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I. SUMMARY 

 

Androgens control a variety of developmental processes that create the male phenotype and are 

important for maintaining male fertility and normal functions of tissues and organs that are not 

directly involved in procreation. Androgen receptor (AR) that mediates the biological actions of 

androgens is a member of the nuclear receptor superfamily of ligand-inducible transcription factors. 

Although AR was cloned over 15 years ago, the mechanisms by which it regulates gene expression 

are not well understood. A growing body of in vitro experimental evidence suggests that a complex 

network of proteins is involved in the androgen-dependent
 
transcriptional regulation. However, the 

process of AR-dependent transcriptional regulation under physiological conditions is largely elusive. 

In the present study, a series of experiments were performed, including quantitative chromatin 

immunoprecipitation (ChIP) assays, to investigate AR-mediated transcription process using living 

prostate cancer cells. Our results show that the loading
 
of AR and recruitment of coactivators and 

RNA polymerase II (Pol II) to both the promoter and enhancer of AR target genes are a transient and 

cyclic event that in addition to hyperacetylation, also involves dynamic changes in methylation, 

phosphorylation of core histone H3 in androgen-treated LNCaP cells. The dynamics of testosterone 

(T)-induced loading of AR onto the proximal promoters of the genes clearly differed from that loaded 

onto the distal enhancers. Significantly, more holo-AR was loaded onto the enhancers than the 

promoters, but the principal Pol II transcription complex was assembled on the promoters.  By 

contrast, the pure antiandrogen bicalutamide (CDX) complexed to AR elicited occupancy of the PSA 

promoter, but was unable to load onto the PSA enhancer and was incapable of
 
recruiting Pol II, 

coactivators and following changes of covalent histone modifications. The partial antagonist 

cyproterone acetate (CPA) and mifepristone (RU486) were capable of promoting AR loading onto 

both the PSA promoter and enhancer at a comparable efficiency with androgen in LNCaP cells 

expressing mutant AR. However, CPA- and RU486-bound AR not only recruited Pol II and 

coactivator p300 and GRIP1 onto the promoter and enhancer, but also recruited the corepressor NCoR 

onto the promoter as efficiently as CDX. In addition, we demonstrate that both proteasome and 

protein kinases are implicated in AR-mediated transcription. Even though proteasome inhibitor 

MG132 and protein kinase inhibitor DRB (5, 6-Dichlorobenzimidazole riboside) can block ligand-

dependent accumulation of PSA mRNA with same efficiency, their use results in different molecular 

profiles in terms of the formation of AR-mediated transcriptional complex. Collectively, these results 

indicate that transcriptional activation by AR is a complicated process, which includes transient 

loading of holo-AR and recruitment of Pol II and coregulators accompanied by a cascade of distinct 

covalent histone modifications; This process involves both the promoter and enhancer elements, as 

well as other general components of the cell machineries e.g. proteasome and protein kinase; The pure 

antiandrogen CDX and the partial antagonist CPA and RU486 exhibit clearly different profiles in 

terms of their ability to induce the formation of AR-dependent transcriptional complexes and the 

histone modifications associated with the target genes in human prostate cancer cells. Finally, by 

using quantitative RT-PCR to compare the expression of sixteen AR co-regulators in prostate cancer 

cell lines, xenografts, and clinical prostate cancer specimens we suggest that AR co-regulators protein 

inhibitor of activated STAT1 (PIAS1) and steroid receptor coactivator 1(SRC1) could be involved in 

the progression of prostate cancer.  
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II. ORIGINAL PUBLICATIONS 

 

The thesis is based on the following original articles, which are referred to in the text by their Roman 

numerals. 
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dynamic assembly of the androgen receptor transcription complex. J Biol Chem 277: 48366-48371. 

 

II Kang Z, Jänne OA and Palvimo JJ (2004) Coregulator recruitment and histone modifications 

in transcriptional regulation by the androgen receptor. Mol Endocrinol 18: 2633-2648. 

 

III Linja MJ, Porkka KP, Kang Z, Savinainen KJ, Jänne OA, Tammela TLJ, Vessella RL, 

Palvimo JJ and Visakorpi T (2004) Expression of androgen receptor  coregulators  in prostate cancer. 

Clin Cancer Res 10: 1032-1040. 

 

In addition, some unpublished data are presented.  

 

Original publication III was also included in the thesis “Alterations in androgen receptor, 
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The original publications are reproduced with permission of the copyright holders. 
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III.  ABBREVIATIONS 

 
ACTR activator

 
of thyroid and retinoic receptor  

AIB1 amplified in breast cancer 1 

AIS  androgen insensitivity syndrome 

AR androgen receptor 

AcH3 acetylated histone H3 

ARE  androgen response element 

cAMP cyclic adenosine 3’, 5’-monophosphate 

CARM1 coactivator-associated arginine methyltransferase 1 

CBP CREB-binding protein 

cDNA complementary deoxyribonucleic acid 

CDX casodex (bicalutamide) 

ChIP chromatin immunoprecipitation 

COS-1  monkey kidney cell line, SV40 transformed 

CPA cyproterone acetate 

CREB cAMP-responsive element binding protein 

CV-1  monkey kidney cell line 

DBD DNA-binding domain 

DRB 5,6-Dichlorobenzimidazole riboside 

ER  estrogen receptor 

FCS fetal calf serum 

FISH fluorescent in situ hybridization 

GR glucocorticoid receptor 

GRIP1 glucocorticoid receptor-interacting protein 1 

HAT histone acetyltransferase 

HDAC  histone deacetylase 

HeLa human cervix carcinoma cell line 

HMT histone methyltransferase 

HRE hormone response element 

KLK2 kallikrein 2 

LBD ligand-binding domain 

MAPK mitogen-activated protein kinase 

NR nuclear receptor 

NCoR nuclear receptor corepressor 

NID nuclear receptor interaction domain  

nt nucleotide 

PCAF p300/CBP-associated factor 

PCR polymerase chain reaction 

PIC preinitiation complex 

PIAS1 protein inhibitor of activated STAT1 

PMSF phenylmethylsulfonyl fluoride 

Pol II RNA polymerase II 

PSA prostate-specific antigen 

RT-PCR reverse transcription-polymerase chain reaction 

SET Su(var)3-9, Enhancer-of-Zeste, Trihorax; 

SMRT  silencing mediator for RAR and TR 

snRNA small nuclear RNA 

SR steroid receptor 

SRC-1 steroid receptor coactivator 1 

SUMO small ubiquitin-related modifier  
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SRM selective receptor modulator 

T testosterone 

TBP TATA binding protein 

TAF TBP-associated factor 

TF transcription factor 

TIF2 transcription intermediary factor 2  

TR  thyroid hormone receptor 

TRAP thyroid hormone receptor-associated protein  
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IV. REVIEW OF THE LITERATURE 

 

A. TRANSCRIPTION REGULATION  

  

1. Basal transcription machinery 

 

Transcriptional activation of a gene involves an orchestrated recruitment of components of the basal 

transcription machinery and intermediate factors, concomitant with an alteration in local chromatin 

structure generated by posttranslational modifications of histone tails and nucleosome remodeling 

(Métivier 2003).  Induction of transcription requires the formation of the preinitiation complex (PIC), 

which comprises the six TFIIA to F complexes and Pol II on the promoter. Following many years of 

investigation, a model emerged (Berk 1999, Orphanides 1996, Ogbourne 1998, Emerson 2002) 

postulating that recruitment of TBP, a subunit of TFIID that binds the TATA box, first becomes 

stabilized by TFIIA. TFIIB next joins the complex, assisting in the selection of the initiation site, 

followed by RNA Pol II once the recruitment of TFIIB has structurally remodeled the PIC. Subsequent 

initiation of transcription involves recruitment and structural remodeling of the TRAP/mediator 

complex, which stimulates phosphorylation of the C-terminal domain of the largest subunit of Pol II 

(Rbp1, or CTD) by TFIIH (Malik 2000a, Davis 2002, Woychik 2002). This event provokes exchange 

of mediator by elongator complexes (Otero 1999), thereby allowing transcription to initiate.  

 

2. Chromatin structure and transcriptional regulation 

 

The genomic DNA of eukaryotes is very long (about 2 m in humans) compared to the diameter of the 

cell’ nucleus (about 10
-5

 m).  In the eukaryotic nucleus, DNA is organized into a nucleo-protein 

complex termed chromatin, which not only facilitates compaction of DNA within the nucleus but also 

serves as an important means to regulate genome function. The incorporation of eukaryotic DNA into 

chromatin mediates its greater than thousand-fold compaction and facilitates its organization into 

chromosomes. Two molecules each of the core histones (H2A, H2B, H3 and H4) comprise a single 

histone octamer, around which 146 base pairs of DNA are wrapped, forming the nucleosome, the 

basic subunit of chromatin. This repeating unit of chromatin is successively packaged into linker 

histone H1 involved higher order structures achieving additional levels of compaction. The 

incorporation of DNA into chromatin dramatically restricts its accessibility, obstructing any process 

that uses DNA as a template.  In recent years, it has become clear that the nucleosome has an 

important role in regulation of gene expression. Particularly exciting is the growing probability that 

the nucleosome can transmit epigenetic information from one cell generation to the next and has the 

potential to act, in effect, as the cell’s memory bank (Turner 2002). Many advances have recently 

been made in understanding regulatory mechanisms at the nucleosomal level (Eickbush 1978, Hayes 

1991, Luger 1997, Thomas 2001, Strahl 2000). The term ‘chromatin remodeling’ has been used to 

describe transitions in chromatin structure that can include alterations to the histone variant 

composition of nucleosomes, histone post-translational modification, DNA methylation, non-histone 

protein content of chromatin, and ATP-dependent chromatin remodeling. Links between histone and 

IV. REVIEW OF THE LITERATURE
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DNA-modifying enzymes and ATP-dependent chromatin remodeling complexes have been 

established (Flaus 2004). 

 

a) ATP-dependent chromatin remodeling 

 

One mechanism to physically rearrange chromatin is achieved by the action of chromatin-remodeling 

complexes, which are a family of ATP-dependent molecular machines. Chromatin-remodeling factors 

share the ability to reposition intact nucleosomes along DNA, redistribute histone proteins between 

nucleosomes in an ATP-dependent reaction and participate in transcriptional regulation, DNA repair, 

homologous recombination and chromatin assembly. At present, the means by which the Snf2-related 

ATPase motors generate this assortment of chromatin transitions remains unclear, but they are likely 

to be influenced by a diverse selection of accessory subunits with which they associate (Becker 2001, 

Hassan 2001, Peterson 2002, Flaus 2004).  

 

b) Histone modifications 

 

Once thought of as static, non-participating structural elements, it is now clear that histones are 

integral and dynamic components of the machinery responsible for regulating gene transcription.  

More than thirty years ago, Vincent Allfrey and colleagues reported a strong correlation between 

increased levels of histone acetylation and elevated levels of gene expression. To date, an extensive 

literature documents an elaborate collection of post-translational modifications including 

serine/threonine phosphorylation, lysine acetylation, lysine and arginine methylation, lysine 

ubiquitination and sumoylation, and ADP-ribosylation that take place on histones (Srahl 2000, Shiio 

2003). Dynamic changes in multiple post-translational modifications of the tails of core histones, i.e. 

“the histone code”, can control chromatin packaging and create binding sites for chromatin-associated 

proteins and thus mediate gene transcription (Jenuwein 2001, Fischle 2003).  

 

At least two different domains can be distinguished in core histones: a globular domain involved in 

histone–histone interactions (containing the ‘histone fold’ motif); and the flexible N-terminal tails of 

H3 and H4, and N- and C-terminal tails of H2A and H2B (Loidl 2004). In their unmodified state, the 

N-terminal tails of core histones are positively charged and interact with DNA and core histone 

regions on the same or neighboring nucleosomes. The best-characterized histone modification is 

acetylation that is a dynamic process regulated by histone acetyltransferases (HAT) and histone 

deacetylases (HDAC). Acetylation has been linked to the loosened status of chromatin structure and 

transcriptionally active genes, with the rate of gene transcription correlating positively with the degree 

of histone H3 and H4 acetylation (Berger 2002, Roth 2001).  Unlike histone acetylation, increased 

histone lysine methylation that may occur as a mono-, di- or tri-modification has been linked to both 

transcription activation and repression (Dutnall 2003, Breiling 2002, Kouzarides T 2002). 

Methylation, especially tri-methylation of H3 at K4 (H3-K4), is generally associated with 

transcriptional activation in yeast, whereas methylation of H3 at K9 (H3-K9) tracks with repression 

(Kouzarides T 2002, Santos-Rosa 2002, Sims 2003). Besides lysine residues, histones may be 

methylated at arginines. Methylation of H4-R3 by PRMT1 may facilitate subsequent acetylation by 

p300, providing a possible molecular explanation for the coactivator activity of PRMT1 (Wang 2001a, 
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Daujat 2002). Lysine and arginine methylations appear to cooperate with other histone modifications 

in the regulation of gene transcription (Sun 2002, Stallcup 2001).  

Although the modifications of histone tails have been very well documented, the mechanisms of these 

modifications in the control of many cellular activities are largely elusive. It was reported that 

acetylation of lysine residues may convert histone form positive charge into negative charge, thereby 

releasing DNA from core histones. However, the changes of electric charges cannot explain the 

effects of all types of histone modifications. For example, methylation does not alter the charge of a 

histone. According to the concept of the histone code, specific histone modification patterns control 

the association of proteins with chromatin through their effect on the strength and specificity of direct 

physical interaction with histones. The association of histone binding proteins with chromatin leads 

directly or indirectly to changes in the functional state of the underlying DNA (for example, 

transcriptionally active or inactive) through changes either in the higher order structure of chromatin 

or in the ability to subsequently recruit specialized cellular machinery such as the RNA polymerase 

transcription complex (Dutnall 2003).  

The bromodomain represents an extensive family of evolutionarily conserved protein modules found 

in many chromatin-associated proteins and in nearly all known nuclear HATs (Tamkun 1992, Haynes 

1992, Jeanmougin 1997). This new finding that bromodomains function as acetyl-lysine binding 

domains (Dhalluin 1999, Jacobson 2000, Hudson 2000), suggesting a novel mechanism for regulating 

protein–protein interactions via lysine acetylation, has broad implications for the mechanisms 

underlying a wide variety of cellular events, including chromatin remodeling and transcriptional 

activation (Dyson 2001, Winston 1999, Strahl 2000, Zeng 2002). On one hand, such a mechanism 

supports the hypothesis that bromodomains can contribute to highly specific histone acetylation by 

tethering transcriptional HATs to specific chromosomal sites (Manning 2001, Travers 1999). On the 

other hand, it can contribute to the assembly and activity of multi-protein complexes of chromatin 

remodeling such as SAGA (Spt-Ada-Gcn5-acetyltransferase) and NuA4 through recognizing acetyl-

lysine of histone (Brown 2001, Sterner 1999).  Similar to acetyl-lysine binding of bromodomain, the 

recent structural studies have also revealed phospho-tyrosine binding (PTB) domains that specifically 

recognize tyrosine-phosphorylated proteins including histones (Shoelson 1997, Zhou 1995, Forman-

Kay 1999, Pawson 1997, Pawson 2000). The findings of acetyl-lysine binding domain and phospho-

tyrosine binding domains provide strong evidences for understanding the fundamental biological role 

of histone modifications. The influence of histone methylation on chromatin structure has remained 

elusive. It is possible that the methyl groups block protein binding or create new docking sites for 

binding of a protein.  

 

c) DNA methylation 

 

Chromatin is the physiological carrier not only of genetic information encoded in the DNA, but also 

of epigenetic information included in histone modifications and DNA methylation (Bird, 2002, 

Turner 2002, Wang 2004). Five-prime cytosine methylation of CpG dinucleotides is the only known 

naturally occurring modification of DNA. This modification can be transmitted faithfully over many 

cellular generations and is mediated by enzymes called DNA methyltransferases (DNMTs) (Bestor 

2000). Mammalian genomes contain at least three genes that produce catalytically active DNA 
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DNMTs (1, 3a and 3b) (Robertson 2001). CpG methylation profoundly influences many processes 

including transcriptional regulation, genomic stability, chromatin structure modulation, X 

chromosome inactivation, and the silencing of parasitic DNA elements (Baylin 2001, Jones 1999, 

Robertson 2001). In the case of CpG islands found in gene promoters, there is a very strong positive 

correlation between transcriptional repression of the promoter and its hypermethylation (Eden  1998 , 

Jones 1999, Urnov 2002). Much new information has recently come to light pertaining to how 

cellular DNA methylation patterns may be established during development and maintained in somatic 

cells (Robertson 2002). In normal human cells, most of the nonpromoter CpG islands, including those 

found in repetitive DNA, are hypermethylated, whereas those found in promoters of active genes are 

demethylated. Tumor cells have a deregulated genome methylation pathway: the bulk genome is 

demethylated and promoters of specific genes become aberrantly hypermethylated (Baylin 1998, 

Rountree 2001).   

 

There are at least four proteins known that selectively recognize methylated DNA: methyl-CpG-

binding protein 2 (MeCP2), methyl-CpG-binding domain protein 1 (MBD1), and methyl-CpG-

binding domain protein 2 (MBD2), and Kaiso (Billard 2002, El Osta 2002). The MBDs and MeCP2 

share an unusual property thought to result from the relatively small DNA binding surface they 

contain (Ohki 2001, Wade 2001). They can bind to methylated DNA when it is wrapped around a 

histone octamer. This implies that repressed chromatin that forms over hypermethylated DNA loci 

may also contain, in addition to the histones, methylated DNA binding proteins that would, in effect, 

be “standing guard” over that DNA (Chandler 1999). Biochemical analysis showed that Dnmt1 

interact with both the enzymes HDAC1 and HDAC2 (Fuks 2000, Robertson 2000, Rountree 2000), 

Dnmt3a can associate with HDAC1 as well (Fuks 2001). It has also been found that MeCP2 

associates with HDAC activity and represses transcription in a manner that is sensitive to small-

molecule HDAC inhibitors (Feng 2001, Ng 1999, Jones 1998, Nan 1998). Emerging evidence 

suggests that chromatin remodeling enzymes and histone methylation are essential for proper DNA 

methylation patterns. Both histone modifications and DNA methylation are very important for the 

control of chromosome structure and gene expression (Cameron 1999, Bird 2001, Robertson 2002, 

Geiman 2002).  

 

Genome modifications resulting from epigenetic changes appear to play a critical role in the 

development and/or progression of cancer and could also be critical determinants of cellular 

senescence and organismal aging (Villa 2004, Bandyopadhyay 2003). Studies of the silenced tumor 

suppressor gene loci in colorectal cancer (CRC) found in the promoter regions of P16, MLH1, and 

MGMT, reduced H3 Lys 9 acetylation and Lys 4 methylation and increased H3 Lys 9 methylation in 

cells with promoter DNA methylation-associated silencing, suggesting that DNA methylation and 

histone modifications are closely related in CRC (Kondo 2003).  Such epigenetic studies should not 

only improve our understanding of biology of the cell, but also yield new insights into treating 

diseases involving aberrant epigenetic changes of the chromatin, e.g. cancer (Villar-Garea 2003, 

Esteller 2001, Herman 1998, Robertson 2002). 
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d) Z-DNA  

 

Besides the changes of nucleosomal structures as the consequence of modifications of histone and 

DNA, DNA itself can take different conformations other than the right-handed B-DNA double helix. 

One of the most dramatic structural transitions is made when B-DNA is converted to a left-handed Z-

DNA double helix (Wang 1979, Rich 1984, Leng 1985). The energetically unfavorable Z-DNA 

conformation is stabilized by negative supercoiling that induces torsional strain in plasmid DNA in 

bacteria. In eukaryotes, the DNA is not torsionally strained even though it is supercoiled because the 

negative superhelical turns are absorbed in DNA wrapping around nucleosomes. However, negative 

supercoiling can be generated behind a moving RNA polymerase transcribing a DNA template (Liu 

1987).  Z-DNA structures have been detected in the promoter region of actively transcribed genes in 

mammalian cells (Herbert 1999). It is estimated that the mammalian genome contains approximately 

100,000 copies of potential Z-DNA forming units (Hamada 1982).  The Z-DNA conformation has 

been difficult to study because it does not exist as a stable feature of the double helix. Instead, it is a 

transient structure that is occasionally induced by biological activity and then quickly disappears 

(Rich 2003). Despite extensive investigations over the past two decades, the biological function of the 

Z-DNA structure has not been well established.  An assay that detects only proteins with high affinity 

for Z-DNA has revealed that one type of double-stranded RNA adenosine deaminase (dsRAD) 1 

called DRADA binds Z-DNA in vitro (Herbert 1995, 1996).  The domain maps to a region separate 

from the three copies of the RNA binding motif present in the protein and also from the catalytic 

domain (Kim 1997, 1999). Another Z-DNA-binding protein is E3L, which is found in poxviruses, 

including the vaccinia virus. These large DNA viruses reside in the cytoplasm of cells and produce 

several proteins that help to abort the interferon response of the host cell. E3L is a small protein that is 

necessary for pathogenicity (Brandt 2001).  It was postulated that the ZE3L domain in the nucleus of 

the infected cell might bind to the Z-DNA that is formed near the transcription start site of certain 

genes, which would impair the ability of the host cell to carry out transcription and so inhibit the anti-

viral response (Kim 2003). In addition, Z-DNA formation could affect the placement of nucleosomes 

as well as the organization of chromosomal domains (Garner 1987). Recently, ATP-dependent 

chromatin remodeling has been connected with Z-DNA structure by demonstrating that the 

SWI/SNF-related mammalian BAF complex promotes Z-DNA formation that, in turn, stabilizes the 

open chromatin structure at the CSF1 promoter (Liu 2001).   

 

3. Ubiquitin-proteasome pathway  

 

Nearly all proteins in mammalian cells are continually being degraded and replaced by de novo 

synthesis. The rates of degradation of individual cell constituents vary widely, with half-lives ranging 

from several minutes to a few days or weeks (Rock 1999, Bohley 1995). Lysosomal and proteasomal 

degradation are the two major pathways for cellular protein turnover. Cell surface proteins that are 

taken up by endocytosis are degraded in the lysosome (Rock 1999, Bohley 1995, Glickman 2002). 

Lysosomal degradation accounts for 10–20% of normal protein turnover. However, the bulk of 

cellular proteins (80%) are degraded by the proteasome. In a few exceptions, such as membrane-
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anchored proteins, ubiquitination could also lead to degradation in the lysosome (Rock 1999, 

Glickman 2002, Ciechanover 2000).  The ubiquitin proteasome pathway is  

 

 
 Fig 1. Ubiquitin-mediated proteolysis and its many biological functions. Ubiquitin mediated proteolysis, a process where an 

enzyme system tags unwanted proteins with many molecules of the 76-amino acid residue protein named ubiquitin. The 

tagged proteins are then transported to the proteasome, a large multisubunit protease complex, where they are degraded. 

Numerous cellular processes regulated by ubiquitin-mediated proteolysis include the cell cycle, DNA repair and 

transcription, protein quality control and the immune response. Ub: ubiquitin; E1: ubiquitin-activating enzyme; E2: 

ubiquitin-conjugating enzyme; E3: the ubiquitin protein ligase (adapted from Advanced information on the Nobel Prize in 

Chemistry, 6 October 2004). 

  

 

a highly conserved intracellular pathway for the degradation of proteins.  Ubiquitin mediated 

proteolysis is a process where an enzyme system tags unwanted proteins with many molecules of the 

76-amino acid residue protein named ubiquitin. The tagged proteins are then transported to the 

proteasome, a large multisubunit protease complex, where they are degraded.  Although at first 

suspected to target only a small pool of misfolded proteins for degradation by 26S proteasomes, 

numerous cellular processes are currently known to be regulated by ubiquitin-mediated proteolysis, 

including the cell cycle (Goebl 1988, Glotzer 1991, Nasmyth 2001), DNA repair (Scheffner 1993, 

Honda 1997) and transcription (Kinyamu 2004), protein quality control (Alberts 2002, Aghajanian 

2002) and the immune response (Chen 1995). There is now experimental evidence that up to 30% of 

the newly synthesized polypeptides in a cell are selected for rapid degradation in the proteasome 

because they do not pass the quality control system of the cell (Alberts 2002). Ubiquitin-mediated 

proteolysis and its many biological functions are demonstrated in Fig 1. This pathway consists of the 

IV. REVIEW OF THE LITERATURE



 

 

15 

ubiquitin-conjugating machinery (including an E1 ubiquitin-activating enzyme) and E2 and E3 

ubiquitin-conjugating and ubiquitin-ligase proteins. It is now known that mammalian cells contain 

only one or a few E1s, several different E2s and several hundred different E3s (Pickart 1985). The 

full conjugation pathway is now clear: activated ubiquitin bound via its COOH terminus to the thiol 

site of E1 is first transferred to another sulfhydryl site on E2. Ubiquitin is then further transferred 

from E2-bound thiol esters to stable protein conjugates in the presence of E3. The E3 catalyzed 

reaction is iterated on the original substrate, resulting in polyubiquitination (Fig 2.).  

   

         

Fig 2. The full conjugation pathway: activated ubiquitin bound via its COOH terminus to the thiol site of E1 is first 

transferred to another sulfhydryl site on E2. Ubiquitin is then further transferred from E2-bound thiol esters to stable protein 

conjugates in the presence of E3. The E3 catalyzed reaction is iterated on the original substrate, resulting in 

polyubiquitination. 

 

The proteasome that is responsible for degradation of ubiquitinated products, is found both in the 

nucleus and in the cytoplasm. The active sites of the proteasome are protected from the cellular 

environment in the interior of the barrel-shaped 20S structure, and poly-ubiquitinated proteins are 

recognized by the regulatory 19S complexes of the proteasome. The 19S regulatory sub-complexes of 

the proteasome unfold the protein substrates and assist in their translocation through a narrow gate 

into the 20S core particle where degradation takes place. The protein substrates are degraded 

processively until peptides of 7-9 amino acid residues remain. The 19S complex also contains an 

isopeptidase that removes ubiquitin from the substrate protein (Baumeister 1997, Voges 1999).   

 

One well-studied example of proteasome function is the regulation of NF- B activity.  Transcription 

factor NF- B regulates many cellular genes that play essential roles in immune and inflammatory 

responses and response to apoptosis. NF- B exists as an inactive complex with an inhibitor protein 

I B in the cytoplasm. When cells are exposed to infectious bacteria or some other local signalling 

substances, I B is phosphorylated and this is the signal for ubiquitin-mediated degradation in the 

proteasome. Once I B is degraded, NF- B translocates to the nucleus where it activates gene 

expression (Chen 1995). It has been found that activation of the transcription factor NF- B by 

ionizing radiation, irinotecan, cisplatin, and other chemotherapeutic agents protect cells from 

apoptosis (Wang 1996c, Huang 2000, Yan 1999). Proteasome inhibitors have been shown to inhibit 

drug-induced NF- B, and in doing so, sensitize the treated cells to drug-induced apoptosis. 

Proteasome inhibition has also been shown to overcome Bcl-2-mediated protection from apoptosis 
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(Benyi 2000, An 1998) and enhance the radiosensitivity of cell lines in vitro (Houston 1996).  Both the 

p53 and NF- B examples also show how ubiquitin-mediated proteolysis, often together with 

phosphorylation, regulates transcription by controlling the stability of different transcription factors. 

 

Receptor levels have a profound influence on target tissue responsiveness of steroid receptors 

(Vanderbilt 1987). In many cases, steroid receptor levels are tightly regulated by degradation via the 

ubiquitin–proteasome pathway (Kinyamu 2003, Lange 2000, Nawaz 1999, Wallace 2001). It was also 

reported that treatment with proteasome inhibitor immobilizes both ER (estrogen receptor) and GR 

(glucocorticoid receptor) in the nuclear matrix (Deroo 2002, Lonard 2000, Stenoien 2001, Schaaf 

2003). Interestingly, an increase in receptor levels and immobilization of receptors by proteasome 

inhibitors has differential effects on steroid- receptor (SR)-dependent transcriptional activation 

depending on the receptor (Wallace 2001, Deroo 2002, Lonard 2000,). For example, proteasome 

inhibitors increase ER level, but decrease receptor-dependent transcriptional activation (Lonard 2000). 

In contrast, proteasome inhibition enhances GR-mediated transactivation, and mutation
 
of Lys-426 

within PEST degradation motif of GR both abrogated ligand-dependent
 
down-regulation of GR 

protein and simultaneously
 
enhanced GR-induced transcriptional activation

 
of gene expression 

(Wallace 2001, Deroo 2002). The reasons that proteasome inhibitors have opposite effects on 

transcription by GR and other steroid receptors are currently unknown.   

 

The steroid receptor-dependent transcription and the ubiquitin–proteasome pathway was initially 

connected by the recognition that some steroid coactivators were also components of ubiquitin–

proteasome machinery, including the E3 ligases, E6-AP, UBC9, MDM2 and the ATPase subunit of 

the 26S proteasome TRIP1/ SUG-1 (Nawaz 1999, Defranco 2000, Poukka 1999, Saji 2001, vom Baur 

1006). Estrogen receptor transactivation is dependent on both degradation of the ER and ER 

coregulator proteins (Lonard 2000, Yan 2003). Proteasome-mediated protein turnover is required for 

receptor recycling and for ensuing rounds of transcription from steroid receptor responsive target gene 

promoters (DeFranco 2002).  It has been shown that components of the 26S proteasome are recruited 

to endogenous gene promoters using ChIP analysis (Reid 2003). In addition to direct involvement of 

proteasome components in SR-dependent promoter regulation, receptor coregulators and RNA Pol II 

itself are subject to proteasomal degradation (Lonard 2000, Yan 2003). These studies support a link 

between transcriptional activation and the ubiquitin–proteasome pathway and suggest that specific 

components of the 26S proteasome may play a direct role in regulating transcription (Sun 2002). 

 

While poly-ubiquitination of substrate proteins is the signal leading to proteolysis in the proteasome, 

mono-ubiquitination of proteins has other functions. The first example of mono-ubiquitination was 

ubiquitinated histone H2A (Goldknopf 1977), but, ironically, the function of this modification is still 

not well understood, but not involved in proteolysis. Monoubiquitination of a plasma membrane 

embedded receptor was later found to signal its endocytosis, indicating that ubiquitination of proteins 

also has important targeting functions in endocytosis and secretion (Hicke 1996). There are now many 

examples of a non-proteolytic function of ubiquitination, or modification by the small ubiquitin-

related modifier (SUMO) (Pichler 2002). SUMO is a member of an ubiquitin-like protein family that 

regulates cellular function of a variety of target proteins.  The mechanism for SUMO conjugation is 

analogous to that of the ubiquitin system, such as the utilization of E1, E2, and E3 cascade enzymes. 

IV. REVIEW OF THE LITERATURE



 

 

17 

However, the biological consequence of SUMO modification is quite different from that of the 

ubiquitin system. Whereas ubiquitination of most proteins is for the degradative pathway, SUMO 

modification of target proteins is involved in nuclear protein targeting, formation of subnuclear 

structures, regulation of transcriptional activities or DNA binding abilities of transcription factors, and 

control of protein stability (Kim 2002).   

 

The ubiquitin system has become an interesting target for the development of drugs against various 

diseases. Such drugs may be directed against components of the ubiquitin-mediated proteolysis 

system to prevent degradation of specific proteins; or the reverse, drugs may trigger the system to 

destroy unwanted proteins. PS341 (Velcade®; bortezomib), a dipeptidyl boronic acid, reversible 

inhibitor with high specificity for the proteasome, has been approved for treatment of multiple 

myeloma (Aghajanian 2002, Ikezoe 2004).  One of the possible mechanisms of PS341 cancer therapy 

is involvement of the NF- B pathway. The transcription factor NF- B, an important regulator of 

apoptosis, can be constitutively activated in several cancers, including some breast cancers (Orlowski 

2002). As mentioned above, proteasome inhibitors work in part by blocking degradation of the 

inhibitory protein I B thereby decreasing NF- B nuclear translocation (Orlowski 1999). Therefore, 

malignancies with high levels of activated NF- B, such as breast cancer, should be especially 

sensitive to interruption of this pathway, which would induce tumor cell death. 

 

4. Chaperone complexes  

 

For many years, molecular chaperones such as Hsp 90 and p23 were thought of primarily as 

molecules that provided stability to the receptor before hormone binding (Pratt 1997). It is now 

known that the rapid, cytoplasmic-nuclear translocation (geldanamycin-inhibited) of the endogenous 

GR (Czar 1997) or GFP–GR (green fluorescent protein-GR) (Galigniana 1998, 1999) is hsp90-

dependent and can be inhibited by geldanamycin, an ansamycin antibiotic that binds to the N-terminal 

ATP site of hsp90 and inhibits its function (Roe 1999). Recent research efforts have unraveled a novel 

mechanism of steroid-regulated transcription where steroid receptor co-chaperones are involved in the 

assembly of the transcriptional complex and perhaps in stabilizing the receptor during recycling to 

continue hormone response (Marx 2002, DeFranco 2000a).  The chaperones engage steroid receptor 

during assembly and disassembly of the transcriptional machinery. Overexpression of p23 in yeast 

and mammalian cells stimulated GR transactivation (Freeman 2002). Furthermore, ChIP analysis 

indicated that p23 was localized in vivo in genomic response elements in GR target genes in a 

hormone-dependent manner. In other studies, overexpression of p23 either activated or repressed 

transactivation depending on SR (Freeman 2000, Knoblauch 1999). This interesting analogy of 

molecular chaperones regulating SR function in the nucleus are supported by other reports, for 

example, suggesting that Hsp90 can bind histones and modify chromatin structure in vitro 

(Shaknovich 1992). Additional evidence of the involvement of chaperone proteins in chromatin 

remodeling comes from experiments in Drosophila where some subunits of the BRM complexes such 

a BAP 74 demonstrate sequence homology with chaperone proteins (Papoulas 1998).  
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B. STEROID RECEPTOR-MEDIATED SIGNALING 

 

1. Nuclear receptor superfamily 

 

The nuclear hormone receptor gene superfamily encodes structurally related proteins that regulate 

transcription of target genes. These macromolecules include receptors for steroid (androgens, 

progesterone, glucocorticoids, corticosteroids, ecdysteroids, and estrogens) and thyroid hormones, 

retinoids, vitamins, and orphan receptors for which no ligands have been found (Beato 1995, 

Mangelsdorf 1995, Whitfield 1999, Aranda 2001, Giguere 1999, Kucharova 2002). As nuclear 

receptors bind small molecules that can easily be modified by drug design, and control functions 

associated with major diseases (e.g. cancer, osteoporosis and diabetes), they are promising 

pharmacological targets (Gustafsson 1999, Kliewer 1999). Nuclear receptors share a conserved 

modular structure (Fig. 3). The three major functional domains are (i) the N-terminal transactivation 

domain (NTD), (ii) the DNA-binding domain (DBD), and (iii) the C-terminal ligand-binding domain 

(LBD). The short nonconserved region between the DBD and the LBD is called the hinge region.  

 

The most variable region of nuclear receptors both in sequence and size is the NTD. The three 

dimensional structure of this domain has not been resolved. Most of the nuclear receptors, such as AR 

and GR, have a ligand-independent transcriptional activation function (AF1) in their NTD 

(Hollenberg 1988, Tora 1989, Simental 1991). The NTD has been suggested to function by binding 

general transcription factors (Beato 1996, Ford 1997) and coregulator proteins (Ikonen 1997, Onate 

1998, Alen 1999, Bevan 1999, Hittelman 1999, Ma 1999, Wallberg 1999). The NTD also participates 

in intramolecular interactions with the LBD of androgen receptor (Kraus 1995, Ikonen 1997). 

 

 

 

Fig 3. Modular domains of nuclear receptors. NTD, the N-terminal transactivation domain; DBD, the DNA binding domain; 

H, the hinge region; LBD, the ligand-binding domain. The main functions of each domain are shown. The numbers depict 

the number of amino acid residues in the four domains in different nuclear receptors 
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The DBD is the most conserved region among nuclear receptors. The three-dimensional structures of 

the DBD of many nuclear receptors have been resolved (Härd 1990, Schwabe 1990 and 1993, Luisi 

1991). The DBD harbors two zinc fingers, which direct the receptors to bind specific DNA sequences 

as monomers, homodimers, or heterodimers. The first zinc finger is critical for specific DNA contacts, 

and the second zinc finger interacts with the DNA phosphate backbone and is involved in receptor 

dimerization (Freedman 1992, Quigley 1995, Robinson-Rechavi 2003). In addition to DNA binding 

and dimerization, the DBD of nuclear receptors is involved in interactions with coregulators 

(Moilanen 1998a, 1998b and 1999, Blanco 1998, Puigserver 1998), and it is also required for cross-

talk with other transcription factors such as NF- B and AP-1 (Schüle 1990, Ray 1994, Aarnisalo 

1999). The LBD contains the ligand-binding pocket, activation function 2 (AF2) and dimerization 

surface. The crystal structures of various nuclear receptors have revealed a common structure with 12 

 helices and one  turn arranged as an antiparallel -helical sandwich in a three-layer structure 

(Bourguet  1995, Renaud 1995, Wagner 1995, Wurtz 1996, Brzozowski 1997, Nolte 1998, Williams 

1998). Upon binding of the ligand, specific  helices are repositioned leading to sealing of the ligand-

binding cavity with helix H12. The ligand-induced repositioning of H12 provides the surface(s) for 

coactivator interactions and generates the active AF2. The crystal structure of estrogen receptor  

(ER ) LBD complexed with the antagonist raloxifen shows that the antagonist induces a 

conformation distinct from the agonist-induced conformation; in the antagonist-induced conformation, 

H12 is placed in an "antagonist position" (Brzozowski 1997). This conformation blocks the surface 

formed by helices H12, H3, H4 and H5 normally used for the binding of an LXXLL motif of 

TIF2/GRIP1, a member of SRC family of nuclear receptor coactivators (Shiau 1998). The crystal 

structure of PPAR  LBD bound to an antagonist and a SMRT corepressor motif shows that the 

antagonist-bound receptor adopts a conformation, which facilitates the binding of corepressors (Xu 

2002). The ligand-binding domain responds to binding of the cognate hormone; this domain and the 

amino terminal domain interact with other transcription factors.  

 

 

2. Ligand-dependent action of steroid receptors  

 

In absence of ligands, steroid receptors are kept in inactive forms associated with large multiprotein 

complexes, including heat shock proteins Hsp90, Hsp56, Hsp70 and p23 (Beato  1996, Pratt 1997). In 

the inactive state, the receptors are maintained in a high-affinity ligand binding form. Binding of a 

ligand induces a conformational change of the receptor that leads to dissociation of heat shock 

proteins and allows dimerization and nuclear translocation of the receptors (Fig. 4, Pratt 1997, Moras 

1998). The cellular localization prior to ligand binding varies among different steroid receptors. GR is 

predominantly located in the cytoplasm, and ligand induces its nuclear transport (Picard 1987, Sackey 

1996). In contrast to GR, unliganded ER and progesterone receptor (PR) seem to be mostly nuclear 

(Htun 1999, Lim 1999). Apo-AR has been reported to be both nuclear and cytoplasmic depending on 

the experimental conditions used (Jenster 1993, Zhou 1994, Karvonen 1997). 
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Fig. 4. Ligand-dependent action of steroid receptor. R, steroid receptor; H, hormone; hsp, heat shock protein; HRE, hormone 

response element; PIC, preinitiation complex. Upon hormone binding, receptors dimerize, bind to the hormone response 

element and thereby regulate the gene transcription. Coregulator proteins bind to the receptor dimer and modulate steroid 

receptor-dependent transcription. 

 

 

Upon hormone binding, receptors dimerize, bind to the hormone response element and thereby 

regulate the gene transcription. According to their ligand-binding, DNA-binding and dimerization 

properties, nuclear receptors are grouped into four classes (Mangelsdorf 1995). Class I nuclear 

receptors including steroid receptors form homodimers, but some members of this class are also 

suggested to form heterodimers (Trapp 1994, Liu 1995, Cowley 1997, Lee 1999). Class II receptors, 

include vitamin D receptor (VDR), retinoic acid receptor (RAR), peroxisome proliferator-activated 

receptors (PPARs) and thyroid hormone receptor (TR), form heterodimers with retinoid X receptor 

(RXR). Class III contains some orphan receptors that bind DNA as homodimers, and class IV orphan 

receptors bind DNA as monomers (Mangelsdorf 1995). AR, GR, PR and mineralocorticoid receptor 

(MR) homodimers are capable of binding to the palindromes of the sequence AGAACA separated by 

three nucleotides (5'- AGAACAnnnTGTTCT-3'), whereas ER recognizes the palindromic consensus 

sequence 5'-AGGTCAnnnTGACCT-3'. Class II nuclear receptors bind preferentially to direct repeats 

separated by one to five nucleotides (DR1-5), but they can also recognize response elements in 

palindromic or inverted palindromic configurations (Glass 1994, Aranda 2001). In addition to the 

positive response elements that mediate receptor dependent activation of gene expression, so-called 

negative response elements that bind the receptors and mediate negative regulation by the ligand have 

been reported (Sakai 1988, Drouin 1989, Zhang 1997). Most of the steroid receptors excluding ER 

are able to recognize the same response element, and they also have overlapping expression patterns. 
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This raises a question of how receptor specific actions are achieved in vivo. One possibility is that the 

promoter regions of many natural target genes of steroid receptors, especially those of AR, contain 

"modified" response elements with enhanced affinity to specific receptors (Claessens 1996, Zhou 

1997, Schoenmakers 1999 and 2000, Verrijdt 2000). In addition to the target-site structure, nuclear 

receptor-specific actions are derived from a combination of other elements, including availability of 

ligand, receptors, influences of other signaling pathways, and interactions with other proteins, such as 

the general transcription factors and very importantly, the availability of coregulaters of nuclear 

receptors (Aranda 2001, Bland 2000, Ribeiro 1995). 

 

Selective receptor modulators (SRMs) are receptor ligands that exhibit agonistic or antagonistic 

biocharacter in a cell- and tissue context-dependent manner. The prototypical SRM is tamoxifen, a 

selective estrogen receptor modulator that can activate or inhibit estrogen receptor action. It has been 

found that many of synthetic ER ligands, including tamoxifen, do not behave as ‘pure’ antagonists of 

17 -estradiol (E2) as evidenced by their ability to elicit estrogenic responses in a tissue-specific 

fashion. Such ligands have been termed as selective estrogen receptor modulators (SERMs) and 

reflects their ability to behave as estrogen agonists in some tissues while behaving as antagonists in 

others (Aranda 2001, Lonard 2002, Santen 2003, Smith 2004). Proof-of-concept for tissue selectivity 

has also been extended to many compounds interacting with other nuclear receptors, such as the 

progesterone (PR), retinoid (RAR/RXR), and peroxisome proliferation activated receptors (PPARs), 

among others (Darimont 1998, Mukherjee 1997, Schulman 1998, Zhi 1998). Recently, the concept of 

selective androgen receptor modulators (SARMs), compounds that act as antagonists or weak agonists 

in the prostate but act as full agonist in the muscle and pituitary, has also emerged (Hanada 2003, 

Gao 2004, Chen 2004, Marhefka 2004).  

  

Apart from selective expression of the cognate receptor and its binding to specific hormone response 

elements of target genes, additional mechanisms are responsible for the cell- and promoter-specific 

transcription activation (Gronemeyer 1993, Yu 1992). In the past few years, a great deal of progress 

has been made in our understanding of how nuclear hormone receptors function and this serves as a 

foundation for understanding the mechanisms through which SRMs elicit their tissue-specific biologic 

responses. Recent studies have demonstrated that tissue-specific expression of transcription 

coactivators and corepressors is closely associated with tissue-specific responses of nuclear hormone 

receptors (Lonard 2002, Hsiao 2002, Smith 2004).   

 

The intracellular steroid hormone receptors have often been considered to be activated solely by 

cognate hormone. However, during the past decade, numerous studies have shown that certain 

members of the steroid hormone receptor superfamily can be activated in a totally ligand-independent 

manner, through a process that does not require hormone, by a cell membrane receptor agonist, 

growth factors, cytokines, the neurotransmitters and intracellular signaling systems, (Power 1992, 

Jenster 2000, Auger AP 2001, Culig 2002, Blaustein 2004) 
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3. Co-regulators of nuclear receptors 

 

a) Coactivators 

 

Coactivators do not usually possess DNA-binding activity, but they interact with the DNA-bound 

receptor or with other receptor-bound coregulators, and enhance the steroid receptor-dependent 

transcription. Coactivators form large coactivator complexes, and it is suggested that the nuclear 

receptor-mediated transcription requires several different protein complexes that may act sequentially, 

combinatorially or in parallel (Horwitz 1996, Lee JW 2001, Glass  2000, Hermanson  2002, McKenna 

2002, Cavailles  2002 ).  

(1) Coactivators function as histone modification enzymes 

 

Nuclear receptors (NRs) are ligand-regulated, DNA-binding transcription factors that function in the 

chromatin environment of the nucleus to alter the expression of subsets of hormone-responsive genes 

(Evans 1988, Mangelsdorf 1995, Urnov 2001). It is clear that chromatin, rather than being a passive 

player, has a profound effect on both transcriptional repression and activation mediated by NRs. NRs 

act in conjunction with numerous transcription cofactors, many of which have distinct enzymatic 

activities that remodel nucleosomes or covalently modify histones.    

(a) HATs 

Transcription factors play a major role in reorganizing the position or binding of nucleosomes in the 

vicinity of gene promoters, which in general seem to repress gene transcription (Kadanoga 1998). 

One means to destabilize histone-DNA contacts is by histone acetylation, a process catalyzed by 

histone acetyl transferases or HATs. In the presence of hormone, when activated receptors bind to 

target genes, it is conceivable that this leads to the assembly of a multicomponent complex 

comprising several distinct coactivators with intrinsic HAT activity that have the potential to acetylate 

histones and thereby remodel chromatin. Such coactivators include the p160 family of coactivators, 

which are likely to be direct targets for nuclear receptors, and the general coactivators CBP/p300 and 

PCAF.  

 

The p160 proteins are encoded by three distinct genes referred to by numerous acronyms: (i) steroid 

receptor coactivator-1 (SRC1)/ NCoA-1 (Oñate 1995, Kamei 1996, Spencer 1997, Kalkhoven 1998); 

(ii) SRC2 or transcription intermediary factor-2 (TIF2), the human homologue of mouse GRIP1 

(Voegel 1996, Hong 1996); and (iii) SRC3 or pCIP, the human homologue of which is AIB1 

(amplified in breast cancer-1), also known as ACTR, RAC3, or TRAM1 (Torchia 1997, Anzick 1997, 

Chen 1997, Li 1997, Spencer 1997 ). The p160 proteins bind directly to the hormone-binding domain 

of nuclear receptors by means of the nuclear receptor interaction domain (NID) that contains three 

LXXLL signature motifs (where L is leucine and X is any amino acid) (Torchia 1997, Heery 1997). 

Structural studies of the LBD of several receptors and functional analysis of AF2 indicate that helix 

12 represents a ligand-dependent switch that forms part of a protein interaction surface required for 

recruiting coactivators. Ligands that trigger this switch into the appropriate conformation function as 
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agonists, whereas those that induce an aberrant conformation that fails to recognize coactivators 

function as antagonists (Shiau 1998, Brzozowski 1995).  

 

In addition to the HAT activity, p160 proteins play more important role in hormone-dependent 

transcription as platforms for recruitment of additional nuclear receptor coregulator proteins that 

function as histone modifying enzymes. For example, p160 proteins interact directly with CBP/p300, 

which is also capable of interacting with the PCAF complex, both of which possess HAT activity 

(Kalkhoven 1998, Torchia 1997, Chen 1997b, Voegel, Kamei 1996, Yao 1996, Blanco 1998). The 

SRC family members have also been found to interact with other enzymatic activities, such as the 

arginine methyltransferase CARM1 (coactivator-associated arginine methyl transferase) (Chen 

1999a). The physiological importance of the SRC proteins has been demonstrated by gene targeting 

in mice (Xu et al. 1998 and 2000). Disruption of the SRC-1 gene caused partial resistance to steroid 

hormones (Xu et al. 1998). Besides, the expression of another family member, SRC-2/GRIP1, was 

increased in the SRC-1 null mice suggesting that SRC-2/GRIP1 might compensate partially for the 

loss of SRC-1 (Xu et al. 1998). Disruption of the SRC-3 gene had more severe effects resulting in 

dwarfism, delayed puberty, reduced female reproductive function, and blunted mammary gland 

development (Xu et al. 2000). SRC-1 and SRC-3 harbor HAT activities (Chen 1997, Spencer 1997). 

In one study, four of five ER-positive breast cancer cell lines showed amplification of the AIB1 gene 

and a high proportion of ER-positive tumors showed amplification and/or increased expression of 

AIB1, suggesting this could be a possible mechanism of enhancing the response of mammary cells to 

estrogen and important in the initial development of mammary carcinomas (Anzick 1997). 

 

The recruitment of CBP/p300 and PCAF to nuclear receptors is complicated by their ability to bind 

both directly to the receptor LBD (and in the case of PCAF to the DNA-binding domain) and 

indirectly by binding to the p160 coactivators. LXXLL motifs are present near the N-terminus of 

CBP/p300 and mediate direct binding, but the binding is weak relative to that of the p160 proteins.  

CBP and p300 have been demonstrated to play important roles in the nuclear receptor function 

(Kalkhoven 1998, Torchia 1997, Chen 1997b, Voegel, Kamei 1996, Yao 1996, Blanco 1998). Mice 

devoid of the general coactivators CBP/p300 have also been generated, but it is unclear which defects 

can be ascribed to the disruption in steroid hormone signaling since these coactivators play a role in 

multiple signaling pathways. The mice died early in gestation and exhibited a wide range of defects 

including failure of neural tube closure, reduction in cell differentiation, and abnormal heart 

development leading to cardiovascular failure (Yao 1998). 

(b) HMTs 

In addition to acetylation, core histones, especially H3 and H4, are also targets for methylation. 

Although histone methylation was first discovered more than 40 years ago (Murray 1964), only recent 

studies have started to elucidate its biological significance. Histone methylation can occur on both 

lysines and arginines residues within the tails of histone, particularly H3 and H4 (Lachner2002, 

Kouzarides 2002). A number of histone lysines methyltransferases (HMTs) have been identified, 

including the H3 lysine 9 (H3-K9)-specific HMTs Suv39H1 and G9a, which are involved in 

transcriptional repression or silencing (Rea 2000, Tachibana 2001); the H3 lysine 4 (H3-K4)-specific 

HMT Set 9 (also known as Set7), which is involved in transcriptional activation (Nishioka 2002, 
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Wang 2001). A hallmark of most lysine HMTase is the presence of the 130-amino-acid SET domain, 

which is crucial for catalytic activity (Rea 2000, Jenuwein 2001). However, the SET domain alone is 

not sufficient for enzymatic activity. Methylation is only seen when two flanking cystein-rich 

sequences (PRE-SET and POST-SET) are fused to the SET domain. Several HMTs, including Dot1, a 

protein that methylates lysine 79, the surface-exposed residue of histone H3, does not contain a SET 

domain (Ng 2002). There are 73 entries in the human database which possess a SET domain, while 

there are only 6 SET domain proteins in Saccharomyces cerevisiae, 11 in Schizosaccharomyces 

pombe, 41 in Drosophila and 37 in Caenorhabditis elegans (Kouzarides 2002). 

The protein arginine methyltransferase (PRMT) family, such as PRMT1, PRMT3, PRMT4/ CARM1, 

PRMT5/JBP1, is also involved in transcriptional activation (Koh 2001, Chen 1999a, Wang 2001a, 

Strahl 2001). PRMT1, PRMT3 and PRMT4/CARM1 are classified as class I enzymes, as they can 

catalyze the formation of asymmetric dimethylated arginine, whereas PRMT5/JBP1 is classified as a 

class II enzyme as it catalyses symmetric dimethylation. The PRMT2 protein has not yet been 

established as an enzyme (Zhang 2001, McBride 2001). The PRMT proteins vary in length from 348 

(S. cerevisiae Rmt1) to 608 (CARM1) amino acids, but they all contain a highly conserved core 

region of 310 amino acids harboring the methyltransferase activity and also responsible for 

formation of homo-dimers or larger homo-oligomers  (Mangelsdorf 1995, Zhang 2000). They have a 

broad spectrum of substrates, including RNA-processing proteins, RNA-transporting proteins, protein 

phosphatase 2A, G-proteins and histones (Aletta 1998). Three of the five mammalian PRMTases, 

PRMT1, JBP1 and CARM1, have been demonstrated to have histone methyltransferase activity 

(McBride 2001, Stallcup 2001). In spite of their homology in the methyltransferase domain, each 

member methylates a unique set of protein substrates (Stallcup2001, Frankel2002). PRMT1 

specifically methylates arginine 3 of histone H4 in vivo (Strahl 2001, Wang 2001). CARM1 was 

isolated through a yeast two-hybrid screen searching for proteins that interact with GRIP1 (Chen 

1999). Recombinantly expressed CARM1 preferentially methylates histone H3 at R17 in vitro (Chen 

1999, Bauer 2002). CARM1 methylation of CBP/p300 was also recently reported to contribute to 

NR-mediated transcriptional activation (Chevillard-Briet 2002).   

(c) Kinases 

Histone phosphorylation is another important modification that is known to influence chromatin 

condensation and transcriptional activation.  Histone phosphorylation was first observed in the sixties 

(Gutierrez 1967). So far, the phosphorylation of all five individual histones has been reported 

(Karimi-Kinyamu 2004). The kinase responsible for histone H3 phosphorylation in vivo during 

metaphase was shown to be a cAMP-independent protein kinase (Langan 1968, Shoemaker 1978). 

Subsequently, the first kinase able to phosphorylate H3 in vitro at Ser10 was identified as cAMP-

dependent kinase (Taylor 1982). Since that time, an increasing number of protein kinases have been 

reported as true in vivo histone H3 Ser10 kinases, including PKA, MSK1 and MSK2 (DeManno 1999, 

Schmitt 2002, Soloaga 2003). In the case of the collagenase promoter, increased phosphorylation of 

S10 was reported to parallel with the occupancy of the promoter by another kinase, RSK2 (Soloaga 

2003). Phosphorylation of H3-S10 has recently been functionally linked to the activity of retinoic acid 

receptor  on its own promoter (Lefebre2002) and to glucocorticoid-induced, but not progesterone-

induced, activation of stably integrated MMTV promoter (Li 2003). Whether one of those kinases is 

responsible for increased H3 phosphorylation in response to nuclear receptor action and whether the 
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putative kinase is recruited to the promoters/enhancers via interaction with CBP or p300 remain to be 

elucidated (Martens 2003, Janknecht2003).  

(d) Enzymes responsible for other histone modifications  

The C-terminal globular domains of core histones bind to each other to form the octamer, whereas 

core histone N-terminal tails protrude from the nucleosome and are accessible to enzymatic 

modifications. In addition to acetylation, methylation, phosphorylation, histones are modified via 

ubiquitination, sumoylation, glycosylation, and ADP ribosylation (Kuo1998, Strahl 2000, Berger 

2001, Briggs2002, Henry2003, Zardo 2003).   

 

Histone proteins have been long known to be ubiquitinated (Goldknopf 1975). In contrast to the 

majority of ubiquitinated proteins, ubiquitinated histones are not generally targeted for degradation 

and may play roles similar to those of other histone modifications, that has been more recently linked 

to transcriptional function (Sun 2002, Pham 2000, Kao 2003,).  Ubiquitination of histones has been 

found occur on the core histones H2A, H2B, H3, the linker histone H1, but mainly on core histone 

H2A and H2B, which have been investigated intensively in recent years (Osley 2004). Dynamic 

monoubiquitination and deubiquitination of histone H2B have been demonstrated in gene activation 

(Henry2003, Kao 2004). In the yeast model, it was shown that the Rad6 protein, which catalyzes 

monoubiquitination of H2B, is transiently associated with the GAL1 promoter upon gene activation, 

and that the period of its association temporally overlaps with the period of H2B ubiquitination. Rad6 

promoter association depends on the Gal4 activator and the Rad6-associated E3 ligase, a RING finger 

protein, Bre1, but is independent of the histone acetyltransferase, Gcn5 (Hwang 2003, Kao 2004). In 

addition, the ubiquitin-conjugating enzyme Rad6 (Ubc2) mediates methylation of histone H3 at Lys 4 

through ubiquitination of H2B at Lys 123 in yeast (Saccharomyces cerevisiae); disruption of either 

ubiquitination or Ubp8-mediated deubiquitination of H2B resulted in altered levels of gene-associated 

H3 Lys 4 methylation and Lys 36 methylation. Moreover, Rad6-mediated ubiquitination of H2B 

lysine 123 is important for efficient methylation of H3 lysine 4 and 79, but not lysine 36. In contrast, 

lysine methylation of H3 is not required for ubiquitination of H2B (Henry2003, Sun 2002, Ng 2002, 

Briggs2002). Very recently, an E3 ubiquitin ligase complex that is specific for histone H2A was 

reported. The complex, termed hPRC1L (human Polycomb repressive complex 1-like) composed of 

several Polycomb-group proteins including Ring1, Ring2, Bmi1 and HPH2, monoubiquitinates 

nucleosomal histone H2A at lysine 119. In contrast to monoubiquitination of H2B, the functional role 

of H2A monoubiquitination is linked to gene repression (Wang 2004). In addition, a connection 

between caspase cascade activation and nucleosomal uH2A deubiquitination function as a cellular 

sensor of stress in situations like apoptosis was suggested (Mimnaugh 2001). 

 

Like ubiquitination, SUMO modification has been shown to be one important post-translational 

modification of transcriptional regulatory proteins (Yang 2004).  Shiio and colleagues reported the 

sumoylation of histone and connected histone sumoylation with gene silencing. They showed that 

SUMO family proteins modify H4 both in vivo and in vitro in an E1- and E2-dependent manner. They 

also presented evidence suggesting that histone sumoylation mediates gene silencing through 

recruitment of histone deacetylase and heterochromatin protein 1 (Shiio 2003). In comparison with 

acetylation, methylation and phosphorylation, the knowledge of ubiquitination, sumoylation and other 
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histone modifications, as well as the enzymes that catalyze these modifications, are much less known, 

and their function in nuclear receptor (NR)-mediated transcription remains to be elucidated. 

 

(2) ATP-dependent chromatin remodeling Complexes  

 
The repeating unit of chromatin, the nucleosome, consists of DNA that is wound around an octamer 

of histone proteins. To facilitate DNA-directed processes in chromatin, it is often necessary to 

rearrange or to mobilize the nucleosomes. This remodeling of the nucleosomes is achieved by the 

action of chromatin-remodeling complexes, which are a family of ATP-dependent molecular 

machines (McEwan 2000, Lusser 2003). The ATP-dependent chromatin-remodeling complexes are 

conserved from yeast to humans and require ATP to disrupt chromatin (Becker 2002). On the basis of 

the core ATPase subunit, the chromatin-remodeling complex can be classified into three subfamilies: 

Swi/Snf, ISWI and Mi-2 (Becker 2002). The Swi/Snf complex was originally identified in 

Saccharomyces cerevisiae, and biochemical characterization of these factors led to the identification 

of an 11-subunit complex (Vignali 2000). Swi/Snf-related complexes have been discovered in 

Drosophila and humans (Dingwall 1995, Sudarsanam 2000). By using in vitro chromatin assembly 

and assay techniques, Swi/Snf was shown to be capable of several biochemical activities that provide 

chromatin-remodeling functions. On nucleosomal arrays in vitro, Swi/Snf increases the sensitivity of 

DNA to endonucleases (Logie 1997) and may slide nucleosomes in cis (to other sites on the same 

stretch of DNA) (Lorch  1999), or transfer histone octamers in trans (to other DNA molecules) 

(Owen-Hughes 1996, Whitehouse 2000). On mononucleosomes, Swi/Snf alters the structure of the 

nucleosome to an alternate stable conformation identified by changes in endonuclease cleavage 

(Schnitzler 1998). In humans, two Swi/Snf-like multisubunit complexes have been purified, known as 

the BAF and PBAF complexes (Wang 1996a, 1996b). The BAF complex and the PBAF complex both 

contain either BRG1 or brm as the ATPase subunit. The ATPases, BRG1 and brm are more than 70% 

identical and are highly homologous to yeast ATPase subunit Swi/Snf2 (Eisen 1995). Other proteins, 

known as BRG1-associated factors or BAFs (BAF170, BAF155, BAF110, BAF60, BAF57, BAF53, 

and BAF47) are associated with both of these ATPase subunits. The minimal catalytic core 

determined by in vitro assays consists of three proteins: BRG1, BAF47, and BAF155/BAF170 

(Phelan 1999). This core can remodel mononucleosomes and nucleosomal arrays in vitro. It has been 

suggested that the composition of BRG1 or brm complex may vary depending on the cell type, each 

containing a different subset of BAFs with core and ATPase subunit and this could influence the 

transcriptional response (Wang 1996a, 1996b, Fryer  2000).  The second class of ATP-dependent 

remodeling complex, the ISWI complex, was initially identified in Drosophila and has homologs in 

yeast and mammalian cells (Corona 1999). ISWI complexes contain either three or four subunits, but 

the ATPase subunit ISWI can carry out chromatin remodeling by itself in in vitro assays (Langst 

1999). The ISWI complexes are able to induce sliding of nucleosomes in cis to neighboring DNA 

segments, thereby rendering them accessible to interacting transcription factors. The third class of 

ATP-dependent remodeling complex, the Mi-2 or NURD complex, is also found in yeast and 

vertebrates. The ATPases in this complex are characterized by the presence of a pair of 

chromodomains (Woodage 1997). Mi-2 is the ATPase subunit of this complex and, like ISWI, is 

active as an enzyme by itself in disrupting chromatin in vitro (Guschin 2000). NURD complexes also 

have histone deacetylase activity and therefore are very interesting since they combine the two 
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strategies of chromatin remodeling: ATP-dependent remodeling and histone modification 

(deacetylation) (Guschin 2000).  

Despite the identification of many ATP-dependent remodeling complexes in organisms ranging from 

yeast to human, the functional specificity of these complexes in vivo is yet to be determined. It has 

been shown that ER and GR can interact in vivo with the Swi/Snf complex in a ligand-dependent 

manner (Yoshinaga 1992, Fryer 1998, Nie 2000, Belandia 2002). Recently, the selectivity of Swi/Snf 

chromatin-remodeling complexes for NR-mediated transactivation was demonstrated using an in vitro 

integrated transcription system with chromatin templates and ligand-bound NRs. It was demonstrated 

that the PBAF complex but not the BAF- or ISWI-containing complexes could enhance VDR/RXR-

activated transcription using the nucleosome array template (Lemon 2001). A novel AR-interacting 

nuclear protein, ARIP4, contains a Snf2
 
domain. Like other chromatin remodeling proteins, in an 

ATP-dependent manner, ARIP4 generates superhelical
 
torsion within linear DNA fragments in vitro.

 

With stably integrated AR expression vector
 
and probasin promoter in PC-3 cells, ARIP4 elicits a 

modest
 
enhancement of AR-dependent transactivation. In transient cotransfection

 
assays, ARIP4 

modulates AR function in a promoter-dependent manner;
 
it enhances receptor activity on minimal 

promoters, but does not
 
activate more complex promoters (Rouleau 2002).    

(3) Mediator complexes 

 

Activators recruit general transcription factors and stimulate the assembly of the preinitiation complex 

onto the promoter. Direct interactions between different activators and general transcription factors 

have been demonstrated in several cases. Even if direct interactions are essential for the activation of 

transcription in vivo, they do not seem to be sufficient. In fact, activators fail to stimulate transcription 

in systems reconstituted from pure Pol II, basal factors and purified template DNA. It is the mediators 

that act as a bridge, conveying regulatory information from enhancers and other control elements to 

the promoter or linking the activator directly to the core promoter and the general transcriptional 

machinery (GTFs) (Bjorklund 1999, Lawrence 2001, Gustafsson 2001, Lewis 2003).   

  

The Mediator complexes are known not only essential for basal and regulated expression of nearly all 

Pol II dependent genes in the S. cerevisiae genome, but also exist in higher eukaryotic cells and have 

an important role in metazoan transcriptional regulation (Gustafsson 2001). The first indications of a 

common target for transcriptional activators came from the observation that one gene activator protein 

may interfere with the effects of another in an in vitro transcription system (Gill 1988). In a search for 

a factor that could relieve the interference and thus might be the common target, R. D. Kornberg and 

colleagues isolated an activity from S. cerevisiae, which they termed Mediator (Kelleher 1990). The 

Mediator fraction was purified to homogeneity and demonstrated to be a holoenzyme form of Pol II, 

made up of core polymerase and a Mediator complex, which was subsequently purified as a discrete 

entity and identified as a multiprotein complex of 20 individual polypeptides, including Gal11, Srb 

proteins, Med proteins, and Rox3 (Gustafsson 1998, Gustafsson 1997, Kim 1994, Myers 1998).  

Human mediator complexes were purified using in vitro activator-dependent assays, 

immunopurification assays based on the various human Srb/Med homologues or an activator affinity 

purification step. These disparate purification procedures identified two complexes: a larger 2 MDa 
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complex variously designated TRAP, DRIP, and ARC, SMCC or NAT (Boyer 1999, Fondell 1996, 

Ito 1999, Naar 1999, Rachez 1999, Rachez 1998, Sun 1998) and a smaller 500-700 kDa complex 

termed PC2/CRSP (Malik 2000, Ryu 1999). Both complexes were shown to mediate activator-

dependent transcription in vitro. Additionally, the NAT and SMCC complexes were shown to repress 

activator dependent transcription, as well as basal transcription, but apparently through different 

pathways (Akoulitchev 2000, Gu 1999, Sun 1998).   

 

TRAP (TR-associated protein) and DRIP (VDR-interacting protein) complexes are homologous 

multiprotein complexes that were originally found to associate with TR or VDR, respectively 

(Fondell 1996, Rachez 1998). TRAP and DRIP complexes are able to enhance transcriptional activity 

of TR and VDR in cell-free systems, and DRIP complex stimulates hormone-dependent 

transactivation by VDR also on chromatin templates (Fondell 1996, Rachez 1998, Rachez 1999).  The 

TRAP220 subunit mediates ligand-dependent interactions of the complex with TR, VDR, GR and ER 

(Fondell 1996, Rachez 1999, Hittelman 1999, Zhu 1997, 1999, Burakov 2000, Warnmark 2001, Kang 

YK 2002), thus implicating TRAP-Mediator involvement in steroid
 
hormone signaling pathways. It 

has been demonstrated that the TRAP/DRIP complex functions by mediating the interaction between 

nuclear receptors and general transcription machinery (McKenna 1999, Glass 2000). TRAP220 

protein mediates interaction between TRAP/DRIP complex and the nuclear receptors by binding 

directly to the LBD of the receptors (Yuan 1998). Recently, Wang and colleagues demonstrated that 

TRAP-Mediator plays a functional role in androgen
 
receptor (AR)-mediated transcription by 

demonstrating that several subunits
 

of the TRAP/Mediator complex ligand-dependently 

coimmunoprecipitate with AR
 
and that TRAP220 subunit of the complex

 
can contact the ligand-

binding domain of AR in vitro. In addition, they showed that transient overexpression
 
of TRAP220, 

TRAP170, and TRAP100 subunits enhanced AR-dependent
 
transcription in cultured cells and that 

endogenous TRAP220 is recruited to the androgen-responsive
 
PSA promoter in vivo in ligand-

stimulated
 
LNCaP cells (Wang 2002). Furthermore, it was demonstrated that TRAP220 is essential 

for embryonic development and important for TR function by showing that mice lacking the trap220 

gene die during an early gestational stage and that TR function was impaired in TRAP220 null 

primary embryonic fibroblasts (Ito 2000).  

 

The C-terminal domain (CTD) of the largest subunit in Pol II appears to play an important role in the 

function of Mediator, as the purified Mediator can stimulate the phosphorylation of CTD by TFIIH 

(Kim 1994, Myers 1998). Two distinct forms of Pol II have been identified in S. cerevisiae. Most Pol 

II has an unphosphorylated CTD, but some of Pol II molecules are highly phosphorylated. The 

unphosphorylated form of Pol II preferentially associates with the promoter-bound initiation complex, 

whereas the phosphorylated form is responsible for active elongation (Cadena 1987). So far, little is 

known about the molecular basis for Mediator’s ability to stimulate CTD phosphorylation. However, 

the observation that Schizosaccharomyces pombe Mediator is unable to stimulate TFIIH derived from 

S. cerevisiae indicates that specific interactions are formed between Mediator and TFIIH (Spahr 

2000).   

 

(4) Other coactivators 
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Many other coregulators with different functions have been reported in addition to the above-

described proteins that function either as corepressors or coactivators such as enzymes that are 

responsible for histone modifications or chromatin remodeling, mediators that serve as bridge 

between the activator and transcriptional polymerase complex. The E3 ubiquitin-protein ligase E6-AP 

interacts with and coactivates steroid receptors in a fashion that is independent of its ligase activity 

(Nawaz 1999, Smith   2002). The small nuclear RING finger protein SNURF that is able to bind 

steroid receptors and modulate steroid receptor-dependent transcription functions as an E3 ligase and 

this activity is closely linked to its transcription regulatory activities, though its substrates for 

ubiquitination are unknown (Moilanen 1998a, Häkli 2004). The high-mobility group proteins 1 and 2 

(HMG-1 and 2) – chromatin non-histone proteins that bind DNA and induce bends in DNA – increase 

the sequence-specific DNA-binding and transcriptional activity of steroid receptors 

(Boonyaratanakornkit 1998). The androgen receptor-interacting nuclear protein kinase 

(ANPK/HIPK3) is a Ser/Thr protein kinase capable of enhancing AR-mediated transcription, while 

the receptor itself does not seem to be a substrate for this kinase (Moilanen 1998b, Jänne 2000). 

Interestingly, the steroid receptor RNA activator (SRA) that selectively coactivates AF1 of steroid 

receptors, differs from other coactivators in that the functional form of SRA is not a protein but an 

RNA transcript (Lanz 1999).  

 

 

 

b) Corepressors 
 

Several members of the nuclear receptor family, like vitamin D receptor (VDR), retinoic acid receptor 

(RAR), PPARs and thyroid hormone receptor (TR), can bind DNA as a heterodimer with retinoid X 

receptor in the absence of a ligand and repress transcription of the target genes (Chen 1995, Hörlein 

1995, Heinzel 1997, Hart 2002). Repression may be passive resulting from competition for DNA 

binding sites with active transcription factors or formation of inactive heterodimers with other 

receptors. An alternative possiblility is that unliganded NRs bound to DNA may actively repress the 

initiation of transcription directly or indirectly with the help of other factors (McKenna 1999, Glass 

2000). A search for interacting proteins mediating these effects led to the cloning of the nuclear 

receptor corepressors NCoR and SMRT. NCoR (NR corepressor) and highly related SMRT (silencing 

mediator for RAR and TR) are corepressor proteins that bind unliganded nuclear receptors and inhibit 

transcription (Chen 1995, Hörlein 1995). Two sequences in the C-terminal regions of NCoR and 

SMRT appear to function cooperatively to mediate interactions with DNA-bound TR/RXR 

heterodimers, each containing a conserved consensus sequence LXXXIXXXI/L that mediate 

interactions with unliganded thyroid and retinoic acid receptors (Hu1999, Perissi 1999, Nagy 1999). 

NCoR and SMRT interact with Sin3 protein, which, in turn, recruits multiprotein complexes 

containing histone deacetylase (HDAC) activities (Heinzel 1997, Nagy 1997). By this means, 

repression of gene transcription by nuclear receptors can be achieved through recruitment of HDAC 

complexes and deacetylation of histones. The steroid receptors do not show DNA-binding activity in 

the absence of hormone. While an antagonist-bound steroid receptor is able to dimerize and bind to 

DNA, the antagonist-induced receptor dimer is unable to stimulate transcription. SMRT and NCoR 
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have been shown to interact with antagonist-bound steroid receptors, and the recruitment of these 

corepressors seems to be essential for the activity of ER and PR antagonists (Jackson 1997, Smith 

1997, Wagner 1998, Zhang 1998).  Crystal structures of the estrogen receptor bound to tamoxifen or 

raloxifene indicate displacement of the AF-2 helix facilitating corepressor binding (Shiau 1998). 

CDX-bound androgen receptor favors the recruitment of corepressors, instead of coactivators, to the 

PSA promoter and enhancer in LNCaP cells (Shang 2002). Additionally, many different proteins have 

been reported to interact with ligand-activated NRs and negatively regulate their transcriptional 

activity. For example, RIP140 is able to repress transcriptional activity of various nuclear receptors 

(Treuter 1998, Subramaniam 1999), and the members of PIAS protein family can either enhance or 

repress steroid receptor-dependent transcription depending on the cell line and the promoter studied 

(Kotaja 2000, Tan 2000, Gross 2001). 

 

 

C. ANDROGEN RECEPTOR  

 

1. Introduction 

 

Androgens control a variety of developmental processes that create the male phenotype and are 

important for maintaining male fertility and normal functions of tissues and organs that are not 

directly involved in procreation (Quigley 1995, Heinlein 2002, Manolagas 2002, Lee 2003, 

Manolagas 2001). As a mediator of androgen action, AR is highly expressed in the male reproductive 

organs testis and prostate, and is also expressed in the female reproductive organs ovaries, uterus and 

cervix, although AR levels in female reproductive organs are much lower than those in male. In 

addition, like ER, AR is similarly expressed in both sexes in non-reproductive organs, such as hair, 

skeletal muscle, bone, skin, liver, central nervous system, and lymphocytes (Quigley 1995, Lea 2001, 

Notelovitz 2002, Moutsatsou 2003, Lee 2003, Pelletier 2004). The AR gene is located on the X 

chromosome and is single-copy in males, which allows for the phenotypic manifestation of mutations 

without the influence of a wild-type co-dominant allele (Quigley 1995). Medical geneticists have 

cataloged more spontaneous mutations of the human AR gene than of any other gene in part because 

AR is not essential to the formation of a viable human organism. Descriptions of the structure-

function relationships of these mutations have shed important light into functional domains of the AR 

molecule (Quigley 1995). Complete loss of AR function in genetic (XY) male results in the complete 

androgen insensitivity syndrome. These phenotypic females significantly accept their sex identity 

though they are genetic male (XY) (Wisniewski 2000). This suggests that AR is a critical 

developmental trigger not only for male morphologic development but also for configuration of the 

male CNS (Gelmann 2002). Missense mutations that attenuate AR activity are responsible for partial 

androgen insensitivity syndrome.   

 

2. AR gene and functional domains  

 

The genomic DNA encoding the approximately 110-kDa human AR spans 90-kilobase (kb) pairs of 

the chromosomal DNA at the Xq11-q12 site (Brown 1989, Kuiper 1989, Faber1991, Kokontis 1999).  

The spliced and processed transcript from the AR gene is about 11 kb in size and contains an open 
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reading frame of ~2.8 kb. Additionally, alternate splicing within the 6-kb-long 3’ untranslated region 

(UTR) generates a minor 8-kb-long mRNA species (Faber 1991). The human AR gene is organized 

as 8 exons. The relatively long first exon specifies the N-terminal domain containing the major 

transactivating function (AF-1) of the receptor protein and all of the 5’-UTR. Exons 2 and 3 encode 

the DNA-binding domain, while the ligand-binding domain is specified by the coding sequences 

contributed by exons 4 through 8.  The 6-kb-long 3’-UTR is part of exon 8 (Liao 1989, Rundlett 1990, 

Simental 1992, Jenster 1992).  

 

AR, in common with other members of the nuclear receptor superfamily, can be subdivided into four 

functional domains (Fig. 3)): the NH2-terminal transactivation domain (or A/B domain), the DNA-

binding domain (DBD), hinge region, and ligand-binding domain (LBD) (Quigley 1995). There are 

two transcriptional activation functions in AR. An NH2-terminal activation function (AF-1) functions 

in a ligand-independent manner when artificially separated from the LBD, creating a constitutively 

active receptor (Tora 1989, Jenster 1995). A ligand-dependent AF-2 function is located in the LBD 

and mutation or deletion of the AF-2 domain dramatically reduces transcriptional activation in 

response to ligand (Tora 1989, Daniellian 1992, Barettino 1994, Durand 1994, He 1999). Unlike 

many other steroid receptors, the AF2 of AR is transcriptionally weak (Moilanen 1997, Ikonen 1997). 

However, the ligand-dependent interaction between the NTD and the LBD region is needed for 

optimal AR function (Ikonen 1997, He B 1999, He 2000). Disrupted amino- and carboxyl- terminal 

interactions of AR are linked to androgen insensitivity (Thompson 2001). The AR LBD comprises 12 

helices, and a ligand-binding pocket is formed by the helices 3, 4, 5, 7, 11, and 12 together with the -

sheet preceding helix 6 (Williams 1998, Matias 2000). In the absence of ligand, AR exists as an 

inactive form in 250–300 kDa heterocomplex through direct binding of LBD with HSP90 and HSP70 

in the protein complex.  In the presence of ligand, LBDs of steroid receptors bind to the ligand, and 

dissociation of this complex is observed (Veldscholte 1992). HSP release unmasks the dimerization 

motifs and the nuclear location signal (NLS) site of the receptor. The exposed NLS is then able to 

bind to importins, which serve as chaperones for transport of the ligand-activated AR into the nuclear 

compartment. This aspect of AR function differs from estrogen action since the unliganded estrogen 

receptor (ER) resides in the nucleus (Roy 2001). Whether this N/C interaction is direct or partially 

bridged via coregulators remains to be clarified. The closely related p160 steroid receptor coactivators 

that include SRC-1, SRC-2/GRIP1/TIF2, and SRC-3/AIB1/ACTR/TRAM-1 have distinct regions that 

interact with the NTD and the LBD, thereby potentially bridging the N/C interaction of AR (Ikonen 

1997, He 1999, He 2000). The three conserved LXXLL motifs of p160 coactivators form amphipathic 

-helices that bind to a hydrophobic groove formed by helices 3, 4, 5, and 12 of the LBDs, whereas 

regions outside these motifs are involved in contacting the NTDs (Darimont 1998, Ma 1999, Heery 

1997, Ding  1998) 

 

AR N-terminal domain shows structural polymorphism due to the variable numbers of glutamine (Q) 

and glycine (G) repeats. Although the number of glutamine repeats appears to vary within a range of 

11 to 35, on average the normal population contains 21 consecutively positioned glutamine residues. 

The glycine repeat located further downstream within the N-terminal domain varies in glycine 

residues from 10 to 31, with the majority of the human population containing 24 residues. Expansion 

of the glutamine repeat can sequester coactivators such as the CREB-binding protein (CBP), leading 
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to the age dependent pathology of spinal and bulbar muscular atrophy (Kennedy’s disease) (Nucifora 

2001, Gottlieb 1999).  Shortening of the polyglutamine or the polyglycine stretch may also cause 

detrimental effects and is suggested to be associated with predisposition to prostatic neoplasia 

(Quigley 1995, Hakimi 1997).   

 

The centrally located DNA-binding domain (residues 559–624), contains 9 cysteine residues, of 

which 8 are involved in forming 2 zinc fingers that are hallmarks of all NRs. These 2 zinc-

coordinated stem-loop structures enable the receptor protein to bind to the regulatory region of target 

genes by interacting with the major groove of the DNA duplex. Studies with hybrid receptors dictate 

that the first zinc finger (proximal to the N-terminal domain) determines the sequence specificity, 

while the second finger helps to stabilize the DNA-receptor complex (Umesono 1989, Tsai 1994). 

The consensus sequence of ARE, GGA/TACAnnnTGTTCT, is very similar to the GR consensus 

sequence. Despite their exquisite functional specificity in the physiological context, receptors for 

androgens, glucocorticoids, progesterone, and mineralocorticoids can recognize the same DNA 

response element both in in vitro binding assay and in functional analysis utilizing transiently 

transfected cells. This paradox has remained an endocrinological enigma and may be resolved only 

when we learn more about the role of chromatin remodeling and chromatin-associated multiprotein 

complex formation in steroid hormone action (Roche 1992, Fabre 1994, Haelens 1999). 

 

3. Modifications of AR protein 

 

Androgen binding promotes AR hyperphosphorylation, a process common to NRs and other 

transcription factors. In fact, upon synthesis, AR is rapidly phosphorylated to acquire hormone-

binding capacities, but additional phosphorylation at new sites is targeted when AR is activated by 

ligands and transformed to the DNA binding and transcription activation form (Van Laar 1991, 

Jenster 1994, Kuiper 1995). The role of these phosphorylations remains unclear. Studies have 

demonstrated serine-specific phosphorylations of the AF-1 activation domain of ER  (Tremblay 1999) 

and SF-1 (Hammer 1999) by MAP kinases (MAPK), inducing coactivator recruitment and 

transcriptional activation. Moreover, a recent study demonstrated that phosphorylation on serine 260 

on the RXR receptor could be implicated in hepatocarcinogenesis (Adachi 2002). But the specificity 

and the physiological relevance of these phosphorylations are unclear and remain hypothetical. 

 

Like several other nuclear receptors, AR is a direct substrate of histone acetyltransferase in vitro and 

in vivo (Fu 2000, 2002, 2003, Gaughan 2002). The candidate acetylation motif KXKK/RXKK of the 

nuclear receptor members such as TR, RAR, PPAR, LXR, FXR, VDR, GR, PR, HNF4, and SF1 are 

phylogenetically conserved among different species including vertebrates, arthropods, and nematodes 

(Wang C 2001). Such conservation suggests that acetylation might be a general mechanism regulating 

hormone signaling. The AR can be acetylated in vitro by p/CAF, p300, and Tip60 (Fu 2000, 2002), 

and acetylated in vivo (Fu 2003). Both CBP and p300 augment ligand induced AR activity (Fu 2000, 

Aarnisalo 1998) and trichostatin A (TSA), a specific HDAC inhibitor, enhanced activity of the 

androgen-responsive reporter in a dose-dependent manner.  Acetylation sites of AR are located in the 

hinge region, and in proximity to the second zinc finger of DBD. Mutations of the AR lysine residues 

630, 632, and 633 abrogated p300 binding and reduced DHT-induced AR activity and resulted in 
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trafficking defects, misfolding, and aggregation similar to expanded glutamine tracts, suggesting that 

acetylation is an essential step in ligand-dependent AR activation (Fu 2000, Thomas 2004). In 

addition, the antagonist flutamide antagonized DHT-induced wild-type AR activity; however, the AR 

acetylation mimics were relatively resistant (Fu 2003).  The AR acetylation motif might serve as a 

docking site for coactivator or corepressor binding, and acetylation of the lysine residue in the AR 

hinge region may be a key ‘‘switch’’ for the recruitment of coregulators to the basal transcriptional 

machinery of AR target genes (Fu 2002, 2003). 

 

Nuclear receptors including GR, PPAR  PR and AR, are also subjected to sumoylation (Chauchereau 

2003, Gross 2004, Le 2002, Nishida 2002, Sharma 2003, Poukka 2000 Ohshima 2004). The SUMO-

1-conjugating enzyme Ubc9 interacts with the AR and the AR is covalently modified by SUMO-1 in 

the N-terminal domain. AR is sumoylated in an androgen-enhanced fashion (Poukka et al. 2000). 

Mutation of SUMO-1 attachment sites (lysines 386 and 520) of AR enhances transcriptional activity 

of the receptor on minimal promoters. The protein inhibitor of activated STAT (PIAS) family proteins 

PIAS1 and PIASx , but not PIAS3 or PIASx  have been reported to function as SUMO E3 ligases 

for substrates including AR.  PIAS1 and PIASx  bind to Ubc9, the E2 enzyme for SUMO-1, in a 

RING finger-like domain-dependent manner. Repression of AR-dependent transcription by PIAS1 

and PIASx  is dependent on the ectopic expression of SUMO-1, suggesting that the sumoylation of 

AR is crucial for the AR repression (Nishida 2002). PIASy-mediated AR repression, however, seems 

to be independent of sumoylation (Gross 2004). A PIAS-like protein, hZimp10, is an AR coactivator 

that physically associates with the N-terminal AR transactivation domain. Expression of hZimp10 in 

human prostate cancer cells augmented transcriptional activity of AR. hZimp10 colocalized with AR 

and SUMO-1 at replication foci and the augmentation of AR activity by hZimp10 is dependent on AR 

sumoylation (Sharma 2003).  

 

Recent studies by Lin et al. suggested that phosphorylation-dependent AR ubiquitylation and 

degradation might require the Mdm2 E3 ligase activity. Both Akt and Mdm2 can form a complex 

with AR and promote phosphorylation-dependent AR ubiquitination, resulting in AR degradation by 

the proteasome. The E3 ligase activity of Mdm2 and phosphorylation of Mdm2 by Akt are essential 

for Mdm2 to affect AR ubiquitination and degradation (Lin 2002).   

 

4. Agonists and antagonists of AR 

The two predominant naturally occurring androgens are C19 steroids, testosterone (T) and 5 -

dihydrotestosterone (DHT), secreted primarily from the testes and adrenals (Roy 2001, Bentvelsen 

1994, Heinlein 2002).  Each androgen has its own specific role during male sexual differentiation: T 

is directly involved in the development and differentiation of Wolffian duct-derived structures, 

whereas DHT, a metabolite of testosterone, is the active ligand in a number of other androgen target 

tissues (e.g. urogenital sinus, prostate, urogenital tubercle, penis, hair follicle). In this respect, the 

actions of T and DHT can be considered as tissue selective androgen receptor modulators (SARMs) 

during fetal sexual differentiation and during development and maintenance of the male phenotype 

(Berrevoets 2002). The activated receptor binds to responsive promoters and most likely mediates the 

assembly of stage- and tissue-specific transcription factor complexes that stimulate or inhibit gene 
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expression (Wahli 1991). The biological activity of T and DHT is thought to occur predominantly 

through binding to the AR. However, androgens have also been reported to induce the rapid activation 

of kinase-signaling cascades and modulate intracellular calcium levels. These effects are considered 

to be nongenomic because they occur in cell types that lack a functional AR, in the presence of 

inhibitors of transcription and translation, or are observed to occur too rapidly to involve changes in 

gene transcription. Such nongenomic effects of androgens may occur through AR functioning in the 

cytoplasm to induce the MAPK signal cascade.  The physiological effect of nongenomic androgen 

action has yet to be determined. However, it may ultimately contribute to regulation of transcription 

factor activity, including mediation of the transcriptional activity of AR (Heinlein 2002). 

 

There are two classes of antiandrogens presently available. The first class is the steroidal derivatives, 

e.g the most potent antiandrogenic progestin, cyproterone acetate (CPA), and the progesterone 

antagonist, mifepristone (RU486), all of which possess mixed agonistic and antagonistic activities. 

The second class is the pure non-steroidal antiandrogens, the class of flutamide and its derivatives. 

The intrinsic androgenic, estrogenic and glucocorticoid activities of steroidal derivatives have limited 

their use in the treatment of prostate cancer. The non-steroidal flutamide and its derivatives display 

pure antiandrogenic activity, without exerting agonistic or any other hormonal activity. Flutamide and 

its derivatives bicalutamide and anandron, are highly effective in the treatment of prostate cancer.  

Combined androgen blockade in association with radical prostatectomy or radiotherapy are very 

effective in the treatment of localized prostate cancer. Such an approach certainly raises the hope of a 

further improvement in prostate cancer therapy. However, all antiandrogens developed so-far display 

moderate affinity for the AR, and thus moderate efficacy in vitro and in vivo. Thus, there is a need for 

next-generation antiandrogens, which could display an equal or even higher affinity for AR compared 

to the natural androgens, and at the same time maintain its pure antiandrogenic activity, and thus 

provide improved androgen blockade using possibly antiandrogens alone (Terouanne 2000, 

Kemppainen 1992, 1999, Singh 2000, Borowicz 2004).  

 

All antiandrogens, both pure and partial antagonists, induce AR translocation into the nucleus, 

although at a slower rate than agonists (Kemppainen 1992, Jenster 1993, Poukka 2000). The ligand-

receptor complex appears to move into a subnuclear compartment, the nature of which has not been 

clearly defined (Htun 1999, Tyagi 2000, Stenoien 2000). These subnuclear compartments, commonly 

referred to as nuclear foci, appear to be the congregation sites for the receptor and other associated 

factors such as the coactivators that are needed for transcriptional activation of target genes. 

Interestingly, AR bound to only transcriptionally active hormonal ligands and partial agonists (e.g, 

cyproterone acetate) can support migration of the receptor to the nuclear foci, whereas pure 

antagonists such as casodex, despite promoting nuclear translocation, fail to deliver the AR to the 

nuclear foci (Htun 1999).  

 

Proteolysis experiments have demonstrated different conformations of AR in the presence of agonist 

or antagonist ligand (Kuil 1995, Kallio 1995). Although the three-dimensional structure of a 

holoreceptor has not yet been reported, the crystal structures of the DNA-binding domains as well as 

of the LBDs of several members of the NR superfamily in the presence and absence of the cognate 

ligand have been resolved by several groups (Moras 1998). Many crystal structures of NR-antagonist 
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complexes have been solved, ER /RAL (Brzozowski 1997); ER /OHT (Shiau 1998); ER /RAL, 

ER /genistein (Pike 1999); and RAR /BMS614 (Bourguet 2000). For the partial antagonists, the 

equilibrium between the agonist holo position of H12 and its antagonist position may depend on the 

cellular context, particularly the local concentrations of cofactors. Thus, the ligand may act either as 

agonist or antagonist depending on context. A pure antagonist would permanently preclude the holo 

conformation, thus locating H12 in an apo position, whereas a partial antagonist would still allow 

both apo and holo situations. In this case, coactivators could shift the equilibrium by stabilizing the 

active holo form with ligand action resulting in an agonist activation of the NR (Bourguet 2000). 

Studies have recently demonstrated that AR complexed with the nonsteroidal antiandrogen 

bicalutamide is also loaded onto the PSA promoter In vivo. However, the pure antagonist-bound AR 

is not compatible with formation of a productive AR transcription complex, as evidenced by the lack 

of recruitment of coactivators and Pol II. Although loading of the PSA promoter by T-occupied AR 

was comparable to that by the AR-CDX complex, the antagonist-bound receptor failed to get loaded 

onto the PSA enhancer, but instead recruited corepressors to the promoter and enhancer (Shang 2002).  

In LNCaP cells, which express a mutant form of AR (T877A) with altered ligand-binding 

characteristics, the steroidal partial agonists/antagonists, RU486 and CPA elicits the same level of 

reporter gene activity as full androgen agonists (Kuil 1995, Kemppainen 1992, Song 2004).      

 

5. AR related human diseases  

 

At least three pathological situations are associated with abnormal AR structure and function: 

androgen insensitivity syndrome (AIS), spinal and bulbar muscular atrophy (SBMA) and prostate 

cancer. It is generally accepted that defects in the androgen receptor gene prevent the normal 

development of both internal and external male structures in 46, XY individuals.  In the AR gene, 

four different types of mutations have been detected in individuals with androgen insensitive 

syndrome (AIS): (i) single point mutations resulting in amino acid substitutions or premature stop 

codons; (ii) nucleotide insertions or deletions most often leading to a frame shift and premature 

termination; (iii) complete or partial gene deletions; and (iv) intronic mutations in either splice donor 

or acceptor sites, which affect the splicing of AR RNA. The main phenotypic characteristics of 

individuals with the complete androgen insensitivity syndrome (CAIS) are, a short, blind ending 

vagina, the absence of Wolffian duct derived structures, the absence of a prostate, development of 

gynecomastia and the absence of pubic and axillary hair. Usually testosterone levels are elevated at 

the time of puberty, while also elevated LH levels are found. In the partial androgen insensitivity 

syndrome (PAIS) several different phenotypes are evident, ranging from individuals with A 

predominantly female appearance to persons with ambiguous genitalia, or individuals with a 

predominantly male phenotype. At puberty, elevated LH, testosterone and estradiol levels are 

observed (Brinkmann 1995, 2001). The X-linked condition of spinal and bulbar muscle atrophy 

(Kennedy's disease) is characterized by a progressive motor neuron degeneration associated with 

signs of androgen insensitivity and infertility. The molecular cause of spinal and bulbar muscle 

atrophy is an expanded length (> 40 residues) of one of the polyglutamine stretches in the N-terminal 

domain of the androgen receptor (Brinkmann 1995, 1996). 
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Despite earlier detection and recent advances in surgery and radiation, prostate cancer is second only 

to lung cancer in male cancer deaths in the United States (Jemal 2002). Hormone therapy in the form 

of medical or surgical castration remains the mainstay of systemic treatment in prostate cancer. The 

majority of prostate cancers (85%) will have an initial favorable response to hormone therapy, 

however, over time molecular and cellular changes occur that allow prostate cancer cells to grow 

despite a physiologically low serum testosterone level. At the time of progression, some prostate 

cancers will respond to sequential hormone therapies such as the addition of antiandrogens, estrogens, 

or suppression of adrenal hormones (Small 1997). Eventually, these prostate cancers will stop 

responding to all currently prescribed hormone therapy; at this stage the cancers are described as 

androgen-independent or hormone refractory.  AR is central to the initiation and growth of prostate 

cancer and to its response to hormone therapy. Analyses have shown that AR continues to be 

expressed in androgen-independent tumors and AR signaling remains intact as demonstrated by the 

expression of the AR regulated gene, PSA. Androgen independent prostate cancers have 

demonstrated a variety of AR alterations that are either not found in hormone dependent tumors or 

found at lower frequency. These changes include AR amplification, AR point mutation, and changes 

in expression of AR co-regulatory proteins (Visakorpi 1995, Veldscholte 1990, Koivisto 1997, 

Miyoshi 2000, Linja 2001, Taplin 1995). These AR changes result in a ‘‘super AR’’ that can respond 

to lower concentrations of androgens or to a wider variety of agonistic ligands (Small 1997). There is 

also mounting evidence that AR can be activated in a ligand independent fashion by compounds such 

as growth factors or cytokines working independently or in combination. These growth factors 

working through receptor tyrosine kinase pathways may promote AR activation and growth in low 

androgen environments (Grossmann 2001, Navarro 2002, Culig 1994, Ueda 2002a, 2000b, Debes 

2002). The clinical significance of these AR alterations in the development and progression of 

androgen independent prostate cancer remains to be determined (Suzuki 2003, Taplin 2004).   

 

Several AR mutations that modify ligand selectivity have been described in metastatic samples of 

prostate cancer patients treated by androgen ablation. Mutated forms of the AR with increased 

response to the adrenal androgens dehydroepiandrosterone and androstenedione, to antiandrogens and 

other steroids such as estrogen or glucocorticoid have been described (Balk 2002, Feldman 2001, 

Taplin 1999). The first AR mutation in prostate cancer was described in the well-studied LNCaP cell 

line. The AR gene in the LNCaP cell contains a point mutation at codon 877 (ACT–GCT), which 

leads to a Thr to Ala substitution (Veldscholte 1990). This substitution has a dramatic effect on the 

ligand specificity and transactivating function of the AR. It renders the receptor, and as a consequence 

the growth of LNCaP cells, responsive to most antiandrogens, and to the natural low-affinity ligands 

estradiol, progesterone, and adrenal gland androgens (Schuurmans 1990, Veldscholte 1992a, Chang 

2001). The Thr877Ala substitution has not only been found in the LNCaP cell line, but has also been 

detected in prostate cancer patients. Preferentially, this mutation has been found in hormone-

refractory tumors, underscoring its functional importance (Taplin 1995). The true incidence of AR 

point mutations is not known, but the literature suggests that they can be found in 20–40% prostate 

cancer.  AR point mutations have been reported from a subset of hormone-dependent prostate cancers 

and more frequently from androgen-independent tumors (Suzuki 1993, Taplin 1995, 1999, Tilley 1996, 

Marcelli 2000). A comprehensive list of all reported AR mutations in prostate cancer and androgen 

insensitivity syndromes can be found in the AR mutation database (Gottlieb 1998, web page at 
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http://www.androgendb.mcgill.ca). These data suggest that selection of AR mutations confers growth 

advantage at least for a subset of prostate cancers during the development of androgen-independence. 

 

Intact AR signaling is felt to be necessary for the development of prostate cancer. Inherited disease 

states such as several of the androgen resistance syndromes and spinal and bulbar muscular atrophy 

which have no or reduced AR signaling result in underdeveloped prostates that do not become 

cancerous (Caskey 1992, Griffin 1992). The majority of AR point mutations in prostate cancer have 

clustered in three areas of the hormone-binding domain, codons 670–678, 701–730, and 874–910 

(Buchanan 2001, Gelmann, 2002). Mutations in these areas flank the ligand-binding pocket and alter 

this pocket relative to the wild-type AR to allow binding of ligands other than T or DHT (Sack 2001). 

The mutations that involve codons 874–910 are adjacent to the AF-2 domain that is involved in 

binding of the p160 coactivatior molecules and also binds with the AR N-terminal domain. The 

locations of the AR point mutations in prostate cancer that gains function mutations differ from the 

locations of the AR-inactivating mutations found in androgen insensitivity syndromes (Gelmann, 

2002). 
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V. AIMS OF THE STUDY 

 

AR mediates the biological actions of androgens, including critical roles both in the development and
 

maintenance of the male phenotype and in the initiation and progression
 
of prostate cancer. A growing 

number of recently discovered AR co-regulators
 
suggest that a complex network of proteins is 

involved in the androgen-dependent
 
transcriptional regulation.   In vitro experiments have suggested

 

that the ligand-induced conformation change enables the receptor
 
to recruit coactivators and/or 

proteins of the general transcriptional machinery to target gene promoters. In vitro studies have also 

shown that altered expression of AR coregulators may significantly modify the transcriptional activity 

of AR, suggesting that these coregulators could contribute to the progression of prostate cancer. 

However, the process of AR-dependent transcriptional regulation under physiological conditions is 

largely elusive, and the significance of AR coregulators in prostate cancer remains unknown. The 

specific aims of the study were as follows:  

     

• To analyze ligand-dependent formation of AR transcription complex including AR, 

coregulators, Pol II, and other transcriptional components. 

• To determine how antagonist and partial agonists effect on AR loading and 

recruitment of Pol II and coregulators. 

• To analyze the involvement of post-translational modifications of histone H3 in AR-

dependent gene transcription. 

• To identify other mechanisms that may be implicated in the transcriptional process, 

such as the proteasome function. 

• To determine alternations in the expression of AR co-regulators in prostate cancer. 
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VI. MATERIALS AND METHODS 

 

For detailed description of the materials and methods used in this study are found in the original 

publications, as indicated in Table 1 below. 

 

 

Table 1. Methods used in this study 

Method original publication 

Acid extraction of histones   1 

Cell culture 1, 2  

Chromatin immunoprecipitation (ChIP) 1, 2 

Fluorescent in situ hybridization (FISH)  3 

Northern blotting 1   

Real time-RT-PCR with SYBR Green I dye 2, 3 

Real time-PCR with dual labeled probes 2 

SDS-PAGE and immunoblotting 1, 2, 3 

  

  

 

 

Table 2. Summary of antibodies recognizing modified histone H3 used in this study 

Antibody Type Applications Sources 

 

Di-acetyl H3-K9/K14 R WB, ChIP Upstate 06-599 

Di-methy H3-K9 R WB, ChIP Upstate 07-212 

Di-Methyl  H3-K4 R WB, ChIP Abcam ab7317 

Methyl H3-R17 R WB,  ChIP Abcam ab8284 

Phospho H3-S10 R WB, ChIP gift from Dr. Thomson  

University of Oxford 

Phosphoacetyl H3-S10/K9 S WB,ChIP gift from Dr. Thomson  

University of Oxford 

Tri-methyl H3-K4 R  WB, ChIP Abcam ab8580 

Anti-tri-methyl H3-K9 R WB, ChIP Abcam ab8898 

  Note:  All the above antibodies recognize specific modification of histone H3 (17 kDa), not        

cross-react with other histone modifications.  R: rabbit serum; S: sheep serum. 
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Table 3. Summary of other antibodies used in this study   

Antibody Immunogen Type  Application Target 

(kDa) 

Sources 

AR (K333) full-length rAR  R WB, ChIP 110 Self-raised 

CARM1 synthetic peptide corresponding to amino 

acids 595-608 of mouse CARM1 

R 

 

WB, ChIP 60 Upstate  

 #07-080 

CBP-CT 444 amino acid  peptide corresponding to 

residues 1736-2179 of mouse CBP 

R 

 

WB, ChIP 265  Upstate 

 #06-294 

GRIP1 recombinant human  GRIP1 protein  R 

 

WB, ChIP 160  Neomarkers 

#MS-1140 

NCoR GST, fusion-protein corresponding to 

residues 2218-2453 of mouse NCoR 

R 

 

WB, ChIP 270  Upstate 

 #06-892 

PCAF GST-fusion protein corresponding to 

residues 352-832 of human PCAF 

R 

 

WB, ChIP 88  Upstate 

 #07-141 

Pol II a peptide mapping at the amino terminus 

of the large subunit of RNA polymerase 

II of  mouse origin  

R 

 

WB, ChIP ~215 Santa Cruz  

pol II (N-20): 

 sc-899 

p300  amino terminus of p300 of human 

original (identical to  corresponding 

mouse sequence) 

R 

 

WB, ChIP 300 Santa Cruz  

p300  (N-15): 

 sc-584 

Proteasome 

19S, subunit 1 

amino acids 929-953 of human 

proteasome 19S, subunit 1 

R 

 

WB, ChIP 55  Upstate 

 #07-287 

Set9 recombination human Set 9 protein R 

 

WB, ChIP 50 Upstate 

 #07-314 

SMRTe GST-fusion protein corresponding to 

residues1146-1349 of human SMRTe 

R 

 

WB, ChIP 270, 

180, 

80 

Upstate 

 #06-891 

TRAP220 

 

TRAP220 LxxLL domain  R WB, ChIP 220 Gift from 

Dr. Treuter  

-tubulin a recombinant protein corresponding to 

amino acids 149-448 of human -tubulin   

M  WB 54  Santa Cruz  

-tubulin (B-7): 

sc-5286 

Ubiquitin bovine red blood cell ubiquitin 

conjugated to KLH  

R WB, ChIP smear Sigma, U-5379 

Note: R: Rabbit polyclonal; G: goat serum; M: Mouse monoclonal. 
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VII. RESULTS AND DISCUSSION 

 

A. Androgen-dependent formation of transcription complexes   

AR that mediates the biological actions of androgens is a member of the nuclear receptor superfamily 

of ligand-inducible transcription factors. Although AR was cloned over 15 years ago, the mechanisms 

by which it regulates gene expression are not well understood (Quigley 1995). A growing number of 

recently discovered AR co-regulators
 
suggest that a complex network of proteins is involved in the 

androgen-dependent
 
transcriptional regulation. The most characterized

 
co-activators include the steroid 

receptor co-activator family
 

members (SRC-1, SRC-2/GRIP1/TIF2, and SRC-3/ACTR/AIB1),
 

CBP/p300, and PCAF (Cynthia 2002, Jänne 2000). In vitro experiments have suggested
 
that the 

ligand-induced conformation change enables the receptor
 
to recruit coactivators and/or proteins of the 

general transcriptional machinery to target gene promoters (McKenna 1999, McKenna 2002). In vitro 

studies have also shown that altered expression of AR coregulators may significantly modify the 

transcriptional activity of AR (Aarnisalo 1998, Truica 2000, Gnanapragasam 2001).  However, the 

process of AR-dependent transcriptional regulation under physiological conditions is largely elusive. 

We used a ChIP assay to examine molecular details of AR-dependent transcription in LNCaP cells. 

The human PSA gene was
 
chosen as the target, because androgen-induced PSA synthesis

 
is a well-

characterized event in LNCaP cells (Young 1992, Lee 1995). Reporter gene assays and in vitro binding 

studies have indicated that the PSA promoter containing two AREs (ARE I at nt –170 and ARE II at nt 

–394) (Cleutjens 1996) cooperates with the upstream enhancer region harboring several low affinity 

ARES (III, IIIA, IIIB, IV, VI) collectively termed ARE III, at nt –4200) in androgen regulation 

(Farmer 2001) (Fig. 5). LNCaP cells
 
were grown in 2% steroid-depleted FCS-containing medium for 

5
 
days before the exposure to 100 nM T for various times. ChIP assays were performed with AR, Pol 

II, GRIP1,
 
CBP and p300 specific antibodies. PCR specific primer pairs amplifying both the PSA 

promoter and enhancer were used to
 
analyze the presence of target DNA sequences in the 

immunoprecipitates. Treatment of LNCaP cells with T resulted in loading of holo-AR onto both the 

PSA promoter and enhancer. In contrast, no DNA was
 
recovered by PCR when the HSP70 promoter 

or the U6 snRNA promoter (ARE-negative chromatin regions) was analyzed or when anti-AR
 

antibody was replaced with normal rabbit serum, attesting to the
 
specificity of the assay conditions. 

Together, the results show
 
that loading of AR onto the PSA promoter is a specific and ligand-

dependent
 
event that occurs very rapidly, i.e. within 2 min after the addition of T in the LNCaP cell 

culture
 
medium. The loading of holo-AR onto the PSA promoter

 
and enhancer was accompanied by a 

rapid recruitment of Pol II and the coactivators
 
to the transcription complex. Promoter occupancy by 

AR and recruitment
 
of Pol II and coactivators were transient events with cycles of

 
~90 min, and the 

second wave of promoter occupancy was greater
 
than the initial one. When examined at 15-min

 

intervals, GRIP1 and CBP bound to promoter concomitantly rather
 
than sequentially. Immunoblot 

analyses showed that T treatment
 
did not influence the amounts of GRIP1, CBP, and Pol II proteins

 

during the experiment, thus ruling out the possibility that the cyclic nature of AR
 
transcription 

complex assembly was due to changes in protein levels. 
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Fig 5. Schematic structure of the regulatory region of the PSA gene analyzed by ChIP assay. The proximal promoter contains 

two AREs, ARE1 at nt –170 and ARE II at nt-394; the distal enhancer harbors several low affinity ARES (III, IIIA, IIIB, IV, 

VI), collectively termed ARE III. Proximal promoter and distal enhancer regions selected for checking with specific primers 

are labeled as PCR. Transcription start site is marked as +1.    

KLK2, a related member of the human kallikrein gene family, represents another androgen-responsive 

gene expressed in LNCaP cells (Kumar 2000, Mitchell 2000). The KLK2 gene located 12 kb 

downstream of the PSA gene on 19q13.2–q13.4, and has an analogous organization of AR responsive 

regulatory sequences with that of the PSA gene (Yu 1999). Loading of AR onto the KLK2 promoter 

occurred
 
rapidly (within 2 min) and transiently, essentially in a fashion

 
identical to that of the PSA 

promoter. As was the case with the PSA promoter, recruitment of Pol II
 
to the  KLK2 promoter 

displayed cycles of ~90 min in duration,
 
indicating that the cyclic nature of AR transcription complex

 

assembly is not specific for the PSA promoter. 

 We also compared loading of AR and recruitment of Pol II between the promoter and the enhancer 

regions of the two genes. We found that the dynamics of holo-AR loading and that of Pol II 

recruitment onto the PSA promoter and enhancer were essentially indistinguishable from those 

occurring on the analogous regions of the KLK2 gene. Initial loading of holo-AR onto the promoters 

occurred in a cyclical fashion. After the first wave of promoter occupancy peaking at ~1 h, AR 

binding reached its maximum at ~3 h after androgen exposure, and the occupancy remained at this 

level throughout the time course. By contrast, the receptor’s residence time was more transient on the 

enhancer; after the first peak of holo-AR loading at ~30 min, the second, stronger wave peaked at ~2 

h, after which the receptor levels declined rapidly. Quantitatively, the maximal AR occupancy on the 

enhancer was ~20-fold higher than that on the promoter, and AR levels on the enhancer exceeded that 

on the promoter throughout the time course. The dynamics of Pol II recruitment onto the promoters 

generally mirrored that of holo-AR for both the PSA and the KLK2 gene. Some Pol II was recruited 

onto the enhancer, but in quantitative terms, its amount on the enhancer represented only 5–10% of 

that on the promoter. Likewise, the basal Pol II level (that prior to androgen exposure) associated with 

the enhancer was one-twentieth of that on the promoter. Our results show that the dynamics of 

androgen-induced loading of AR onto the PSA and KLK2 proximal promoters differ clearly from that 

on distal enhancers. Significantly, PSA AREIII and the corresponding region of the KLK2 gene, both 

harboring multiple AR-binding sites (Cleutjens 1997, Yu 1999), are the primary platforms for AR 

loading. This is in agreement with previous in vitro results showing that the AREs on both the 
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promoter and the enhancer are needed for maximal activity of PSA enhancer/promoter reporter 

constructs (Cleutjens 1997). A similar quantitative difference in AR loading onto promoter and 

enhancer regions has been reported for 5 -dihydrotestosterone-treated LNCaP cells (Jia 2003). 

Although some Pol II was recruited onto the enhancer, the principal Pol II-containing complex was 

assembled on the promoters, implying that the distal ARE-bound receptors cooperate with those on 

the promoter in transcription complex formation. This may occur through DNA loop formation and/or 

via mutual contacts with coactivators. 

 

B. Antiandrogen induced AR-mediated response   

Bicalutamide (CDX) is a nonsteroidal antiandrogen that exhibits very little agonistic activity in 

LNCaP cells, despite the
 
T877A mutation in the AR ligand-binding domain in these cells

 
(Kemppainen 

1996). That CDX was indeed an antiandrogen under our experimental
 
conditions was confirmed by 

analyzing induction of PSA mRNA accumulation
 
after a 24-h treatment with CDX alone or in 

combination with T.
 
In agreement with previous reports (Wang 1999, Sadar 2000), CDX alone failed

 

to increase PSA mRNA accumulation in LNCaP cells, and it blunted
 
the action of 100 nM T already at 

1 M concentration. To investigate whether AR bound to CDX was capable of occupying
 
the PSA 

regulatory regions, LNCaP cells were treated with 100 nM T or 10
 

M CDX, or their combination, for 

30, 60 or 120 min before the ChIP
 
assay. Interestingly, even though CDX-bound AR was loaded onto 

the PSA promoter as efficiently as the T-bound receptor, no binding of the CDX-AR complex onto the 

enhancer was detected. In agreement with the pure antagonistic nature of CDX, this antiandrogen 

elicited no or marginal recruitment of Pol II, GRIP1, CBP, p300 and TRAP220 onto the promoter or 

enhancer of the PSA gene. In contrast to the T-induced slight reduction of NCoR level, AR-CDX 

complex recruited corepressors NCoR and SMRT onto the promoter. Thus,
 
even though the CDX-

occupied AR is capable of associating with
 
the PSA promoter, the conformation of the antiandrogen-

bound
 
receptor does not permit the recruitment of the coactivators

 
and Pol II, whereas it allows the 

recruitment of corepressors to the promoter.  

C. Influence of partial antiandrogens on AR-mediated response 

To better understand the molecular mechanisms underlying agonistic and antagonistic activities of 

AR-binding ligands, we also studied two partial antiandrogens, cyproterone acetate (CPA) and 

mifepristone (RU486), in their ability to promote AR loading and recruitment of Pol II as well as 

nuclear receptor coactivators and/or corepressors. The partial agonists/antagonists CPA and RU486 

exhibited clear agonistic activity in LNCaP cells, as treatment of the cells with 10 M CPA or RU486 

for 16 h resulted in PSA mRNA accumulation that corresponded to 125±18% or 71±9% of that 

induced by 100 nM T, respectively. In contrast to the pure antiandrogen CDX, CPA promoted 

recruitment of GRIP1, p300 and Pol II onto the PSA promoter and enhancer as efficiently as T. CPA 

was also capable of promoting recruitment of NCoR and SMRT onto these regulatory regions. 

Likewise, RU486 exhibited clear mixed agonist/antagonist activity in LNCaP cells, in that, besides 

stimulating loading of AR and recruitment of Pol II and p300, the AR-RU486 complex recruited 

NCoR onto the PSA promoter. The relative amounts of coactivators and corepressors recruited by the 
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RU486-bound AR differed, however, from those recruited by the AR-CPA complexes. In all cases, the 

levels of coregulators on the promoter exceeded those on the enhancer of the PSA gene.  

D. Covalent histone modifications and AR-mediated gene transcription 

 
Dynamic changes in multiple post-translational modifications of the N-terminal tails of core histones, 

i.e. “the histone code”, can control chromatin packaging and create binding sites for chromatin-

associated proteins (Jenuwein 2001, Fischle 2003). The best characterized histone modification is 

acetylation that is a dynamic process regulated by histone acetyltransferases (HAT) and histone 

deacetylases (HDAC). Acetylation has been linked to transcriptionally active genes, with the rate of 

gene transcription correlating positively with the degree of histone H3 and H4 acetylation (Berge 

2002, Roth 2001). The importance of covalent histone modifications in nuclear receptor signaling is 

shown by the fact that many holo-receptor interacting proteins, such as the steroid receptor p160 

coactivator family members SRC-1, GRIP1/TIF2/NCoA-2 and ACTR/AIB1/RAC3/pCIP/TRAM-1, 

the cointegrator CBP/p300 and the coactivator PCAF, possess or recruit HAT activity (McKenna 

1999, 2002, Glass 2000). Likewise, nuclear receptor corepressor proteins NCoR and SMRT that 

interact with antagonist-occupied receptors form complexes with histone deacetylases. Unlike histone 

acetylation, increased histone lysine methylation that may occur as a mono-, di- or tri-modification 

has been linked to both transcription activation and repression (Dutnall 2003, Breiling 2002, 

Kouzarides 2002). Methylation, especially tri-methylation of H3 at K4 (H3-K4), is generally 

associated with transcriptional activation in yeast, whereas methylation of H3 at K9 (H3-K9) tracks 

with repression (Kouzarides 2002, Santos-Rosa 2002, Sims 2003). Besides lysine residues, histones 

may be methylated at arginines. Several lines of evidence support the importance of histone 

acetylation in transcriptional regulation by nuclear receptors (Glass 2000, McKenna 2002, Chen 

1999). However, the influence of histone methylation on chromatin structure has remained elusive, 

and very little is known about the role of histone methylation in connection with nuclear receptor 

signaling. We have examined the kinetics of various histone H3 tail modifications associated with the 

promoter and enhancer of PSA gene during androgen induction in human prostate cancer cells. Our 

results show that occupancy of both the PSA promoter and enhancer by holo-AR is accompanied by 

accumulation of K9 and K14 acetylated H3. By contrast, CDX exposure decreased somewhat the 

basal level of acetylation on the promoter, implicating recruitment of histone deacetylase(s) by 

corepressors.  

 

We also examined whether H3 phosphorylation is involved in AR-dependent transcription by using 

an antibody specific for phosphorylated S10, which does not recognize the epitope when K14 of H3 is 

acetylated. Similar to di-acetylation of H3, increased phosphorylation of H3-S10 on the PSA 

promoter and enhancer was associated with transcriptional activation by holo-AR, whereas in the 

presence of CDX, H3-S10 phosphorylation was unaltered or decreased below the level in vehicle-

treated cells. By using a dual H3-S10/K9 phosphoacetylation-specific antibody, we demonstrated that 

increased phosphorylation and acetylation can occur on the same H3 tails. We also have studied the 

methylations of histone H3 tail during AR mediated transcription. Thus far, the function of CARM1 

as an AR coactivator has been examined only under transient transfection conditions (Sims 2003), and 

PRMT1 has been shown to function as a coactivator for AR in a Xenopus oocyte transcription system 
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(Wang 2001a). Our results with endogenous proteins provide evidence for the involvement of H3-

R17 methylation and recruitment of CARM1 onto AR targets in vivo. In addition, our results 

demonstrate that activation of androgen-responsive regions of the PSA and KLK2 genes is 

accompanied by increased di- and tri-methylation of H3-K4, but without corresponding changes in 

the methylation of H3-K9. The methylation modifications of H3-K4 are agonist-specific, as they were 

not brought about by the pure antiandrogen CDX. Potential mechanisms by which H3-K4 methylation 

controls transcription include blockage of the access of histone acetylase NuRD repression complex 

to H3 N-terminal tails (Zegerman 2002) and facilitation of the association of Isw1p remodeling 

enzyme with chromatin (Santos-Rosa 2003). Collectively, these results indicate that transcriptional 

activation by AR is accompanied by a cascade of distinct covalent histone modifications and that the 

pure antiandrogen CDX and the partial antagonists CPA and RU486 exhibit clear differences in their 

ability to promote recruitment of histone modification enzyme complexes in human prostate cancer 

cells.  

 

E. Involvement of proteasome in AR-mediated gene transcription 

 
Many nuclear receptors are subject to degradation via the proteasome, and increased turnover of 

nuclear receptors and other
 
transcription-regulating proteins is linked to transcriptional

 
activation 

(Nawaz 1999, Zhu 1999, Lange 2000, Lonard 2000a, Dace 2000, Wallace 2001, Gianni 2002). 

Transcriptional activation domains of the proteins
 
often serve as signals for ubiquitination, suggesting 

that the
 
proteasome itself takes part in transcription (Conaway 2002, Molinari 1999, Salghetti 2001, 

Ottosen 2002). With regard to AR, we observed that treatment of LNCaP cells
 
with MG132 leads to a 

~2-fold increase in the amount of immunoreactive
 
AR, suggesting that the receptor is degraded via the 

26 S proteasome. Thus, degradation of holo-AR initially loaded onto a regulated
 
promoter may be 

needed for the ensuing rounds of transcription.
 
To examine whether the 26 S proteasome is involved 

in the activation
 
of the PSA promoter, the proteasome inhibitor MG132 was added

 
to the culture 

medium 2 h before the exposure to T for various
 
times. MG132 did not inhibit occupancy of the PSA 

promoter by
 
holo-AR. By contrast, it prevented the release of the

 
receptor from the promoter after the 

first cycle of loading, implying that proteasome activity is needed
 
for receptor release from the 

promoter. Proteins belonging to the 19 S regulatory subcomplex of the 26 S proteasome have been 

implicated in the regulation of transcriptional
 
activators including nuclear receptors (Hermanson 2002, 

Conaway 2002). In addition,
 
a 19 S proteasome subcomplex has recently been shown to be recruited

 

to an activated promoter in yeast (Gonzalez 2002). Loading of proteasome
 
complexes to the PSA 

promoter was examined by the ChIP assay with
 
an antibody specific for the S1 subunit of the 19S 

proteasome
 
subcomplex (Yokota 1996). T treatment resulted in a transient recruitment

 
of the S1 

subunit to the PSA promoter, and similar to its effect
 
on AR release, MG132 prevented the release of 

the S1 subunit
 
after the first cycle of promoter loading.  
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Fig. 6. The accumulation of holo-AR is increased; whereas the recruitment of Pol II onto PSA promoter and enhancer 

are inhibited by proteasome inhibitor.  LNCaP cells pretreated with or without 10 μM MG132 for 2 h were incubated with 

100 nM T for indicated time periods before harvesting for ChIP assays. Chromatin samples were immunoprecipitated with 

anti-AR antibody or anti-Pol II antibody, and quantification of bound DNA was performed with PSA gene promoter- or 

enhancer-specific primers and fluorescent probes by using the LighterCycler system. A, AR loading onto the PSA promoter, 

B, onto the PSA enhancer, C, recruitments of Pol II onto the PSA promoter, and D, onto the PSA enhancer. Each experiment 

was repeated at least three times, and quantitative PCR analyses were performed in triplicates. The data are presented as 

percentages of input DNA prior to immunoprecipitation (mean  ± S.E.).  
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Fig. 7. The recruitment of GRIP1 is decreased; whereas the recruitment of TRAP220 and NCoR onto the PSA 

promoter and enhancer are increased by proteasome inhibitor. As in Fig. 6., LNCaP cells pretreated with or without 10 

μM MG132 for 2 h were incubated with 100 nM T for indicated time periods before harvesting for ChIP assays. Chromatin 

samples were immunoprecipitated with anti-GRIP1 antibody, anti-TRAP220 or anti-NcoR antibody, and quantification of 

bound DNA was performed with PSA gene promoter- or enhancer-specific primers and fluorescent probes by using the 

LighterCycler system. A, GRIP1 recruitment onto the PSA promoter, B, onto the PSA enhancer, C, recruitment of TRAP220 

onto the PSA promoter, and D, onto the PSA enhancer, E, NcoR recruitment onto the PSA promoter, F, onto the PSA 

enhancer.  Each experiment was repeated at least three times, and quantitative PCR analyses were performed in triplicates. 

The data are presented as percentages of input DNA prior to immunoprecipitation (mean  ± S.E.).  

 

 

 

 
Proper function of the proteasome was not limited to

 
the loading of AR onto the PSA promoter, 

because MG132 treatment
 
also abrogated androgen-induced accumulation of PSA mRNA and KLK2 

mRNA in LNCaP cells. We further investigated the possible mechanisms that may be implicated in 

the inhibition of AR-dependent transcription by the proteasome inhibitor. In contrast with the 

markedly increased accumulation of holo-AR, the recruitment of the Pol II complex onto on both the 

proximal promoter and the enhancer is slightly reduced by T treatment through proteasome inhibition 



 

 

48 

(Fig 6.), suggesting that inhibition of proteasome activity disturbed the bridges between holo-AR and 

Pol II transcriptional complexes. By dissecting the Mediator and coregulators of AR-mediated 

transcription, we demonstrate that recruitment of p300 onto the proximal promoter was dramatically 

depressed by proteasome inhibition, but only slightly decreased on the enhancer of PSA gene. 

Recruitment of GRIP1 onto both the promoter and enhancer showed attenuation at 2 h after 

testosterone treatment in the presence of MG132, but recruitment of TRAP220 (a Mediator 

component) and the nuclear receptor corepressor NCoR was enhanced on both regulatory regions, as 

shown in Fig. 7. Whereas proteasome inhibition blocked T-induced elevation of acetylated histone H3 

associated with the PSA promoter, only a small inhibition of histone H3 acetylation took place on the 

upstream regulatory region. By immunoblotting, we showed that inhibition of proteasome activity 

resulted in increased total ubiquitinated protein and ubiquitinated AR levels in LNCaP cells. In 

contrast to increased total AR protein levels, there were no significant changes of Pol II and AR 

coregulatory protein levels (not shown, unpublished data).   

 

Collectively,
 
proteasome appears to play an important role in AR-dependent

 
transcription. Based on 

the above findings, we speculate that proteasome inhibition blocks AR-dependent transcription by 

interrupting the connection between transcription factors and Pol II transcriptional complex.   

 

F. Influence of Pol II kinase inhibition on AR-dependent transcription  

 

Underphosphorylated Pol II C-terminal domain is believed to mediate multiple protein–protein 

interactions involved in the assembly of the preinitiation complex, whereas the subsequent 

phosphorylation of the C-terminal domain contributes to the initiation of transcription and elongation 

of the primary transcript (Bentley 1998, Corden 1997). DRB (5,6-Dichlorobenzimidazole riboside) 

has been shown to block transcription by inhibiting CDK7 (Yankulov 1995) and CDK9 (Marshall 

1996), two kinases responsible for phosphorylating the Pol II large subunit C-terminal domain. To 

understand better the mechanisms implicated in transcriptional inhibition, we examined PSA gene 

transcription in LNCaP cells treated with DRB. LNCaP cells were cultured in stripped medium for 4 

days before treatment with vehicle or 50 μM DRB for 1 h and were then incubated with 100 nM T 

and harvested at different time points.  We found that pretreatment with DRB completely blocks 

ligand-induced PSA mRNA accumulation (data not shown). The molecular details of transcriptional 

process were examined with ChIP assay. As shown in Fig. 8, similar to the loading of holo-AR onto 

the promoter (A) and enhancer (B), ligand-depended recruitment of Pol II onto the promoter (C) and 

enhancer (D) of the PSA gene was slightly elevated by DRB. We further investigated influence of 

DRB on ligand-dependent coregulator recruitment and acetylating of histone H3 on the PSA gene. As 

shown in Fig. 9, we found that recruitment of GRIP1 onto both the promoter and enhancer was 

promoted by DRB at 30 min of T treatment, but inhibited at 2 h. Recruitment of p300 on the enhancer 

was significantly increased at 30 min and slightly reduced at 2 h of T treatment by DRB. The amount 

of p300 on the promoter was decreased at 2 h of T treatment, and the amount of acetylated H3 

associated with both promoter and enhancer were somewhat increased at 30 min and decreased at 2 h 

of T treatment by DRB.  
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Fig. 8. Effect of protein kinase inhibitor DRB on the loading of AR and recruitment of Pol II onto the PSA promoter 

and enhancer in human prostate cancer cells. LNCaP cells pretreated with or without 50 μM DRB for 1 h were incubated 

with 100 nM testosterone for indicated periods before harvesting for ChIP assays. Chromatin samples were 

immunoprecipitated with anti-AR antibody or anti-pol II antibody, respectively, and quantification of bound DNA was 

performed with PSA gene promoter- or enhancer-specific primers and fluorescent probes by using the LighterCycler system. 

A, AR loading onto the PSA promoter, B, onto the PSA enhancer; C, recruitment of Pol II onto the PSA promoter, and D, 

onto the PSA enhancer. The data are presented as percentages of input DNA prior to immunoprecipitation (mean ± S.E.).  
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Fig. 9. Effect of DRB on recruitment of GRIP1, p300 and acetylation of H3 associated with the PSA promoter and 

enhancer in human prostate cancer cells. LNCaP cells pretreated as showed in Fig. 8, with or without 50 μM DRB for 1 h, 

and then incubated with 100 nM T for indicated periods before harvesting for ChIP assays. Chromatin samples were 

immunoprecipitated with anti-GRIP1 antibody, anti-p300 or anti-acetylated histone H3 antibody, respectively, and 

quantification of bound DNA was performed with PSA gene promoter- or enhancer-specific primers and fluorescent probes 

by using the LighterCycler system. A, Recruitment of GRIP1   onto the PSA promoter, B, onto the PSA enhancer; C, 

recruitment of p300 onto the PSA promoter, and D, onto the PSA enhancer, E, Level of Acetylated H3 associated with the 

promoter, F, associated with the enhancer. The data are presented as percentages of input DNA prior to immunoprecipitation 

(mean ± S.E.).   

 

Collectively, even though DRB abolishes ligand-dependent transcription of the PSA gene like the 

proteasome inhibitor MG132, the profile of AR transcription complex formation produced by DRB 

treatment is quite different from proteasome inhibition. Inhibition of Pol II phosphorylation results in 

increased accumulation holo-AR, and interrupted the following recruitment of coactivators and 
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acetylation of histone H3 associated with the PSA promoter and enhancer. In contrast to MG132 that 

blocks the recruitment of Pol II, DRB treatment led to increased accumulation of Pol II associated 

with both the PSA promoter and enhancer. Our results with DRB imply that phosphorylation of Pol II 

large subunit is required for AR-dependent transcription; In agreement with the results suggesting that 

cycling of the ER  complex off the promoter depends on the phosphorylation of the C-terminal 

domain of the large subunit of Pol II (Shang 2000).  

 

G. AR coregulators in prostate cancer    

Although the critical role of
 
AR-mediated signaling in the development and progression of

 
prostate 

cancer has become increasingly understood, the role
 
of altered expression of AR coregulators has 

remained elusive.
 
Using RT-PCR, the expression levels of 16 AR coactivators and

 
corepressors, SRC1, 

-catenin, TIF2, PIAS1, PIASx,
 ARIP4, BRCA1, AIB1, AIB3, CBP, STAT1, NCoR, AES, cyclin D1,

 

p300, and ARA24, were measured in prostate cancer cell lines, xenografts, and clinical prostate tumor 

specimens. A detectable level of every AR coregulator was determined from both androgen-

independent
 
(PC-3, DU145, NCI-H660, 22Rv1, and LuCaP 49) and androgen-sensitive

 
(LNCaP) cell 

lines and xenografts. Interestingly, there was no association between the expression levels of the AR 

coregulators and hormone-dependency or AR levels of the cells. For the clinical specimens, most of 

the coregulators studied
 
were equivalently expressed in benign prostatic hyperplasia, untreated and 

hormone-refractory carcinomas, even though the expression levels of the genes varied considerably 

among individual specimens. As the exceptions, the
 
expression of PIAS1 and SRC1 was significantly 

lower in hormone-refractory prostate tumors
 
than in untreated prostate tumors. In addition, decreased 

expression of p300 and AIB3 were found associated significantly with a high histological grade. 

Furthermore, increased ARIP4 expression was associated with the advanced stage of cancer. It should 

also be pointed out that the relative expression levels
 
of coregulators did not correlate with those of AR 

in the clinical
 
tumors.  The fact that the AR-negative small cell carcinoma samples

 
(cell lines NCI-

H660 and LuCaP 49) and cell lines PC-3 and DU145
 
expressed the coregulators, may be due to the 

fact that most of them have been shown to either interact with other steroid hormone receptor or have 

functions other than steroid hormone pathways (Kundsenet 1999). Additional analysis found that the 

xenograft
 
LuCaP 70, which contains a high-level gain at 2p21-pter, where the SRC1 gene is located, 

expressed more SRC1 than the other cell lines or xenografts. Fluorescence in situ hybridization 

revealed that the gene copy
 
number of SRC1 was amplified in LuCaP 70.  

In conclusion, several AR coregulators
 
are ubiquitously expressed in AR-positive and -negative 

prostate
 
tissues and cancerous samples. It appears that over expression

 
of these AR coregulators is not 

commonly associated with the
 
progression of prostate cancer. However, other alterations,

 
such as 

mutations, in these coregulator genes should now be
 
investigated. In addition, the decreased 

expression of PIAS1 
and SRC1 in hormone-refractory prostate cancer warrants additional

 
studies.
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VIII. CONCLUDING REMARKS 

 

Androgen receptor (AR) that mediates the biological actions of androgens is a member of the nuclear 

receptor superfamily of ligand-inducible transcription factors. Although in vitro experimental 

evidence suggests that a complex network of proteins is involved in androgen-dependent
 

transcriptional regulation, the process of AR-dependent transcriptional regulation under physiological 

conditions has remained largely elusive. In this study, we have performed a series of experiments to 

investigate the formation of the androgen receptor (AR) transcription complex. Our results are 

summarized as follows: 

 

• AR-mediated gene activation includes transient recruitments of coactivators and Pol II to both 

the promoter and the enhancer of target genes. In addition to hyperacetylation of histones, 

transcription complex assembly also involves dynamic changes in methylation and 

phosphorylation of core histone H3 in androgen-treated LNCaP cells. 

• The dynamics of testosterone induced loading of AR and recruitment of Pol II complex onto 

the proximal promoters of the genes clearly differed from that onto the distal enhancers.   

• A pure antiandrogen and partial antagonists elicited different patterns of occupancy of 

liganded-AR, recruitment of coactivators and Pol II complex as well as various histone 

modifications, which is in parallel with their output in terms of transcriptional activation. 

• Our unpublished data suggest that both proteasome and protein kinases are implicated in AR-

mediated transcription. 

• Finally, our study suggests that AR coregulators PIAS1 and SRC1 could be involved in the 

progression of prostate cancer.   
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