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Abbreviations 
 

A Alanine 
AF Activation function 
AR Androgen receptor 
ARE Androgen response elements 
ATP Adenosine triphosphate 
BSA Bovine serum albumin 
CAIS Complete androgen insensitivity syndrome 
CARM1 Coactivator-associated arginine methyltransferase 1 
CBP CREB binding protein 
ChIP Chromatin immunoprecipitation 
CHIP Carboxy terminus of Hsp70-interacting protein 
CMV Cytomegalovirus 
CREB cAMP responsive element binding protein 
DBD DNA-binding domain 
DMSO Dimethylsulfoxide 
DNA Deoxyribonucleic acid 
DUB Deubiquitylating enzyme 
E1 Ubiquitin-activating enzyme 
E2 Ubiquitin-conjugating enzyme 
E3 Ubiquitin-protein ligase 
E6-AP Human papilloma virus E6-associated protein 
ECFP Enhanced cyan fluorescent protein 
EFB Estrogen-responsive finger protein 
ER Estrogen receptor 
EtOH Ethanol 
F Phenylalanine 
FCS Fetal calf serum 
FITC Fluorescein isothiocyanate 
G3BP GTPase activating protein (SH3 domain) binding protein 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GFP Green fluorescent protein 
GR Glucocorticoid receptor 
GST Glutathione S-transferase 
h Hours 
H1-4 Histone 1 - 4 
HA Hemagglutinin 
HAT Histone acetyl transferase 
HDAC Histone deacetylase 
HDACi Histone deacetylase inhibitor 
HECT Homologous to the E6-AP C-terminus 
HIF-1α Hypoxia inducible factor 1α 
HRP Horseradish peroxidase 
HSP Heat-shock protein 
IP Immunoprecipitation 
ISG5 Interferon-stimulated protein, 15 kDa 
K Lysine 
L Leucine 
LBD Ligand-binding domain 
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Luc Luciferase 
Mdm2 murine double minute 2 
MMTV Mouse mammary tumour virus 
MR Mineralocorticoid receptor 
mRNA Messenger RNA 
N/C N-terminal / C-terminal 
NCoR Nuclear receptor corepressor 
Nedd8 Neural precursor cell expressed, developmentally down-regulated 8 
NF-κB Nuclear factor kappa B 
NLS Nuclear localisation signal 
NR Nuclear receptor 
NTD N-terminal domain 
P/CAF p300/CBP-associated factor 
PAGE Polyacrylamide gel electrophoresis 
PAIS Partial androgen insensitivity syndrome 
PCR Polymerase chain reaction 
PIAS Protein inhibitor of activated STAT 
pol II RNA polymerase II 
PR Progesterone receptor 
PRMT1 Protein arginine methyltransferase 1 
PSA Prostate-specific antigen 
pVHL von Hippel-Lindau tumour suppressor protein 
R Arginine 
R.L.U. Relative luciferase unit 
R1881 Methyltrienolone 
RING Really interesting new gene 
RNA Ribonucleic acid 
S Serine 
SBMA Spinal/bulbar muscular atrophy 
SDS Sodium dodecyl sulfate 
SERPIN Serine (or cysteine) proteinase inhibitor 
siRNA Small interfering RNA 
SIRT Sirtuin 
SMRT Silencing mediator for retinoid and thyroid hormone receptors 
SRC Steroid receptor coactivator 
SRE Steroid response elements 
STAT Signal transducer and activator of transcription 
SUMO Small ubiquitin-like modifier 
TAF TBP-associated factor 
TBP TATA-binding protein 
TFII Transcription factor II 
TIF2 Transcriptional intermediary factor 2 
Tip60 Tat interacting protein, 60kDa 
TMPRSS2 Transmembrane protease, serine 2 
TRITC Tetramethyl rhodamine isothiocyanate 
TSA Trichostatin A 
TSG101 Tumour susceptibility gene 101 
Ub Ubiquitin 
UBC Ubiquitin-conjugating enzyme 
Ubc9 Ubiquitin-conjugating enzyme E2I (homologous to yeast UBC9) 
USP Ubiquitin specific protease 
W Tryptophan 
wt Wild type 
Zimp10 Zinc finger-containing, Miz1, PIAS-like protein on chromosome 10 
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1 Introduction 

1.1 Regulation of gene expression in eukaryotes 

1.1.1 General mechanisms 

Almost all cells in a pluricellular organism contain the same genetic material. However, as a 

result of differential gene expression, they become committed to different lineages during 

ontogeny, which leads to dramatic changes in their morphology and function. Moreover, cells 

are able to rapidly modify their gene expression pattern as a response to extracellular or 

intracellular signals, thus reacting to changes in their environment. The regulatory 

mechanisms that determine which genes will be transcribed at which time point in the cell are 

known as the control of gene expression [1]. 

 

Virtually each step leading to the generation of mature RNA transcripts is susceptible to be 

controlled. Different mechanisms regulate the transcription initiation and elongation, the 

splicing of the pre-mRNA and the stability of the end product. In addition, the translation step 

and the stability and activity of the resulting protein are controlled by post-translational 

modifications. For most genes the most important control point is the initiation of 

transcription. For transcription to take place some crucial steps are needed. First, the DNA 

compacted in the chromatin must become accessible. This is controlled by the binding of 

large multi-protein complexes possessing ATP-dependent chromatin-remodelling activities 

and able to locally modify histone tails, mainly acetylation/deacetylation and 

methylation/demethylation of H3 and H4, and ubiquitylation/deubiquitylation of H2A and 

H2B. This modulates the accessibility of transcription factors to gene regulatory regions.  

Transcription factors are proteins that recognise and bind to specific DNA sequences in the 

control region of a gene and allow to turn on or off its transcription. They enhance gene 

expression by binding upstream of the transcription initiation site and promoting the assembly 

of a complex that serves as a recruitment platform for the RNA polymerase II and the general 

transcription factors. Recruitment and binding of RNA polymerase II and of the general 

transcriptional machinery to the promoter regions is also enabled by local changes in 

chromatin structure and histone modifications. These events culminate in the phosphorylation 
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of RNA polymerase II at multiple positions leading to activation of its function and start of 

transcription.  

 

Transcription factors are themselves influenced by signals which can control their activity in a 

variety of ways. One well-studied activating trigger is the direct binding of an agonistic ligand 

as is the case for several members of the nuclear receptor superfamily [2, 3]. This large group 

includes receptors that bind small hydrophobic signalling molecules such as steroid 

hormones, thyroid hormones, retinoids and vitamin D. The signal molecules diffuse passively 

through the plasma membrane and bind to their receptor protein in the cytoplasm or the 

nucleus. This leads to activation and binding to specific DNA response elements and 

ultimately regulation of the transcription of downstream target genes. 

 

1.1.2 Post-translational modifications in the control of gene expression 

The role of covalent protein modifications in the control of gene expression has been known 

for a long time. The first modifications found were the acetylation and methylation of 

histones. Since then, a complex modification map of the histone tails has been described to 

lead to transcriptional activation or repression and therefore it is generally named the histone 

code [4]. Transcription factors can also be direct targets for a variety of post-translational 

modifications such as phosphorylation, acetylation, ubiquitylation and sumoylation, which 

modulate their activity in different ways. Extensive studies carried out for transcription 

factors such as p53 show that a complicated network of post-translational modifications that 

cross-talk with each other regulates their activity [5]. 

1.1.2.1 Ubiquitylation 

The ubiquitin-proteasome system 

Ubiquitylation is the covalent binding of a 76-residue-long ubiquitin polypeptide to a protein 

substrate at specific lysine residues. This process requires the sequential action of three 

enzymes. First, an activating enzyme (E1) forms a thioester with the carboxyl group of the 

last residue of ubiquitin, glycine 76, in an ATP-dependent reaction. Second, the ubiquitin 

polypeptide is transferred to a conjugating enzyme (E2) forming also a thioester. Third, a 

ubiquitin ligase (E3) transfers the activated ubiquitin to a lysine of the substrate to form an 

isopeptide bond [6]. There are two main types of ubiquitin ligases. The ligases of the RING 

class bind both the E2 and the protein substrate and facilitate the direct transfer of ubiquitin. 
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The other family, the HECT-type ligases, takes over the ubiquitin residue from the E2 enzyme 

at its catalytic site and then transfers it to the substrate [7]. 

 

In a following reaction round, a second ubiquitin is attached to an internal lysine of the first 

one, usually at position 48. Additional rounds eventually result in the formation of a 

polyubiquitin chain attached to the protein substrate. Polyubiquitin chains linked through K48 

target the protein substrate for degradation through the proteasome. The proteasome is a 

multimeric protease complex composed of the 20S proteolytic core and two 19S regulatory 

particles [8]. The 20S core consists of two copies of 14 different subunits arranged in four 

heptamer rings forming a barrel-shaped complex with the proteolytic activity directed to the 

inside and thus separated from the cellular context. The 19S regulatory cap, bound to either 

end of the 20S barrel, contains a non-ATPase lid of 12 subunits and a hexameric AAA 

ATPase. 

 

 
Figure 1 

The ubiquitin-proteasome system. Ubiquitin is transferred to a protein substrate in a three-step reaction. 
Lysine 48-linked polyubiquitin chains target the protein for degradation through the proteasome, whereas 
monoubiquitylation or alternative polyubiquitin chains modify localisation and/or function of the protein. 
Ubiquitylation can be reversed by the action of specific proteases (deubiquitylating enzymes). 
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Besides K48 other lysines can be targeted for the chain formation, for example K6, K11, K29 

and K63. With the exception of K29, the other polyubiquitin chains do not target the protein 

for degradation. The best characterised of them are the K63-linked ubiquitin chains which 

regulate protein-protein interactions and are involved in processes such as DNA repair and 

signal transduction [9]. In addition, proteins may also be targets for monoubiquitylation, a 

modification which leads to modified protein characteristics. Monoubiquitylation of proteins 

is known to play a role in endocytosis and transcriptional regulation [10]. Interestingly, 

ubiquitin polymers containing mixed linkages have also been observed in vitro and in vivo, 

but their prevalence and significance remain unclear [11]. 

 

The modification through ubiquitin is a reversible process. A large family of proteases, 

known as deubiquitylating enzymes (DUB), are responsible for the cleavage of the isopeptide 

bond between ubiquitin and its substrate [12]. By reverting their ubiquitylation status DUB 

enzymes may therefore stabilise proteins but also revert the other functional consequences of 

protein ubiquitylation. Moreover, DUB enzymes are responsible for processing inactive 

ubiquitin precursors, for removing the ubiquitin chain from the substrate just before 

degradation and for the disassembly of this chain to recycle the ubiquitin monomers [13]. The 

DUBs are grouped in five subfamilies according to their sequence similarity [14]. The largest 

group is the ubiquitin-specific protease (USP) family, which contains cysteine proteases 

harbouring two conserved motifs named the Cys and His boxes. 

 

It is worth mentioning that a number of related ubiquitin-like proteins have additionally been 

found to function as protein modifiers as well. They include, among others, SUMO, Nedd8 

and ISG15 which regulate many cellular processes such as transcription, DNA repair, and 

signal transduction [15]. 

 

Regulation of transcription factor function through the ubiquitin-proteasome system 

Transcription factors are regulated by the ubiquitin-proteasome system in different ways [16]. 

Ubiquitylation of a transcription factor can regulate its abundance in the cell, its subcellular 

localisation and its activity by modulating the interaction with partner proteins. The first 

known activity of the ubiquitin-proteasome system is to target proteins for degradation and 

this is used by the cell to control the abundance and therefore activity of transcription factors. 

This is the case for the hypoxia-inducible factor 1a (HIF-1α). In normoxic conditions, HIF-1α 

is hydroxylated which leads to ubiquitylation and subsequent degradation in the proteasome. 
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In hypoxic conditions, ubiquitylation does not occur so that HIF-1α rapidly accumulates and 

function as a transcriptional activator [17]. How ubiquitylation and degradation can control 

the subcellular localisation of a transcription factor is exemplified by NF-κB, which is found 

in the cytoplasm bound to the inhibitor protein IκB. During inflammation, IκB is 

phosphorylated, ubiquitylated and degraded, which allows NFκB to enter the nucleus and 

carry out its function. As mentioned before, ubiquitylation can control protein-protein 

interactions independently of the degradation pathway. The ubiquitylation of Myc resulting in 

K68-linked polyubiquitin chains allows its interaction with the coactivator p300, which is 

required for its transcriptional activity. Interestingly, for some transcription factors activity 

and proteolytic destruction seem to be tightly coupled as monoubiquitylation of the 

transcription factor is required for its activity but at the same time is the marker for 

polyubiquitylation and degradation [18]. This is documented for the estrogen receptor α 

(ERα). After ligand binding, ERα transcriptional activity depends on its ubiquitylation by 

EFP, which subsequently also promotes ERα degradation [19]. 

 

Other roles of the ubiquitin-proteasome system in transcription 

The role of the ubiquitin-proteasome system in the regulation of transcription is not restricted 

to the modulation of the activity of transcription factors [16]. Ubiquitylated forms of histones 

have been reported and can be associated with active or silenced chromatin. Moreover, 

ubiquitylation influences other histone modifications. For example, ubiquitylation of H2B is 

required for the methylation of H3 at K4 and K79, contributing to gene silencing [20]. 

Histone ubiquitylation can be considered, like acetylation and methylation, as an integral part 

of the histone code. The crosstalk between the transcription and the ubiquitin-proteasome 

machineries is so tight that they even share several components. Subunits of the 19S cap of 

the proteasome have been found at the promoters of active genes whereas components of the 

general transcriptional machinery such as TAFII250 have been shown to act as ubiquitin 

ligases [21]. 

 

1.1.2.2 Acetylation 

Both non-histone proteins and histones can be acetylated. Concerning histones, multiple 

acetylated lysines have been identified in their N-terminal tail including H4K5, H4K8, 

H4K12 and H4K16. The correlation between these modifications and the loosening of 

chromatin structure that facilitates gene transcription has been known for a long time. The 
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enzymes responsible for these modifications are the histone acetyl transferases (HATs), of 

which about 30 members have been found. The acetyl group can be removed by histone 

deacetylases (HDACs). There are 18 potential deacetylase enzymes belonging either to the 

HDAC family (HDAC1 to HDAC11) or to the more recently discovered sirtuin family 

(SIRT1 to SIRT7). Although these enzymes have originally been identified as regulators of 

histones, recent results have revealed that several other proteins, mainly transcription factors, 

are also targets for lysine acetylation [22]. The regulation of transcription factors by 

acetylation is complex and may have several outcomes depending on the context. In most of 

the cases, acetylation increases transcription factor activity through enhanced DNA binding 

capacity and protein-protein interactions as is the case for STAT3 [23]. However, acetylation 

within the DNA-binding motif can also lead to a loss of DNA binding and therefore to 

inactivation. Moreover, some protein-protein interactions can be disrupted upon acetylation of 

the transcription factor. For example Tip60 acetylation of Notch1 results in the suppression of 

its transcriptional activity due to the dissociation of the Notch1-IC-CLS complex [24]. 

 

One of the most interesting regulation mechanisms is the control of protein stability through 

the cross-talk between acetylation and ubiquitylation [25]. The primary interacting point 

between these modifications is that both have a lysine residue as target. Therefore, acetylation 

of a lysine will protect it from ubiquitylation. The result will be enhanced protein stability and 

this is indeed the case for several transcription factors such as p53 and Runx3 where the same 

lysines are suggested to be subject of both modifications. On the other hand, the acetylation of 

HIF-1α at lysine 532 has been shown to enhance its interaction with the E3 ligase pVHL 

mediating its ubiquitylation at a second lysine and its subsequent degradation [26]. The 

acetylation-induced protein degradation may follow more indirect mechanisms. For instance, 

lysine acetylation of the chaperone HSP90 may disrupt its interaction with the protected 

protein leading to its degradation. 
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1.2 The Androgen Receptor 

1.2.1 Structure and function of the AR 

The AR is a ligand-dependent transcription factor which belongs to the family of steroid 

receptors together with the estrogen receptors (ERα and ERβ), the glucocorticoid receptor 

(GR), the progesterone receptor (PR) and the mineralocorticoid receptor (MR) [27, 28]. As 

such, the AR is bound by the male sexual hormones, testosterone and its more active 

metabolite dihydrotestosterone (DHT), and is responsible for the subsequent changes in gene 

expression. The AR regulates the expression of almost 100 genes, including up-regulated 

genes such as prostate specific antigen (PSA), probasin, kallikrein 2, keratinocyte growth 

factor, and TMPRSS2, and also down-regulated genes such as the members of the SERPIN 

family B5 (maspin) and I1. This knowledge was originally derived from in vivo experiments 

or from cell culture studies after androgen treatment or depletion for several days or hours. 

This makes it difficult to distinguish between direct AR target genes and secondary 

downstream effects. New approaches such as genome-wide chromatin immunoprecipitation 

(ChIP-on-chip) have already added more information about the DNA motifs that are 

recognised by the AR and the regulation mechanisms of target genes [29, 30]. 

 

In the absence of hormone, the AR is sequestered in the cytoplasm in complex with heat-

shock proteins in a transcriptionally inactive form. Upon ligand binding, the AR undergoes a 

conformational change that exposes the nuclear localisation signal and enables the 

translocation of the AR to the nucleus. There, the AR binds as a homodimer to specific DNA 

sequences known as androgen response elements in the promoter and enhancer regions of  

target genes. The DNA-bound receptor can then exert a positive or negative effect on gene 

transcription by recruiting either coactivators or corepressors to the targeted promoter [31, 

32]. Coactivators positively regulate transcription by forming large protein complexes that 

modify and remodel the local chromatin structure to make it more accessible. On the other 

hand, corepressors recruited to the promoter facilitate chromatin condensation and silence 

transcription [33]. 

 



INTRODUCTION 

12 

 
Figure 2 

Androgen receptor mode of action. A. Androgens (A) diffuse through the cell membrane and bind to the 
androgen receptor (AR). Following hormone binding, the AR changes its conformation, dissociates from the 
heat-shock proteins (hsp) and translocates into the nucleus. There it binds to specific response elements as a 
homodimer, cofactors (CoF) are then recruited which interact with the general transcriptional machinery (Pol II) 
thus leading to transcriptional control of target genes. B. The DNA-bound receptor can exert a positive or 
negative effect on gene transcription by recruiting either coactivators or corepressors to the targeted promoter. 
Coactivator complexes (green) facilitate chromatin accessibility whereas corepressors (brown) promote 
chromatin condensation and gene silencing.  
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To date, more than 200 proteins that modulate AR transcriptional activity have been described 

[34]. The p160 steroid receptor coactivator family (SRC) contains three of the most important 

coactivators of the AR and other nuclear receptors, SRC-1, SRC-2 or TIF2 and SRC-3 or 

AIB1. SRC-1 and SRC-3 possess only a week acetylase activity which is not required for 

their coactivator function. The main role of the SRC family is to recruit chromatin-modulating 

complexes containing histone acetylases such as CBP, p300 and P/CAF, and histone 

methylases such as CARM1 and PRMT1 [35]. The regulation of AR activity through 

corepressors is less well understood but it has already been shown that the nuclear receptor 

corepressors NCoR and SMRT interact with the AR, resulting in the recruitment of proteins 

involved in transcriptional repression such as HDAC3 [36]. 

 

The human AR gene is located at the Xq11-12 locus and consists of eight exons. It spans a 

genomic region of approximately 90 kb. The AR gene codes for a protein containing 

approximately 919 amino acids with an apparent molecular mass of 110 kDa [37, 38]. The 

AR protein presents a strong length polymorphism due to two variable repeat regions, a 

polyglutamine repeat with a normal length varying from 18 to 31 and a polyglycine repeat 

with a normal length that ranges between 10 and 30 [39]. 

 

In contrast with other steroid receptors which present several isoforms resulting from different 

genes, as is the case for the ERα and ERβ, or from alternative start codon usage in the case of 

PR-A and PR-B, the concept of AR isoforms has for a long time not been accepted. A 

shortened form of the AR originating from an internal ATG codon had been described [40], 

but later data strongly suggested it to be a degradation product [41]. Later, a bona fide AR 

variant resulting from the use of an alternative exon 1, was described [42]. The resulting 

protein, AR45, possesses a seven amino acid long N-terminal stretch instead of the long N-

terminal domain found in the AR. The role of AR45 in vivo is not yet known, but 

overexpression studies in cell lines suggest this isoform to act as a repressor of AR activity. 

 



INTRODUCTION 

14 

 
Figure 3 

Schematic representation of the AR gene and protein structure. The human AR gene is located at the Xq11-12 
locus. It consists of eight exons and spans a genomic region of more than 90 kb. The AR protein contains four 
domains, the N-terminal domain (NTD), the DNA-binding domain (DBD), a hinge region and the ligand-binding 
domain (LBD). The 3D-structure of the DBD bound to DNA (modified from [43]), and the LBD bound to the 
testosterone analogue R1881 (by JH Wu, Molecular Modelling Lab.) are also shown. 
 

Like other nuclear receptors the AR is composed of four domains, a long N-terminal domain 

(NTD), a highly conserved DNA-binding domain (DBD), a hinge region and the ligand-

binding domain (LBD) [32]. While the 3-dimensional structure of the full-length AR could 

not be determined up to now, the structure of the LBD in complex with diverse agonists and 

antagonists has been described [44-47]. The AR LBD domain consists of 11 α-helices 

forming a globular domain which contains the ligand-binding pocket. These helices are 

numbered from 1 to 12, omitting helix 2 to keep the nomenclature of the other family 

members that exhibit 12 helices. A total of 18 amino acid residues within the different helices 

are responsible for the direct interaction with the ligand, with helix 12 acting as a flexible lid 

to stabilise the ligand in the binding pocket. Binding of ligand to the LBD causes a change in 

the position of helix 12, as well as an overall conformation change which induces the 

formation of the activation function 2 (AF-2) The AF-2 forms a coactivator-binding surface 
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which serves as a docking site for LxxLL motifs present in many nuclear receptor cofactors 

[48, 49]. However, the isolated AF-2 displays a very low transcriptional activity suggesting 

that it may play a role in other processes [50]. Indeed, the AF-2 region binds preferably to the 

FxxLF and WxxLF motifs in the NTD, resulting in the interaction between the N-terminal 

and the C-terminal domains of the AR protein [51]. This N/C interaction is critical for the 

transcriptional activity of the AR on several promoters such as PSA, whereas other promoters 

seem to be independent of this interaction. Furthermore, in the case of the MMTV promoter it 

has been demonstrated that the N/C interaction is indispensable for the AR to bind the 

chromatin-integrated promoter but not the non-integrated reporter [52]. 

 

The region between the LBD and the DBD was first thought to be only a flexible region 

without further function. However, it has more recently been found that the hinge region 

modulates important functions of the AR. It contains part of the bipartite nuclear localisation 

signal (NLS) which starts in the DBD [53]. Three lysines included in the NLS have been 

found to undergo acetylation, adding complexity to the role of this region. Furthermore, a 

PEST motif [54], a sequence found in proteins with short half-lives due to rapid degradation 

by the proteasome system [55], has also been described within the hinge region. Finally, the 

hinge region seems to be able to modulate the interaction between the NTD and the LBD. 

 

The AR DBD consists of two C4 zinc fingers characteristic of the nuclear receptor family. 

These fingers recognise and bind to specific DNA sequences named androgen response 

elements (ARE) and usually located in the promoter and enhancer regions of androgen-

regulated genes. Most DNA response elements recognised by the AR and other steroid 

receptors are organised as semi-palindromic hexamers, but variant response elements have 

more recently been found [56]. These are organised as direct repeats and are androgen 

selective. In the case of the inverted ARE, the first zinc finger of the AR recognises and binds 

to DNA with further stabilisation of the interaction through the second zinc finger interaction 

with the phosphate backbone. In the case of the direct repeat ARE, the second zinc finger and 

a part of the hinge region interact directly with DNA [57, 43]. The second zinc finger contains 

the D-box which is the region responsible for the dimerisation of the AR. Mutations in this 

region impair the formation of AR dimers and result in loss of transcriptional activity at 

simple response elements [58] but not at tandem repeats. 
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The long N-terminal domain of the AR contains the main regions responsible for mediating 

transcriptional activity. When expressed as a separate domain, the NTD is a potent 

transcriptional activator and this activity, generally named AF-1, contrasts with the weak 

transcriptional activity of the AF-2 in the LBD. The NTD forms the principal surface of 

interaction with cofactors. Various AR cofactors, such as the members of the p160 family, 

and the general transcription factors TFIIF and TFIIH have been shown to interact with the 

AR NTD and to modulate AR trans-activation of target genes [34]. The AR NTD displays 

intrinsic disorder in solution which has precluded its crystallisation and the elucidation of its 

three-dimensional structure so far. However, biophysical studies indicate that the NTD exist 

in a so-called molten globule conformation. In this model, the NTD contain several partially 

folded intermediary structures that collapse into a stable structure upon cofactor binding [59, 

60]. Finally, it should be added that the binding to specific DNA sequences affects the three-

dimensional structure not only of the DBD but also of distal domains, as shown by limited 

proteolytic digestion of the AR [61, 56]. 

 

1.2.2 Post-translational modifications in AR transcriptional activity 

The transcriptional activity of the AR is mainly governed by ligand binding but more and 

more studies document that post-translational modifications play an important additional part. 

Besides the long-known phosphorylation at several serine residues, other covalent additions 

such as acetylation, ubiquitylation and sumoylation have been found in the AR in recent 

years. These modifications affect the function of the AR by altering receptor stability, 

subcellular localisation as well as the interactions with other proteins. Since this work 

concentrates on AR ubiquitylation and acetylation, the other modifications will be only 

briefly commented. 

 

AR phosphorylation has been studied for a long time and the existence of several basal and 

hormone-induced phosphorylated serines has been reported [62, 63]. However, these 

modifications do not seem to have a major impact on AR activity since mutation of several 

targeted serines does not affect AR function in reporter gene assays. On the other hand, the 

recently described phosphorylation-dependent ubiquitylation of the AR has again attracted 

interest in this modification. 
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The AR is modified by sumoylation at lysines 386 and 520 [64]. AR sumoylation is hormone 

dependent and involves Ubc9 and E3 ligases of the PIAS family, mainly PIAS1, PIASxα and 

Zimp10 [65-68]. The effects of sumoylation are mainly repressive. However, various 

androgen-controlled promoters respond differently to overexpression of enzymes involved in 

the sumoylation pathway [69]. Also, mutation of the main SUMO acceptor site in the AR 

leads to enhanced activity on promoters containing non-selective response elements, but has 

little effects in the presence of selective androgen response elements [70]. 
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Figure 4 

Schematical representation of the AR and location of the sites which undergo post-translational modifications. 
The enzymes known to be responsible for the modifications are also shown. The exact ubiquitylation site has not 
been identified. 
 

1.2.2.1 Role of the Ubiquitin-Proteasome system in AR activity 

Several lines of evidence indicate that rapid turnover of nuclear receptors after ligand binding 

is required for sustained transcription at a given promoter. After initiation of the transcription 

the receptor is degraded, which allows a new transcription cycle to be started. This has been 

already shown for the ER, GR, and PR [71-74]. Interestingly, the AR seems to be an 

exception, as the AR protein is stabilised in the presence of androgens. In the last years, 

however, some contradictory data have appeared. First, it has been shown that the AR also 

becomes ubiquitylated [54] and this finding has been later extended to the fact that the AR 

undergoes ligand-dependent ubiquitylation and degradation through the proteasome [75]. To 
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explain this apparent contradiction a model has been proposed in which only a subpopulation 

of the AR molecules is degraded after androgen exposure [76]. This explanation is also in 

agreement with the observation that the same pool of AR molecules is able to perform up to 

four rounds of transcription but with decreasing efficiency [77]. Only the small AR 

subpopulation which had formed a transcriptionally active complex would undergo 

degradation whereas the rest of the AR molecules would stay ready for the next transcription 

round. 

 

Whereas several AR-interacting proteins exhibit ubiquitylating activity, either as ubiquitin 

conjugase or ligase, only few of them have been shown to directly modify the AR. The best 

characterised is the ubiquitin ligase Mdm2 which, following its activation through 

phosphorylation by Akt, ubiquitylates the AR and reduces its activity by directing it to the 

proteasome [78]. Interestingly, the AR has to be phosphorylated by Akt as well in order to 

become ubiquitylated by Mdm2. Furthermore, the AR-Mdm2 complex recruits HDAC1, 

which has cooperative effects on reducing AR-dependent transcription [75]. CHIP, another 

E3 enzyme, also limits AR activity by promoting its degradation and in this case as well 

previous AR phosphorylation probably takes place [79]. However the role of CHIP in AR 

stability seems to be complex since the reduction in AR levels after CHIP overexpression 

could not be completely reversed by proteasome inhibitors [80]. In spite of increasing 

information about AR ubiquitylation, the lysines targeted by this modification have not been 

identified yet. Another publication shows that androgen treatment results in the generation of 

monoubiquitylated AR forms [81]. TSG101 then binds to monoubiquitylated AR and prevents 

its polyubiquitylation, which leads to stabilisation and enhancement of the transcriptional 

activity. In the case of monoubiquitylation neither the responsible enzyme nor the affected 

lysines are known at the moment.  

 

The role of ubiquitylation in AR transcription is not limited to the direct modification of the 

receptor and modulation of its activity and protein levels [82]. Several AR coactivators such 

as UBCH5, UBCH7 and E6-AP possess E2 or E3 activity. Another interesting example is 

p300, which has been found to display ubiquitin ligase activity as well as the better-known 

acetyltransferase function [83]. At the same time, many of the AR cofactors and also 

members of the general transcription machinery are targets for ubiquitylation and proteasome-

mediated degradation. It has been shown that specific combinations of E2 and E3 enzymes 

are able to degrade coactivators and corepressors of nuclear receptors [84]. Several E2/E3 
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combinations could degrade the same substrate, while the same E2/E3 combination is also 

capable of degrading a variety of cofactors, indicating that despite the specificity of the 

system, redundancy also exists to some extent. The general transcription factors TBP and 

TAFII135, and RNA polymerase II have also been shown to be targets of the proteasome [85, 

86]. 

 

Furthermore, the 20S and 19S subunits of the 26S proteasome are involved in the 

transcriptional process, with the latter involved in transcriptional initiation as well as in 

elongation [87-89]. The S1 subunit of the 19S proteasome cap is recruited to the PSA 

promoter and correlates with AR release [90]. Finally, inhibition of the 26S proteasome 

decreases AR transcriptional activity as demonstrated by using specific inhibitors [91, 92]. 

 

Taken together, the components of the ubiquitin-proteasome system play an important role at 

the promoter of androgen-responsive genes by regulating the turnover of the receptor and its 

coregulators, by regulating chromatin structure and by serving as bridging factors [82, 76]. In 

addition, the proteasome activity may be needed for the degradation of the transcription 

complex in order to clean the promoter and to reinitiate a new round of transcription as is the 

case for the estrogen receptor. Although some groups have already reported a cyclic 

recruitment of the AR and its coactivators to the PSA promoter, there are other, contradictory 

data showing a steady increase in AR loading over time [93]. 

 

1.2.2.2 Acetylation of the AR 

Acetylation of proteins plays an important regulatory role. Numerous studies have 

documented that acetylation of the N-terminal chains of histones at specific lysine residues is 

an essential step in the opening-up of the chromatin structure that makes promoter regions 

accessible to regulatory proteins [94]. In addition, a variety of transcription factors are known 

to be directly acetylated, leading to enhanced or reduced activity [22]. The important role of 

acetylation in steroid receptor function has only recently been appreciated. The AR 

acetylation sites are clustered in the KXKK motif located in the hinge region at positions 630-

633 [95]. Several known histone acetyltransferases, Tip60, P/CAF and p300, have been 

shown to directly modify the AR at these lysines [95-98]. Mutation of lysine residues to 

alanine within the acetylation motif dramatically impairs AR function by favouring the 

binding of corepressors. Conversely, mutations that mimic acetylation stimulate the 



INTRODUCTION 

20 

expression of AR target genes and promote prostate cancer cell growth [97]. This suggests 

that AR acetylation may represent a key modification modulating the recruitment of 

cofactors. However, some groups report an enhanced activity of AR deletion mutants which 

lack part of the hinge region, including the acetylation motif. The AR mutants ∆629-633, 

∆629-636 and ∆628-648 are able to activate both minimal androgen-responsive promoters 

and native promoters using cell-based reporter-gene assays [65, 99]. Also, removal of the 

complete hinge region (amino acids 628-669) results in an AR form that is three times more 

active than the wild-type on different androgen-controlled promoters [100, 101]. The reason 

for this apparent discrepancy has not yet been clarified. 

 

1.2.3 AR and disease 

Androgen insensitivity syndrome 

The essential role of the AR in male sex differentiation is well established. Naturally 

occurring germ line mutations in the AR gene, resulting in different degrees of loss of 

function of the AR protein, cause a phenotypic spectrum known as the androgen insensitivity 

syndrome and characterised by incomplete male sexual development [102, 103].Depending 

on the degree of AR inactivation, the insensitivity syndrome can be complete (CAIS) or 

partial (PAIS). Male patients with CAIS present female external genitalia, whereas patients 

with PAIS present a spectrum of defects that vary from near normal male to near normal 

female phenotypes. 

 

Kennedy’s disease 

Expansion of the glutamine repeat in the AR NTD to more than forty residues results in X-

linked adult onset spinal/bulbar muscular atrophy (SBMA) or Kennedy’s disease [104]. 

Clinical features of this disease are progressive muscle weakness, muscle atrophy associated 

with loss of lower motor and primary sensor neurons, and partial androgen insensitivity. The 

severity of the symptoms increases with longer repeats. The expanded polyglutamine stretch 

disrupts the normal degradation process and generates insoluble protein aggregates in the 

nucleus resulting in cellular toxicity [105], similar to what is observed for other diseases 

caused by trinucleotide repeat expansions such as Huntington’s disease and spino-cerebellar 

ataxia type 1. 
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Prostate cancer 

Prostate cancer is the third most common cancer among men worldwide [106]. One essential 

factor for prostate cancer is the AR, since an active AR is required for carcinoma 

development and growth. Based on this fact, complete androgen ablation therapy by treatment 

with GnRH analogs and antiandrogens, which bind and block AR activity, has been applied to 

prostate cancer patients with non-confined disease [107]. Although this therapy is very 

efficient for about 18-24 months, tumour growth usually sets on again, and this resistant 

phenotype is then referred to as androgen-independent prostate cancer. Interestingly, recent 

data from several groups support the fact that androgen-independent prostate cancer remains 

AR-dependent [108, 109]. Numerous mechanisms that explain AR-dependent cancer growth 

in the absence of androgens have been described [110]. AR overexpression due to gene 

amplification or increased transcription rates has been found in patients with androgen-

independent prostate cancer. Also, the altered expression of coactivators and corepressors 

may result in growth advantage. The incidence of AR mutations in prostate cancer is in the 

range of 10 - 40 % depending on previous exposure to therapeutic compounds. Point 

mutations resulting in mutated AR forms which can be activated by other steroids or even by 

anti-androgens have also been described. For instance, AR mutated at codon 877 is activated 

by progesterone, estradiol, cyproterone acetate, and by the antiandrogens nilutamide and 

hydroxy-flutamide. The AR W741C mutant, found in a patient with androgen-independent 

prostate cancer after bicalutamide treatment, is activated by this antiandrogen. Finally, growth 

factors such as insulin-like growth factor and keratinocyte growth factor can also activate the 

AR. These factors are ligands for receptor tyrosine kinases, and activation of one or several 

kinase pathways may promote AR activation in low-androgen environments via post-

translational modifications of the AR and/or its cofactors. 
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1.3 Aim of this work 

The androgen receptor (AR) is necessary for the proper development and function of male 

reproductive organs. At the same time it plays a key role in the formation and growth of 

prostate cancer. Although the basic mechanisms of AR activation by androgens have been 

known for a long time, new aspects of its regulation have become apparent in the last years. 

Post-translational modifications of the AR and its cofactors can significantly modulate 

androgen action. The AR has been shown to be modified at several residues by 

phosphorylation, sumoylation, ubiquitylation and acetylation, but the role of these various 

modifications is only starting to be understood. The objective of this work was therefore to 

broaden our knowledge about the role of ubiquitylation and acetylation in the modulation of 

the activity of the AR. 

 

The ubiquitylation sites of the AR are not known so far, making it difficult to analyse the role 

of this modification. Although proteasome inhibitors are available, its use alters too many 

processes in the cell to obtain specific information about one protein. Therefore, the chosen 

approach was to analyse the effect of enzymes of the ubiquitin-proteasome pathway on the 

AR. The ubiquitin-specific protease 10 (USP10) had just been identified as an AR-interacting 

protein and the first goal of this work was its characterisation as a potential AR cofactor. 

 

Further, the role of AR acetylation was analysed. Since in this case the three lysines target for 

acetylation were known, it was possible to generate loss-of-function mutants and use them to 

study the effect of acetylation on the regulation of AR target genes. 
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2 Materials and Methods 

2.1 Materials 

Cell culture 

RPMI 1640 BIOCHROM AG 
RPMI 1640 w/o phenol red BIOCHROM AG 
PBS w/o Ca2+, Mg2+ BIOCHROM AG 
Trypsin-EDTA PAA Laboratories 
FCS BIOCHROM AG 
L-Glutamine GIBCO (Invitrogen) 
Penicillin/Streptomycin GIBCO (Invitrogen) 
Geneticin® GIBCO (Invitrogen) 
Puromycin SIGMA 
Cell culture flasks COSTAR (Corning) 
Tissue culture dishes FALCON (Becton Dickinson Labware) 
Test plates 96/24/6 wells TPP 
Centrifuge tubes TPP 
BBD 6220 incubator Heraeus 
HERAsafe cleanbench Heraeus 
 

Cloning and mutagenesis 

pSG5 vector Stratagene 
pECFP-N1 vector BD Biosciences 
pCMV-HA vector BD Biosciences 
Primers MWG 
PfuTurbo DNA polymerase Stratagene 
HotStarTaq Master Mix QIAGEN 
Restriction enzymes and buffers Roche 
Shrimp alkaline phosphatase Roche 
T4 Polynucleotide kinase New England BioLabs 
PCR purification / Gel extraction kits QIAGEN 
Rapid DNA ligation kit Roche 
Agarose electrophoresis grade GIBCO (Invitrogen) 
DNA ladder GIBCO (Invitrogen) 
QuikChange XL SDM kit Stratagene 
XL1-Blue supercompetent cells Stratagene 
XL10-Gold ultracompetent cells Stratagene 
Ampicillin, Kanamycin, Chloramphenicol Roche 
Plasmid Purification Mini, Maxi kits QIAGEN 
Sub-Cell GT Gel electrophoresis system BIO-RAD 
Power Pack P25 Biometra 
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Transfections and reporter assays 

pGL3 basic and promoter vectors Promega 
Block-iT fluorescent oligo Invitrogen 
FuGENE 6 transfection reagent Roche 
Lipofectamine 2000 reagent Invitrogen 
Nucleofector Solution V Amaxa Biosystems 
OPTI-MEM GIBCO (Invitrogen) 
Steadylite HTS PerkinElmer Life Sciences 
CulturPlate-96 PerkinElmer Life Sciences 
TopSeal-A film PerkinElmer Life Sciences 
LumiCount Packard 
VICTOR3 PerkinElmer Life Sciences 
Nucleofector Amaxa Biosystems 
 

RNA extraction and reverse transcription 

QIAshredder QIAGEN 
RNeasy Mini Kit QIAGEN 
RNase-Free DNase Set QIAGEN 
SuperScript III Invitrogen 
RNA 6000 Nano LabChip kit Agilent Technologies 
Agilent 2100 Bioanalyzer  Agilent Technologies 
 

Quantitative PCR 

SYBR Green Master Mix Eurogentec 
Primers MWG 
Optical 96-Well Reaction Plates Applied Biosystems 
Optical Adhesive Film Applied Biosystems 
ABI PRISM 7000 Applied Biosystems 
 

Protein extraction, PAGE and western blot 

M-PER Pierce Biotechnology 
Complete Mini EDTA-free tablets Roche 
Benzonase Merck 
NuPAGE LDS Sample Buffer Invitrogen 
Precision Plus Protein Standards BIO-RAD 
NuPAGE 4-12% Bis-Tris gels Invitrogen 
NuPAGE MOPS SDS Running Buffer Invitrogen 
XCell II SureLock Mini-Cell Invitrogen 
PVDF Membrane Invitrogen 
NuPAGE Transfer Buffer Invitrogen 
XCell II Blot Module Invitrogen 
Milk powder ROTH 
Western Lightning Reagent PerkinElmer 
Hyperfilm ECL Amersham Biosciences 
Hyperfilm cassette Amersham Biosciences 
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Re-blot Plus Strong Solution CHEMICON International 
 

Protein and plasmid immunoprecipitations 

Protein A/G-Agarose Santa Cruz Biotechnology 
Protein A Agarose/Salmon Sperm DNA Upstate 
RNase A QIAGEN 
Proteinase K QIAGEN 
DNeasy kit QIAGEN 
Sonoplus HD2070 Bandelin 
Antibodies see below 
 

Immunofluorescent staining 

Lab-Tek II Chamber Slide System NalgeNunc Int. 
BSA Sigma 
Hoechst 33258 Molecular Probes 
Fluorescent Mounting Medium DakoCytomation 
Axiophot microscope Carl Zeiss 
Axiowert 25 microscope Carl Zeiss 
Antibodies see below 
 

Antibodies 

AR 441 Mouse Santa Cruz Biotechnology 
AR C-19 Rabbit Santa Cruz Biotechnology 
USP10 Rabbit Bethyl Laboratories 
GAPDH Mouse Advanced ImmunoChemical 
Ubiquitin (P4D1) Mouse Cell Signaling Technology 
RGS-His Mouse QIAGEN 
HA Mouse BD Biosciences 
HRP-conjugated anti-mouse Sheep Amersham Biosciences 
HRP-conjugated anti-rabbit Donkey Amersham Biosciences 
FITC/TRITC-labelled anti-mouse Goat Jackson Immunoresearch 
FITC/TRITC-labelled anti-rabbit Goat Jackson Immunoresearch 
 

Chemicals 

R1881 (methyltrienolone) Dupont NEN 
MG132 CALBIOCHEM (Merck) 
Cycloheximide CALBIOCHEM (Merck) 
Trichostatin A Sigma 
Others Sigma and Merk 
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2.2 Methods 

2.2.1 Cell culture 

Cells were grown at 37 °C in a 5% CO2 atmosphere in RPMI 1640 supplemented with 10% 

FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. The medium for 

PC-3/AR cells additionally contained 600 µg/ml geneticin®, the medium for PC-

3/AR/MMTV-Luc cells geneticin® at the same concentration plus 10 µg/ml puromycin. 

 

Table 1: Cell lines used in this work 

Name Description Origin 
PC-3 Human prostate carcinoma cell line derived from a 

bone metastasis. 
Does not express the AR. 

ATCCa 

PC-3/AR PC-3 cell line stably transfected with the AR.  A. Catob 
PC-3/AR/MMTV-Luc PC-3/AR cell line stably transfected with a 

MMTV-Luciferase reporter construct. 
K. Parczykc, 
M. Klotzc 

22Rv1 Human prostate carcinoma cell line derived from 
the CWR22R xenograft. 
Expresses the AR with the mutation H874Y 

ATCC 

CV-1 African green monkey kidney cell line. 
Lacks all steroid receptors. 

ATCC 

HeLa Human cervix carcinoma cell line. 
Does not express the AR. 

ATCC 

aAmerican type culture collection; bForschungszentrum Karlsruhe; cBayer Schering Pharma AG 
 

2.2.2 Cloning and site-directed mutagenesis 

USP10 in pSG5 

The pOTB7-USP10 clone, which included the USP10 sequence corresponding to the 

BC000263 entry of the NCBI database, was purchased from the IMAGE consortium via the 

RZPD (Ressourcenzentrum für Genomforschung, Berlin). The coding sequence of USP10 

was amplified from this plasmid with  the primers USP10 s. and USP10 as. (see table), which 

additionally contained the BglII restriction site. The PCR product and the pSG5 vector were 

appropriately digested and purified. The vector was dephosphorylated to prevent religation 

and the PCR product was phosphorylated to facilitate cloning. The ligation reaction was 

performed with the Rapid DNA ligation kit for 5 min. The product was then used to transform 

XL1-Blue supercompetent cells following the manufacturer´s protocol. Bacterial colonies 

were allowed to grow on LB-Agar plates supplemented with 100 µg/ml ampicillin. The 
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colonies were tested for the presence of the insert by PCR using USP10-specific primers. 

Positive clones were then amplified, the plasmid purified and the insert sequenced. 

USP10 in pECFP 

The USP10 coding sequence was amplified from the pSG5-USP10 plasmid with a sense 

primer containing a Bgl II restriction site and with an antisense primer ignoring the stop 

codon and including a Sac II restriction site. The PCR product and the pECFP-N1 vector were 

digested with both enzymes, purified and ligated as before. The resulting plasmid contained 

the USP10 sequence upstream of and in-frame with the sequence of the ECFP gene. This was 

confirmed by DNA sequencing. 

USP10 N-term / C-term in pSG5 

For the subcloning of the N-terminal domain of USP10, the first four exons were amplified 

from pSG5-USP10 using the primers USP10/Nt s. and USP10/Nt as., which binds to the end 

of exon 4 and includes a Stop codon and a Bgl II restriction site. The amplification of the C-

terminal domain was performed with the primers USP10/Ct s., which binds to the beginning 

of exon 5 and included a Bgl II restriction site and a Start codon, and USP10 as. Both PCR 

products and the pSG5 vector were digested with Bgl II, purified and ligated as before. The 

sequence of the resulting constructs was verified by DNA sequencing. 

USP10 in pCMV-HA 

The pSG5-USP10 plasmid was digested with Bgl II and the fragment corresponding to the 

USP10 coding sequence was isolated and subcloned into the Bgl II site of the pCMV-HA 

vector. In the resulting plasmid the USP10 sequence was downstream of and in-frame with 

the sequence of the HA tag. 

RGSHis-Ubiquitin in pSG5 

For the cloning of the His-tagged ubiquitin monomer, the sequence of the RGSHis tag was 

first constructed by annealing the primers RGSHis s. and RGSHis as. (see table). This 

resulted in a DNA fragment where the sequence of the tag was flanked by an EcoR I 

compatible end at the 5’ position and an EcoR I end at the 3’ position. The pSG5P vector, 

which was derived from the pSG5 vector by inserting additional cloning sites, was digested 

with EcoR I and dephosphorylated. The annealed fragment was phosphorylated and cloned 

into the vector. The coding sequence of the ubiquitin monomer was then amplified with the 

primers Ub s. and Ub as., which included an EcoR I site and a Kpn I site respectively, and 

cloned into the pSG5-RGSHis plasmid. 
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Table 2: Primers used for cloning. 

Name Sequence (5’ - 3’) 
USP10 s. TGAGAGATCTCCACCATGAAACGGGCAGCCATGGCCCTCC 
USP10 as. CTTAAGATCTTTACAGCAGGTCCACTCGGCGGTAATACAGGAGGTAG 
USP10/ECFP s. TATTAAAGATCTATGAAACGGGCAGCCATGGCCCTCCACAGCC 
USP10/ECFP as. TAATAACCGCGGCAGCAGGTCCACTCGGCGGTAATACAGGAGG 
USP10/Nt s. TATTAAAGATCTCAGCCATGGCCCTCCACAGCCCGCAG 
USP10/Nt as. TAAATTAGATCTCTATGCAATCTTTATGGCTACAGGATC 
USP10/Ct s. AAAATTAGATCTCCGCCATGTTGCTGGAGAATGTAACCCTAATCC 
RGSHis s. AATTACCACCATGAGAGGATCGCATCACCATCACCATCACG 
RGSHis as. AATTCGTGATGGTGATGGTGATGCGATCCTCTCATGGTGGT 
Ub s. GCGCGAATTCCAGATCTTCGTGAAGACTCTGAC 
Ub as. GCGCGGGTACCCTACCCACCTCTGAGACGGAGTACC 
 

Site directed-mutagenesis was carried out with the QuickChange XL kit following the 

recommended protocol. Briefly, the complete template plasmid was amplified using primers 

containing the desired change (see table). The extension time was of 1 min per kb of plasmid 

length except for mutagenesis of the AR, where 2 min/kb were needed. After PCR the 

template plasmid was eliminated by Dpn I digestion and the product was used to transform 

XL1-Gold ultracompetent cells. Plasmids were prepared from selected colonies and the 

presence of the desired mutation was confirmed by sequencing. 

Several mutations were introduced into the pSG5-USP10 plasmid. The USP10 sequence 

originally cloned in pSG5 (BC000263) had a Proline and a Leucine at positions 203 and 204. 

These did not correspond to the genomic sequence, which codes for a Serine and a Valine 

residue at these positions. The pSG5-USP10 plasmid was therefore first back-mutated to be in 

accordance with the genomic sequence and was used in this work as the wild-type form. To 

create the enzymatically inactive form of USP10, the codon corresponding to the catalytic 

Cysteine was substituted by GCC, coding for Alanine. For the NR-box mutant, Lysines 545 

and 546 were mutated to Alanine. 

In the pRGSHis-Ubiquitin plasmid, the codon for Lysine 48 was substituted for an Arginine 

codon to give the pRGSHis-Ub K48R plasmid, coding for a ubiquitin form unable to form 

polyubiquitin chains at this position. 

To generate the acetylation-defective forms of the AR the Lysines at positions 630, 631 and 

632 were mutated to Alanine. Three different plasmids resulting from mutating one (K630A), 

two (KK631, 632AA) or the three Lysines were generated and named AxKK, KxAA and 

AxAA, respectively. 
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The AR N/C interaction-defective mutants were obtained by mutating the motifs FXXLF 

(amino acids 23-27) and WXXLF (amino acids 429-433) to FXXAA and WXXAA 

respectively. 

 

Table 3 Primers used for site-directed mutagenesis. 

Name Sequence (5’ - 3’) 
USP10 MPPSV s GGGTGACATGCCTCCGTCAGTTACGCCCAGGACTTG 
USP10 MPPSV as CAAGTCCTGGGCGTAACTGACCGGAGGCATGTCACCC 
USP10 C424A s. GATCAATAAAGGGAACTGGGCCTACATTAATGCTACACTG 
USP10 C424A as. CAGTGTAGCATTAATGTAGGCCCAGTTCCCTTTATTGATC 
USP10 LxxAA s. GAAATGTTGAACCTAAAGAAGGCTGCCTCACCAAGTAATGAAAAAC 
USP10 LxxAA as. GTTTTTCATTACTTGGTGAGGCAGCCTTCTTTAGGTTCAACATTTC 
Ub K48R s. GTTGATCTTTGCCGGAAGACAGCTGGAAGATGGTCG 
Ub K48R as. CGACCATCTTCCAGCTGTCTTCCGGCAAAGATCAAC 
AR AxKK s. CTCTGGGAGCCCGGGCGCTGAAGAAACTTGG 
AR AxKK as. CCAAGTTTCTTCAGCGCCCGGGCTCCCAGAG 
AR KxAA s. CTCTGGGAGCCCGGAAGCTGGCAGCGCTTGGTAATCTGAAACTACAGGAG 
AR KxAA as. CTCCTGTAGTTTCAGATTACCAAGCGCTGCCAGCTTCCGGGCTCCCAGAG 
AR AxAA s. GATGACTCTGGGAGCCCGGGCGCTGGCGGCACTTGGTAATCTGAAACTAC 
AR AxAA as. GTAGTTTCAGATTACCAAGTGCCGCCAGCGCCCGGGCTCCCAGAGTCATC 
AR FxxAA s. CCGAGGAGCTTTCCAGAATGCAGCTCAGAGCGTGCGCGAAGTG 
AR FxxAA as. CACTTCGCGCACGCTCTGAGCTGCATTCTGGAAAGCTCCTCGG 
AR WxxAA s. CTTCCTCATCCTGGCACACTGCAGCTACAGCCGAAGAAGGCCAGTTG 
AR WxxAA as. CAACTGGCCTTCTTCGGCTGTAGCTGCAGTGTGCCAGGATGAGGAAG 
 

2.2.3 Transfection 

Plasmid transfections were generally carried out with FuGENE 6. The cells were seeded as 

required in 96-, 24-, 6-well plates, 10 cm dishes or 8-well chamber slides and the transfection 

was performed the day after using 3 µl of reagent per 1µg of plasmid DNA. A transfection 

reaction with a plasmid coding for EGFP was always included to control efficiency. 

For larger amounts of PC-3 and PC-3/AR cells, transfections were performed by 

electroporation with the AMAXA technology. For each transfection reaction 1x106 to 1x107 

cells were pelleted and resuspended in 100 µl of the cell line solution V. Immediately after, 2 

to 5 µg of DNA were added and the cells were electroporated in the Amaxa Nucleofector 

using the program A23. 

Transfection with siRNA and cotransfection with siRNA and plasmid were performed with 

Lipofectamin 2000 following the recommended protocol. In order to control the transfection 

efficiency, a fluorophore-linked, non-targeting RNA (Block-IT) was routinely used. 
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2.2.4 Luciferase gene reporter assays 

For the transactivation assays cells were seeded into 96-well plates in RPMI 1640 media 

without phenol red supplemented with 5% charcoal-stripped FCS and 2 mM L-glutamine. 

The seeding concentration was 7500 cells/well for the PC-3/AR and HeLa lines and 

5000 cells/well for the PC-3 and CV-1 lines. Transfections were carried out 18 h later using 

FuGENE 6 diluted in OPTI-MEM. Expression plasmids and luciferase-based reporter vectors 

were cotransfected. The total amount of transfected plasmids was kept constant by adding the 

appropriate concentrations of the pSG5 vector containing a neutral insert. The amount of 

transfected expression plasmids varied between 10 and 75 ng/well and the amount of 

transfected reporter was 50 or 75 ng/well. Induction of the AR transactivation was performed 

5 h later by adding to the media the synthetic androgen analogue R1881 (methyltrienolone) at 

a final concentration of 1 nM, unless indicated otherwise. After 24 h, 100 µl of the SteadyLite 

Plus reagent were added and measurement of the luciferase activity was carried out in a 

Lumicount luminometer or in a VICTOR3 multilabel reader. The activity of a reporter 

plasmid where the luciferase gene is under control of a constitutively active promoter was 

determined in parallel to assess transfection efficiency. For all points, the average value of six 

wells treated in parallel was taken. The experiments were repeated at least three times 

independently. 

 

Table 4 Reporter plasmids used in the luciferase assays. 

Name Description 
ARE-1 4 copies of the Pem ARE-1: 5´-AGATCTcattcTGTTCC-3´ 
ARE-2 4 copies of the Pem ARE-2: 5´-AGCACAtcgTGCTCA-3´ 
SRE-1 4 copies of the CRISP-1 SRE: 5´-GGTACAtctTGTTCA-3´ 
PSA -6000 to +12 fragment of the human PSA promoter 
MMTV Fragment of the MMTV promoter 
Pem -444 to -36 fragment of the mouse Pem promoter 
 

2.2.5 Gene knock-down 

For the knock-down of USP10 expression, siRNA technology was used. Three different 

siRNAs targeting different positions of the USP10 transcript and the mismatch control of the 

siRNA1 were purchased from Invitrogen. PC3/AR/MMTV-Luc cells seeded in 6-well plates 

were transfected with the siRNAs and a fluorescent, non-targeting RNA as transfection 

control, at a final concentration of 40 nM. After 1, 2 or 3 days, the cells were harvested and 

the extent of the RNA knock-down was measured by quantitative PCR (see below). For the 
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determination of luciferase activity, cells were harvested after 2 days, seeded in 96-well plates 

and treated as indicated with R1881. 24 h later luciferase activity was measured as described 

before. 

For the knock-down of HA-tagged USP10, cells seeded in a 24-well plate (5 x 104cells/well) 

were cotransfected with 150 ng of pCMV-HA-USP10 expression plasmid and 20 pmol of the 

different siRNAs (40 nM final concentration), using Lipofectamine 2000. The cells were 

harvested 24 h later, lysed and HA-USP10 content was analysed by western blot. 

 

Table 5: siRNAs used for gene knock-down. 

Name Sequence 
USP10_siRNA1 GGUGGCCUAUGUGGAAACUAAGUAU 
USP10_siRNA2 GCAGGUUGAAGUCAAAGAAGGGCUU 
USP10_siRNA3 CCCUAAUCCAUAAACCAGUGUCGUU 
USP10_siRNA1 control GGUAUCCGUGUAAAGAAUCGGGUAU 
 

2.2.6 RNA purification and reverse-transcription 

Cells were transfected or treated as indicated for each experiment and total RNA was then 

extracted using the RNeasy mini kit including the DNaseI digestion on column. The RNA 

concentration was measured in a spectrophotometer and its quality was determined using the 

Agilent Bioanalyzer. 

First-strand cDNA synthesis was performed starting with 1 to 4 µg of total RNA with the 

Oligo(dT)20 primer using the SuperScript III reverse transcriptase. 

 

2.2.7 Quantitative PCR 

Real-time PCR quantification was performed on an ABI PRISM 7000 Sequence Detection 

System using the standard temperature program (50 °C for 2 min, 95 °C for 10 min, 40 cycles 

of 95 °C for 15 sec followed by 60 °C for 1 min). The MasterMix Plus for SYBR Green from 

Eurogentec was used and as template 20 to 50 ng of cDNA per reaction were added. Specific 

primers for detection of USP10, AR and cyclophilin H transcripts were designed with help of 

the Primer Express software so that, if possible, the generated amplicon included an exon-

exon junction. The dissociation protocol at 60 °C was run for each primer pair to confirm that 

a unique population of amplicons had been generated. 

Serial dilutions of cDNA were first used for validation of the primer pairs. The obtained Ct 

values were plotted against the starting cDNA concentration in logarithmic units. The slope of 
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the curve was used to calculate the PCR efficiency (E=10(-1/slope) x 100) for each primer pair. 

Comparable values were obtained, which allowed the use of the ΔΔCt method for comparison 

between transcript levels. 

For the analysis of the results, the Ct value of USP10 or AR obtained for each sample was 

normalised to the Ct value of cyclophilin H (ΔCt) and then to the control sample (ΔΔCt). 

Results are expressed as fold (2-ΔΔCt) or as percentage (2-ΔΔCt x 100) as compared to the 

control. 

 

Table 6: Primers used in the qPCR. 

Name Sequence (5’ - 3’) 
USP10 s. GGGCTTGTTCCGGTTTCAG 
USP10 a.s. CAACGACACTGGTTTATGGATTAGG 
AR s. TGTCAACTCCAGGATGCTCTACTTC 
AR a.s. GCTGTACATCCGGGACTTGTG 
Cyclophilin H s. GAAGTTGGCCGCATGAAGA 
Cyclophilin H a.s. GCCTAAAGTTCTCGGCCGT 
 

2.2.8 Protein extraction, PAGE and western blot 

Total protein extracts were prepared from transfected cells using M-Per reagent supplemented 

with protease inhibitor mix and benzonase. 

For the separation of cytoplasmic and nuclear fractions, PC-3 cells were grown in 6-well 

plates, transfected and stimulated or not with 1 nM R1881. After 24 h, the cells were 

harvested and treated with lysis buffer (50 mM Tris pH 7.5, 10 mM NaCl, 5 mM EDTA, 

0.5% Nonidet P40, protease inhibitor tablets). Following centrifugation for 5 min at 

13,000 x g, the supernatant was kept as cytoplasmic fraction and the pelleted nuclei were 

lysed with M-Per buffer supplemented as above. 

For Western blot analysis the protein extracts were separated in NuPAGE gradient gels for 1h 

at 200 V and transferred onto polyvinylidene fluoride membranes for at least 1h at 30 V. The 

membranes were blocked in 5% milk powder in PBS/Tween and incubated overnight at 4 °C 

with the specified antibodies. Blots were washed with PBS/Tween, incubated with the 

corresponding secondary antibodies for 1 h at room temperature, washed again and developed 

using the Western Lightning chemiluminescence reagent. 
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2.2.9 Protein immunoprecipitation 

PC-3/AR cells were transfected and treated as required. At the end of the experiment cells 

were harvested, washed with cold PBS and resuspended in lysis buffer (20 mM Tris pH 7.5, 

150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, protease inhibitors tablets). After sonicating 

twice for 15 sec, cell extracts were centrifuged at 13000 rpm for 15 min and supernatants 

were transferred to a new tube. 20 µl of protein A/G-Agarose beads were added and incubated 

for 1 h at 4 °C. After centrifugation, protein concentration of the precleared lysates was 

measured and adjusted with lysis buffer. An aliquot was taken at this step to be used as the 

input fraction. AR immunoprecipitation was carried out with the AR-441 monoclonal 

antibody at a concentration of 2µg per 1 ml cell lysate. After 1 h, 30 µl protein A/G-Agarose 

beads were added and incubation was performed overnight. The immunoprecipitates were 

collected by centrifugation and extensively washed as follows: once with lysis buffer, twice 

with high salt wash buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM EDTA, 0.1% Nonidet 

P-40) once with low salt wash buffer (20 mM Tris pH 7.5, 10 mM NaCl, 5 mM EDTA) for 

15 min each. Elution was performed by adding 50µl of 2x PAGE sample buffer and heating to 

95 °C for 3 min. Then 10 to 25 µl of the eluates were separated by SDS-PAGE and analysed 

by western blotting using the AR-19 rabbit polyclonal antibody to confirm the success of the 

immunoprecipitation, the GAPDH antibody to confirm equal loading of the input fractions 

and absence of GAPDH in the eluates, the anti-ubiquitin-protein conjugate antibody to detect 

AR ubiquitylation or the anti-RGSHis antibody to detect monoubiquitylation. 

 

2.2.10 Plasmid immunoprecipitation 

PC-3 cells were plated on 10 cm-dishes and transfected with either 5 µg of pSG5-ARwt or 

pSG5-AR-AxAA together with 1 µg of the Pem reporter plasmid. Four hours later, the cells 

were treated with 1 nM R1881. After 24 h, the cells were cross-linked with 1% formaldehyde 

for 5 min and the reaction was stopped by adding glycine to a final concentration of 125 mM. 

Cells were harvested, resuspended in lysis buffer (50 mM Tris pH 8, 10 mM EDTA, 1% SDS, 

protease inhibitor mix) and sonicated on ice four times during 15 s at 70% power using a 

Sonopuls HD2070 device. Cell lysates were diluted in dilution buffer (20 mM Tris pH 8, 

150 mM NaCl, 1% Triton X-100, protease inhibitor mix), precleared and incubated at 4 °C 

overnight with 2 µg of the anti-AR antibody C-19 or without antibody as mock control. 60 µl 

of Protein A agarose/salmon sperm DNA were then added and the incubation was continued 

for 2 h. Washing was performed with buffer I (20 mM Tris pH 8, 2 mM EDTA, 150 mM 
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NaCl, 1% Triton X-100, 0.1% SDS), buffer II (20 mM Tris pH 8, 2 mM EDTA, 500 mM 

NaCl, 1% Triton X-100, 0.1% SDS) and buffer III (10 mM Tris pH 8, 1 mM EDTA, 250 mM 

LiCl, 1% Nonidet P40, 1% Sodium deoxycholate) followed by two washes with TE (10 mM 

Tris pH 8, 1 mM EDTA). Each washing step was performed for 15 min at 4 °C. 

The immunocomplexes were eluted with 0.1 M NaHCO3, 1% SDS and the cross-link was 

reverted at 65 °C for 5 h. The eluates were sequentially treated with RNase H (1 h) and 

proteinase K (1 h). The DNA was then purified using the DNeasy kit. For the PCR 

amplification 5 µl of each sample were used as template. This was performed at an annealing 

temperature of 55 °C for 35 cycles using primers designed to amplify the whole Pem 

promoter fragment cloned in the reporter plasmid. Primer sequences were: 5’-

TGCCAGAACATTTCTCTATCG-3’ (forward) and 5’-CTTTATGTTTTTGGCGTCTTCC-

3’ (reverse). 

 

2.2.11 Immunofluorescent staining 

HeLa cells were seeded in chamber slides at a concentration of 50000 cells/500µl/well and 

transfected or treated as described for each experiment. The culture medium was then 

aspirated and cells were fixed with 3.7% formaldehyde in PBS for 10 min and permeabilised 

with 0.5% Triton X-100 in PBS for 2 min. After washing, unspecific binding was blocked 

with 1% BSA for 30 min. Cells were then incubated for 1 h with specific antibodies against 

AR or USP10 diluted in 1% BSA, followed by incubation with FITC- or TRITC-conjugated 

secondary antibodies in 1% BSA solution for 1h in the dark. Nuclei were stained by treating 

the cells with Hoechst dye at 0.1 µg/ml in PBS for 2 min in the dark. Between the 

incubations, cells were washed with PBS 3 times for 5 min. Slides were then mounted, sealed 

and imaged using a Zeiss Axiophot microscope coupled to an AxioCam MRc CCD camera. 

Images were taken with the help of the AxioVision LE 4.5 software. 
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3 Results 

3.1 The Ubiquitin-Specific Protease 10 

USP10 was identified as part of a complex isolated from nuclei of PC-3/AR cells. This 

complex contained a specific DNA response element, the AR and associated cofactors. The 

interaction of USP10 with the AR was substantiated by GST pull-down experiments [111]. 

3.1.1 USP10 subcellular localisation 

USP10 had been identified in nuclear extracts which does not imply that it is confined to this 

compartment. Indeed an earlier report describes USP10 as an interaction partner of G3BP, a 

cytoplasmic protein. To clarify this possible contradiction, subcellular localisation 

experiments were needed. Since at that time point no commercial antibodies against USP10 

were available, a fluorescent fusion protein was generated in order to be able to perform 

fluorescent microscopy. The coding sequence of USP10 was amplified and cloned into the 

pECFP vector upstream of the sequence coding for the cyan fluorescent protein. This plasmid 

was then transfected into proliferating PC-3/AR cells cultured in growth media supplemented 

or not with 1nM of R1881. After 24h the localisation of the fusion protein was determined in 

living cells using fluorescence microscopy. USP10-CFP was found both in the nucleus and in 

the cytoplasm after R1881 treatment (Figure 5) as well as in the absence of androgen (not 

shown).  

Phase contrast            CFP-fluorescence          Merge

 
Figure 5 

USP10-CFP is localised in both the cell nucleus and the cytoplasm. PC3/AR cells were seeded in 24-well plates, 
transfected with 200 ng of an USP10-CFP expression construct and treated with 10 nM R1881. After 24 h cells 
were examined by light microscopy (left) and fluorescence microscopy (middle). The right panel corresponds to 
the merged picture. 
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Figure 6 

Subcellular localisation of USP10 and AR. For USP10 staining, HeLa cells were fixed, permeabilised and 
incubated with anti-USP10 antibody followed by a FITC-labelled anti-rabbit antibody. For AR localisation, 
HeLa cells were first transfected with an expression plasmid for the AR and treated for 24 h with R1881. Then 
cells were immunostained with an anti-AR antibody followed by a FITC-labelled anti-mouse antibody. Nuclei 
were visualised with Hoechst. 
 

An anti-USP10 antibody became available later, opening the possibility to perform 

immunofluorescent staining. HeLa cells seeded in chamber slides were incubated with a 

rabbit anti-USP10 antibody and a FITC-labelled goat anti-rabbit antibody. Nuclei were 
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visualised with Hoechst. Again USP10 was localised in both nucleus and cytoplasm (Figure 

6).  

The immunostaining of the AR was also tested. For that, HeLa cells were transfected with an 

expression plasmid coding for the AR and incubated for 24h in the presence of 1 nM R1881. 

Cells were then fixed, incubated with a mouse monoclonal antibody specific for AR and 

developed with a FITC-labelled goat anti-mouse antibody. As expected, the AR was clearly 

visualised in the nucleus in the presence of androgen (Figure 6). 

This allowed to perform a double staining of USP10 and AR. HeLa cells were transfected and 

treated as before. After fixation they were sequentially incubated with anti-USP10 followed 

by TRITC-labelled goat anti-rabbit, and with anti-AR followed by FITC-labelled goat anti-

mouse. Nuclei were visualised with Hoechst staining. As shown in Figure 7, USP10 and the 

AR colocalised in the nucleus. 

 

USP10 AR

Hoechst Merge

 
Figure 7 

Coimmunolocalisation of USP10 and AR. HeLa cells were transfected with pSG5-AR and treated for 24 h with 
R1881. Fluorescent staining was performed with anti-USP10 followed by TRITC-labelled goat anti-rabbit 
treatment, and with anti-AR followed by FITC-labelled goat anti-mouse treatment. Nuclei were also visualised 
with Hoechst. 
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The anti-USP10 antibody also allowed performing western blot analyses with the PC-3/AR 

cell line in which the AR-USP10 interaction had originally been found. Nuclear and 

cytoplasmic extracts of PC-3/AR cells grown in the presence of R1881 or vehicle were 

prepared and analysed by western blotting. As shown in Figure 8, USP10 was present in both 

fractions. Again its localisation was not affected by the presence of androgen, whereas the AR 

translocated to the nucleus upon androgen treatment, as expected. The glycolytic enzyme 

GAPDH was clearly restricted to the cytoplasmic fraction demonstrating that there was no 

remaining cytoplasmic contamination in the nuclear fraction. 

Together these results show that USP10 is present in both the nucleus and the cytoplasm. This 

is compatible with the previous reports and also in line with the diverse functions of the yeast 

ortholog Ubp3p both in the nucleus and in the cytoplasm. 
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Figure 8 

Subcellular localisation of USP10 in PC-3/AR cells. Cells incubated with hormone (R1881) or with vehicle 
(EtOH) were fractionated in cytoplasmic (C), nuclear (N) and insoluble (P) fractions. Western blot analyses were 
performed with anti-USP10, anti-AR or anti-GAPDH antibodies, as indicated. 
 

 

3.1.2 Role of USP10 in AR function 

3.1.2.1 Effect of USP10 overexpression on AR transcriptional activity 

In order to determine whether the interaction of USP10 with the AR affected its 

transcriptional function, luciferase gene reporter assays were performed. The coding sequence 

of USP10 was cloned into the pSG5 mammalian expression vector. PC-3/AR cells were 

transfected with this plasmid together with reporter plasmids where the luciferase gene is 
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under control of androgen-responsive promoters. These reporter constructs harboured four 

copies of either the selective response elements ARE-1 or ARE-2 found in the Pem promoter, 

or of a non-selective steroid response element (SRE) from the CRISP-1 gene promoter. 

Selective AREs have been shown to be preferentially stimulated by the AR whereas the non-

selective SREs are additionally responsive to the progesterone receptor, glucocorticoid 

receptor and mineralocorticoid receptor. 

Overexpression of USP10 enhanced the R1881-dependent response of all three tested 

minimal promoters, but had no significant effects on the unstimulated activity (Figure 9A and 

B). 

In order to find out whether this effect was due to the enzymatic function of USP10, a point 

mutation destroying the active site of the cysteine protease was introduced to generate the 

C424A form (numbering is according to GenBank entry NM_005153). This mutation has 

previously been shown to eliminate the deubiquitylation activity of USP10 in vitro [112]. The 

introduction of this mutation abolished the stimulating effect of USP10 on AR transactivation 

of the ARE-1 promoter (Figure 9C). The expression of TIF2, a well-characterised cofactor of 

steroid receptors, enhanced androgen effects as expected and was used as comparison. 
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Figure 9 

(See next page) 
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The effect of USP10 overexpression was furthermore tested on a natural androgen-responsive 

promoter, the mouse mammary tumour virus (MMTV) promoter. Again an enhancement of 

the androgen-stimulated response in presence the wild-type USP10, but not of the mutated 

form was measured (Figure 10A). 

USP10 contains one LXXLL motif also called NR box, which has been found to be important 

in other cofactors for the interaction with nuclear receptors [113]. In order to find out whether 

this was also the case for USP10, this motif was mutated to LXXAA and reporter gene assays 

were performed. The enhancement of AR activity after USP10 LXXAA overexpression was 

equivalent to the one observed for the wild-type, indicating that this motif was not essential 

for the function of USP10 as an AR coactivator (Figure 10A). This may be due to the 

existence of only one LXXLL motif in USP10, as opposed to the several motifs seen in other 

steroid receptor cofactors. 

The protease domain is located at the C-terminal half of USP10 whereas the long N-terminal 

sequence has no known function. In order to obtain some information about the relevance of 

this domain, two different expression plasmids were constructed, the first containing exons 1 

to 4 (USP10 Nt) and the second containing exons 5 to 14 (USP10 Ct) and tested in the 

reporter assays. The N-terminal domain of USP10 alone had no effect on AR function 

demonstrating again the importance of the catalytic activity. On the other side, the C-terminal 

domain containing the enzymatic activity was sufficient to recapitulate the effects of the full-

length protein (Figure 10B). 

Together these results document that USP10 acts as an AR cofactor and that this function 

necessitates an intact enzymatic activity. 

 

 

 

 

______ 
Figure 9 (previous page) 
USP10 overexpression stimulates AR function in luciferase gene reporter assays. PC-3/AR cells were transfected 
with 50 ng of an androgen-dependent reporter construct and 75 ng of an expression plasmid coding for wild-type 
USP10 (wt) or an inactive form (C424A), or for TIF2. An expression plasmid with a neutral insert was used in 
the controls. Treatment was with 10 nM R1881 or with vehicle (EtOH). (A) Transfection with increasing 
amounts of an expression vector coding for USP10 as indicated in ng/well together with a reporter vector 
harbouring four copies of the Pem ARE-1. (B) Transfection with pSG5-USP10 and reporter constructs 
containing four copies of the Pem ARE-1, Pem ARE-2 or CRISP-1 SRE. (C) Transfection with pSG5-USP10 wt 
or an inactive mutant, or with pSG5-TIF2 together with the Pem ARE-1 reporter construct. The results in the left 
panel are given in relative luminescence units (RLU) and are the mean ± S.D. of sextuplicate values. In the right 
panel the corresponding folds induction for each experiment are shown. 
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Figure 10 

Effect of USP10 wt and mutant forms on AR activity. PC-3/AR cells were transfected with a reporter construct 
containing the androgen-responsive promoter MMTV and with expression plasmids coding for (A) USP10 wt, 
inactive mutant C424A or NR box mutant LxxAA, or for (B) USP10 wt, USP10 N-terminal fragment or USP10 
C-terminal fragment. Treatment was with androgen (R1881) or vehicle (EtOH) for 24 h. The results in the left 
panel are given in relative luminescence units (RLU) and are the mean ± S.D. of sextuplicate values. In the right 
panel the corresponding folds induction for each experiment are shown. 
 

 

3.1.2.2 Effect of USP10 knock-down on AR transcriptional activity 

For further substantiation of the coactivator function, USP10 expression was down-regulated 

by RNA interference. In order to circumvent the problems linked to a double transfection 

procedure, a PC-3/AR cell line stably expressing a luciferase reporter gene under control of 

the MMTV promoter was used. Three siRNAs directed against different regions of the USP10 

transcript were transfected into these cells. First the extent of USP10 expression knock-down 

was determined by quantitative PCR at days 1 and 2 post-transfection. USP10 transcript 
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levels were found to be down-regulated to less than 20% of control levels for the siRNA2, 

and to less than 10% for the siRNAs 1 and 3 even (Figure 11A). Since no antibodies for 

USP10 detection were available at the time these experiments were performed, expression 

knock-down was monitored at the protein level by cotransfecting an expression vector for 

HA-tagged USP10. Western blot analysis revealed that an efficient suppression of USP10 

expression was observed in the presence of the three specific siRNAs, but not with the 

mismatch control or in absence of siRNA (Figure 11B). 
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Figure 11 

Effect of USP10 knock-down on AR activity. (A) PC-3/AR cells were transfected with three different siRNAs 
against USP10 or with a mismatch control and after 24 or 48 h the amounts of USP10 transcript were measured 
by real-time PCR. (B) PC-3/AR cells were transfected with an expression plasmid coding for HA-tagged USP10 
together with the siRNAs against USP10 or control siRNA. After 24 h cell extracts were analysed by western 
blotting using specific antibodies for the HA-tag or for GAPDH as loading control. (C) PC-3/AR/MMTV-Luc 
cells were transfected with the USP10 siRNAs or control, two days later they were treated with R1881 or vehicle 
(EtOH) for 24 h and luciferase activity was then determined. (D) PC-3/AR cells were transfected with the 
USP10 siRNAs and control and 72 h later USP10 protein content was analysed by western blotting. 
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The effect of USP10 down-regulation by siRNA on androgen-stimulated MMTV activity was 

then determined by measuring luciferase activity. A marked diminution of reporter gene 

activity was found for all siRNAs in comparison to the mismatch control (Figure 11C). These 

data indicate that the decrease of USP10 expression is paralleled by a loss of MMTV 

promoter response to androgen treatment, and are in line with a function of this ubiquitin-

specific protease as a coactivator of the AR. 

Later on, as an antibody against USP10 became available, it was possible to determine the 

extent of the knock-down of the endogenous USP10 protein. PC-3/AR cells were transfected 

as before with three different siRNAs against USP10, with the mismatch control or mock 

transfected (H2O). Cells were harvested 48 and 72 h later and USP10 protein content was 

analysed by western blotting with the specific antibody. After 48 h there was only a light 

reduction of USP10 protein levels (not shown) whereas after 72 h a clear reduction of the 

USP10 signal in the cells treated with siRNA was observed as compared to both controls 

(Figure 11D). 

 

3.1.3 Effect of USP10 on AR protein levels 

The next step was to find out whether USP10 affected the amount of AR protein in the cells. 

If USP10 is able to decrease AR polyubiquitylation, this should lead to stabilisation of the 

AR. Conversely, USP10 depletion should lead to an increase of ubiquitylation and thereby to 

destabilisation of the AR. 

Using western blot analysis, a stronger AR signal was detected in the cells overexpressing 

USP10 wild-type form, compared to the cells overexpressing the mutated form, or to the cells 

transfected with the empty vector or mock transfected (Figure 12A).  

The results were less clear-cut after USP10 knock-down. PC-3/AR cells were transfected with 

the three siRNAs against USP10, harvested after 48 h and the AR content was analysed by 

western blot. A reduction in AR protein levels was found in the cells transfected with 

siRNA 1 as compared to the mismatch control lane, but also for the siRNA mismatch control 

lane compared with other negative controls (Figure 12B). This experiment was performed 

again and the cells were harvested 48 and 72 h after transfection. The observed differences in 

AR levels remained stable (not shown). 

If the observed differences were due to different ubiquitylation states and therefore to 

different degradation rates of the AR, they should disappear when blocking the activity of the 

proteasome. Transfections were therefore performed in presence of 5µM of the proteasome 
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inhibitor MG132. The absolute amount of AR protein increased upon MG132 treatment but 

the relative differences in AR protein were not affected by proteasome inhibition (Figure 

12C) indicating that they were not related to the ubiquitylation status of the AR. 
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Figure 12 

Effect of USP10 on AR protein stability. (A) PC-3/AR cells were transfected with expressions plasmids for 
USP10 wt or the inactive mutant C424A, with empty vector (V) or mock transfected (H2O). AR content was 
analysed 48 h later by western blotting. (B) PC-3/AR cells were transfected with 2 siRNAs directed against 
USP10, a mismatch control and a non-targeting control (NTR). AR content was analysed 48 h later by western 
blotting. (C) PC-3/AR cells were transfected as in (B), treated or not with MG132 and analysed for AR content 
by western blotting. 
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3.1.4 Effect of USP10 on AR ubiquitylation 

Because the effects of USP10 on AR stability were not conclusive, the effect of USP10 on 

AR ubiquitylation was assessed directly. 

In order to obtain an accumulation of ubiquitylated proteins, the proteasome function has to 

be blocked. PC3/AR cells were therefore treated with the proteasome inhibitor MG132 for 2 

or 6 hours. Proteins were extracted and western blot analysis was performed with an anti-AR 

antibody or an antibody directed against protein-ubiquitin conjugates. As shown in Figure 

13A, an accumulation of ubiquitylated species could be detected already after 2 h treatment 

and even more so after 6 h. As expected, an accumulation of AR protein was also observed. 

For the detection of AR ubiquitylation, the AR was immunoprecipitated from cells treated 

with 5µM MG132 for 6h or mock treated. After extensive washing the AR was eluted, 

resolved by SDS-PAGE and the ubiquitylated forms were detected on western blot using an 

anti-ubiquitin specific antibody. The characteristic smear of polyubiquitylated proteins could 

be detected only after MG132 treatment and not in the negative control, where the 

immunoprecipitation was performed with a non-specific isotype antibody (Figure 13B) 

indicating that this could correspond to AR ubiquitylated forms. 
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Figure 13 

Detection of AR ubiquitylation. (A) PC-3/AR cells were treated for 2 or 6 h with the proteasome inhibitor 
MG132. Cell extracts were then analysed by western blotting with an anti-ubiquitin antibody to detect total 
ubiquitylated proteins and with an anti-AR antibody to detect AR accumulation. GAPDH served as loading 
control. (B) PC-3/AR cells treated or not with MG132 were immunoprecipitated with an anti-AR 441 
monoclonal antibody or an unspecific antibody as negative control. The eluates were analysed on western blot 
with anti-AR C-19, anti-GAPDH and anti-ubiquitin antibodies. 
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Finally, the effect of USP10 on AR polyubiquitylation was analysed by overexpressing the 

wild-type form or the inactive mutant in PC3/AR cells prior to the immunoprecipitation. In 

this experiment however no significant changes in AR ubiquitylation levels could be detected 

when USP10 was overexpressed (Figure 14A). 

Proteins can also be modified by monoubiquitylation and this modification does not lead to 

protein degradation. To explore this possibility, His-tagged ubiquitin was cloned into the 

pSG5 expression vector and its lysine 48, the main site for polyubiquitin chain formation, was 

mutated to arginine to promote the accumulation of monoubiquitylated forms. This expression 

construct was then transfected into PC-3/AR cells together with USP10 wt or mutant. After 

24 h, AR immunoprecipitations were carried out in this case without treating with proteasome 

inhibitor. The expression of the His-tagged ubiquitin monomer could be detected on western 

blot in the input fractions but not in the immunoprecipitated fraction (Figure 14B). This 

suggests that no monoubiquitylation of the AR had taken place under the tested conditions. 

The role of USP10 in regulating the ubiquitylation of AR therefore remains unclear. 
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Figure 14 

Effect of USP10 overexpression on AR ubiquitylation. (A) PC-3/AR cells were transfected with USP10 wt or 
inactive mutant forms or mock transfected, treated or not with MG132 for 6 h and immunoprecipitated with anti-
AR 441. Imput fractions and eluates were analysed on western blot with anti-AR C19 and with anti-ubiquitin. 
(B) PC-3/AR cells were transfected with USP10 wt or inactive mutant forms or mock transfected together with a 
plasmid coding for His-tagged ubiquitin mutated at lysine 48. Immunoprecipitation was performed with anti-AR 
441 and input fractions and eluates were analysed on western blot with anti-AR C19 and with anti-His 
antibodies. 
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3.2 Androgen Receptor Acetylation 

3.2.1 Role of acetylation in AR protein stability 

It has been already described for several proteins that acetylation can modulate their stability 

by promoting or interfering with the ubiquitylation process. It was therefore interesting to 

explore whether this could also be the case for the AR. The first hint was the strong 

accumulation of the AR observed following inhibition of cellular histone deacetylase 

(HDAC) activity. PC-3/AR cells were treated with two different HDAC inhibitors for 8 or 

24 hours, cell extracts were prepared and the AR content was analysed by western blotting. 

As seen in Figure 15A, a strong AR accumulation was detected after 8 h and even more after 

24 h treatment. However, when performing quantitative PCR, an equivalent increase of the 

AR transcript could be measured, indicating that the observed protein accumulation could be 

solely explained by an increased AR mRNA expression (Figure 15B). In the stably 

transfected PC-3/AR cells the expression of the AR is under control of the CMV promoter 

and so this activation lacks physiological significance. The same experiment was therefore 

performed in 22Rv1 cells which endogenously express the AR. In this case no stimulation of 

AR expression could be measured, showing that the natural AR promoter was not activated 

by the HDAC inhibitor treatment (Figure 15D). There was also no accumulation of the AR 

protein (Figure 15C) and this fact suggests that the stability of the AR is probably not affected 

by its acetylation status. 
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Figure 15 

Effect of histone deacetylase inhibitors on AR expression. PC-3/AR cells were treated with two different histone 
deacetylase inhibitors (HDACi) for 8 or 24 h as indicated. Then AR protein levels were determined by western 
blot (A) and AR mRNA levels were measured by quantitative PCR (B). In (C) and (D) the same experiments 
were performed using 22Rv1 cells. 
 

The acetylation sites in the AR have been identified previously. The three lysines targeted by 

acetylation were substituted by alanine in the pSG5-AR expression vector by site-directed 

mutagenesis of the corresponding codons. This allowed a direct comparison between the 

stability of the AR wt and the acetylation defective mutant AxAA. 

For this purpose PC-3 cells were transfected with AR wt or mutant form and after 24h they 

were treated with cycloheximide to stop new protein synthesis thus allowing to asses AR 

protein decay. 24h later a similar reduction of protein levels of both wt and mutant could be 

observed (Figure 16) indicating that in PC-3 cells AR protein stability was not regulated by 

acetylation. 
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Together these data suggest that in the case of the AR protein acetylation and stability are not 

linked. 
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Figure 16 

Effect of acetylation site mutations on AR protein stability. PC-3 cells were transfected with expression plasmids 
coding for AR wt or acetylation defective mutant (AxAA). 24 h after transfection cells were treated with 
cycloheximide for the time indicated and AR protein levels were analysed by western blot. 
 

 

3.2.2 Role of acetylation in AR activity 

3.2.2.1 Activity of the AR acetylation-defective mutants 

Three lysine acetylation sites belonging to the consensus acetylation motif KXKK exist in the 

AR hinge region, just C-terminal of the DNA-binding domain (DBD). In order to better 

understand the role of acetylation in the transcriptional activity of the AR, these sites were 

substituted by alanine to generate loss-of-function mutants. Expression constructs for K630A 

(single mutant AxKK), K632A/K633A (double mutant KxAA) and K630A/K632A/K633A 

(triple mutant AxAA) were generated by site-directed mutagenesis (Figure 17A). 

Cell-based transactivation assays were performed by transfecting the corresponding 

expression vectors in PC-3 cells, which do not express endogenous AR, together with a 

reporter vector containing four repeats of the androgen response element 1 (ARE-1). All three 

mutants were able to stimulate the expression of the reporter gene. Transfection with the 

reporter construct together with the empty expression vector confirmed the lack of AR and of 

any endogenous activity in PC-3 cells (Figure 17B). 
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Figure 17 

Activity of the AR acetylation-defective mutants. (A) Schematic representation of the human AR and 
localisation of the motif involved in acetylation. The four AR domains are indicated: N-terminal domain (NTD), 
DNA-binding domain (DBD), hinge and ligand-binding domain (LBD). The amino acid residues that were 
modified in the mutant forms are highlighted in boldface. (B) PC-3 cells were transfected with an androgen-
dependent reporter vector and expression plasmids for wt AR or mutant forms, or with empty vector. Treatment 
was with 1 nM R1881 (black bars) or with vehicle (white bars). The reporter activity measured is given in 
relative light units (R.L.U.). The results are a representative of three separate experiments and the bars are the 
mean ±SD of sextuplicate values. Western blot analysis of AR levels is shown for each transfection. 
 

These results were surprising since the single and double mutants had already been described 

as inactive in previous reports. Additional androgen-responsive promoters were therefore 

tested. The reporter constructs used contained the mouse Pem promoter which is selectively 

responsive to androgens; or the promoter of the gene for human PSA, an often used biomarker 

for prostate cancer; or the highly androgen-responsive promoter of the mouse mammary 

tumour virus (MMTV). When testing the Pem promoter, a similar androgen-dependent 

stimulation was observed after treatment with 1 nM R1881 in presence of the wild-type (wt) 

AR and the KxAA forms, and slightly less activity was seen in presence of the AxKK mutant. 

Conversely, no stimulation was seen for the AxAA triple mutant. The situation was different 

when using the PSA promoter as reporter. Here the AxKK and especially the KxAA mutant 

had stronger activity than wt AR whereas the triple mutant was as active. Next, the MMTV 

promoter was tested. Here, wt AR, the AxKK and KxAA forms had similar activities whereas 

the AxAA mutant conveyed the strongest effect. Western blot analysis showed that the KxAA 

and AxAA forms were generally expressed at higher levels than wt AR or the AxKK form, 

but this did not parallel the differences seen in transactivation efficiencies at the different 

promoters (Figure 18). 
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Figure 18 

Differential effects of acetylation site mutations on AR function. PC-3 cells were transfected with an androgen-
dependent reporter vector and a pSG5-based expression plasmid for wt AR or a mutant form. Treatment was 
with 1 nM R1881 (black bars) or with vehicle (white bars). The reporter activity measured is given in relative 
light units (R.L.U.). The results are a representative of three separate experiments and the bars are the mean ±SD 
of sextuplicate values. Western blot analysis of AR levels is shown for each experiment. (A) Transfection with 
pSG5-AR (wt or mutant) and the mouse Pem promoter reporter. (B) Transfection with pSG5-AR (wt or mutant) 
and the human PSA promoter reporter. (C) Transfection with pSG5-AR (wt or mutant) and the MMTV promoter 
reporter. 
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These experiments point out that despite the elimination of its three acetylation sites, the AR 

still retains transactivation potential, at least on some promoters. In several cases the 

alteration of acetylation sites even potentiates AR function. 

For a more precise comparison of the activities of the different AR forms, the androgen 

concentrations used for stimulation were varied. When giving increasing R1881 amounts to 

PC-3 cells transfected with the Pem promoter-based reporter vector (Figure 19A), reporter 

gene activity was measurable for wt AR starting at 0.01 nM and reaching a maximum at 

1 nM. For the KxAA mutant, a stronger stimulation was seen. For the AxKK and more so the 

AxAA form, little or no stimulatory effects of androgen were observed, even at the highest 

hormone concentration used. Concerning the MMTV reporter (Figure 19B), comparable 

induction profiles were seen in presence of wt AR and the AxKK mutant, with 0.01 nM 

R1881 being sufficient to achieve the maximal effect. Higher induction values were seen for 

the KxAA and more so for the AxAA mutants. Interestingly, the higher efficacy seen for the 

triple mutant was accompanied by a loss of potency, as a ten-fold higher hormone 

concentration was needed to achieve the EC50 value. 

The use of different androgen concentrations confirms that the acetylation defective AR triple 

mutant has lost its transactivation potential for the Pem promoter. Conversely, this mutant is 

more active than wt AR in the presence of the MMTV promoter. 
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Figure 19 

Hormone-dependent activity of AR mutants. PC-3 cells were transfected with an androgen-dependent reporter 
vector and a pSG5-based expression plasmid for wt AR or a mutant form. Treatment was with different R1881 
concentrations as indicated. The reporter activity measured is given in relative luciferase units in the upper 
panels and as fold induction at the bottom. The results are a representative of three separate experiments. (A) 
Transfection with pSG5-AR wt or mutant forms and the mouse Pem promoter reporter. (B) Transfection with 
pSG5-AR wt or mutant forms and the MMTV promoter reporter. 
 

In order to further substantiate these findings, the ratio between the wt and mutated AR forms 

in the transactivation experiments was varied. The focus was on the AR triple mutant and on 

the Pem and MMTV promoters, as these combinations had given the most differentiated 

responses.  

Decreasing amounts of plasmids coding for wt AR and increasing amounts of the construct 

expressing the AxAA mutant were transfected into PC-3 cells, while maintaining the total 

DNA concentration constant (Figure 20A). In presence of the Pem promoter, increasing the 

AxAA/ARwt ratio led to a complete loss of androgen-dependent activity. The situation was 

different for the MMTV promoter. Here, the hormone-dependent reporter activity remained 

the same, regardless of the AxAA/ARwt ratio. 
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In order to find out if this finding could be extended to another cell line, similar experiments 

were performed with CV-1 cells, which do not express the AR (Figure 20B). Here also, 

increasing the amounts of the AxAA form led to a complete loss of androgen stimulation of 

the Pem promoter. Conversely, the response of the MMTV promoter was not affected by the 

AxAA/ARwt ratio. A comparison of the respective inductions clearly showed that both in PC-

3 and in CV-1 cells, the Pem promoter was not responsive at all to the AxAA mutant. 

Conversely, the MMTV promoter despite giving comparable signals for all tested mutant to 

wt AR ratios, was actually more strongly induced by the AxAA form. This was due to the 

lower basal activity of the MMTV promoter in presence of the AxAA form. 

When determining the total AR protein levels some variation was found, but this could not 

explain the differences in activities seen. For instance, in CV-1 cells no stimulation of the 

Pem promoter was observed in presence of the AxAA form, even though this mutant was 

expressed at higher levels than wt AR in the same experiment. 

The results further document that the Pem and MMTV promoters differentially respond to 

obliteration of the AR acetylation sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______ 
Figure 20 (next page) 
Dose-dependent effects of AR acetylation site mutants. Cells were transfected with the indicated amounts of 
expression vector for wt AR or for the triple mutant form, while keeping the total DNA amount constant, and 
with different reporter constructs. Treatment was with 1 nM R1881 (black bars) or with vehicle (white bars). The 
reporter activity measured is given in relative light units (R.L.U.) in the upper panels and in fold induction in the 
bottom panels. Western blot analysis of AR levels is shown for each experiment. (A) Transfection of PC-3 cells 
with the mouse Pem promoter or MMTV promoter reporters and comparison of inductions seen for both 
promoters. (B) The same experiment as in (A) was performed in CV-1 cells. 
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Figure 20 

(See previous page) 
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3.2.2.2 Subcellular localisation and DNA binding of the AxAA mutant 

The KLKK acetylation motif is part of the bipartite nuclear localisation signal of the AR 

(Figure 21A). Indeed several studies report that mutations in this region impair AR transport 

to the nucleus. In order to find out whether the triple mutation introduced into this motif 

affected subcellular localisation, AR wt or mutant fusions with GFP were cloned and 

transfected into PC-3 cells. After hormone treatment, the ARwt-GFP fusion protein was found 

as expected in the nucleus (not shown) whereas the ARAxAA-GFP protein showed a very 

heterogeneous distribution (Figure 21B). 

With the intention to quantify the distribution of the AR and to circumvent the use of GFP 

fusion proteins, PC-3 cells expressing wt AR or the AxAA mutant were fractionated and 

Western blot analysis was performed (Figure 21C). As expected most of the AR was located 

in the cytoplasm in the absence of hormone. Following R1881 treatment, a sizeable fraction 

of the wt AR pool was translocated into the nucleus. When looking at the AxAA mutant, a 

stronger accumulation in the cytoplasm of hormone-treated cells was found. A significant 

amount was however also present in the nucleus. 

These fractionation experiments indicate that alteration of the AR acetylation sites still allows 

nuclear translocation after androgen treatment. 
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Figure 21 

Subcellular localisation of the AR triple mutant. (A) Representation of the bipartite nuclear localisation signal of 
the AR (bold) and amino acids modified in the acetylation defective triple mutant (underlined) (B) PC-3 cells 
were transfected with an expression vector coding for AR AxAA-GFP fusion protein. After 24h treatment with 
1 nM R1881 the fusion protein was localised by fluorescent microscopy of the living cells. (C) PC-3 cells 
transfected with an expression vector for wt AR or the AxAA form were treated or not with 1 nM R1881. 
Cytoplasmic (c) and nuclear (n) fractions were prepared. Western blot analysis was performed with antibodies 
specific for AR or for GAPDH. 
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In order to further understand the reason for the non-responsiveness of the Pem promoter to 

the AR triple mutant, plasmid immunoprecipitation was performed. PC-3 cells transfected 

with expression vectors for wt AR or the AxAA form and with the Pem promoter construct 

were treated for 24h with R1881. They were then crosslinked by formaldehyde and sonicated. 

The AR-DNA complexes were precipitated with a specific anti-AR antibody and after 

reversing the crosslinking, the purified DNA was analyzed by PCR using primers designed to 

amplify the whole Pem promoter region. Signals of comparable intensities were generated 

from complexes purified from the PC-3 cells expressing wt AR or the mutated form (Figure 

22A). The mock-precipitated samples showed only a very weak background signal. 

These data show that the AxAA form binds to the Pem promoter as well as the wt form does, 

suggesting that impaired activity is not linked to reduced promoter recognition. 
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Figure 22 

(A) PC-3 cells transfected with an expression vector for wt AR or the triple mutant form and with the Pem 
reporter construct were treated with 1 nM R1881 for 24 h. The cells were cross-linked with formaldehyde, 
extracts were prepared and the AR was immunoprecipitated. After de-crosslinking, the Pem promoter was 
amplified by PCR using specific primers (αAR, middle panel). The input samples (cell extract prior to 
immunoprecipitation, left panel) served as positive control and extracts incubated without antibody (mock, right 
panel) as negative control. (B) Schematic representation of the Pem promoter cloned into the reporter vector. 
The position of the primers used in (A) is represented by the arrows. 
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3.2.2.3 Role of the N/C interaction in the phenotype of the AxAA mutant 

Recent data indicate that some androgen-responsive promoters depend on the interaction 

between the AR N-terminal domain (NTD) which contains the important transactivation 

function 1 and the C-terminal ligand-binding domain (LBD) for full response. This N/C 

interaction is mainly mediated by the FXXLF motif located at positions 23-27 and less so by 

the WXXLF motif located at positions 433-437. 

As the AR hinge region in which the acetylation sites are located may play a role in 

modulating the interdomain communication, the activities of AR forms mutated in regions 

involved in the N/C interaction were compared. The FXXLF motif was mutated to FXXAA 

(AR FxxAA) and the WXXLF to WXXAA (AR WxxAA) in the AR sequence (Figure 23A). 

Transactivation experiments were then performed with these constructs in PC-3 cells (Figure 

23B). When assaying the Pem promoter, the FxxAA form showed similar induction levels to 

those of wt AR whereas the WxxAA form was more than twice as active. Concerning the 

MMTV promoter, all expression constructs gave similar inductions, with possibly a stronger 

effect of the WxxAA mutant, as previously reported. 

The fact that the AR mutants with impaired N/C interaction are still able to activate the Pem 

promoter shows that a loss of N/C interaction in the AxAA mutant is probably not responsible 

to this lack of activity. 
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Figure 23 

Mutations of acetylation motif and N/C interaction motif differentially affect AR activity. (A) Schematic 
representation of N/C interaction. (B) PC-3 cells were transfected with 50 ng of expression vector for wt AR 
(black bars), acetylation defective mutant (dark grey bars) or N/C interaction mutants (light grey and white bars), 
and with Pem or MMTV promoter reporter constructs, as indicated. Treatment was with 1 nM R1881. The 
reporter activity measured is given as fold inductions. The results are a representative of three separate 
experiments. 
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3.2.2.4 Activity of the AxAA mutant on the androgen response elements ARE-1 and 

ARE-2 

The molecular basis for the differential response of the Pem promoter to the acetylation-

defective AR was further analyzed. The androgen response of the Pem promoter is mainly 

mediated by two potent DNA response elements named ARE-1 and ARE-2 (Figure 24A). The 

role of these elements was therefore analyzed in transactivation assays using reporter 

constructs containing four copies of each. The activity of Pem ARE-1 in presence of the 

AxAA mutant was half of that seen with wt AR. In contrast, the response of Pem ARE-2 was 

the same in presence of wt AR and the AxAA mutant. As before, the Pem promoter was not 

stimulated by the AxAA form (Figure 24B). 

These results establish that two related DNA elements exhibit different responses to the AR 

AxAA mutant. They furthermore suggest that Pem ARE-1, but not ARE-2, is directly 

involved in the non-responsiveness of the Pem promoter to the AxAA form. 
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Figure 24 

AR acetylation site mutation has different effects on Pem ARE-1 and ARE-2. (A) Schematic representation of 
the mouse Pem promoter. (B) PC-3 cells were transfected with an expression vector for wt AR (black bars) or 
triple mutant form (grey bars) and with Pem promoter or minimal reporter constructs, as indicated. Treatment 
was with 1 nM R1881. The reporter activity measured is given as fold inductions. The results are a 
representative of three separate experiments. 
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4 Discussion 

4.1 The Ubiquitin-Specific Protease 10 

4.1.1 Characterisation of the USP10 as an AR cofactor 

USP10 had been found in native complexes of the AR bound to DNA response elements 

purified from prostate cancer cell nuclei. A direct interaction between both proteins had 

furthermore been demonstrated in GST pull-down experiments [111]. The aim of this work 

was to analyse USP10 in terms of its functional relationship with the AR. 

 

USP10 had originally been reported to interact with Ras-GTPase-activiting protein SH3 

domain-binding protein (G3BP), a multi-functional protein first identified as a binding protein 

of Ras GTPase Activating Protein [112, 114]. However G3BP did not appear to be a direct 

substrate of USP10 but rather acted as an inhibitor of USP10 deubiquitylating activity. The 

USP10-G3BP interaction occurs in the cytoplasm leading to a possible contradiction with the 

finding that USP10 interacted with the AR in nuclear complexes. The first step was therefore 

to determine the subcellular localisation of USP10. A fusion protein between USP10 and the 

cyan fluorescent protein was therefore generated. It localised to both the nucleus and the 

cytoplasm of PC-3/AR living cells, a result which was subsequently confirmed in HeLa cells 

by immunofluorescent staining and by western blot analysis of subcellular fractions. The dual 

localisation of the USP10 protein was not affected when treating the cells with the 

testosterone analogue R1881 and was also independent of the presence of the AR. These 

results are compatible with the previous reports and also in line with the different functions in 

the nucleus and the cytoplasm known for the yeast orthologue Ubp3p. 

 

The next step was to investigate the possible role of USP10 in modulating AR transcriptional 

activity. Using luciferase reporter gene assays, USP10 was found to act as a coactivator of the 

AR. USP10 overexpression enhanced androgen-mediated AR activity whereas overexpression 

of the catalytic inactive mutant had no significant effect. In line with these results, USP10 

depletion by siRNA transfection diminished AR activity after hormone induction. The 

coactivating effects were observed with selective and non-selective response elements as well 

as with native promoters, indicating that USP10 was a broad coactivator of the AR. 
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The exact domains involved in the AR-USP10 interaction could not be mapped. USP10 

contains an NR-Box, which is a conserved motif found in several coactivators and important 

for their interaction with nuclear receptors [113]. However, the mutation of this motif did not 

influence USP10 coactivator function, suggesting that the NR-box was not responsible for the 

interaction or, alternatively, that a direct interaction of USP10 with the AR was not required 

for its role as coactivator. Furthermore, deletion of the 400 amino acid-long N-terminal region 

of USP10 only marginally affected its function, whereas the C-terminal domain containing 

the ubiquitin protease motif was sufficient to recapitulate the effects of the full-length protein. 

Moreover, no conserved motif could be found in this region and also no strongly ordered 

structure could be predicted. The role of the N-terminal region therefore remains unclear. 

 

The related yeast ubiquitin protease Ubp3p shares 46% similarity and 27% identity with 

human USP10 [115]. Disruption of the Ubp3 gene leads to an accumulation of large 

ubiquitin-protein conjugates but not of polypeptide precursors, which points to a function in 

removing ubiquitin chains from protein substrates before destruction by the proteasome [116]. 

For Ubp3p a role in transcriptional regulation has been already documented. Ubp3p, together 

with the HECT E3 ligase TOM1p, regulates the activity of the ADA/SAGA multi-factor 

complex which is implicated in the transcription of about 10% of yeast genes [117]. In 

addition, Ubp3p was found in a purified TFIID complex with transcriptional activity in vitro, 

which is also in line with a regulatory role in gene expression control [118]. Altogether these 

results indicate that Ubp3p plays an important role in modulating gene transcription events 

and the data presented in this work extend these findings to the human form USP10 in the 

case of androgen-dependent gene expression. 

 

4.1.2 The AR is not a substrate of USP10 enzymatic activity 

As is the case for many other proteins, the stability of the AR is controlled by 

polyubiquitylation which leads to degradation by the proteasome. Inhibition of the 

proteasome pathway results in increased AR levels in tumour cell lines [54] and several E3 

ligases have been shown to influence AR ubiquitylation and degradation. The best studied 

example is probably the E3 RING finger ligase MDM2, whose ubiquitylating activity is 

linked to other post-translational modifications of the AR, namely phosphorylation by Akt 

and deacetylation by histone deacetylase 1 [78, 75]. The E3 U box ligase CHIP increases the 
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levels of ubiquitylated AR and promotes its degradation [80, 119]. The E3 HECT ligase E6-

AP is a coactivator of several steroid receptors, including the AR, however this effect is 

independent of its enzymatic activity [120]. Interestingly, decreased levels of E6-AP are 

paralleled by up-regulation of the AR in prostate tumours [121]. Finally, recent data show that 

the E2 ubiquitin conjugase UBCH7 is a coactivator of the AR and of other steroid receptors 

[122]. It was therefore conceivable that reversion of ubiquitylation by USP10 could lead to 

stabilisation of the AR and thereby increase the stimulation of androgen-dependent promoters. 

 

Western blot analysis showed AR protein levels to be increased in cells overexpressing 

USP10. However, after USP10 knock-down by siRNAs, the results were not consistent. The 

three different siRNAs used had a different effect on AR protein levels and even the two 

RNAs used as controls seemed to regulate them. These differences in AR levels after USP10 

down-regulation did not correlate with the activity data from the luciferase assays, where all 

three siRNA had similar effects. Moreover, inhibition of the proteasome by MG132 treatment 

did not abolish the observed differences in AR levels indicating that these were not related to 

the ubiquitylation status of the AR. Changes in the levels of non-targeted proteins due to 

siRNA transfection have already been reported [123] and this may also have taken place in 

this case. Altogether these data suggested that USP10 did not affect AR stability in a specific 

way. 

 

Because the results obtained for AR protein stability were not conclusive, a possible role of 

USP10 in controlling the polyubiquitylation status of the AR was directly investigated. After 

inhibiting proteasome function, the AR was immunoprecipitated from cells overexpressing 

USP10 wild-type or mutant and the ubiquitylated forms were detected by western blot 

analysis. However, no effect of USP10 on AR polyubiquitylation could be observed in these 

experiments. 

 

Polyubiquitin chains where the ubiquitin monomers are linked through lysine 48 provide the 

signal for degradation of the targeted protein, but polyubiquitin chains linked through other 

lysine residues have a different function. The best characterised are K63-linked chains which 

have a major role in regulating protein-protein interactions and influence processes such as 

DNA repair, translation and endocytosis [9, 124]. For the AR, there are no data on alternative 

polyubiquitin chains so far. Also, in the experiments described above, high molecular weight 
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forms could be observed only after inhibiting proteasome activity. Other polyubiquitylated 

forms of the AR, if they exist, could therefore not be investigated. 

 

The ubiquitylation status also plays an important role in regulating gene expression 

independently of proteolysis. It was for instance found that treatment with proteasome 

inhibitors affects AR transcriptional activity by impairing nuclear translocation and the 

interaction with cofactors such as TIF2 [91]. Also, inhibition of the proteasome prevents the 

release of AR bound to the PSA promoter and thereby interferes with the cyclic assembly and 

disassembly of transcriptionally active complexes [90]. In line with this, mono- and 

triubiquitylation of the AR have been linked to transcriptional activity at the PSA promoter. 

Monoubiquitylation of the AR is enhanced by TSG101, an E2-like enzyme deprived of 

ubiquitin conjugase activity and possibly acting as a dominant-negative inhibitor of 

polyubiquitylation, and this correlates with increased transactivation potential [81]. USP10 

could therefore also act by shifting the balance of poly- towards mono- or triubiquitylated 

AR, the latter forms possibly being the most stable and transcriptionally active ones.  

 

In order to address this possibility, PC-3/AR cells were transfected with a His-tagged 

ubiquitin mutant where lysine 48 had been mutated to arginine. After immunoprecipitating 

the AR, the ubiquitin moieties should be detectable by western blot. Unfortunately, no 

monoubiquitylated forms of the AR could be visualised under the tested conditions, and a 

possible role of USP10 in this process remains therefore unclear. AR monoubiquitylation has 

until now only been shown in LNCaP and MCF-7 cells and it is possible that other cell lines 

such as the ones we tested show lower levels of this modified form of the AR, making it 

difficult to detect. 

 

Altogether, USP10 does not appear to directly modify the ubiquitylation status of the AR. 

Since USP10 was first found in large complexes of DNA-bound AR it is possible that its 

protease activity is directed towards AR cofactors. Indeed, the stability of important 

coactivators of the AR is governed by the ubiquitin/proteasome system. It is the current view 

that for efficient transcription by nuclear receptors, the transcription complex must undergo 

proteasome-mediated degradation (Figure 25). This is for instance the case for the three SRC 

family members and for CBP [84]. Also, several AR-interacting proteins that are involved in 

the ubiquitin-proteasome pathway are themselves target for ubiquitylation. This applies to 

several ubiquitin ligases such as E6-AP [84], ARA54 [125] and Mdm2 [126]. USP10 could 



DISCUSSION 

65 

therefore exert its coactivator function by stabilising or modifying one or more of these 

proteins and further efforts will therefore be needed to discover the actual substrate of its 

enzymatic activity.  

 

 
Figure 25 

Model for the cycling of AR on androgen-responsive promoters. The ordered recruitment and release of 
cofactors and members of the general transcriptional machinery rely on their sequencial degradation by the 
proteasome (modified from [76]). 
 

In summary, this part of the work reinforce the concept that the ubiquitin-proteasome system 

plays an important role in modulating the function of the AR. Up to now only enzymes 

involved in the ubiquitylation process have been shown to act as AR coregulators and the 

results presented here indicate that the deubiquitylation side has a regulatory role as well. 

Considering the general importance of the system in regulating gene expression, it is possible 

that a role for additional USP family members in controlling nuclear receptor activity will be 

identified in the near future. Indeed, very recently, the deubiquitylating enzyme MYSM1 has 

also been found to indirectly modulate AR-regulated transcription through deubiquitylation of 

histone 2A [127]. 
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4.2 Acetylation of the Androgen Receptor 

AR modification by acetyl groups has been directly demonstrated by in vitro acetylation 

assays and by immunoprecipitation using antibodies specific for acetylated lysines. The 

precise sites were mapped by mass spectrometry leading to the identification of three 

modified lysines belonging to the KLKK sequence located at positions 630-633 in the hinge 

region. This motif has previously been described in other proteins subject to this post-

translational modification [22, 128]. 

4.2.1 Role of acetylation in AR stability 

It has already been described for several proteins that acetylation can modulate their stability 

by promoting or interfering with the ubiquitylation process [25]. It was therefore interesting to 

explore whether this could also be the case for the AR. The first hint is the strong AR 

accumulation observed following inhibition of cellular histone deacetylase (HDAC) activity. 

However, this effect is due to enhanced expression of the AR transcript and not to increased 

protein stability. Furthermore, when testing a cell line with endogenous AR expression, no 

enhancement in transcript or protein levels is observed, indicating that inhibition of the 

HDAC activity and therefore induction of a hyper-acetylated status has no dramatic effect on 

AR protein stability. Because treatment with HDAC inhibitors is a very unspecific approach, 

further experiments were however needed to clarify the role of acetylation in AR function. 

Three lysines of the AR hinge region located at positions 630, 632 and 633 are part of the 

acetylation consensus KLKK motif and have previously been shown to undergo this post-

translational modification. They were each substituted for alanine residues which allowed a 

direct comparison between the stability of wild-type and acetylation-defective forms of the 

AR. However, no significant difference in the stability of the wild-type and mutant forms 

could be detected by western blot analyses. 

Together these data suggest that in the tested cell line, the acetlyation status and the stability 

of the AR are not linked. 

4.2.2 Role of acetylation in AR transcriptional activity 

In order to understand the role of acetylation in AR function, the lysine to alanine mutants 

were analysed in cell-based transactivation assays. AR forms in which one, two or all three 

lysines were exchanged for alanine residues were tested by comparing their ability to 

stimulate natural promoters originating from three highly androgen-regulated genes. 
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Surprisingly, elimination of one or two acetylation sites either reduced or increased AR 

activity, depending on the reporter system. On the other hand, the triple acetylation mutant 

form behaved quite differently from the single or double mutant. Strong activity was seen in 

the presence of the PSA and the MMTV promoter whereas no activity could be measured 

when using the Pem promoter in the reporter assays. This implied that the role of the mutated 

lysines was not equivalent and suggested a complex mechanism in which single, double and 

triple acetylation sites elicited different effects. 

 

In contrast with this, several reports relate that elimination of AR acetylation sites is followed 

by a dramatic loss of activity. Cell-based transactivation experiments using mutants defective 

at only one or two acetylation sites, namely  the AxKK and KxAA forms, showed that in 

DU145, HEK and COS cells, the androgen-dependent AR activity was much reduced when 

using MMTV-Luc, PSA-Luc or ARE-Luc as reporter vectors [95, 129]. Conversely, the 

QxKK and TxKK mutants which mimic acetylation exhibit stronger activity on the PSA-Luc 

and MMTV-Luc promoters [97]. In line with this, the HAT Tip60, which acetylates the AR, 

stimulates its activity, whereas HDAC1 has opposite effects [96].  

 

On the other hand, other groups found that deletion of a region comprising the KLKK motif 

was still compatible with strong hormone-stimulated AR activity. The AR-Δ629-633 mutant 

is conducive to higher stimulation of the (ARE)2-TATA-Luc reporter in COS and HeLa cells, 

in comparison to wt AR [65]. When testing a probasin promoter-based reporter plasmid, 

similar effects are elicited by this deletion mutant and by the wt AR [99]. Deletion of the 

larger 629-636 or 628-648 regions also leads to increased AR transactivation potential, as 

seen in presence of different minimal androgen-responsive promoters in HeLa cells [101]. 

Finally, removal of the complete hinge region (amino acids 628-669) results in an AR form 

that is three times more active on different androgen-controlled promoters, when tested in 

COS and HeLa cells [100]. 

 

Up to now, there is no explanation for the discrepancy between these reports. It is unlikely 

that the variations are due to cell-specific factors, since the different groups worked in part 

with the same COS cell line. A possible explanation is that despite the fact that the same 

promoters were used, different subregions were present in the reporter vectors. This is 

however only a supposition as the exact regions used are not mentioned. Hence, the presence 

or absence of important control motifs (for instance in enhancer regions) may lead to a 
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differential effect of AR acetylation. Another unknown factor is the length of the 

polyglutamine stretch present in the human AR N-terminal region. A polymorphism for this 

region has been described and it is known that the activity of the AR is inversely related to the 

length of this stretch. Elimination of the AR acetylation sites may have more or less dramatic 

effects on the AR, depending on the length of its polyglutamine tract. Taking into 

consideration the results of this work which showed that the same AR AxAA mutant behaved 

differently on two reporter constructs, the promoter-dependent explanation may be more 

likely. 

 

4.2.3 Molecular basis of the promoter-selective effects of AR acetylation site 
mutations 

Additional analyses were carried out to try to understand the basis of the strong 

discriminatory effects seen for the AR triple mutant on the Pem and MMTV promoters. These 

differences were not due to changes in expression levels as shown by western blot after 

cotransfecting different ratios of AR wt and AxAA mutant. To test the hypothesis that the 

mutant could have an impaired ligand recognition, AR activity was measured after 

stimulating cells with varying hormone concentrations. The AR AxAA form remained 

inactive on the Pem promoter even at the highest hormone concentration used. Interestingly, 

when testing the MMTV promoter, AR AxAA showed an enhanced activity as seen before 

but a reduced sensitivity to very low hormone levels. This fact, together with the observation 

that the triple mutant had a lower basal activity in the absence of hormone, is in line with the 

studies which relate the important role of acetylation in AR activation in the presence of 

suboptimal hormone levels [98]. 

 

The acetylation motif is included in the bipartite nuclear localisation signal of the AR and 

inactivating mutations in this region have been shown to reduce transport to the nucleus [130, 

131]. The subcellular localisation of the AR triple mutant was assessed in this work by 

fluorescent microscopy of living cells expressing the AR mutant fused to GFP and by western 

blot after fractionation of cells expressing the mutated AR. An amount of AR mutant 

compatible with transcriptional activation was found in the nucleus, even though a 

considerable fraction was retained in the cytoplasm where it formed clusters similar to those 

described in previous reports. 
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The next step was to determine whether the lack of AR activity on the Pem promoter was due 

to impaired DNA binding. This was not the case as an equivalent binding of AR wt and 

AxAA mutant to the Pem promoter could be demonstrated using plasmid 

immunoprecipitation assays. 

 

Promoter-specific effects have been reported for AR mutants defective in their N/C 

interaction [132, 133]. Mutation of the FxxLF motif which is essential for this interaction has 

no effect on the activation of the MMTV and Slp promoters but only permits partial response 

of the PSA and probasin promoters. The deletion of this motif does not influence the 

transcriptional activation via selective AREs, i.e. those that are only stimulated by the AR, but 

reduces that mediated by promiscuous response elements, which are stimulated by the AR, 

GR, PR and MR. It was therefore pertinent to compare mutants deficient in N/C interaction 

and acetylation mutants. Little difference was observed in presence of the MMTV promoter, 

as expected. In contrast, the N/C interaction mutant was fully active on the Pem promoter. 

This extends the above-mentioned findings that selective AREs, as found in the Pem 

promoter, are not dependent on N/C interaction for their stimulation by the AR. In sharp 

contrast, the acetylation-deficient AR did not activate the Pem promoter. This strongly 

suggests that preventing the N/C communication does not hinder acetylation at the KxKK 

motif. A link between N/C interaction and enzymes involved in AR acetylation has however 

previously been reported. Opposite roles of CBP and sirtuin 1 in increasing and decreasing 

N/C interaction respectively, have been documented [134]. However, even though these 

enzymes directly modify the acetylation status of the AR, it is not clear whether this was the 

immediate cause for the changes in the N/C interaction. 

 

The molecular basis for the differential response of the Pem promoter to the acetylation-

defective AR was further analysed. The androgen response of the Pem promoter is mainly 

mediated by two potent and selective DNA response elements named ARE-1 and ARE-2 

[135]. Surprisingly, when analysing these elements separately, both were activated by the AR 

mutant. The activity displayed by the reporter containing ARE-1 elements in the presence of 

the AxAA mutant was however half of that seen with the wt AR, whereas the response of the 

ARE-2 reporter was the same in the presence of the wt or mutant forms of the AR. These 

results show that two related DNA elements exhibit different responses to the AR acetylation-

defective mutant and suggest that the ARE-1 element but not the ARE-2 element is involved 

in the non-responsiveness of the Pem promoter to the AR AxAA form. 
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In summary, the loss of activity of the AR acetylation-defective mutant on the Pem promoter 

was not due to changes in protein levels, in ligand recognition, in nuclear translocation, in 

promoter binding or to defective N/C interaction. An attractive possibility is the altered 

recognition by cofactors. Indeed, several cofactors that bind to the AR hinge region, such as 

Ubc9, silencing mediator for retinoic and thyroid hormone receptor, small nuclear ring finger 

protein, activating signal cointegrator-1, filamin A, AR corepressor-19, Pod-1 and glycogen 

synthase kinase-3α, have been described [65, 136-143]. As acetylation of lysines neutralises 

their positive charge, this might regulate the interaction of the hinge region with a distinct 

subset of proteins. This is exemplified by the K630Q and K630T mutations which are better 

recognised by p300 and by the K630R modification which is preferentially bound by the N-

CoR complex [129]. Assuming that different androgen responsive promoters recruit, among 

shared cofactors, also others that are promoter-specific, the loss of AR interaction with a 

specific coactivator, or an enhanced interaction with a corepressor may lead to the differential 

effects observed. 

 

A crosstalk between acetylation and other post-translational modifications may also happen. 

This could occur by competition for the same lysine residue, as has been observed for ERα 

K266 and K268 which can be either acetylated or sumoylated [144, 145]. Whether this also 

takes place in the AR KLKK region remains to be determined. Lysine acetylation may also 

influence other post-translational modifications. This is the case for the AR phosphorylation 

events that come about in response to activating signaling pathways. Here AR acetylation is 

essential for activation by the AKT, PKA, and JNK but not by the MAPK pathways [146]. 

Finally, interplay between acetylation/deacetylation by Tip60/HDAC1 and ubiquitylation by 

Mdm2 for control of AR stability has been reported [96].  

 

Promoter-selective effects of post-translational modifications have already been found in the 

case of sumoylation. A differential impact of the sumoylation E2 and E3 enzymes PIASxα 

and Ubc9 on AR function has been reported [69]. Overexpression of either of them reduces 

AR activity on minimal promoters containing selective AREs but not on those with 

promiscuous response elements. Altogether this shows that a subset of androgen target genes, 

mostly those harboring selective AREs, respond differently to hormone stimulation due to 

regulatory mechanisms involving the hinge region and N/C interaction. Interestingly, the 

genes controlled by selective AREs are mainly implicated in reproductive functions, as 



DISCUSSION 

71 

evidenced by the generation of a transgenic mouse model expressing a mutated AR that can 

not activate ARE-dependent genes [147]. 
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Figure 26 

Model for the discriminatory effects of the AR acetylation-defective mutant in the induction of the Pem and the 
MMTV promoters. The AR wt recruits cofactors shared by both promoters together with promoter-specific 
cofactors. The existence of a coactivator essential for induction of the Pem promoter and that binds to the AR 
only in its acetylated form is postulated. Loss of AR acetylation will therefore results in an inactive Pem 
promoter. On the other hand, this factor in not required for induction of the MMTV promoter whereas other 
MMTV-specific cofactors are not dependent on AR acetylation. The acetylation-defective AR mutant is 
therefore able to stimulate the MMTV promoter. 
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The AR is a clinically validated target for the treatment of non-confined prostate cancer [110]. 

Multiple mechanisms of resistance to anti-androgen therapy have however been described, 

many of which allow AR functionality in a very low hormone environment, thus leading to 

re-expression of a subset of androgen target genes. In this regard, the description in prostate 

cancer patients of several mutations affecting the hinge region suggests an important role for 

this domain [148-150]. Concerning the KxKK motif, one mutation which confers growth 

advantage and resistance against apoptosis has been identified, suggesting that AR acetylation 

may play an important pathophysiological role [97]. Further studies are now needed to 

understand how the balance between AR acetylation and deacetylation selectively controls 

gene transcription and to find out if this post-translational modification plays a role in prostate 

tumour progression. 



SUMMARY 

73 

 

5 Summary 
The androgen receptor (AR) is essential for proper development and function of the male 

reproductive system as well as for secondary male traits. It also plays a key role in the origin 

and growth of prostate cancer. Although the basic mechanisms of AR activation by androgens 

are known, new aspects such as the regulation by post-translational modifications have 

recently emerged. 

The role of ubiquitylation in androgen signalling was studied by an indirect approach. 

Ubiquitin-specific protease 10 (USP10) had been identified in a purified, DNA-bound AR 

complex and its role in modulating AR activity was examined. By overexpressing USP10 it 

was found to act as a coactivator of the AR, dependently on its enzymatic activity. 

Confirming these results, USP10 expression knock-down impaired AR function. However, no 

changes in the ubiquitylation status of the AR could be evidenced, suggesting that the AR was 

not the direct substrate of USP10. In view of the interconnection between the ubiquitin-

proteasome system and transcription, USP10 may act by stabilising AR cofactors or members 

of the general transcriptional machinery, or by modifying histones. This part of the work 

supports the concept that the ubiquitin-proteasome system plays an important role in 

modulating transcriptional events and the results presented here indicate that the 

deubiquitylation side has a regulatory role as well. 

In the second part, the role of AR acetylation was analysed. Mutation of various acetylation 

sites had remarkably different effects, depending on the tested promoter. The most interesting 

data were obtained when eliminating all three AR acetylation sites. This led to a total loss of 

stimulation of the Pem promoter whereas an activity stronger than that of the wild-type form 

was seen when testing the MMTV promoter. The loss of activity on the Pem promoter was 

not due to changes in protein level, in ligand recognition, in nuclear translocation, in promoter 

binding or to defective N/C interaction. A possible explanation is the altered interaction of 

acetylation-defective AR mutants with promoter-specific cofactors. 

In summary, this work emphasises the role of post-translational modifications in modulating 

AR function. More experiments will be required to better delineate how these modifications 

fine-tune androgen action in vivo since they are expected to have promoter-selective effects 

and also to be dependent on the cellular context. 
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5.1 Zusammenfassung 

Der Androgenrezeptor ist essentiell für die richtige Entwicklung und Funktion des 

männlichen Fortpflanzungssystems sowie für die sekundären männlichen Merkmale. Er spielt 

auch eine entscheidende Rolle in der Entstehung und dem Wachstum von Prostatakrebs. 

Obwohl die grundlegenden Mechanismen der Aktivierung des AR durch Androgene bekannt 

sind, sind kürzlich neue Aspekte, wie die Regulation durch posttranslationale Modifikationen 

herausgefunden worden. 

Die Rolle der Ubiquitylierung in dem Androgensignalweg wurde durch einen indirekten 

Ansatz untersucht. Die Ubiquitin spezifische Protease 10 (USP10) war in einem AR-DNA-

Komplex identifiziert worden. Deswegen wurde die mögliche Rolle von USP10 in der 

Regulation der AR-Aktivität geprüft. USP10 wirkte als Coaktivator des AR und diese Wirkung 

war abhängig von der enzymatischen Aktivität des USP10. Darüber hinaus beeinträchtigte 

das knock-down von USP10 die Funktion des AR. Allerdings konnte keine Änderungen in der 

Ubiquitylierung des AR gezeigt werden und das deutet an, dass der AR nicht das Substrat von 

USP10 ist. Ausgehend von der engen Verbindung zwischen dem Ubiquitin-Proteasom-System 

und der Transkription könnte USP10 durch die Stabilisierung von Cofaktoren des AR oder 

von Elementen des Transkriptionsapparates oder durch die Modifizierung der Histone 

wirken. Dieser Teil der Arbeit unterstützt die Idee, dass das Ubiquitin-Proteasom-System eine 

wichtige Rolle in der Modulation der Transkription spielt und die Ergebnisse zeigen, dass die 

Deubiquitylierung auch an der Regulation beteiligt ist. 

Im zweiten Teil dieser Arbeit wurde die Bedeutung der Acetylierung des AR untersucht. Die 

Mutagenese verschiedener Acetylierungsstellen verursachte unterschiedliche Effekte, 

abhängig vom verwendeten Promotor. Die interessantesten Ergebnisse wurden gefunden als 

alle drei Acetylierungsstellen mutiert waren. Diese AR-Mutante zeigte einen vollständigen 

Verlust der Aktivierung des Pem Promotors während ihre Aktivität auf dem MMTV Promotor 

stärker war als die des wild-type AR. Der Verlust der AR-Aktivität auf dem Pem Promotor 

wurde weder bei Unterschieden in der Proteinmenge, in der Ligandbindung, in der 

Kernlokalisierung oder in der Promotorbindung noch bei gestörter N/C Interaktion 

verursacht. Eine mögliche Erklärung ist eine fehlende Interaktion der Mutante mit 

promotorspezifischen Cofaktoren. 

Diese Arbeit betont die Rolle von posttranslationalen Modifikationen in der Regulation der 

Funktion des AR. Es wird mehr Arbeit nötig sein, um die Feinabstimmung des 
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Androgensignalwegs durch diese Modifikationen besser beschreiben zu können, da zu 

erwarten ist, dass diese promotor- und zellkontextabhängige Effekte zeigen. 
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