilla luciferase activity.

3.7.1 Small molecule AR-AF-1 inhibitors that reduce AF1 activity in the

presence of BAG1L but not mutant BAG1L

In the first experiment, all compounds were tested for their potency of inhibition of the BAG1L-
AR-AF1-interaction. Therefore, their dose-dependent effect on AR-AF1 transactivation was tested
in the presence of BAG1L or a C-terminal Triple mutant of BAG1L (cMut), which is deficient for
AR binding.
First it was shown that AR-AF1 activity significantly increases with transfection of increasing
amounts of BAG1L. However, expression of the C-terminal BAG1L mutant did not increase AR-
AF-1 activity as expected (Figure 3.12).

Figure 3.12: Overexpression of BAGL1 but not BAG1L cMut enhances AR-AF1 activity
Mammalian one-hybrid assays in COS-7 cells transfected with pG5∆E4-38 luciferase, Ubi-Renilla lu-
ciferase, pM-AR AF-1 and increasing amounts of pcDNA-BAG1L or pcDNA-BAG1LcMut. Samples were
harvested 48 h after transfection and luciferase activity was measured in duplicates. The mean of duplicates
was used as one independent experiment. The bar charts are the mean of four independent experiments ±
SEM, relative to the empty BAG1L expression vector. p-values were calculated using one-way ANOVA and
Dunnett’s test: ** p ≤ 0.01; ns: not significant.
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The effect of the compounds was calculated from the firefly luciferase activity normalized to renilla
luciferase activity. This showed that the compounds A1B1, A1B17, A2B18 and A4B17 inhibited
BAG1L-mediated AR-AF1 activity with IC50 in the µM and nM ranges (Figure 3.13). The com-
pounds A1B18, A1B20 and A2B17 did not affect BAG1L-mediated AR-AF1 activity, meaning
that they most likely inhibited F5 gene expression through a different mechanism. For this reason,
these compounds were excluded from further analyses (Figure 3.13).

Figure 3.13: Identification of benzothiazoles that inhibit BAG1L-AR-AF-1 activity
Mammalian one-hybrid assay to assess the effect of the indicated compounds in COS-7 cells transfected with
pG5∆E4-38 luciferase, Ubi-Renilla luciferase, pM-AR-AF1 and pcDNA-BAG1L. Samples were harvested
48 h after transfection and luciferase activity was measured in duplicates. The results are the mean of at
least three independent experiments ± SEM, relative to the solvent control (0 µM)
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Assuming that the compounds function through selective inhibition of BAG1L-AR-AF1 interac-
tion the selected compounds should not affect AF-1 activity in the presence of BAG1L cMut.
Nonetheless, compound A1B17 as well as the parental compound A1B1 did inhibit AR-AF1 ac-
tivity in the presence of BAG1L cMut (IC50 = 0.65 µM and 0.54 µM), suggesting that these
compounds function through a different pathway. Regarding efficacy, increasing concentrations of
the compound A4B17 also reduced AR-AF1 activity in the presence of BAG1L cMut. However,
this inhibitory effect was brought about by higher concentrations compared to wild-type BAG1L
transfected cells, resulting in an IC50 of 1.2 µM, which indicates a reduced potency of the com-
pound in the presence of mutant BAG1L and suggests that compound A4B17 has a higher degree
of selectivity compared to A1B1 or A1B17. Compound A2B18 did not affect AF-1 activity in the
presence of BAG1L cMut indicating a high degree of selectivity for the BAG1L-AR-AF1 interac-
tion (Figure 3.14).

Figure 3.14: Effect of benzothiazoles on AR-AF-1 activity in the presence of BAG1L cMut.
Mammalian one-hybrid assay to assess the effect of the indicated compounds in COS-7 cells transfected
with pG5∆E4-38 luciferase, Ubi-Renilla luciferase, pM-AR-AF1 and pcDNA-BAG1L cMut. Samples were
harvested 48 h after transfection and luciferase activity was measured in duplicates. The results are the mean
of at least three independent experiments ± SEM, relative to the solvent control (0 µM)

These results identify A2B18 and A4B17 as compounds that inhibit expression of the AR target
gene F5 and selectively target BAG1L-AR-AF1 activity and were therefore selected for further
characterization.
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3.7.2 Small molecule AR AF-1 inhibitors do not affect AF1 activity in the

presence of cytoplasmic BAG1 isoforms

The interaction with the AR-AF1 takes place at the C-terminal BAG domain of BAG1L. The
BAG1 family consists of four proteins derived from the same mRNA by alternative translation and
therefore all four isoforms possess a conserved C-terminal BAG domain that interacts with the AR.
However, only the largest, nuclear isoform BAG1L is able to regulate AR action in the nucleus. To
test whether the identified compounds also inhibit AR activity mediated by other BAG1 isoforms
their effect on AR-AF1 transactivation was analyzed in the presence of the cytoplasmic BAG1
isoform BAG1M and the nuclear form of this protein BAG1M-NLS, where the simian virus SV40
is N-terminally fused to the BAG1M sequence (Shatkina et al, 2003).
Overexpression of the cytoplasmic BAG1 isoform BAG1M showed that BAG1M has only marginal
effects on AR-AF1 activity. However, overexpression of the NLS-BAG1M fusion protein signif-
icantly enhanced activity of the AR-AF1, which validates that nuclear localisation of the BAG
protein is important to regulate AR activity. Treatment with the compounds A2B18 and A4B17
showed that neither of the two benzothiazole derivatives had an effect on BAG1M or NLS-BAG1M-
mediated AR-AF1 activity (Figure 3.15B). On the contrary A1B1 inhibited the activity of AR-AF1
in the presence of BAG1M as well as BAG1M NLS (Figure 3.15C).
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Figure 3.15: Benzothiazole derivative do not affect AF1 activity in the presence of other cytoplasmic
or nucelar BAG1 isoforms.
Analysis of the specificity of the identified compounds for BAG1L. (A) Mammalian one-hybrid assays
were carried out in COS-7 cells transfected with pG5∆E4-38 luciferase, Ubi-Renilla luciferase, pM-AR
and increasing amounts of pcDNA-BAG1M or pcDNA-BAG1MNLS. Samples were harvested 48 h after
transfection and luciferase activity was measured in duplicates. The mean of duplicates was used as one
independent experiment. The bar charts show the mean of three independent experiments. p-values were
calculated using one-way ANOVA and Dunnett’s test; ns: not significant; ** p ≤ 0.01 (B) + (C) Mammalian-
one-hybrid Assay to asses the effect of increasing concentrations of the indicated compounds on BAG1M
and BAG1MNLS-mediated AR-AF1 activity. COS-7 cells were transfected with pG∆DE4-38 luciferase,
Ubi-Renilla luciferase, pM-AR-AF1 and pcDNA-BAG1M or pcDNA-BAG1MNLS. Samples were treated
with increasing amounts of the indicated compound after 24 h post transfection. Samples were harvested
48 h after transfection and luciferase activity was measured in duplicates. The mean of duplicates was used
as one independent experiment. The results are the mean of at least three independent experiments ± SEM,
relative to the solvent control (0 µM)

3.7.3 Small molecule AR AF-1 inhibitors do not affect AR AF-1 activity in the

abscence of BAG1L

It was further assessed whether the compounds might affect basal AR AF-1 activity. For this their
effect in empty vector transfected cells was analyzed.
In this experiment the effect of the compounds A2B18 and A4B17 on basal AR-AF1 activity was
examined. The parental compound A1B1 was used as a control. In contrast to the derivatives
A2B18 and A4B17, which showed no effect on AR-AF-1 activity in the absence of BAG1L ,
A1B1 inhibited AR-AF-1 activity with an IC50 of 0.27 µM (Figure 3.16).
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Figure 3.16: Small molecule AR AF-1 inhibitors do not affect AR AF-1 activity in the abscence of
BAG1L.
Effect of increasing concentrations of the indicated compounds on basal AR-AF1 activity in Mammalian
one-hybrid assay. COS-7 cells were transfected with pG5∆E4-38 luciferase, Ubi-Renilla luciferase and pM-
AR-AF1. Samples were treated with increasing amounts of the indicated compound 24 h post transfection.
Samples were harvested 48 h after transfection and luciferase activity was measured in duplicates. The mean
of duplicates was used as one independent experiment. The results are the mean of at least three independent
experiments ± SEM, relative to the solvent control (0 µM)

3.7.4 Small molecule AR AF-1 inhibitors do not inhibit BAG1L-mediated AR

AF-2 activity

Most of the clinically used therapeutics for prostate cancer act exclusively on the AR-AF2 in the
LBD by either blocking biosynthesis of endogenous androgens or by competing with endoge-
nous androgens for LBD binding. It was previously shown in mammalian-one-hybrid assays that
BAG1L also enhances the activity of not only the AR NTD but also the AR LBD in the presence
of DHT (Cato et al., 2017). In the following experiments the compounds A2B18 and A4B17 were
tested for their ability to inhibit BAG1L-mediated AR-AF2 activity.

In this experiment previous findings were validated (Cato et al., 2017) showing that overexpression
of BAG1L did not alter AF2 activity in the absence of hormone. Yet, in the presence of DHT
BAG1L significantly enhanced AR-AF2 activity.
Treatment with A1B1 inhibited AR-AF2 activity both in the presence or absence of DHT with
an IC50 of 0.26 µM, validating previous findings that A1B1 is an unselective inhibitor. The two
compounds A2B18 and A4B17 however had no effect on AR-AF2 activity neither in the absence
nor presence of hormone.
Taken together these finding suggest that in contrast to the parental compound A1B1, the two com-
pounds A2B18 and A4B17 inhibit BAG1L-AR-AF1 activity more selectively. However, for fur-
ther analysis A4B17 was selected because of its IC50 in the nanomolar range for BAG1L-mediated
activity as opposed to A2B18, for which no IC50 was detectable.

56



Results

Figure 3.17: Small molecule AR-AF1 inhibitors do not affect BAG1L-mediated AF-2 activity.
Effect of increasing concentrations of the indicated compounds on BAG1L-mediated AF-2 activity in
mammalian-one-hybrid experiments. (A) COS-7 cells were transfected with pG5∆E4-38 luciferase, Ubi-
Renilla luciferase construct and pM-AR AF2 and increasing concentrations of BAG1L. After 24 h, the trans-
fected cells were treated with solvent (ethanol) or 10 nM DHT. Cells were harvested 48 h after transfection
and luciferase activity was measured in duplicates. The mean of duplicates was used as one independent
experiment. The bar charts show the mean of three independent experiments. p-values were calculated us-
ing one-way ANOVA; * p ≤ 0.05; *** p ≤ 0.001. (B) Mammalian one-hybrid assay to assess the effect of
increasing concentrations of the indicated compounds on BAG1L-mediated AR-AF2 activity. COS-7 cells
were transfected with pG5∆E4-38 luciferase, Ubi-Renilla luciferase, pM-AR AF2 and pcDNA-BAG1L.
Samples were treated 24 h post transfection with increasing amounts of the indicated compound. Solvent
(ethanol) or DHT (10 nM) was added 1h later. Cells were harvested 48 h after transfection and luciferase
activity was measured in duplicates. The mean of duplicates was used as one independent experiment. The
results are the mean of at least three independent experiments ± SEM, relative to the solvent control (0 µM)

3.8 Compound A4B17 binds weakly to the BAG domain of

BAG1L

Using computational modelling approaches based on the X-ray crystal structure of the BAG do-
main of BAG1L (Res: 1.9Å) the intramolecular interactions between compound A4B17 and the
BAG domain was analyzed by Dr. Ravi Munuganti. Molecular docking studies showed that A4B17
forms arene-cation interactions with charged residues Arg305, Arg308 and Lys309 of the BAG do-
main. Additionally, the CF3 group at the 5th position of the benzothiazole ring interacts with the
Leu306. However, with a docking score of -4.05 it was considered weak binding which is probably
caused by the flatness of the BAG domain (Figure 3.18A).
To learn about the binding affinity of A4B17 to the BAG domain a differential scanning fluorimetry
experiment was performed. This method is based on the ability of the fluorescent dye SYPRO
Orange to bind non-specifically to hydrophobic residues of a protein, which are exposed during
denaturation. The fluoresence of SYPRO Orange is quenched by water and therefore binding to
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hydrophobic sites enhances fluoresence by excluding water from the complex. Increased binding
of a ligand to the protein (e.g. at higher concentrations of the ligand) results in an enhanced stability
of the protein, even at higher temperatures leading to higher melting temperatures. Here SYPRO
Orange was added to an unlabelled BAG domain (Tm = 37.3 °C). Increasing concentration of
A4B17 was then added to the protein mixture and a melting curve analysis was performed using
a StepOnePlus Real-Time PCR System. Binding of the compound to the BAG domain resulted
in the stabilization of protein which was reported by an increased melting temperature (Tm). The
experiment showed that A4B17 interacts with the BAG domain with a thermal shift from 37 °C to
48 °C. However binding affinity was low resulting in a Kd of 13.1 mM (Figure 3.18B).
To demonstrate that A4B17 indeed interacts with the BAG domain the amino acid residues iden-
tified in the computational analysis (R305, R308 and K309) as putative interaction sites were ex-
changed to alanines in the BAG1L expression vector. This construct as well as a wild-type BAG1L
construct was used in mammalian-one-hybrid experiments to determine their effect on AR-AF1
activity. COS-7 cells were transiently transfected with a firefly luciferase sequence under control
of the GAL4 DNA binding site and a Ubiquitin-Renilla luciferase construct along with AR-AF1
fused to GAL4-DBD and the wild-type or mutant BAG1L (R305A/R308A/K309A) to examine the
dose-dependent effect of A4B17. This results demonstrated that mutations in the putative bind-
ing sites of A4B17 in the BAG domain abolish BAG1L-mediated AR-AF1 activity suggesting
that these residues are critical for AR-AF1 enhancement by BAG1L. Furthermore treatment with
increasing amounts of A4B17 did not further inhibit AF1 activity, supporting the findings that
A4B17 binds to the BAG domain.
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Figure 3.18: Binding of A4B17 to BAG1 domain.
(A) Docking results of A4B17 in the BAG domain identify amino acid residues Arg305, Arg308 and Lys309
as important for binding to compound A4B17. (B) Binding of compound A4B17 to the BAG domain was
confirmed by a thermal shift assay in the presence of SYPRO Orange and increasing amounts of A4B17.
Data shows Tm in response to different concentrations of A4B17. Data is a representative of three exper-
iments that showed the same trend. The results are the mean of an experiment carried out in triplicates ±
SEM. (C) Mutations in the BAG domain of BAG1L impair BAG1L effect on AR-AF1 activity. Effect of
increasing concentrations of A4B17 in COS-7 cells transfected with pG5∆E4-38 luciferase, Ubi-Renilla lu-
ciferase, pM-AR-AF1 and BAG1L or BAG1L-R305A/R308A/K309A. The results are the mean of at three
independent experiments

3.9 Compound A4B17 affects proliferation of PCa cell lines in a

BAG1L-dependent manner

BAG1L had previously been shown to promote the proliferation of PCa cell lines (Cato et al.,
2017). Given the findings that A4B17 binds weakly to the BAG domain of BAG1L and thereby
reduces BAG1L-mediated AR-AF1 activity, it was necessary to determine whether A4B17 inhibits
proliferation AR positive PCa cell lines.
LNCaP cell lines which carry a transcription activator-like nuclease (TALEN) induced knock-
out of BAG1L (BAG1L KO cells) and control cells were cultured in medium containing vehicle
(acetone) or 5 µM of A4B17. Proliferation was determined by counting cells daily over a period
of six days. This demonstrated that in the presence of A4B17 proliferation of LNCaP control
cells was delayed by four days and in general reduced by half compared to vehicle treated cells
(AUC = 12.90 vs AUC = 24.96). In contrast, LNCaP BAG1L KO cells, which showed decreased
proliferation compared to the control cells under vehicle conditions (AUC = 20.37 vs AUC =
24.96), even showed a slightly increase proliferation in the presence of A4B17 (AUC = 27.69
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vs AUC = 20.37). These results suggest that A4B17 selectively inhibits PCa cell growth in the
presence of BAG1L (Figure 3.19A).
To test whether the negative effect of A4B17 on proliferation of cells was dependent on the cellu-
lar levels of BAG1L, LNCaP95 cells transduced with a BAG1L lentiviral vector or empty vector
were used. The cells were cultured in serum-reduced medium (standard culturing medium for
LNCaP95) in the presence or absence of 5 µM A4B17. This showed that growth of vector ex-
pressing cells was only slightly decreased in the presence A4B17 (AUC = 14.71) compared to the
vehicle treated cell (AUC = 22.20). However, overexpression of BAG1L enhances proliferation
of LNCaP95 cells under vehicle conditions (AUC = 34.95). Intriguingly the growth inhibitory
effect of A4B17 was more notable in the BAG1L overexpressing cell (AUC = 12.60) compared to
the vector transfected cells, further demonstrating that A4B17 acts thorugh BAG1L and that the
cellular content of BAG1L is important for the action of this compound (Figure 3.19B).
Together these results demonstrate that A4B17 might be an option for treatment of advanced PCa
due to its alternate mode of action.

Figure 3.19: A4B17 inhibits proliferation of PCa cell lines in a BAG1L- and AR- dependent manner.
(A) Proliferation experiments with control and Bag-1L KO cell lines in the presence and absence of 10-5

M A4B17. Cells were counted in triplicates daily over 6 days (B) Effect of A4B17 on the proliferation of
LNCaP95 cells overexpressing BAG1L or an empty vector as control. Cells were cultured in triplicates in
the presence or absence of 10-5 M A4B17 and counted daily over 6 days (n = 2).
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4 Discussion

Prostate cancer is the most of commonly diagnosed cancer in men (Robert-Koch-Institut, 2016).
Androgens are essentially involved in the development and progression of PCa. They exert their
growth-promoting action through binding and activating the AR. Current PCa therapies aim at
reducing AR signaling by lowering endogenous androgen levels or by inhibiting AR signaling
through antiandrogens (Debes & Tindall, 2002). These kinds of therapies, referred to as Androgen
Deprivation Therapies (ADT) are initially effective in reducing prostate tumor growth. However, in
the course of treatment, prostate cancer cells adapt to low androgen levels, leading to an androgen-
independent type of PCa, called castration-resistant PCa (CRPC). One of the suggested mecha-
nisms thought to enhance AR sensitivity to low androgen concentrations is the overexpression of
AR coregulators and the expression of some coactivators correlates with resistance to antiandro-
gens. Coactivators that are specifically overexpressed in CRPC and promote tumor growth and
survival might therefore represent interesting therapeutic targets for treatment of resistant prostate
tumors (Chmelar et al., 2007; Heemers & Tindall, 2005; Agoulnik et al., 2003). One of these pro-
teins is BAG1L, which is not only expressed in primary prostate tumors but its expression increases
in the progression to CRPC (Maki et al., 2007; Cato et al., 2017). In contrast to many known AR
coregulators that regulate AR activity through binding to the AR via LxxLL- or FxxLF-motifs,
BAG1L does not carry any of these sequences, suggesting that it must use other mechanisms to
regulate AR activity.
One aim of the present work was to determine how BAG1L regulates AR action in CRPC. This led
to the identification of a partially folded region in the τ5 region of the intrinsically disordered AR
NTD as the binding motif for BAG1L. On the one hand, mutations in this region impaired BAG1L
action at the AR τ5 region. On the other hand, a complete deletion of BAG1L further impaired
the recruitment of other coregulators to the AR and altered the gene expression profile of AR
target genes. BAG1L mainly regulated genes involved in androgen response. Additionally, genes
involved in oxidative stress were regulated by BAG1L. With this as background information, small
molecule BAG1L inhibitors were sought that would disrupt the BAG1L-AR interaction and inhibit
the BAG1L-mediated enhancement of AF1 activity. One of these inhibitors that was identified in
this work decreased the proliferation of AR positive PCa cells as well as PCa cell lines resistant to
the clinically used antagonist, enzalutamide.

4.1 BAG1L regulates AR activity through interaction with the

AR-NTD

Of the many mechanisms that have been postulated to contribute to resistance to hormonal thera-
pies in PCa is the expression of AR-SV that lack the AR LBD but are constitutively active (Dehm
et al., 2008; Hu et al., 2009; Guo et al., 2009). The most commonly detected AR-SV is AR-V7,
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which is overexpressed in bone-metastases of CRPC patients and its expression is correlated with
androgen-independent proliferation (Dehm et al., 2008; Hörnberg et al., 2011; Qu et al., 2015).
However, it was not clear to which extent AR-V7 contributes to the growth of CRPC as opposed
to AR-FL.
In this work, it was demonstrated that silencing of either AR-FL or AR-V7 is sufficient to reduce
growth of the CRPC model cell line LNCaP95. Thus both AR subtypes are needed to promote
androgen-independent growth of CRPC cell lines. This is consistent with previous studies, show-
ing that overexpression of AR-FL enables growth of LNCaP cells at low androgen concentrations
(Chen et al., 2004), as well as studies showing that AR-V7 promotes androgen-independent cell
growth (Guo et al., 2009). Furthermore, these results suggest an interdependent role of AR-V7 and
AR-FL, which is in line with previous reports that AR-V7 primarily heterodimerizes with AR-FL
to mediate AR target gene expression (Watson et al., 2010; Cao et al., 2014; Cato et al., 2019). In
contrast to the above reported studies that monitored the proliferation of PCa in a 2D culture on
plastic plates, the studies reported in this work analyzed the growth of the prostate cells in a 3D
scaffold with lumen and elasticity akin to that of prostate tumor. These results therefore establish
that both AR-FL and AR-V7 need to be targeted if one aims to overcome resistance to antihormone
therapy in CRPC.
One of the ways of targeting both AR-FL and AR SVs that lack the C-terminal LBD is to focus
on regulatory factors that enhance the activity of both receptor types. In this work the focus was
on the cochaperone BAG1L that was reported previously (Shatkina et al., 2003; Cato et al., 2017)
to enhance the NTD activity of the AR. In reporter gene experiments using a luciferase construct
controlled by the PSA core enhancer element, it was shown that overexpression of the cochaperone
BAG1L enhanced the activity of both AR- FL and AR-V7. A striking feature of the AR NTD is
its intrinsic disordered structure, that prevents it from adopting a secondary or tertiary structure.
Yet about 16% of the AR NTD has α-helical structure which makes it likely that those regions
could form brief interactions with regulatory proteins that may control the activity of the AR. This
awakes reminiscences of the function of short linear motifs (SLiMs) that have been described in
intrinsically disordered proteins. SLiMs acts as small interaction modules and provide a wide range
of functionality to proteins. Depending on their interaction partner they can influence subcellular
location, modification state and stability of a protein, and regulate the context-dependent activity of
proteins (Van Roey et al., 2014). Therefore, they play crucial roles in cell regulation and aberrant
SLiM function has been associated with cancer (Uyar et al., 2014)
Therefore, this work focused on the BAG1L-AR-NTDτ5 interaction. HSQC NMR titration exper-
iments led to the identification of a partially folded sequence (De Mol et al., 2016) containing a
polyalanine stretch as the binding motif for BAG1L. Intriguingly, alanine exchanges in sequences
surrounding this motif (increasing the length of the alanine sequences) further enhanced the activ-
ity of BAG1L. This is most likely due the fact that polyalanine sequences adopt α-helical structures
and the mutations therefore increase the α helicity of the AR sequence making it more prone to
interaction with BAG1L. It has previously been shown that polyalanine stretches consisting of
seven or more alanine residues are likely to form α-helices and the tendency of α-helix formation

62



Discussion

rises with extension of the polyalanine stretch (Bernacki et al, 2011). This suggests that BAG1L
might recognize the structure of the AR τ5 region rather than the primary aminoacid sequence.
A decrease in BAG1L-mediated increase in AR τ5 activity was only observed with the deletion
of a polyproline region preceding the polyalanine stretch, in particular in combination with single
amino acid substitutions in the polyalanine stretch. This is contradictory to the NMR studies that
did not indicate binding of the BAG domain to the polyproline site using purified protein yet in
the reporter gene assay the polyproline sequence seems to be relevant. The polyproline sequence
has been reported to bind another regulator of AR NTD activity, SH3LY1 (Blessing et al., 2015).
Interaction of SH3LY1 with BAG1L in vivo could potentiate the action of BAG1L. Furthermore,
it was shown that a sequence of four or more proline residues is able to form a helical structure,
called polyproline II helix (Williamson, 1994). This helical conformation could contribute to the
overall structure of the τ5 region required for BAG1L to bind.
BAG1L is not considered a classical coactivator because of its lack of histoneacetyl transferase
(HAT) activity. Classical coactivators which recruit HATs to acetylate lysine residues on histone
proteins, which aids the formation of euchromatin and enhance transacriptional activity (McKenna
& O’Malley, 2002; Glass & Rosenfeld, 2000). The mode of action of BAG1L is thought to be
through changing AR conformation, which would result in the recruitment of classical coactiva-
tors (Cato et al., 2017). To explore this hypothesis a Microarray Assay for Real-time Coregulator-
Nuclear Receptor Interaction (MARCoNI) with 153 coregulator peptides of classical coactivators
was performed with lysates from hormone-responsive control and BAG1L KO LNCaP cells. The
assay showed that in the absence of BAG1L binding affinity of the DHT-bound AR to 12 coreg-
ulator motifs was significantly reduced. All coregulators that interact with the DHT-bound AR in
the presence of BAG1L have previously been reported to be AR coactivators, except for PAK6
that acts as a corepressor (Comuzzi et al., 2003; Chen et al., 2003; Yang et al., 2001; Shiota et al.,
2010; Wang et al., 2004; Gao et al., 2019). It is know that upon androgen stimulation AR regulates
transcription of its target genes in the nucleus, a process that is modulated both by AR coacti-
vators and corepressors (Wang et al., 2005). It is known that coregulators are recruited to the
ARE-bound AR in a gene-specific and context-dependent manner and that AR coregulators pref-
erentially control subsets of AR target genes (Liu et al., 2017), mediating AR specificity. The fact
that mainly coactivators are affected by BAG1L loss supports findings that BAG1L is positive reg-
ulator of AR activity. Some of these coactivators with reduced binding in the abscence of BAG1L,
NCoA1/2/3/4, PRCG1 and CBP interact not only with AR-LBD (with their LxxLL motif) but also
with the AR NTD, suggesting a role of these coactivators in the regulation of ligand-independent
AR activity. Indeed, coactivators of the p160-family, CBP, PRCG1, RAD9A, ZNHIT3 and Gel-
solin are associated with progression to CRPC (Comuzzi et al., 2004; Xu et al., 2009; Chen et al.,
2003; Dasgupta et al., 2015; Gao et al., 2019). The finding that binding of the liganded AR to
these coactivators is reduced in the absence of BAG1L suggests a role of the cochaperone in the
recruitment of coactivators that are involved in the progression to CRPC. Previous studies com-
paring the effect of the AR antagonist enzalutamide with other AR targeting compounds (UT-34,
BPA, BPAF; BPS) showed differential binding of the AR to coregulators in the presence of differ-
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ent compounds, suggesting conformational differences in the AR in the presence of the different
compounds (Ponnusamy et al., 2019; Perera et al., 2017). These further substantiate the notion
that BAG1L also alters AR conformation to enable interaction with other coregulators.

4.2 BAG1L regulates pathways involved in the regulation of

oxidative stress in prostate cancer

As AR coregulators play an important role in the transcriptional activity of the AR, changes in the
recruitment of AR coregulators would lead to changes in gene expression pattern. To investigate
whether decreased expression of BAG1L affects AR target gene expression, previously established
RNA-seq data was reassessed. This demonstrated that KO of BAG1L impaired the expression of a
subset of genes involved in "AR response". This confirms the role of BAG1L in AR action (Shatk-
ina et al., 2003; Cato et al., 2017; Jehle et al., 2014). Furthermore, loss of BAG1L affected the
expression of genes that are involved in oxidative stress and metabolism. Oxidative stress defines
an imbalance between increased levels of reactive oxygen species (ROS) and the antioxidative de-
fense mechanism of the cells (Patlevič et al., 2016). Traditionally, oxidative stress is associated
with tissue injury, DNA damage and apoptosis. However, it was shown that increased ROS levels
also function as secondary messengers in cell growth and proliferation as well as in the control cel-
lular energy metabolism and growth (Kumar et al., 2008; Sauer et al., 2001; Sullivan & Chandel,
2014; Gough & Cotter, 2011). Additionally, it was demonstrated that increased ROS levels also
play a role in prostate carcinogenesis (Shiota et al., 2010) and that androgen levels in the serum
can promote the production and accumulation of ROS in PCa cells.
A Reduced 2´7-dichlorofluorescein (H2DCF) assay (Carter et al., 1994), which measures intracel-
lular hydrogen peroxide and superoxide anions with control and BAG1L KO LNCaP cells further
showed an increase in ROS production upon treatment of control cells with androgen in agreement
with a previous report (Basu et al., 2011). However, in the absence of BAG1L, the basal ROS
levels as well as the androgen-induced ROS levels were reduced supporting a role of BAG1L in
the regulation of ROS production both in the presence and absence of hormone. In support of
these findings, it was shown in this study that the NAD(P)H inhibitor Diphenyliodonium (DPI)
significantly inhibited cell proliferation of control but not of BAG1L KO LNCaP cells. DPI has
been reported to reduces growth of LNCaP cells through the inhibition of the NAD(P)H oxidases
NOX that is involved in membrane-derive ROS production Kumar et al. (2008).
Taken together these results suggest a role for BAG1L in the generation of reactive oxygen species
(ROS) to enhance growth of prostate cancer cell lines.
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4.3 Identification of small molecule compounds that inhibit

BAG1L-mediated AR-AF1 activity

With the site and mode of action of BAG1L fully clarified, it was considered appropriate to use that
knowledge to search for BAG1L inhibitors that would function through the AR NTD. Targeting the
AR NTD is of great interest to many investigators interested in overcoming antiandrogen resistance
in advanced prostate cancer patients.
This has so far been difficult, as the AR NTD is intrinsically disordered and it is not accessible to
target by structural based drug design. Some of the attempts made have not been further developed
or have failed to pass the proof of efficacy. For example, a bispecific antibody 3E10-AR441 which
accumulates in nucleus and inhibits the activity of AR and AR-V7 in a ligand-dependent manner
through interaction with the AR NTD (Goicochea et al., 2017). However, there are no reports on
3E10-AR441 effect on tumor growth so far (Goicochea et al., 2017). Secondly, chlorinated pep-
tides termed Sintokamides, isolated from the marine sponge Dysidea sp., were shown to inhibit AR
activity in reporter gene assays and to reduce growth of AR positive but not AR negative PCa cell
lines (Sadar et al., 2008). However, so far these compounds have not been further characterized.
The first AR-NTD targeting compounds to enter clinical trials were Ralaniten acetate (EPI-506),
which directly binds the AR τ5 region and inhibits growth of PCa cells in xenograft mouse model
as well as Niphatenones, which inhibit transactivation of AR-FL and AR variants (Andersen et al.,
2010; Myung et al., 2013; De Mol et al., 2016; Banuelos et al., 2014). However, phase 1/2 clinical
trials for Ralaniten acetate have been discontinued due to lack of efficacy and a high patient burden
of pill intake (NCT02606123). Clinical trials for Niphatenones were as well discontinued due to
lack of efficacy and poor absorption (NCT02532114) (Schweizer et al., 2018).
In this work a further attempt has been made to reduced AR NTD activity based on a systematic
collection of data on the regulation of this activity by the cochaperone BAG1L. A benzothiazole
compound, Thio-2, that had previously been reported to bind to the BAG domain of BAG1 (En-
thammer et al., 2013) to provide moderate and unselective effects was used as a starting compound.
Following the synthesis and analysis of several derivatives of Thio-2, the compound A4B17 was
identified that effectively inhibited the expression of the BAG1L-regulated AR target genes and
performed well as an AR NTD inhibitor. A4B17 further inhibited growth of PCa cells in a BAG1L-
dependent manner. In light of previous studies that showed that BAG1L levels increased during the
progression of PCa to CRPC and increased BAG1L is associated with resistance to antiandrogen
treatment (Cato et al., 2017), A4B17 would be a good therapeutic agent for these group of patients
(see results Fig. 3.11B for the schematic description of the BAG1L inhibitors).
A4B17 like Thio-2 is a benzothiazole derivative. Benzothiazoles have generally been described
for a variety of medicinal applications (Sharma et al., 2012). Analogs of these compounds have
been shown to be selective, as for example rhodacyanine benzothiazoles that selectively bind an
allosteric region of Hsp70 and interrupt protein-protein interactions with nuclear exchange factors
(Li et al., 2016).
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A4B17 could therefore be put into the class of selective benzothiazoles that presents a suitable
parent structure for further optimization to improve efficacy and potency in the inhibition of AR
action in PCa.

4.4 Conclusion

In this study, structural biological approaches, global transcriptome analysis and different screen-
ing methods were combined to characterize the regulation of AR activity through the BAG1L-AR-
AF1 activity and to identify an inhibitor of this interaction. This led to the discovery of a com-
pound A4B17, which selectively inhibits BAG1L-mediated AR activity and PCa cell proliferation
in a BAG1L-dependent manner. Taken into account that BAG1L colocalizes with the AR in ma-
lignant but not in benign prostate tissue and that BAG1L is overexpressed in CRPC, A4B17 as a
selective inhibitor for BAG1L action, might present a promising compound to develop further for
the treatment of antihormone resistant PCa patients.

Figure 4.1: In this work the regulation of AR activity by the cochaperone BAG1L was extensively charac-
terized. Therefore structural biological approaches (domain mapping), global transcriptome analysis were
combined. This led to identification of a partially folded region in the AR NTD as binding site for BAG1L.
Furthermore, odixative stress pathways was shown to be regulated by BAG1L-mediated AR activity. The
acquired findings were used to screen for selective inhibitor of the BAG1L-AR-interaction. This led to the
identification of a small compound A4B17 as selective inhibitor for BAG1L action
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