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ABSTRACT 

The rat ventral prostate (RVP) 

system for investigating steroid 

10 

has served as a model 

hormonal control of 

development and differentiation. This male specific organ is 

dependent on androgens for both its development and the 

maintenance of its normal secretory function. Androgen 

effects on the prostate are mediated through the androgen 

receptor (AR). In order to gain a better understanding of the 

molecular nature of androgen regulation in the RVP I have 

cloned the AR cDNA, mapped structural domains responsible for 

AR function, compared the level of transcription induction by 

the glucocorticoid receptor (GR) to that of the AR on several 

hormone response element (HRE) containing promoters, compared 

the strength and specificity of DNA binding by AR and GR, and 

established a panel of RVP epithelial cell lines that will be 

used to investigate androgen regulation in prostate cells. 

I have found that the AR is a member of the steroid 

receptor family of ligand dependent transcription regulatory 

proteins containing a structural organization similar the GR. 

AR binds to glucocorticoid response element (GRE) consensus 

DNA sequences with approximately a two-fold lower affinity 

than the GR and increases transcription from prostate and non

prostate expressed genes. AR does not require cell specific 

factors for its function; however, the level of transcription 
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enhancement by AR on different genes varies compared to GR 

suggesting that gene specific and/or receptor specific 

proteins affect AR activity. 

Using the SV40 large T-antigen I have immortalized a 

panel of RVP epithelial cell lines. All of these cell lines 

maintain a morphology typical of RVP epithelial cells, express 

a nuclear localized T-antigen, tartrate inhibitable acid 

phosphatase, and the GR. The cell lines express a low level 

of the AR which can be complemented by introduction of the AR 

cDNA. I conclude that these cell lines most closely resemble 

RVP basal epithelial cells which may have been preferentially 

immortalized through transfecting primary cultures of 

epithelial cells. These cell lines will be used to further 

investigate the role of AR specific factors which allow 

androgen responses to prevail in the RVP. 



BACKGROUND INFORMATION: 

Introduction to the RVP 

Steroid 

perform a 

hormones are 

vital role 
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IV 

intercellular messengers which 

in regulating development, 

differentiation, and responses to changing environmental 

conditions. The rat ventral prostate (RVP) has served as a 

model system for investigating steroid regulation of cellular 

function for many years (Butler and Shade 1958). This male 

specific gland is dependent on androgens for both its 

development and the maintenance of its normal secretory 

function (Cunha et al. 1987, English et al. 1985). 

Numerous cytological (English et al. 1987, Ruleau et al. 

1990) and biochemical (Montpetit and Tenniswood 1989b) studies 

have shown that the RVP contains at least three major cell 

populations (figure 1). The most abundant are lumenal 

epithelial cells which secrete large amounts of prostatic 

steroid binding protein (PSBP) (Bichler et al. 1989, Kiplesund 

et al. 1988) and citrate (Costello and Franklin 1991) in 

response to androgens. Basal epithelial cells are a second 

RVP cell type which are spatially located between lumenal 

cells and the basal lamina. A function has not yet been 

assigned to RVP basal cells, but they have been hypothesized 

to serve as stem cells for the lumenal cell 
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FIGURE 1. RVP histOlogy. The RVP contains at least three 
cell types: lumenal epithelial cells, basal epithelial cells, 
and stromal cells. The secretory lumenal cells are AR 
positive and are androgen dependent, while basal and stromal 
cells are AR negative and androgen independent. 
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layer (English et al. 1987). FinallYI there are RVP stromal 

cells which may perform essential functions during development 

of the prostate (Cunha et al. 1987). 

If serum androgen levels are dramatically lowered l either 

through castration or the use of anti-androgens I the 

production of semen products is halted l and the prostate 

undergoes a rapid involution such that the gland shrinks to 

less than 20% of its original mass within seven days (Issacs 

1984) This effect is thought to be duel in part l to lumenal 

cell apoptosis (Kyprianou and Issacs 1988 I Rouleau et al. 

1990). InterestinglYI the effects of androgen withdrawal on 

the RVP are completely reversible upon the administration of 

exogenous testosterone l indicating that androgen-responsive 

cells must exist in the regressed prostate which can function 

as lumenal-cell precursors. 

The effects of androgen withdrawal on RVP metabolism are 

similar to that seen in human prostate. Accordingly androgen 

reduction has become a common treatment for prostatic 

adenocarcinoma. The study of androgen regulated RVP function 

is therefore likely to yield important insights into the 

causes of this prevalent human disease. 

Androgen Receptor Structure 

All of these different androgen effects are mediated by 

the androgen receptor (AR). Based on the predicted amino acid 

sequence of the cDNA (Chang et al. 1988 1 Lubahn et al. 1988 1 
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Rundlett et al. 1990) I AR is a member of the steroid family of 

ligand dependent transcription factors. This family of 

proteins includes the glucocorticoid receptor (GR) I 

progesterone receptor (PR) I mineralocorticoid receptor (MR) I 

and estrogen receptor (ER) in addition to AR. In the absence 

of ligand these proteins are located predominately in the 

cytoplasm, but upon association with their respective ligands 

migrate to the nucleus where they bind to specific DNA 

sequences near promoter regions and alter transcription rates 

(Picard and Yamamoto 1987) . 

The GR is one of the most well characterized members of 

this protein family. This protein possesses several distinct 

functional domains which function independent of the presence 

of the other domains. The amino terminal half of the protein 

has been designated the AlB domain and encodes the majority of 

transcription enhancing functions of the receptor. The 

central C domain encodes the DNA binding and dimerization 

functions of the receptors. The DNA binding domain consists 

of two zinc fingers with a zinc atom coordinated between four 

cysteine residues in each finger. Finally the carboxy 

terminal E domain encodes the hormone binding domain (Rusconi 

and Yamamoto 1987) 

Although the GR and AR share a high degree of overall 

similari ty, the most highly conserved region is the DNA 

binding domain (DBD). Overall the receptors share 58 of 75 



16 

amino acids (77% identity) when comparing Cys 440 to Lys 521 

in GR with the analogous sequence in AR. The majority of 

amino acid differences are clustered in the carboxy terminal 

half. Several features of the GR and AR DBDs are particularly 

noteworthy since they have been shown to contribute to 

receptor DNA binding in-vivo. GR amino acids Gly458, Ser459, 

and Va1462 have been suggested to be important for sequence 

recognition (Green and Chambon 1987, Mader et al. 1989). 

Since these amino acids are conserved in the AR it suggests 

that AR and GR bind to similar DNA sequences. 

Theore are several differences in amino acids which have 

been suggested to contribute to dimerization. One change is 

found in the functionally defined dimerization box (D box) 

(Freedman 1992), changing Gly478 in GR to Ser in AR. Other 

amino acids suggested to be involved in GR dimer formation 

include Ile483 and Ile487 (Luisi et al. 1991). These amino 

acids are changed to Thr and Phe respectively in AR. Since 

it has been suggested that steroid hormone receptors exhibit 

cooperative binding to DNA (Tsai et al. 1988), these 

differences could contribute to differences in GR and AR DNA 

binding affinities. 

In contrast to the DNA binding domains, sequences in the 

amino terminal AlB domains of GR and AR are very divergent 

with less than 15% identity between these two receptors. The 

low degree of sequence conservation in this region has led to 
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the suggestion that there are large differences in receptor 

transcription enhancing activity (Rundlett et al. 1990). 

Androgen receptor function 

The majority of evidence available supports the 

conclusion that AR is a transcription regulating protein. The 

most convincing data have come from transient transfections of 

mouse mammary tumor virus (MMTV) reporter genes into the AR 

containing cell line T47D (Dabre et al. 1986, Cato et al. 

1987, Parker et al. 1987). Other studies have demonstrated 

that androgen-dependent induction of Mouse Mammary Tumor Virus 

(MMTV-LTR) directed transcription requires androgen response 

elements (AREs) which overlap with GR and PR response elements 

with the consensus sequence GGTACAnnnTGTTCT (Gowland and 

Buetti 1989, Ham et al. 1988). Because these elements also 

mediate the response to androgens they have been designated 

hormone response elements (HREs). 

However, there has been some debate over the molecular 

basis of androgen action in the prostate and the kidney, 

specifically as it relates to the role of transcriptional 

initiation in the observed response (Berger and Watson 1989) . 

While it is presumed that the androgen receptor acts as a 

transcriptional initiation factor (Beato 1989, Parker et al. 

1987), several in vivo studies of known androgen target genes 

have suggested that androgens primarily control mRNA stability 

(Page and Parker 1982, Berger et al. 1986). In addition, 
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results from studies utilizing transient transfection.s of 

tissue culture cells (Parker et al. 1987) or transgenic mice 

(Allison et al. 1989), have suggested that control of some 

androgen target genes may require cell-specific factors and/or 

receptor specific factors which directly or indirectly affect 

AR activity. Two of these genes are the sex limited protein 

(SLP) and the C3 gene. 

The SLP gene arose from a tandemly duplicated complement 

component of the C4 gene in the mouse major histocompatibility 

complex (Loreni et al. 1988). Based on the preferential 

expression of SLP in male mice it was determined that SLP is 

an androgen regulated gene (Ferreira et al. 1982). Studies of 

the SLP promoter region have revealed the presence of several 

protein binding sites in addition to a HRE (Loreni et al. 

1988) . One or more of these DNA binding proteins may 

cooperate with the AR to increase SLP expression (Adler et al. 

1992) . 

The C3 gene product is one of three subunits of the 

prostatic steroid binding protein (PSBP). This gene product 

is specifically expressed in the RVP (Page and Parker 1982) . 

The expression of PSBP is dependent on androgens and based on 

transgenic mice studies, also 

factors (Allison et al. 1989). 

requires prostate specific 

Recent investigations show 

that the AR binds to a HRE consensus sequence in the first 

intron and can increase transcription of a reporter gene if 
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the intron is placed upstream of a minimal promoter (Claessens 

et al. 1989). Whether this HRE is required for C3 expression 

in-vivo is not known. 

In an effort to determine the molecular basis of androgen 

regulation of prostate function I have used a variety of 

molecular, cellular, and biochemical techniques to study AR 

function in the RVP. In this dissertation I describe work in 

which I have investigated AR transcription regulatory 

activities (Rundlett et al 1990), reasons for differences in 

gene enhancement by AR and GR (Rundlett/Chamberalin and 

Miesfeld in preparation), and I develop novel RVP cell lines 

that will be useful for testing specific hypotheses about AR 

function (Rundlett et al. 1992). These investigations have 

yielded important insights into the function of the AR and 

form a basis for further investigations into the molecular 

nature of androgen action in the RVP. 
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PolyA+ RNA isolated from 2 day castrated rats was size 

fractionated on sucrose gradients as described (Ausubel et al. 

1989). cDNA was synthesized using gradient purified RNA of 

>4kb and a primer mixture containing random hexanucleotides 

and the specific primers AR2 and AR4 corresponding to 

nucleotides 1730-1704 and 2803-2780 respectively. Size

selected double-strand cDNA (>0. 6kb) was ligated to EcoR1 

adaptors and cloned into A zAPII (Stratagene) following the 

manufacturer's recommendations. The cDNA library was 

screened with the insert from p6-3 (see reverse transcription

PCR below) which was labeled using a random primer kit 

(Amersham) and a 32P-dCTP. Two of the isolated clones, Zap R2-7 

and Zap R2-25, were digested with HindIII and XhoI or BamHI, 

and ligated together into the SK+ (Stratagene) or p6R 

(Miesfeld et al. 1987) vectors to create pARSK or p6RAR, 

respectively. The carboxy terminal deletions were done by 

treating StuI digested pARSK with Exo III and Mung Bean 

nuclease and subcloning deleted fragments as described 

(Ausubel et al. 1989). 

Reverse transcriptase-PCR 

For the generation of the p6-3 probe I used the primers 

AR6 and AR3. These code for amino acids 341-347 and 853-845 
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respectively in rat AR. First strand cDNA synthesis was 

performed in a 20~1 volume using l~g poly A+ RNA from the RVP 

of 2 day castrated rats (Sprague Dawley 250-300g), 10 pmol of 

the 3' primer (AR3) , 1mM of each dNTP, and AMV reverse 

transcriptase (7 units) in the recommended buffer (Promega). 

After 30 minutes at 42oC, 90 pmol of AR3 and 100 pmol of the 

5' primer (AR6) were added along with 5X PCR buffer (Cetus), 

and 1.5 units Taq polymerase (Cetus) to a final reaction 

volume of 100 ~l. The amplification was carried out using a 

Ericomp thermal cycler in 25 cycles of 95°C for 2 minutes, 46°C 

for 3 minutes and 72°C for 3 minutes. The AR 6-3 PCR product 

was digested with AccI and EcoRI and cloned into the sk+ 

blue script vector (Stratagene) to create p6-3. This fragment 

was then radioactively labeled and used to screen the cDNA 

library as outlined above. 

The detection of the AR mRNA in the RVP cell lines was 

performed using AR4 (see above) and AR11 (encoding amino acids 

827-834) by mixing 1 ~g total RNA, 10 pmol of the carboxy 

terminal 3' primer (AR4) , 500 ~M dNTP's, 10 mM DTT, 1 ~l 

inhibitase and 200 U MMLV-RTase (BRL) in the recommended 

buffer. After a 30 min incubation at 37°C, 40 pmol AR4 and 50 

pmol of the 5' primer (AR11) were added along with dNTPs and 

lOx PCR buffer to 200~M and lx, respectively. The mixture was 

incubated at 95°C for 5 mins and 1 unit Hot Tub DNA polymerase 

(Amersham) was added. 30 cycles of PCR amplification were 
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performed (95°C for 1 min, 56°C for 2 mins and 72°C for 3 mins) 

in a Perkin Elmer Thermal Cycler. 

AR/GR chimera construction 

The AGR chimera (AGR) was made by overlap PCR extension 

as described (Horton et al. 1989). This procedure resulted in 

the inclusion of an additional sequence 5' - (AGAGCGCGGGCGGCA) 

3', encoding the pentapeptide "RARAA" at the fusion 

junction. Primers were made to amplify a region from amino 

acids 314-623 in AR and 541-598 in GR using the plasmids pAR

SK and pRDN93 (Miesfeld et al. 1987), respectively. The 

expression plasmid pAGR was made by cloning a portion of the 

amplified DNA and the appropriate fragments from pAR-SK and 

pRDN93 into p6R. A majority of this final construct was 

analyzed by DNA sequencing to confirm its structure. 

The GAG and AGA chimera proteins were constructed by 

Nancy L. Chamberlain through introducing unique restriction 

sites flanking the DBDs of AR and GR using site directed 

mutagenesis. Primers rGRaat2 corresponding to amino acids 427 

to 438 and rGRbss2 corresponding to amino acids 528 to 514 in 

rat GR were used to create AatII and BssHII sites respectively 

in GR to create in GRAB. These nucleotide changes resulted in 

changing Ala430 to Asp, Ala431 to Val, and Gln520 to Arg. 

Primers ARaat2 corresponding to amino acids 529 to 542 and 

ARbss2 corresponding to amino acids 630 to 618 in rat AR were 

used to create AatII and BssHII respectively to resulting in 
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ARAB. These nucleotide changes resulted in changing Tyr531 to 

Val, Gln623 to Arg, and GIn 624 to Ala. The DBDs of the 

receptors were exchanged using the AatII and BssHII 

restriction sites to create GAG and AGA. These altered 

receptors were cloned into the pcDNAIneo (Invitrogen) using 

XhoI and XbaI restriction sites. 

Reporter plasmid construction 

The reporter plasmids pMMCAT and pGMLO contain 1.4kb of 

the MMTV LTR linked to the chloramphenicol acetyl transferase 

(CAT) or B-galactosidase genes, respectively. pTyTCO, pOTCO, 

and pOMCO have been previously described (DeFranco and 

Yamamoto 1986, Jantzen et al. 1987). All other reporter 

constructs contain a minimal HSV-TK promoter extending from -

109 to +55. pG46 was obtained from D. Sekai and SLPc I 62 was 

obtained from D. Robbins. 

For construction of C3 reporters the C3 IVS-1 was cloned 

from p61 (Hurst and Parker 1983) through BamHI linker 

addition. A HindIII to PstI 51 fragment of the C3 gene was 

cloned into the mUltiple cloning site of KS+ (Stratagene). 

The resulting plasmid was digested with BstEII and treated 

with the Klenow fragment of DNA Polymerase I before the 

addition of BamHI linkers. Digestion with BamHI generated a 

IVS-1 fragment with BamHI overhangs which was ligated into the 

BamHI site of pOTCO (D. Sekai) to create pC3T and pT3CI and 

into the BgIII site to create pOTC3 and pOT3CI. 
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Transient co-transfections and CAT assays 

For electroporations CV-l, Hela, or RVP3.5 cells were 

grown in Delbecco's modified eagles (DME) media supplemented 

with 10% charcoal stripped CBS (Soneschien et al. 1989). 

Cells were harvested from 80% confluent plates and resuspended 

in electroporation buffer (21 mM HEPES, pH 7.05, 137 mM NaCI, 

5 mM KCI, 0.7 mM Na2P04 , 6 mM glucose) at a concentration of 

6 x 106 cells/mI. One ml of cells was mixed with 30-50 ~g 

expression plasmid (if appropriate), 30-50 ~g reporter 

plasmid, and in some experiments 50 ~g of the RSV-B

galactosidase internal control plasmid (GMLO) or 20~g CMV

Bgalactosidase and the cells electroporated using a BRL cell 

porator operated at 225V/1180~F for CV-l and 225V/330~F for 

He La and RVP3.5. Following electroporation and a 10 minute 

recovery period, cells from a single cuvette were split into 

two equal portions and plated with and without steroid. 

Calcium phosphate transfections were performed using CV-l 

cells plated at lxl06 per 10 cm. plate in DMEM supplemented 

with 10% charcoal stripped CBS (Sonneschein et al. 1989) 16 

hours before transfection. Calcium phosphate precipitates 

were formed using 10~g pcGRABneo (GR) , pcARABneo (AR), 

pcAGAneo, or pcGAGneo (figure 12), 2~g pG46, and 5~g CMVB-gal 

control plasmid per ml of precipitate. The precipitate was 

left on cells in media for 4 hours then the cells were 

glycerol shocked. 



25 

After either electroporation or calcium phosphate 

transfection cells were grown in DMEM supplemented with 10% 

charcoal stripped CBS with or without 10-7 M testosterone 

(TST) , dihydrotestosterone (DHT) , or dexamethasone (DEX). 

After 40 hours in culture, the cells were harvested using 

trypsin. CAT assays were performed using 12.5-60 /1g of 

protein in a volume of 200/11 as described (Miesfeld et al. 

1986). The reaction mixture was incubated at 37°C for 3-16 

hours and acetylated forms of chloramphenicol were separated 

by TLC on Silica Plates (EM Science) in 95:5 

chloroform/methanol. 

Over-expression of GR and AR DBDs 

The GR DBD was obtained from Len Freedman and has been 

described previously (Alroy and Freedman 1992). The AR DBD 

was cloned using PCR and expressed as a Tryptophan fusion 

protein using pET3a (Studier and Maffat 1986) The Trp fusion 

results in the addition of the sequence ASMTGGQQMGR to the 

amino terminus of the AR DBD and SCG to the carboxy terminus. 

The primers used for PCR were AR 20 coding for amino acids 

538-543 and AR 21 coding for amino acids 626-620. Both 

primers contain a BamHI site that was used to clone the PCR 

product into the expression vector. PCR was performed by 

mixing 1 ng pARSK, 50 pmol AR 20 and AR 21, 250 /1M dNTPs, and 

1U HOT TUB DNA polymerase (Amersham) in the recommended 

buffer. PCR amplification was done in 25 cycles of 95°C for 
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1 minute, 53°C for 2 minutes, 72°C for 3 minutes using a Perkin 

Elmer Thermal Cycler. 

The PCR product was concatemerized as described (Kaufman 

and Evans 1990) and digested with 50 U BamHI and cloned into 

pAR3039 (Studeir and Moffat 1986). The resulting plasmid was 

transformed into the phage T7 RNA polymerase containing E. coli 

strain BL21 (DE3)/pLysS. An overnight culture of E. coli 

carrying GR or AR DBDs was used to inoculate 1L of LB + 

ampicillin and the culture grown at 37°C until an OD600 of 

0.6. IPTG was added to 0.4mM and the culture incubated at 

37°C for 3 hours. Cells were harvested and the GR and AR DBDs 

purified as described (Alroy and Freedman 1992) with the 

exception that Whatman CM-52 cellulose was used instead of 

Biorad Bio-Rex 70. GR and AR DBDs were purified on the same 

day and the same preparations were used for all experiments 

described. 

Gel Mobility Shift Assay 

A GRE/PRE containing the sequence 

TCGACGGCGGTACACAGTGTTCTAGAC was labeled using 0:'-32P dCTP (3000 

Ci/mmol) and the Klenow fragment of DNA Polymerase I 

(Boehringer Mannheim). GR and AR DBDs were mixed with 0.5 ng 

GRE/PRE, 0.5 ng poly (dI: dC) and binding buffer to give a 

final concentration of 20 mM Tris-HCl, pH7.9, 50mM KCl, 1mM 

EDTA, 0.05% NP40, 10% glycerol, and 1mM DTT (diluted 

immediately before use) in 25J.1.1. (Alroy and Freedman 1992). 
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After a 30 minute incubation at room temperature protein-DNA 

complexes were resolved on 4% non-denaturing acrylimide gels 

(80:1) by electrophoresing at 20V/cm. at 4°C. The gel was 

dried and exposed to film at room temperature for 30 minutes. 

DNASE I footprinting 

DNA probes for DNASE I footprinting were generated using 

an end labeled primer and PCR. The primers for the PCR 

reactions were: pMMTV-CAT (forward)-MMTV-1 corresponding to 

nucleotides 175-209 and MMTV-3 corresponding to nucleotides 

1276-1253; pMMTV-CAT (reverse)- MMTV-2 corresponding to 

nucleotides in the extreme 3' end of MMTV and MMTV-7 

corresponding to nucleotides -254 to -233 in the MMTV-CAT 

sequence, pG46 - M13 Universal primer and CAT2 complementary to 

nucleotides coding for amino acids 83-75 in CAT; C3- primer 

C3-6 complementary to nucleotides 1461 to 1443 and C3-4 from 

nucleotides 926 to 958; pSLPc'62- T7 primer and CAT2. MMTV-

3, MMTV-7, M13, C3-6, and T7 primers were end labeled using l-

32P ATP (3000 Ci/mmol) and polynucleotide kinase (New England 

Biolabs). PCR reactions were performed using 1ng of plasmid 

DNA, 25 pmol of labeled and unlabeled primer, 250 ~M dNTPs, 

and 1U HOT TUB DNA polymerase (Amersham) in the recommended 

buffer. PCR amplification was performed in 25 cycles of 95°C 

for 1 minute, 51°C for 2 minutes, and 76°C for 3 minutes in a 

Perkin Elmer Thermal Cycler. 

The SLP amplified PCR product was digested with XbaI and 
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the MMTV (forward) product digested with RsaI to decrease the 

size of the probe and all probes were size fractionated using 

1% Agarose gels and the DNA recovered by extraction with Gene 

Clean (BIO 101) . 

DNASE I footprinting was performed by mixing PCR probe 

with varying amounts of GR or AR DBD to a total volume of 

100~1 in binding buffer (see Gel Mobiliy Shift Assay above) . 

After a 30 minute incubation, 100~1 SALTS (10 mM MgCl2, 5mM 

CaCI2) was added along with 5 ~l of 500ng/ml DNASE I (Grade II 

Boehringer Mannheim) and the DNA digested for 2 minutes at 

room temperature. When using 500 ng or l~g AR DBD the 

concentration of the DNASE I was reduced to 100 ng/ml and 5 

ng/ml respectively to allow for equal digestion of the DNA. 

The DNA was digested for 2 minutes then precipitated by 

adding 1 ~l of 10 ~g/~l yeast tRNA, and a mixture of 100~1 7.5 

M ammonium acetate and 750 ~l Ethanol at -70C. The samples 

were then incubated in a dry ice/ethanol bath for 30 minutes 

after the last sample was digested. The DNA was recovered by 

centrifugation at 14000 x g for 15 minutes at room temperature 

and washed with 80% Ethanol before drying in a Speed-Vac 

(Sevant). DNA samples were resuspended in 95% formamide 20 mM 

EDTA, 0.5% Bromophenol blue, 0.05% Xylene Cyanol and 10,000 

cpm of DNA was electrophoresed on a 8% acrylimide (29:1) DNA 

sequencing gel at 30 Watts. The gels were dried and exposed to 

film between screens at room temperature for 3 to 7 days. 
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Prostate epithelial cell primary cultures 

Sprague-Dawley rats (225-250 g) were castrated by scrotal 

incision and, where indicated, testosterone propionate 

(dissolved in sesame oil) was administered (2 mg/kg) by daily 

intraperitoneal injection. Ventral prostates were aseptically 

removed immediately following CO2-asphyxiation and placed in 

ice cold RPMI 1640 media supplemented with 10% fetal bovine 

serum (FBS Hyclone), 100 ~g/ml penicillin, 63 ~g/ml 

streptomycin, and 1% fungizone (Gibco). Prostates were minced 

into 1-3 mm3 pieces and washed three times in Hanks Buffered 

Saline Solution (HBSS) (25 mM HEPES, 130 mM NaCI, 4 mM 

glucose, 1mM NaH2P04, pH 7.4) supplemented with 1% chicken 

serum. The tissue was digested for 16 hrs with gentle shaking 

at room temperature (RT) using 1 mg/ml collagenase A 

(Boehringer Mannheim, lot #118927) , 1 mg/ml Dispase 

(Boehringer Mannheim), and 200 ~g/ml DNase I (Sigma) in RPMI 

1640 media supplemented with 10% FBS, 100 ~g/ml streptomycin, 

63 ~g/ml penicillin, with or without 10-7 M dihydrotestosterone 

(DHT) depending on whether the cells were to be plated in the 

absence or presence of testosterone respectively (see Cell 

Culture Media below). Digested cells were pelleted at 500 x 

g, resuspended in HBSS, and loaded on a 40 ml discontinuous 

Percoll gradient as described (Montpetit and Tenniswood 

1989a.). Epithelial cells contained in the top 2 bands of the 

gradient (approximately 12 mls) were removed, washed twice in 
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HBSS and plated at 5xl05 cells/GO mm dish or transfected with 

pSV3neo plasmid (see below) . 

Immortalization with SV40 T-antigen 

Percoll gradient enriched RVP epithelial cells were 

washed twice in electroporation buffer (21 mM HEPES, 137 mM 

NaCI, 5 mM KCI, 0.7 mM Na2P04 , G mM glucose, pH 7.05) and then 

resuspended to 5 x 106 cells/mI. One ml of cells was 

electroporated (BRL Cell-Porator operated at 275 V and 330~F 

with 100 ~g pSV3neo plasmid DNA (Southern and Berg 1982). 

After a 10 min recovery period, the cells were plated in one 

of several media (described below). After 48 hours, G418 

geneticin (250 ~g/ml active) was added to the media. Media 

were changed every two days, and after several weeks, colonies 

were picked and expanded into cell lines. 

Cell Culture Media 

Androgen-depleted serum (C/S) was obtained by charcoal 

stripping iron supplemented calf bovine serum (Sonnenschien et 

al 1989). In addition, the androgen antagonist RU23908 

(ROUSSEL UCLAF) was used to further decrease AR activity in 

serum-containing media. I found that a 10-fold molar excess 

of RU23908 over DHT is sufficient to antagonize > 90% of the 

transcriptional enhancing activity of the rat AR (data not 

shown). Since media with 10% defined calf bovine serum (CBS 

Hyclone) contains approximately 10-10 M testosterone, RU23908 

was added to a final concentration of 10-8 M (i.e., 100-fold 
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molar excess). There was no detectable agonist activity at 

this RU23908 concentration (data not shown) . 

Several different media were used in these experiments 

that differed primarily in the type of serum used and the 

level of testosterone or RU23908. The media used in 

establishing the RVP cell lines were: 1) identical to the 

growth media described by Montpetit and Tenniswood (Montpetit 

and Tenniswood 1989b.) containing 15% horse serum and 10-6 M 

testosterone (HS +T) i 2) DMEM supplemented with 10% CBS + 10-8 

M RU23908 (CBS + RU) i or 3) DMEM supplemented with 10% cis CBS 

and 10-8 M RU23908 (CiS CBS + RU) . 

Immunocytochemistry 

Cells were grown to 30-50% confluency on acid-washed 

coverslips and fixed in cold 1:1 (vol) methanol: PBS (137 mM 

NaCI, 2.6 mM KCI, 10 mM Na2HP04 , 1.8 mM KH2P04 pH 7.05). The 

cells were permeabilized using 1% Triton X-100 in PBS for 10 

min and washed for 10 min in 2x PBS + 0.5 % Triton X-100. The 

coverslips were then rinsed with PBS and overlayed with an 

anti-SV40-T-antigen antibody (MAb-2i Oncogene Science) at 1 

~g/ml in PBS. After a 30 min incubation at RT, the coverslips 

were washed twice with PBS, and incubated (30 min at RT) with 

rhodamine-conjugated goat anti-mouse IgG (Cappel) diluted 

1:100 in PBS. Following two PBS washes, the coverslips were 

mounted on slides using 20% glycerol. Micrographs were taken 

on an Olympus IMT-2 microscope equipped with a Photometries 
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Western Blot 
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Approximately 5 x 106 cells were harvested in PDTE 

(137mM NaCI, 2.7 mM KCI, 10 mM EDTA, 1.5 mM KH2P04 , 8.1 mM 

Na2HP04 , 20 mM TRIS-HCI, pH 7.5) using a rubber policeman. 

Following centrifugation at 1000 x g for 10 min at 4°C, cell 

pellets were frozen in liquid nitrogen and stored at -80°C for 

future use. Thawed cell pellets were resuspended in ice-cold 

TEGN-50 (50 mM NaCI, 1 mM 2-mercaptoethanol, 1 mM EDTA, 10% 

w/v glycerol, 10 mM TRIS-HCI, pH 7.5) and sonicated for 7 sec 

using a Branson Sonifier (50% duty cycle at setting 4). Cell 

debris was removed by centrifugation and the concentration of 

soluble protein was determined by BCA Protein Reagent 

(Pierce) Sodium Dodecyl Sulfate (SDS) and bromophenol blue 

dye were added to final concentrations of 1% and .01%, 

respectively. 

loading (10 

Samples were boiled for 3 min just prior to 

~g/lane) onto a 10% SDS-polyacrylamide gel. 

Proteins were electrophoresed at 100V until the bromophenol 

blue dye reached the bottom of the gel. Separated proteins 

were transferred to nitrocellulose overnight at 20 V at 4°C 

using a BioRad Trans-Blot Cell. The nitrocellulose filter was 

first blocked with 3% gelatin in TBST (20 mM TRIS-HCI, pH 7.5, 

500 mM NaCI, 0.1% Tween 20) for 12 hrs, and then incubated 

with MAb-2 at 1 ~g/ml in TBST + 1% gelatin. After an 

overnight incubation at RT, the blot was washed three times 
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for 10 mins each in TBST. MAb-2 binding was detected using 

HRP-conjugated secondary antibody (BioRad) diluted 1:3 x 105 

in TBST + 1% gelatin and ECL detection reagent (Amersham). 

Acid Phosphatase Activity 

Acid phosphatase (AP) activity was measured using sodium 

thymolphthalein monophosphate (STM) as the substrate (Roy et 

al. 1971). Briefly, cells were harvested, resuspended in ice 

cold PBS, sonicated, and clarified of cell debris. The crude 

extract was mixed with excess (3.3 mM) STM in the presence or 

absence of 33 mM L-tartrate and incubated at 37°C for 30 

minutes. Dephosphorylated product was detected 

spectrophotometrically (590 nM) following the addition of 

color developing reagent (50 mM NaOH, 50 mM Na
2
C0

3
). AP 

activity (1 unit = /lM of product produced min- 1 mg -1) was 

determined using a thymolphthalein standard curve (Roy et al. 

1971) 

Karyotype Analyses 

Karyotypes were performed by the Arizona Cancer Center 

core facility as previously described (Thompson and Trent 

1987) using an Applied Imaging Karyotyper Gene Vision System. 

The modal number of chromosomes per cell was determined by 

analyzing >30 mitotic cells of each cell line. 

Hormone Binding Assays 

Hormone binding assays were modified slightly from 

Miesfeld et.al. (Miesfeld et al. 1986) using 1000-fold excess 
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of unlabeled ligand and 1 mg/ml dextran in the charcoal 

suspension. AR and GR were detected using 5 nM 3H-R1881 and 

10 nM 3H-dexamethasone, respectively. 

Primer synthesis and guantitation of radioactivity 

All primers were synthesized on a Cyclone DNA synthesizer 

(Milligen) . Quantitation of radioactivity was performed 

percent using a Betagen B-scope and for figure 6 by liquid 

scintillation counting of all radioactive spots from the TLC 

plate. 
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VI 

AR STRUCTURE AND FUNCTION ANALYSIS 

Introduction 

The androgen receptor (AR) is predicted to be a member of 

the steroid receptor family of proteins which mediate cellular 

responses to extracellular signals through transcriptional 

control (Chang et al. 1988) However there has been no 

demonstration that the AR cDNA encodes a transcription 

regulating protein. In addition, it has been suggested that 

the AR regulation of some genes depends on cell specific 

factors suggesting that AR regulation of some genes is more 

complex than that observed for other steroid hormone 

receptors. To confirm that the molecular basis of androgen 

regulation is transcriptionally based, and to map critical 

functional domains of the receptor I have used transient co

transfection assays to examine AR functional domains. 

For this research I collaborated with Margaret Tome who 

size fractionated RVP RNA, and Roger Miesfeld and Xi Ping Wu 

who performed initial screenings of the cDNA library with the 

probe I generated. 

Results 

Isolation and expression of AR cDNA 

To isolate cDNA sequences corresponding to rat prostate 

AR, a combination of random hexanucleotide primers and 

specific primers based on the AR cDNA sequence (Chang et al. 
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1988) were used to synthesize cDNA from size-fractionated RVP 

mRNA to enrich for large transcripts (>4kb). A cloned 

amplified AR cDNA fragment was used as a probe to screen the 

prostate-specific cDNA library. The location of this probe 

(p6-3) relative to the putative AR DBD (hatched box) is shown 

in figure 2A. Approximately 3 x 105 primary recombinants were 

screened, figure 2B shows two of the overlapping cDNA inserts 

analyzed by DNA sequencing. The composite map of a full

length AR cDNA (p6RAR) cloned into a eucaryotic expression 

vector is illustrated in figure 2C. 

The transcriptional regulatory activity of this cloned AR 

was then examined. Figure 3 shows the result of a transient 

co-transfection assay using p6RAR and a reporter plasmid 

containing 1. 4kb of the MMTV-LTR linked to the chloramphenicol 

acetyl transferase (CAT) gene. The MMTV-LTR contains four HREs 

which have been shown to bind GR and PR in-vitro (Beato 1989) . 

I observed that 10-7 M testosterone or dihydrotestosterone 

induced CAT activity in a dose-dependent manner with respect 

to transfected p6RAR DNA. Similar levels of induction were 

observed in both CVl (figure 3) and HeLa cells (data not 

shown). Measurements of CAT activity in this assay showed 

that AR-dependent induction is >20-fold (see figure 6) . 
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FIGURE 2. Strategy for isolation of a full-length AR cDNA 
clone from an RVP library. A). PCR amplification of a 1.2 kb 
region of AR mRNA using RVP poly A+ RNA and primers (AR6 and 
AR3 ) derived from the sequence of Chang et al. (8). The 
hatched box denotes the location of the putative AR DBD. B). 
Relative alignment of two cDNA clones isolated from the RVP 
library, both of these clones were shown to be specifically 
primed by AR2 (Zap R2-7) and AR4 (Zap R2-2S). The position of 
a unique Hind III site is shown to identify the region of 
overlap. C). The composite map of p6RAR showing the location 
of unique restriction sites within the 2.7 kb open reading 
frame (stippled box) . 
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FIGURE 3. CAT assay of co-transfected p6R-AR and MMTV-CAT 
plasmids into CV1 cells. The amount of expression plasmid 
(p6R-AR) is shown below each set of experiments; all 
transfections contained 50 ~g of reporter plasmid (MMTV-CAT). 
The electroporated cells were grown in 10-7 M 
dihydrotestosterone (DHT) or testosterone (TST) for 48 hours 
before extracts were prepared. 
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Co-transfections utilizing another MMTV reporter plasmid 

containing the beta-galactosidase gene in place of CAT (GMLO), 

likewise resulted in androgen-dependent induction of beta-

galactosidase activity. Based on the results from these 

transfection experiments, I conclude that p6RAR encodes an 

androgen-dependent transcription factor similar to other 

steroid receptors. In addition, these data indicate that all 

functions required for androgen-dependent MMTV transcriptional 

regulation are encoded within the cloned AR cDNA sequence, 

thus making it possible to map functional domains using this 

co-transfection assay. 

Constitutive activity of AR carboxy deletion mutants 

Deletion of the carboxy terminal portion of GR 

constitutively activates DNA binding and transcriptional 

regulatory functions (Danielson et al. 1987, Godowski et al. 

1987, Hollenberg,and Evans 1988). This suggests that native 

GR (ligand free) is inactive or repressed, and that ligand 

binding (which has been mapped to this region independently, 

Rusconi and Yamamoto 1987), alters the protein conformation in 

a way that de-represses specific DNA binding and 

transcriptional activation (Picard at al. 1988). To test the 

possibility that AR carboxy deletion mutants function in a way 

similar to GR deletions, I truncated the AR cDNA at the 

carboxy terminus and subcloned the deleted AR sequences into 

an RSV expression vector containing downstream stop codons in 



all three reading frames (figure 4A). 
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The results of 

transient co-transfection assays using the MMTV-CAT reporter 

plasmid and the AR carboxy terminal deletion mutants are shown 

in figure 4B. Removal of 201 amino acids from the AR carboxy 

terminus (N701) leads to partial activation of the native 

receptor. If an additional 33 residues are removed (N668), 

the deleted AR is constitutively active to the same level 

observed with ligand bound full-length AR (N902). Note that 

the N629 deletion retains near wild-type levels of activity 

indicating that DNA binding has not been compromised in this 

mutant. 

This deletion endpoint for constitutive activation maps 

to the same general region in AR as has been reported for GR 

(Godowski et al. 1987), relative to the lysine rich sequence 

located in the functionally defined DBD (Rusconi and Yamamoto 

1987). One possible explanation for the observed constitutive 

activity in the N668 and N629 mutants may be that AR sequences 

have been deleted which interact with HSP90, a protein thought 

to repress steroid receptor activation (Picard et al. 1988). 

If this is true, then the putative HSP90 binding site would 

overlap with amino acids 668-701 in AR, since it is between 

these two deletion endpoints that constitutive activity 

increases dramatically (figure 4). By analogy, this would 

correspond to amino acids 556-595 in GR based on a similar 

rise in activity of the N556 deletion relative to N595 
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FIGURE 4. Transcriptional activity of AR carboxy terminal 
deletions. A) . Map of AR deletion mutants showing the 
terminal amino acid position as determined by DNA sequencing 
relative to the DBD (hatched box). These deleted cDNAs were 
cloned into an expression vector containing translational stop 
codons in all three reading frames located at the 3' cloning 
site. The amino acid sequence of a lysine rich region located 
near the putative DBD in AR is shown (KLKKL). B). CAT assay 
results from CV1 co-transfections containing 50 ~g each of the 
deleted AR expression plasmids and MMTV-CAT grown in the 
presence or absence of 10-7 M DHT. The amino acids contained 
within each expression plasmid are shown for the full-length 
AR 1-902 (N902) I and the three deletions: 1-701 (N701) I 1-668 
(N668) and 1-629 (N629). 



42 

(Godowski et al. 1987). The finding that N629 retains high 

level constitutive activity maps both the DBD and positive 

enhancement sequences localized in this portion of AR. 

Activity of an AR-GR chimeric receptor protein 

To further characterize functional domains of the cloned 

AR, I constructed an AR-GR fusion protein using the modified 

PCR technique of overlap extension (Horton et al. 1989). This 

fusion receptor was used to compare relative transcriptional 

regulatory activities of AR and GR under conditions in which 

the same ligand (dexamethasone; dex) and expression vector 

could be utilized in transiently transfected CV1 cells. 

Green and Chambon (1987) replaced the estrogen receptor (ER) 

DBD with the analogous region from GR to create a functional 

hybrid ER-GR receptor. However, in the AR-GR fusion protein 

I maintained the integrity of the AR amino terminus and DBD, 

and therefore measured the combined activities of these two 

domains. Figure 5 illustrates that the chimeric receptor AGR, 

contains amino acids 1-623 of AR fused to the functionally 

autonomous steroid binding domain of GR (residues 520-795) . 

The results of the co-transfection experiments utilizing 

the MMTV-CAT reporter plasmid, and either the GR or AGR 

expression plasmids, are shown in figure 5. I found that AGR 

functions as a heterologous receptor by inducing CAT activity 

only in the presence of dex, thus demonstrating that GR 

carboxy sequences convert an AR constitutive activator into 



43 

623 520 

I RSVI.TR I ratAR _ ratGR IB 

.$'. 

• G) .. • ., ~ • • • • .. • 
+ + + + + + 

MMCAT OMCO MMCAT TyTCO OTCO TyTCO 

GR AGR AGR GR AGR AGR 

FIGURE 5. Transcriptional regulatory activity of the AR-GR 
chimeric receptor. Top). Map of the fusion protein showing 
the junction of amino acid residues relative to AR (1-623) and 
GR (520-795). Bottom). CAT assay results using 50 ~g each of 
the expression plasmids GR and AGR, and various reporter 
plasmids (see Materials and Methods) co-transfected into CV1 
cells and grown in the presence or absence of 10-7 M 
dexamethasone for 48 hours. OM CO and OTCO contain only the 
MMTV and tk promoters, respectively, without upstream GRE 
sequences. 
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FIGURE 6. Histogram of CAT activities quantitated from the 
co-transfections using GR, AR, and the AR/GR chimeric (AGR). 
Percent conversion of 14C- c hloramphenicol into mono-and di
acetylated forms was determined by liquid scintillation 
counting of all radioactive spots from the TLC plate. Results 
are the average of at least two independent co-transfections 
in which beta-galactosidase activity was monitored as an 
internal control for transfection efficiency using an RSV
beta-galactosidase or MMTV-beta-galactosidase (GMLO) plasmid. 
The basal CAT activity with the MMTV-CAT plasmid was 
undetectable and estimated at <0.1% conversion. 
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a glucocorticoid-regulated chimeric receptor (compare N629, 

figure 4, to AGR, figure 5). Figure 6 summarizes quantitative 

comparisons of AR, GR and AGR activities using the results of 

these and other co-transfection assays. It can be seen that 

GR induction of MMTV -CAT is substantial, resulting in 73 % 

conversion of the substrate. In contrast, activation of MMTV

CAT by AGR, is significantly lower (11% conversion). Assuming 

similar levels of AR and GR expression in CVl cells, these 

data suggest that GR is approximately 15 times more active 

than AR in this assay. The two-fold difference between AR and 

AGR is very reproducible and may reflect the contribution of 

enhancer activation sequences from the carboxy terminal domain 

of GR (Webster et al. 1988). 

The reduced AR induction of MMTV-CAT relative to GR, 

suggests that interactions of these receptors with the MMTV 

LTR may not be identical. To further examine this, I co-

transfected the receptor expression plasmids with another 

reporter gene referred to here as TyTCO, containing the 

tyrosine aminotransferase (TAT) glucocorticoid response 

element (GRE) linked to the thymidine kinase promoter and CAT 

(Jantzen et al. 1987). The results of these transfections 

indicate that while GR is capable of activating TyTCO up to 

20-fold, both AR and AGR induce CAT activity only 2-fold (see 

figures 5 and 6). As a control, additional experiments were 

done in which the MMTV-beta-galactosidase plasmid GMLO was 



included in the transfection. 
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I found that in the same 

extracts, AR and AGR induced beta-galactosidase activity as 

expected, but again only very minimal induction of TyTCO was 

observed (data not shown) These results are consistent with 

the results of Denison et al. 1989, in which a two-fold 

induction of CAT activity was observed using a 

plasmid very similar to TyTCO transfected into 

containing human prostate cell line LNCaP. 

reporter 

the AR-

Thus using several different GRE containing reporter 

plasmids I find that GR enhances transcription at least 10-

fold better than the AR. Since substitution of the ligand 

binding of AR for that in GR did not dramatically improve AR 

mediated transcription enhancement I conclude that differences 

in receptor activity lie in the amino terminal A/B domain 

and/or the DBD. 
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Summary 

In this chapter I have determined that the AR functions 

as a transcription enhancing protein and is functionally 

similar to other members of the steroid receptor family. 

The AR is also structurally similar to other members of this 

family in that it contains several distinct functional 

domains. The AR does not possess an absolute requirement for 

cell specific factors for its function. There is a 

quantitative difference in the ability of GR to enhance 

transcription relative to ARt with GR enhancing transcription 

approximately 15 fold better than AR. 

Considering that there are numerous amino acid 

differences in the DBDs of GR and AR it is possible that GR 

binds to some or all of these HREs with a higher affinity than 

AR and this allows for greater transcription induction. 

Alternatively it is possible that the transcription enhancing 

functions present in the amino terminus of the receptor of GR 

are stronger than those in AR. 
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While analyzing the function of the androgen receptor 

(AR) I made the unexpected discovery that the glucocorticoid 

receptor (GR) enhances transcription approximately 15 fold 

better than AR from HREs present in the MMTV-LTR and the TAT 

gene. This difference in receptor transactivation activity 

could be due to subtle differences in receptor sequence 

recognition or'DNA binding affinity. Alternatively, the 

strength of receptor transcription enhancing functions, and/or 

receptor interactions with other proteins may be primarily 

responsible for transactivation differences. 

In this chapter I have discriminated between these 

possibilities is by investigating whether differences in AR 

and GR DNA binding explains observed differences in 

transcription enhancement. I also determine whether the 

observations made using promoters containing only an HRE are 

applicable to other more complex promoters which bind cellular 

proteins in addition to the steroid hormone receptors. 

This research was performed in collaboration with Nancy 

Chamberlain who constructed and tested the chimeric receptors. 
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Results 

GR and AR DNA binding domains contribute to differences in 

receptor activity: 

I have previously observed that GR enhances transcription 

from the MMTV-LTR approximately IS-fold better than AR. This 

difference in transcription enhancing strength could be due to 

differences in DNA binding affinity or transcription 

activation functions of the receptors. To distinguish between 

these possibilities I collaborated with Nancy L. Chamberlain 

who constructed chimeric receptors in which the DBDs of these 

receptors were exch~nged. This was performed through the 

introduction of unique restriction sites flanking the DBDs of 

the receptors (figure 7A.). These restriction sites were then 

used to replace the DNA binding domain GR with that of AR to 

create GAG and the converse was done to create AGA. 

These altered receptors were co-transfected into CV-l 

cells with the consensus GRE containing reporter plasmid G46 

(figure 7A) and levels of transcription enhancement determined 

by measuring hormone dependent increases in chloramphenicol 

acetyl-transferase (CAT) expression (figure 7B). There is 

approximately a 20-fold difference in transcription 

enhancement by GR as compared to AR. Substitution of the AR 

DBD for that in GR (GAG) reduced transcription induction 

approximately 1.S-fold suggesting that the DBD of AR has a 

lower affinity for the consensus GRE than the GR DBD. In the 
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FIGURE 7: Transcription enhancing activity of receptor 
chimeras. (A) Diagram of AR and GR proteins and the protein 
chimeras created through exchanging receptor DBDs as described 
in materials and methods along with the reporter plasmid G46 
used for co-transfection experiments. The black elipse on the 
pG46 illustration denotes the location of the consensus GRE 
152 nucleotides upstream of the TATA sequence (hatched box) . 
(B) Histogram of transcription enhancing activities by 
different receptors as measured by fold induction (CAT 
activity in cells grown in 10-6 M Dex or DHT after transfection 
divided by activity of cells grown in the absence of hormone) 
after calcium phosphate transfection of CV-1 cells with 10~g 
receptor, 2~g reporter, and 5~g CMV-Sgalactosidase control 
plasmid. Data are an average of three independent experiments 
normalized for S-gal activity in cell extracts. 
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converse experiment using AGA there is a 4-fold increase in 

transcription relative to AR. These data suggest that the GR 

DBD has higher affinity for the consensus GRE than AR DBD. 

DNA binding specificities of GR and AR DBDs 

To more accurately determine differences in GR and AR DBD 

affinities for HREs I took advantage of the finding that 

peptides encoding only the DBDs of the receptors have similar 

DNA binding specificities as the full length receptors 

(Freedman 1992) and compared the DNA binding specificities and 

affinities of GR and AR DBDs. The DBD of rat GR (GR 440-525) 

and an analogous fragment of rat AR (AR 538-626) were over

expressed as fusion proteins in E. coli. and used in a gel 

shift mobility assay and equilibrium DNASE I footprinting on 

consensus GREs. The GR and AR DBDs were partially purified as 

described (Alroy and Freedman 1992). This preparation results 

in >90% purity as estimated by SDS-polyacrylamide gel 

electrophoresis. 

The results of a gel mobility shift assay using these 

proteins and a consensus GRE are shown in figure 8. 

Examination of the autoradiograph shows that both monomer 

(stippled arrow) and dimer (solid arrow) are present at low 

concentrations of protein. Through quantitation of the 

radioactivity in each of the bands I found that the amount of 

GR monomer at all concentrations is slightly higher than AR 

(data not shown) suggesting that GR monomer has a slightly 
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FIGURE 8: Gel mobility shift assay using GR and AR DBDs. 
Increasing amounts of GR or AR DBD (amount shown at the top of 
the gel) was incubated with 0.5 ng GRE/PRE and electrophoresed 
on a 4% acrilimide gel at 20 V/cm before drying and exposing 
to film for 30 minutes. Stippled arrow and black arrow 
designate monomer and dimer forms of the receptor-DNA 
complexes respectively. 
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higher affinity for DNA. However, the amount of probe in the 

AR dimer is similar to that in GR, suggesting that the weaker 

AR monomer binding strength can be compensated for by 

increased dimerization strength. 

To more accurately quantitate any differences in DNA 

binding, and to compare receptor sequence specificities on a 

number of HREs, equilibrium measurements of GR and AR DBD 

binding were performed using DNASE I footprinting. The 

plasmids G46 and MMTV-CAT were used in a PCR reaction with end 

labeled primers to generate a DNA probe for footprinting as 

described in materials and methods. The result of the DNASE 

I footprinting on pG46 is shown in figure 9. The single 

footprint observed for both GR and AR DBDs corresponds to the 

cloned consensus GRE. Quantitation of the footprint was 

performed by comparing the frequency of digestion at a base 

outside the HRE with one found in the spacer region between 

the two DNA binding half sites. When these data are graphed 

it is apparent that GR DBD has a slightly higher affinity for 

the HREs than AR DBD. 

The results of the footpriniting on the MMTV-CAT are 

shown in figure 10. Four binding sites are present in the 

MMTV-LTR. These sites have been shown to bind GR and PR 

previously (Beato 1989). The AR and GR DBDs bind to HRE I, 

II, and IV with a similar affinity and protect the same bases 

from cleavage. However, AR binds to HREIII with a markedly 
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FIGURE 9: DNASE I footprinting of pG46. Top: 
Autoradiographs of DNASE I footprinting gel using G46 probe. 
At the top of each gel is the chemical sequencing ladder and 
the amount of protein used in the assay; 1 (no protein), ~ (5 
ng), 3 (10 ng), 4 (20 ng), 5 (50 ng), 6 (100 ng), 7 (200 ng) , 
8 (500 ng), 9 (1 ~g). The solid bars to the left of the gel 
mark the location of the HRE based on the DNA sequence 
including 6 base pairs on either side of the HRE. Bottom: 
Graphs of GR DBD and AR DBD footprints expressed as the 
ratio of counts in the spacer region of the HRE (solid arrow 
at the right of each gel) to counts outside the HRE (open 
arrow at the right of each gel) verses the concentration of 
protein. 
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FIGURE 10: DNASE I footprinting of MMTV-LTR. MMTV-LTR 
forward (left) or reverse (right) probes were labeled as 
described in materials and methods and incubated with 
increasing concentrations of protein of either GR DBD (lanes 
1-6) or AR DBD (lanes 7-12); 1 and 12 (no protein), 2 and 11 
(50 ng), 3 and 10 (100 ng), 4 and 9 (200 ng), 5 and 8 (500 
ng), 6 and 7 (1 ~g). Flanking each footprint is the chemical 
sequencing ladder. 
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These results suggest that 

although GR and AR recognize similar DNA sequences, there may 

be biologically significant differences in site recognition. 

The analysis of the DNA binding activities of GR and AR 

support the conclusion found using chimeric proteins that 

there is a slight difference in DNA binding affinity by AR and 

GR for most HREs which probably contributes to observed 

transcription enhancement differences in vivo. 

GR and AR mediated enhancement of complex elements 

The G46 HRE is considered to be simple because it 

contains no binding sites for other proteins. However, there 

are several examples of steroid regulated genes whose 

expression is affected by the interplay of several 

transcription factors in addition to the hormone receptors. 

I therefore investigated whether the observations that I made 

on the simple HRE were applicable to larger and more complex 

regulatory elements. I examined the level of transcription 

induction by GR and AR using intron 1 from the C3 gene and a 

fragment of the SLP gene. These genes are regulated in-vivo 

by androgens (Page and Parker 1983, Ferreira et al. 1982), and 

it has been suggested that their regulation is affected by 

both cell specific (Allison et al. 1989, Adler et al. 1991) 

and receptor specific proteins (Adler et al. 1992). 

Illustrations of reporter plasmids containing these 

elements with the relative location of the HREs to a minimal 
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FIGURE 11: Transcription ehancement by GR and AR on different 
reporter constructs. (A) Diagram of reporter plasmids used 
for co-transfections showing the relative distance of the HRE 
(black elipse) to a minimal thymidine kinase promoter (hatched 
box) and other DNA sequences cloned from either the C3 IVS-l 
or the SLP gene. (B) Histogram of CAT activity as measured by 
the percentage of chloramphenicol converted in both untreated 
(-) and hormone treated (+) cells per hour per microgram 
protein per B-galactosidase unit after electroporation of CV-l 
cells with 30~g either p6R-GR or p6R-AR, 30~g reporter, and 
10~g CMV-Bgalactosidase control plasmid. 
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thymidine kinase promoter is shown in figure l1A. The C3 IVS-

1 was cloned either upstream of the TK promoter so that the 

HRE resides about 480 nucleotides upstream of the TATA box 

(pC3T) I or 1360 nucleotides downstream promoter and CAT 

d(pOTC3). The SLPc'62 contained HRE3 about 90 nucleotides 

upstream of the TATA box. 

These reporter plasmids were co-transfected into CV-l 

cells with either GR or AR and the relative levels of CAT 

induction determined (figure lIB). From the analysis of CAT 

induction by GR and AR on the different reporter constructs it 

is apparent that GR enhances transcription better that AR from 

all reporter constructs. The difference in GR and AR mediated 

transcription induction using the C3 reporters is 2 to 3 fold 

while differences using the SLP reporter are minimal as 

reported (Adler et al. 1992). It is interesting to note that 

the basal levels of transcription are much higher using the 

SLP construct than either the C3 or G46 (data not shown) 

constructs. This may be due to the presence of other 

transcription factors which bind to the SLP fragment in the 

absence of hormone receptor (Loreni et al. 1988). 

Thus differences in transcription enhancement by GR and 

AR using larger and more complex HRE containing elements is 

not the same as that observed using the simple HRE present in 

pG46. 
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DNASE I footprinting of C3 and SLP HREs 

One possible explanation for these results is the 

receptors bind to the C3 and SLP HREs with dramatically 

different affinities than to the consensus GREs. To test this 

possibility I performed DNASE I footprinting on these HREs 

using GR and AR DBDs as described earlier for pG46 and pMMTV

CAT. The results of the footprinting are shown in figure 12. 

Both of the promoters contain a single receptor binding site 

which is identical for GR and AR DBDs. The footprint obtained 

wi th the C3 probe corresponds to a consensus GRE sequence 

extending from nucleotide 1339 to 1354 in the C3 IVS-1, while 

the footprint in the SLP promoter maps to HRE3 at -1922 to -

1907. These HREs have been shown to be both necessary and 

sufficient for AR dependent activation of these genes in-vivo 

(Claessens et al. 1989, Adler et al. 1991). The finding that 

GR and AR DBDs bind to these HREs and those in pG46 and pMMTV

CAT fulfills the prediction that DNA binding specificity by GR 

and AR is determined by Gly458, Ser459, and Val462 located in 

an alpha-helical domain at the base of the more amino terminal 

zinc finger (finger I) (Mader et al. 1989, Freedman 1992) . 

Quantitation of these footprints (figure 12 bottom) shows 

that GR and AR DBD affinities for each element are 

approximately the same. By determining the protein 

concentration at 50% binding site saturation I calculated the 

Kd for the proteins on the HREs present in pG46, C3 and SLP 
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FIGURE 12: DNASE I footprinting of C3 and SLP HREs. Top: 
Autoradiographs of DNASE I footprinting gel using C3 IVS-1 and 
SLPC I b.2 probes. At the top of each gel is the chemical 
sequencing ladder and the amount of protein used in the assay; 
1 (no protein), 2 ( 5 ng), 3 (10 ng), 4 (20 ng), 5 (50 ng), 6 
(100 ng), 7 (200 ng), 8 (500 ng), 9 ( 1 ~g). Black bars to 
the left of each gel mark the location of the HRE based on the 
DNA sequence including 6 base pairs on either side of the HRE. 
Bottom: Graphs of GR DBD and AR DBD footprints expressed 
as the ratio of counts in the spacer region of the HRE (solid 
arrow at the right of each gel) to counts outside the HRE 
(open arrow at the right of each gel) verses the 
concentration of protein. 
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TABLE 1: 

G46TCO GTCGAC 

C3 IVS-1 HRE GAACAT 

SLP HRE 3 GTTCTC 

Dissociation constants for GR and AR DBDs 

5 I half site 3' half site 
i i#i M5ilS*t1Ef' hwijt!t@ .. M#A,m 

TGTACA GGA TGTTCT AGCTAC 

AGTACG TGA TGTTCT CAAGAT 

AGAACA GGC TGTTTC AGGGGC 
-7 -5 -3 212 3 5 7 

Kd GR 

62 nB 

19 nB 

280 nB 

Kd AR 

93 nB 

43 nB 

580 nB 

Kd values are the concentration of protein required to give 50% 

saturation of binding on the HREs. 

m 
m 
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(Table 1). The proteins have the highest affinity for the C3 

HRE and the lowest for the SLP HRE. The finding that the 

proteins bind poorly to the SLP HRE3 was surprising 

considering that this HRE has been suggested to function as a 

strong HRE when linked to a minimal promoter (Adler et al. 

1991). There are a total of 5 nucleotide changes in the SLP 

HRE3 compared to the pG46 consensus GRE (table 1). The most 

critical difference may be a change in the 3' half site in 

which C at +7 is replaced by aT. Although the GR DBD 

crystallography data did not show this nucleotide base to be 

in association with any amino acid (Luisi et al. 1991), this 

unusual mutation is not found among other HREs (Evans 1988, 

Beato 1989). In addition a T at this position did not appear 

in any oligonucleotide identified in a random search for 

androgen response element sequences (Roche et al. 1992). 

Furthermore, insertion of a T at this position decreases 

transcription activation by GR to 13% when compared to the 

wild-type sequence (Nordeen et al. 1990). I suggest that this 

base change dramatically lowers the affinity of the DBDs and 

possibly the full length receptor for the SLP HRE3. 
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Summary 

In this chapter I have examined two questions regarding 

observed transcription enhancement differences by the AR 

verses the GR: 1) the DNA binding specificities and 

affinities of the two receptors for several HREs, and 2) 

whether differences in transcription induction by GR and AR 

are the same on both simple and complex HRE containing 

promoters and does this correlate with DNA binding affinities. 

I have found that GR DBD has approximately a 2-fold higher 

affinity for most HREs relative to AR DBD. Additionally, I 

have found that the relative levels of GR and AR induced 

transcription are not the same on different reporter 

constructs and differences in GR and AR DNA binding do not 

correlate with transcription enhancement on simple HREs 

compared to more complex HREs. 

These results combined with other data (see conclusions) 

argue that differences in receptor transactivation activity on 

simple HREs are most likely due to functional differences in 

the amino terminal transcription enhancing domain. 

Furthermore, the receptor activity can be modified through 

interactions with non-receptor proteins which bind near HREs 

in complex promoters. These protein-protein interactions may 

be part of a general mechanism to allow for receptor specific 

gene enhancement. 
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DEVELOPMENT OF RVP EPITHELIAL CELL LINES 

Introduction 
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Studies of androgen regulation in the RVP have been 

hampered by the lack of a suitable in-vitro tissue culture 

system that can be used to test specific hypotheses regarding 

AR function. To circumvent this limitation I have transfected 

RVP (RVP) epithelial cells with a plasmid containing the SV40 

large T-antigen (T-antigen) and established cell lines. The 

T-antigen has been used to immortalize cells from a number of 

different tissues (Jat and Sharp 1986, Williams et al. 1988, 

Jat and Sharp 1989, Zilberstein et al. 1989, Buc-Caron 1990), 

and many of these cell lines retain cell-specific functions. 

To increase the range of immortalized cell 

characteristics, I took advantage of the fact that the 

distribution of RVP cell types is hormone controlled (Cunha et 

al 1987). RVP cells were obtained from either normal, 

castrated, or castrated rats that were given daily injections 

of testosterone. After transfection with aT-antigen 

containing plasmid, these cells were grown in media containing 

different levels of androgens during establishment of the cell 

lines. 

This research was performed in collaboration with Debra 

Gordon who assisted me in establishing cell lines from a 

variety of hormonal conditions. 
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Results 

Establishment of RVP cell lines: 

An overview of the procedure used for the primary cell culture 

and immortalization of RVP cells is shown in figure 13. RVP 

tissue was obtained from normal (N) rats, those that had been 

castrated for 14 days (C'4) , and from castrated rats given 

daily inj ections of testosterone propionate for 5 days (C'4 

Ts) . Overnight digestion of isolated RVP tissue with 

collagenase and dispase routinely yielded more cells with a 

higher plating efficiency than did sequential tryptic digests 

(Montpetit and Tenniswood 1989b.). Different classes of 

prostate cells were separated using a discontinuous Percoll 

gradient such that the top two bands of the gradient contained 

mainly epithelial cells, as previously reported (Montpetit and 

Tenniswood 1989b.). The cells recovered from this portion of 

the gradient were electroporated with the plasmid pSV3neo 

(Southern and Berg 1982), which contains the coding sequences 

for the SV40 large T-antigen and neomycin resistance genes. 

Following electroporation, the viable cells were grown on 

plates precoated with fibronectin, laminin, or collagen VII 

(Montpetit and Tenniswood 1989b.) and selected for neomycin 

resistance in various media containing the synthetic drug 

Geneticin (G418). 
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FIGURE 13: RVP immortalization procedure. The primary 
culture technique was adapted from the protocol described by 
Monpetit et al. 1989. The RVP epithelial cells were 
transfected with 100 mg pS~neo before plating in a growth 
media. 



TABLE 2: Summary of the conditions used for the 

immortalization of RVP epithelial cells 

Condition Animal 

1 N 

2 N 

3 N 

4 C 

5 C + T 

Culture 
Condition 

BS + T 

CBS + RU 

cis CBS + RU 

CIS CBS + RU 

Cis CBS + RU 

Cell Line 

RVP 3.2 

NC3.3 

RVP 3.6 

C1.l 

RVP 3.5 

Cells were taken from normal (N), l4-day post-
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castrated rats (C),or l4-day castrates given testosterone 

for 5 days (C + T) and after electroporation with pSV3neo 

grown in one of several different media containing horse 

serum (BS), tesotsterone (T), calf bovine serum (CBS), 

charcoal-stripped CBS (CiS CBS), and/or the androgen 

antagonist RU23908 (RU) (see materials and methods) 
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As shown in table 2, five conditions were tested using 

different combinations of RVP tissue and culture media. 

Although the cells were initially plated on different 

substrates, representative cell lines from each condition were 

eventually adapted to growth on standard plastic tissue 

culture plates. The cell lines RVP3.2, N3.3, and RVP3.6 are 

representative cell lines that were established from 

immortalized cells from the RVP of normal rats and were grown 

in HS + T, CBS + RU, and cis CBS + RU media respectively. The 

cell lines C1. 1 and RVP3. 5 were established from C'4 and C'4 Ts 

rats, respectively. None of the cell lines were observed to 

undergo a crisis period as has been observed for some cell 

lines immortalized by SV40 (Tooze 1980, Jat and Sharp 1986) 

and have been carried for up to 100 passages with no decrease 

in their growth rate or change in their overall morphology. 

Interestingly, although RVP cells from C'4TS rats initially 

grew in HS + T media, the cells eventually died such that no 

cell lines were established after two months in culture under 

these conditions. 

Characteristics of RVP cell lines: 

Photomicrographs of the five RVP cell lines are shown in 

figure 14. These five immortalized cell lines (panels B-F) 

retain a morphology typical of primary epithelial RVP culture 

cells (panel A) specifically with regard to forming monolayers 
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FIGURE 14: Morphology of RVP cell lines. RVP lines were 
plated on plastic dishes and photomicrographs taken using an 
Olympus phase contrast microscope at 100x. Shown is a primary 
culture of RVP cells not electroporated with pSV3neo (A), or 
the five new cell lines: RVP3.2 (B), NC3.3 (C), RVP3.6 (D), 
C1.1 (E), and RVP3.5 (F) .of cuboidal cells. 
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TABLE 3: Summary of RVP cell characteristics 

-1 -1 
mM mg. min. 

Cell Line lAP AP + tartrate ( Karyotype 

RVP 3.2 22.5 < 0.1 42 

NC 3.3 42.7 1. 96 62 

RVP 3.6 27.6 1.26 42 

C1.1 56.0 0.465 136 

RVP 3.5 42.1 0.669 43 

Acid phosphatase (AP) activity expressed in 

~/mg/min and Karyotypes (modal chromosome number) 

of RVP cell lines 

76 
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Other general characteristics of these RVP cell lines are 

summarized in table 3. Although there are relatively few 

biochemical markers for RVP cells, tartrate-inhibitable acid

phosphatase activity has been used to identify cells of 

prostatic origin (Roy et al 1971, Chang and Chung 1989). As 

shown in table 3, all of the cell lines express a high level 

of acid phosphatase activity which is strongly inhibited by 33 

mM L-tartrate. 

Since it has been reported that SV40-immortalized cell 

lines often have severe chromosome abnormalities (Sack 1981, 

Ray et al. 1990), I obtained a karyotype for each of the RVP 

cell lines at an early passage number. As shown in table 3, 

RVP3.2, RVP3.6 and RVP3.5 possess a modal chromosome number 

which is close to the normal rat diploid number of 42, while 

both N3.3 and Cl.l are highly aneuploid. In addition, some of 

the cell lines have chromosome abnormalities typical of T

antigen-immortalized cells such as translocations and double 

minutes (Sack 1981, Ray et al. 1990) 

SV40 Large T-Antigen expression: 

The RVP cell lines were established by initially 

selecting for rapidly dividing neomycin-resistant cells. To 

determine if the immortalized phenotype correlated to the 

expression of the SV40 large T-antigen, the cellular 

expression and localization of T-antigen was examined using 

indirect immunofluorescence on fixed cells. Figure 15 shows 
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FIGURE 15: SV40 T-Antigen immunofluoresence. Cells were 
plated on acid-washed glass coverslips and stained for T
antigen expression using the monoclonal antibody Ab-2. The 
cells were examined by fluorescence and light microscopy using 
a Olympus IMT-2 microscope equipped with a Photometries CCD 
camera. 



79 
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241 Kd-

117Kd - --76Kd -

48Kd -

28Kd -

FIGURE 16: Western blot of SV40 T-antigen expression. Ten mg 
of soluble protein from COS7 (lane 1), RVP tissue (lane 2), 
RVP3.2 (lane 3), NC.3 (lane 4), RVP3.6 (lane 5), C1.1 (lane 
6), and RVP3.5 (lane 6) was subjected to SDS-PAGE on a 10% 
gel. The proteins were transferred to nitrocellulose and 
probed with a monoclonal antibody specific for T-antigen (Ab-
2). Antibody binding was detected using a HRP-conjugated 2 
antibody. Multiple T-antigen bands may reflect post
translational modifications and/or limited degredation of the 
full-length protein. 
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the result of staining RVP3.5 cells with an anti-T-antigen 

monoclonal antibody. These data reveal that T-antigen was 

localized specifically to the nucleus of the cell and that 

fluorescence was dependent upon the addition of the anti-T

antigen antibody. The expression of T-antigen was also 

examined by Western blot analysis to determine the relative 

levels of T-antigen expression in the different cell lines. 

As shown in figure 16, all five cell lines contain variable 

amounts of the 94 kD T-antigen protein. The level of T

antigen in COS7 cells (lane 1) is shown for comparison. 

T-antigen expression has been shown to affect the 

tumorigenic potential of some (Tooze 1981), but not all cell 

lines (Reddel et.al. 1988, Kaign et al 1989). The RVP cell 

lines described here do not exhibit a transformed phenotype as 

shown by their growth restriction to monolayers (see figure 

14), and their slow growth in soft agar and in nude mice (data 

not shown). Thus, T-antigen expression in these five 

characterized cell lines appears to be associated with 

immortalization but not transformation. It is possible that 

some of the RVP cell lines express a mutant form of T-antigen 

which would explain their non-transformed phenotype, but this 

has not been investigated. 

Steroid receptor expression: 

An important issue to address in characterizing prostate 

cell lines is the level of AR expression. RVP lumenal 



TABLE 4: Hormone binding data for RVP cell lines 

Cell Line AR (R1881) GR (dex) 

RVP 3.2 < 0.1 6.2 

NC3.3 < 0.1 5.1 

RVP 3.6 0.34 n.d. 

C1.1 0.10 19.1 

RVP 3.5 0.18 5.8 

Androgen receptor (AR) and glucocorticoid 

receptor (GR) protein were detected by single-point 

[3H]-R1881or [3H]-dexamethasone binding 'assays. 

Values are given as the counts per minute specifically 

bound to the receptors per microgram total cellular 

protein in the assay, nd, not determined. 
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M 1 2 3 4 5 6 7 8 

FIGURE 17: AR mRNA detection using PCR. Total RNA was 
subj ected to first strand cDNA synthesis followed by PCR 
amplification using the carboxyl-specific primers AR11 and 
AR4. The starting material for the reaction products loaded 
in each lane was: no RNA (1) I RVP tissue RNA (2) I RVP tissue 
RNA omitting the reverse transcriptase (3) or RNA from RVP3.5 
(4) I C1.1 (5) I RVP3.6 (6) I NC3.3 (7) I and RVP3.2 (8) cells. 
One fifth of the PCR products were analyzed on a 3% agarose 
gel (containing 2% Nusieve agarose) and stained with ethidium 
bromide. Diffuse low molecular weight bands represent primer 
dimers and the arrow shows the expected position of a 297 
nucleotide PCR product. 
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epithelial cells have been shown to express high levels of 

AR, while both RVP basal and stromal cells express very low 

levels (Taketa et al. 1989, Prins et al. 1991). By a 

radioligand binding assay using 3H-R1881, only minimal levels 

of AR were detected in all five cell lines (table 4). 

However, using similar assay conditions with 3H-dexamethasone, 

high levels of the glucocorticoid receptor (GR) are detected. 

To investigate AR expression in these RVP cell lines at 

the RNA level, I used reverse transcriptase polymerase chain 

reaction (RT-PCR). AR transcripts were amplified from total 

RVP RNA (lane 2) and RNA from each cell line (figure 17, lanes 

4-8). Based on the human genomic AR sequence (Kuiper et al. 

1989), the rat AR primers used span at least two introns and 

therefore the observed length of the PCR product most closely 

fits that expected for fully processed mRNA rather than 

genomic DNA. In addition, the PCR product was dependent upon 

the addition of RNA (lane 1) and reverse transcriptase (lane 

3) further supporting the detection of bona fide AR mRNA. 

To determine if the low levels of endogenous AR 

transcripts were sufficient to encode enough AR protein to 

activate an androgen-responsive target gene, I transiently 

transfected the reporter plasmid MMCAT. As can be seen in 

figure 18, when a representative cell line (RVP3.5) was 

transiently transfected with the pMMCAT reporter plasmid and 

grown in the presence of dihydrotestosterone, no CAT activity 
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FIGURE 18: AR-dependent activation of MMTV-LTR in RVP3.S. 
RVP3.S cells were tr~nsiently transfected with the reporter 
plasmid pMM-CAT and plated in the absence of hormone or with 
10-6 M DHT or 10-6 M Dex. Al ternati vely I RVP3. 5 cells were co
transfected with pMM-CAT and the AR expression plasmid p6RAR 
and plated in the absence or presence of 10-6 M DHT. Cells 
were harvested 48 hours after electroporation and the crude 
cell extracts tested for CAT activity. 
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was detected in the cell extracts. This result suggests that 

the concentration of AR in this cell line is insufficient to 

activate this promoter. In contrast, when the pMMCAT

transfected cells were grown in the presence of the synthetic 

glucocorticoid dexamethasone, CAT activity was observed 

demonstrating that GR (as detected by hormone binding assays) 

is functionally active in this cell line. Experiments with 

the other RVP cell lines yielded similar results to that of 

RVP3.5. 

To rule out the possibility that endogenous AR function 

was inhibited by inactivation of the ligand or receptor, I co

transfected the cell lines with an AR-expressing plasmid 

(p6RAR) in addition to the pMMCAT reporter plasmid. Figure 19 

shows the result of transfecting RVP3.5 with these plasmids 

and growing the cells in the absence or presence of DHT. In 

the presence of DHT, a large amount of CAT activity is 

detected in cell extracts indicating that AR can function in 

the RVP cell lines as a ligand-dependent transcriptional 

enhancing protein. Taken together, these results indicate 

that the lack of functional AR protein in these cells is most 

likely due to low level expression of the AR gene. This 

conclusion is supported by the finding that no AR protein 

could be detected by Western blot or immunofluorescence in 

these cell lines using anti-AR antibodies (data not shown) . 
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The involvement of cell specific factors in C3 gene 

regulation: 

The study of the rat C3 gene has suggested that cell 

specific factors are important for androgen regulation of this 

gene (Allison et al. 1989). To test if RVP3.5 cells express 

such a factor I co-transfected the C3 IVS-l containing 

plasmids C3T, 3CIT, OTC3, and OT3CI (see figure 19A) into RVP 

3.5 with p6RAR and determined the level of transcription 

enhancement by AR. As shown in figure 19B AR enhances 

expression from the C3 HRE in the C3T, and OTC3 plasmids. 

These levels of transcription enhancement are similar to that 

using MMTV-CAT (figure 18) and the level of transcription 

induction observed in CV-l cells (figure 11). However, when 

the intron is in an inverse orientation relative to the 

promoter (p3CIT and pOT3CI), no transcription enhancement is 

observed. Interestingly no basal transcription is observed in 

using pOT3CI suggesting that either transcription or 

translation is disrupted using this construct. 

Similar results were obtained using the C3 promoter and 

up to 5 kb of upstream sequence (data not shown) These data 

suggest that AR mediated transcription enhancement of the C3 

gene is not dramatically affected by cellular factors 

expressed in RVP 3.5. 
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FIGURE 19: AR enhancement of C3 constructs in RVP3.S. (A) 
C3 constructs containing IVS-1 in various orientations 
relative to the start of transcription (denoted as a solid 
arrow). The black ellipse denotes the position and relative 
distance of the C3 HRE relative to the TK promoter. (B) 
Results of CAT assay performed by electroporating RVP3 .5 cells 
with 30~g p6R-AR and 30~g of one of the C3 reporter plasmids 
and plating the cells in the absence (-) or presence (+) of 
10-6 M DHT. 



88 

pC3T 

pDI d.: " C3IVS-I 

pOTC3 ~I C3IVS-I 

pOTDI C3 IVS-I I MCATr. 

e • • • ~ • ~ • ~~,< 
".~ 

+ + + + 

pC3T pc:)I pOTC3 pOTc:)I 



89 

Summary: 

In this chapter I report the isolation of a panel of 

immortalized RVP cell lines which were established under 

different hormonal conditions using the SV40 T-antigen. I 

varied both the androgen status of the animal prior to removal 

of the RVP, and the level of testosterone or an androgen 

antagonist in the cell culture media during establishment of 

the cell lines. Based on the androgen-dependence of the 

prostate, it was anticipated that these experimental 

manipulations may directly or indirectly affect what types of 

prostate cell lines would be isolated. 

Since the majority of cells in the Percoll gradient 

purified primary 

epithelial cells 

cultures from normal rats were lumenal 

(the ratio of lumenal: basal cells in the 

intact prostate is 18:1, see English et al. 1987), I expected 

that cell lines isolated in the presence of androgens would be 

of this cell type. Likewise, under androgen-free conditions, 

it would follow that the androgen-dependent AR positive 

lumenal cells would be depleted and most cell lines would be 

derived from the androgen-independent AR-negative basal 

epithelial cells. However, the data suggests that regardless 

of the hormonal conditions used during the initial 

immortalization, all five cell lines had similar 

characteristics. 

Several lines of evidence support the conclusion that 
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these five cell lines were derived from basal epithelial 

cells. First, regardless of the androgen status utilized 

during immortalization, all the cell lines were found to be AR 

negative which is characteristic of basal cells in the 

prostate (Prins et al. 1991). Second, it has been reported 

that basal cells, but not lumenal cells, undergo cell division 

in primary culture (Mckeehan et al. 1984). Since DNA 

replication appears to be required for immortalization by SV40 

T-antigen (Tooze 1980), it is probable that the growth of 

basal epithelial cells would be preferentially selected for 

using our approach. 

Alternatively, it is possible that they represent lumenal 

cells which have lost their differentiated phenotype. If this 

were true, then it could be that the maintenance of lumenal 

cell function (including the expression of AR) is dependent on 

complex cellular relationships and/or extracellular matrix 

components that are lacking in our cell culture system. This 

idea is supported by data suggesting that the maintenance of 

C3 expression is not only dependent on AR, but also on 

interactions between epithelial and stromal cell types in the 

RVP (Taketa et al. 1990). 

It is also possible that expression of the SV40 T-antigen 

suppresses the differentiated phenotype of RVP cells. There 

are several examples of T-antigen mediated transformation that 

result in altered gene expression {Tooze 1980, Williams et al. 



91 

1988, Chou 1989) and the loss of a differentiated phenotype. 

If T-antigen adversely affects RVP cell differentiation by 

promoting cell proliferation, then it should be possible to 

manipulate SV40 T-antigen activity and thereby alter the 

phenotype of the cells. A number of groups have used a 

temperature-sensitive mutant of SV40 T-antigen to 

conditionally immortalize a variety of cell lines (for review 

see Chou 1989). The results of these studies have shown that 

in many cases, the cell lines grow only at the permissive 

temperature (32°C) but they express characteristics of the 

differentiated phenotype at the non-permissive temperature 

(39°C). Based on these results with other cell types, I have 

previously tried a similar approach using a retrovirus which 

encoded the tsA58 mutant of SV40 T-antigen to infect RVP cells 

in primary culture. I found that the resulting cell lines 

were all AR negative and morphologically similar to the RVP 

cell lines reported here, even though the cell lines were 

temperature-dependent for growth (data not shown). This 

result may indicate that it is not SV40 T-antigen which 

interferes with the expression of lumenal cell 

characteristics, but rather the cell culture conditions which 

could be influencing the growth of only certain prostate cell 

types (basal>lumenal). 
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In this dissertation I have investigated the molecular 

basis of androgen regulation in the RVP. I have used a 

variety of experimental techniques to determine structure and 

function relationships of the androgen receptor, reasons for 

differences in transcription enhancement by AR as compared to 

GR, and I have established prostate epithelial cell lines that 

will be useful for testing specific hypotheses regarding 

androgen regulation of prostate cell function. 

These studies have shown that the AR is a bona fide 

member of the steroid receptor family of ligand dependent 

transcription regulating proteins containing a functionally 

modular structure that has become a hallmark of this protein 

family. AR enhances transcription from both simple and 

complex promoters in all cell types tested and therefore does 

not absolutely require cell specific factors for its function. 

However, the level of transcription enhancement by AR varies 

compared to GR depending on the promoter studied. When 

examining GR and AR regulation of a simple HRE there is a 

fifteen fold difference in activity, yet there is less than a 

two fold difference in DNA binding affinity. Considering that 

replacing the ligand binding domain of AR with that in GR has 

only a minor affect on AR enhancement, I predict that 
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functions in the amino terminal domain are dramatically 

different between AR and GR and account for the majority of 

difference in transcription enhancing activity using simple 

HRE containing promoters. Extensive protein chimera analysis 

in which the amino terminal AlB domains of GR and AR were 

exchanged (Rundlett/Chamberlain and Miesfeld in preparation) 

confirms this prediction. 

The study of larger HRE containing promoters, regulated 

in vivo by androgens, yields different results than those 

obtained using a simple HRE. When comparing the levels of GR 

and AR mediated induction on the SLP and C3 genes it is 

apparent that, relative to GR induction, AR transcription 

enhancement is greater on these elements than the simple HRE. 

Several proteins have been shown to bind to the SLP promoter 

near the HREs (Loreni 1988). Promoter mutation analysis 

(Adler et al. 1991) and the use of mutant receptors (Adler et 

al. 1992) have suggested that these proteins enhance AR 

activity through the amino terminal domain. I propose that 

similar proteins also bind to the C3 IVS-1 and increase AR 

mediated enhancement of this gene. 

Interestingly there is significant sequence homology in 

binding sites for nuclear proteins in the SLP promoter with 

sequences in C3 IVS-1. One example is the sequence 

CAAGATTTTAATCTAA which is present in footprint IIIa (Loreni et 

al. 1988) of the C'62 fragment 139 nucleotides from HRE3 and 
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has been suggested to be important for AR specific induction 

in CV-1 cells. This sequence is similar to CAAGATAGTAATGTAA 

found immediately adjacent to the C3 HRE. 'rhus the observed 

increases in AR mediated enhancement of the C3 gene may be 

due, in part, to non-receptor proteins which bind in the first 

intron. 

It is important to note that it remains possible that 

proteins which bind to complex promoters do not increase AR 

activity, but rather inhibit GR activity. There is no direct 

evidence to rule out this possibility, but the use of a 

variety of mutant and chimeric receptors suggest that this is 

unlikely (Adler et al. 1992). 

In addition, using the SV40 large T-antigen I have 

established epithelial cell lines from the RVP. Based on 

numerous morphological and biochemical criteria I propose that 

these cell lines are primarily of basal epithelial origin even 

though the majority of cells initially transfected with the T

antigen containing plasmid were lumenal epithelial cells. 

This result gives clear direction toward future experiments 

aimed at immortalizing RVP epithelial cells. To address some 

of the inherent problems associated with the initial in vitro 

cell culture conditions, it might be desirable to use a more 

in vivo approach to isolate the cell lines. It would also be 

important to take advantage of conditional immortalizing 

activity so that the cell lines could be manipulated once they 
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were established. To this end, several groups have recently 

used transgenic mice harboring either the tsA58 T-antigen 

mutant (Jat et al. 1991, Yanai et al 1991) or an inducible T

antigen expression vector (Epstein-Baak 1992) to establish 

novel cell lines. In both of these cases, T-antigen function 

was "repressed" during the normal development and growth of 

the mouse before it was "activated" in primary cell culture by 

either lowering the temperature (Jat et al. 1991, Yanai et al 

1991) or adding a transcriptional inducer (Epstein-Baak 1992) . 

These new systems appear promising and may be applicable to 

the isolation of a large variety of immortalized mouse cell 

lines including those from the ventral prostate. 

Receptor differences in DNA binding 

Although GR and AR bind to similar DNA sequences, there 

are differences in receptor binding that may be biologically 

important for determining the specificity of a hormonal 

response in cell types containing both receptors. First, GR 

binds to all HREs tested with greater affinity than AR. The 

difference in binding ranges from approximately 1.5 fold on a 

consensus GRE to at least 5 fold on the HREIII present in the 

MMTV-LTR. The sequence of the MMTV HRE III is GGTATCAAATGTTCT 

(figure 20). This sequence differs from the consensus 

sequence in the 51 half site at position -4 where T replaces 

C and at position -3 where C replaces T. These base 

substitutions were selected against in random search for 
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S' half site 3' half site 

Consensus HRE TaTXCA NNN TGrrcr 

MMTVHREm GGTATC AAA TGrrCf 
-7 -5 -3 2 1 2 3 5 7 

FIGURE 20: Sequence of MMTV HRE III. Comparison of the DNA 
sequence of the consensus GRE with HRE III in the MMTV-LTR. 
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androgen response elements using the AR DBD (Roache et al. 

1992). However, the -3 C substitution increases GR mediated 

transcription to 128% of wild type (Nordeen et al 1990). Thus 

GR may be able to tolerate these substitutions while they are 

detrimental to AR binding. 

Recently it has been suggested that AR has a higher 

affinity than GR for HREs that differ dramatically from the 

consensus GRE sequence such as ARE2 in the rat probasin (PB) 

gene (Rennie et al. 1993). Although the DNA binding affinity 

of GR and AR for this HRE were not compared directly, these 

data combined with the footprinting results discussed above 

for HRE III in the MMTV-LTR, raise the possibility that there 

are some HRE sequences which are receptor specific. 

Second, as evidenced by AR DBD induced DNASE I 

hypersensitivities, there may be important differences in the 

mechanism of receptor binding that may contribute to receptor 

specific effects. The hypersensitivities are most obvious in 

low aff ini ty sites such as the SLP HRE3 5 I half site (see 

figure 12). However they are also present in AR DBD 

footprints of the MMTV-LTR HREIII (see figure 10). 

Considering that several amino acids important for 

dimerization including Ile483 and Ile487 in GR are different 

in AR, I favor a model in which AR dimerization alters the 

structure of the DNA when binding to low affinity sites. 

Since this is not true for GR it may imply that there are 
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significant differences in GR and AR dimerization. These 

differences may contribute to DNA affinity differences and 

prevent GR/AR heterodimerization. 

Mechanisms of receptor specific gene enhancement 

The finding that several members of the steroid receptor 

family can bind to the same DNA sequence suggests that 

mechanisms must exist to ensure the specificity of hormonal 

responses in cell types which express more than one receptor. 

A variety of experimental evidence including that presented in 

this dissertation suggests that these mechanisms include DNA 

binding and transcription enhancing functions intrinsic to the 

receptors, and interactions with non-receptor proteins which 

modify these activities. 

First, DNA binding by GR and AR is not the same. As 

discussed above there is a small but potentially significant 

difference in GR and AR affinity for the same HRE. These data 

combined with the finding that the transcription enhancing 

functions present in GR are stronger than those in AR using 

CV-l, Hela, and most RVP cell lines, suggest that under 

conditions where GR and AR are present at similar intra

cellular concentrations, glucocorticoid responses dominate in 

most cell types. 

How could non-receptor proteins modify receptor activity 

selectively to allow androgen responses to dominate? This 

could occur either through enhancing AR activity or decreasing 
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GR activity. First, receptor activity may be modified 

indirectly through the binding of non-receptor transcription 

factors near HREs. The magnitude of transcription enhancement 

would then be determined by the cumulative activities of the 

receptor and non-receptor proteins. There are many promoters 

which are regulated by this mechanism. One of the best 

characterized examples is the MMTV-LTR. Studies of this 

promoter have shown several binding sites for other proteins 

including nuclear factor-1 (NF-1). GR mediated enhancement is 

increased through the binding of NF-1 adjacent to HRE I 

(Bruggemeier et al. 1990). Interestingly, promoter deletion 

analysis has suggested that progesterone receptor mediated 

transcription enhancement from this element does not depend on 

the NF-1 site (Gowland et al. 1989). Thus transcription 

enhancement by different receptors may not be dependent on the 

same complement of transcription factors. 

This result can be explained by speculating that other 

proteins recognize both receptor and non-receptor 

transcription factors simultaneously through protein-protein 

interactions and play a role in mediating transcription 

induction. These "adaptor" proteins may possess some degree 

of selectivity and only bind when the correct complement of 

transcription factors is bound at the HREs. This has been 

suggested to be the mechanism responsible for the observed 

specificity of SLP regulation by androgens in vivo (Adler et 
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I speculate that this is a common mechanism to 

allow for receptor specific gene enhancement. 

Receptor activity could also be affected through post-

translational modification. The steroid hormone receptors 

have been shown to be phosphorylated on several residues in 

the amino terminal transcription modulatory domain (Denner et 

al. 1990, Bodwell et al. 1991). It has been shown that 

treatment of cells with okadaic acid (a phosphatase inhibitor) 

can lead to ligand independent transcription enhancement by GR 

and PR and treatment of cells with okadaic acid and hormone 

leads to a synergistic effect (Denner et al. 1990, Sommers et 

al. 1992). However dramatic alterations in receptor 

phosphorylation does not correlate with gene transcription and 

it is not yet known if phosphorylation directly affects 

receptor transcription enhancing activity (Sommers et al 

1992). Additionally there has been no evidence to suggest 

that the phosphorylation is receptor specific. However since 

the activity of other transcription factors has been shown to 

be regulated by phosphorylation (Gonzalez and Montiminy 1989, 

Ghosh and Baltimore 1990, Boyle et al. 1991), this remains as 

a possible mechanism to selectively modify receptor function. 

Second, it is possible that non-receptor proteins modify 

receptor activity more directly through protein-protein 

interactions with the receptors. Recently it has been shown 

that GR DNA binding affinity is affected by interactions with 
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c-fos and c-jun proteins on a promoter containing an 

overlapping AP-1 binding site and HRE (Diamond et al. 1992) 

these interactions inhibit GR mediated transcription 

enhancement. It has not been determined whether this effect 

is receptor specific, and no other proteins have been 

identified which bind to the steroid receptors and affect 

their activity. However, considering that many other 

transcription factors including those in the closely related 

thyroid/retinoic acid family of transcription factors are 

regulated through heterodimerization (Leid et al. 1992), it 

remains possible that members of the steroid receptor family 

are also regulated through complex formation with DNA binding 

proteins. 

Non-DNA binding proteins may also interact with the 

receptors and regulate receptor function. It has recently 

been found that one the RVP cell lines (C1.1) contains an 

activity which specifically enhances AR mediated transcription 

from a simple HRE (D. Gordon in preparation). The available 

data suggests that the activity is an AR specific 

transcription co-activating protein, but other mechanisms for 

the observed AR preference such as altering the AR DNA binding 

affinity cannot be excluded. Experiments are in progress to 

determine the mechanism by which this factor modulates AR 

activity. 

It should be noted that the effects of modifying the 
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transcription enhancing properties of the receptors need not 

be mediated through the transcription apparatus directly, 

rather it may occur through modification of chromatin 

structure. There are several examples of steroid regulated 

genes which are thought to be at least partially regulated by 

chromatin structure. One of the most well characterized 

examples is the MMTV-LTR. In the absence of activated GR the 

MMTV-LTR is tightly packed into nucleosomes (Zaret and 

Yamamoto 1984). This is thought to be partially responsible 

for the low levels of basal transcription observed in-vivo 

(Archer et al. 1991). When activated GR is present it 

displaces nucleosomes and allows transcription factor access 

resulting in a large transcription induction (Archer et al. 

1991) . 

It is therefore likely that the magnitude of 

transcription induction from the MMTV-LTR and other steroid 

regulated genes is a product of both the efficiency of 

nucleosome displacement by steroid receptors and the rate of 

forming the transcription preinitiation complex. 

Recent investigations into the mechanisms of gene 

regulation in yeast has led to the discovery of proteins which 

are required for the transcription enhancement of a number of 

seemingly unrelated genes. These proteins include the SIN, 

SWI, and SNF gene products. The SIN1, SIN2 proteins most 

likely encode components of chromatin {Kruger and Herskowitz 
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1991), while the SWI and SNF proteins are hypothesized to 

interact with proteins binding to upstream activating 

sequences (UAS) and allow for the enhancement of genes through 

destabilizing nucleosomes, allowing transcription factor 

access to the promoter (reviewed in Winston and Carlson 1992) . 

There is some degree of selectivity in this process since 

transcription enhancement of different genes requires 

different combinations of these proteins (Jiang and Stillman 

1992, Winston and Carlson 1992, Yoshinaga et al. 1992). 

Perhaps vertebrate homologues of the SWI, SNF and SIN 

proteins aid in the removal of nucleosomes in the presence of 

activated receptor. In agreement with this suggestion, GR 

transcription regulation in yeast requires both SWI and SNF 

genes. GR enhancement is partially restored through mutations 

in SIN1 and SIN2 in swi- or snf- backgrounds suggesting a role 

for chromatin in regulating the magnitude of GR transcription 

enhancement (Yoshinaga et al. 1992). In addition, co

immunoprecipitation experiments suggest that the effect is 

mediated through direct protein-protein contacts between SWI3 

and GR (Yoshinaga et al. 1992). Vertebrate homologues of 

these proteins may also enhance the specificity of the 

response by interacting with one receptor type more 

efficiently. 

Receptor specific gene activation may therefore depend on 

a number of different mechanisms. First there is the DNA 
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binding and transcription enhancing activities intrinsic to 

the receptors. Second there may be interactions with promoter 

specific and/or receptor specific proteins which modify these 

activities. Through a careful analysis of each of these 

contributions it will be possible to determine mechanisms 

underlying hormone specific responses in the RVP. 



105 

x 

REFERENCES 

Adler, A. J., A. Scheller, Y. Hoffman, and D. M. Robins. 1991. 
Mul tiple components of a complex androgen dependent enhancer. 

Mol. Endocrinol. 5:1587-1596. 

Adler, A. J., M. Danielsen, and D. M. Robins. 1992. Androgen
specific gene activation via a consensus glucocorticoid 
response element is determined by interaction with nonreceptor 
factors. Proc. Natl. Acad. Sci. USA 89:11660-11663. 

Allison J, Zhang YL, Parker MG 1989 Tissue-specific and 
hormonal regulation of the gene for rat prostatic steroid
binding protein in transgenic mice. Mol Cell BioI 9:2254-2257 

Alroy, I. and L. P. Freedman. 1992. DNA binding analysis of 
glucocorticoid receptor specificity mutants. Nucleic Acids 
Res. 20:1045-1052. 

Ankenbauer W, Strahle U, Schutz G 1988 Synergistic action of 
glucocorticoid and estradiol responsive elements. Proc Natl 
Acad Sci USA 85:7526-7530. 

Archer, T.K., Cordingley, M.G., Wolford, R.G., 
1991, Transcription factor access is mediated 
positioned nucleosomes on the mouse mammary 
promoter, Mol Cell BioI., 11:688-698. 

Hager, G. L . , 
by accuately 
tumor virus 

Ausubel, F., Brent, R., Kingston, R., Moore D, Seidman JG, 
Smith JM, Struhl K 1989 In: Current Protocols in Molecular 
Biology, edited by New York: Green Publishing Co. John Wiley 
and Sons 

Beato, M., 1989 Gene regulation by steroid hormones. Cell 
56:335-344 

Berger FG, Watson G 1989 Androgen-regulated gene expression. 
Annu Rev Physiol 51:51-65 

Berger FG, Loose D, Meisner H, Watson G 1986 Androgen 
induction of messenger RNA concentrations in mouse kidney is 
posttranscriptional. Biochemistry 25:1170-1175 



106 

Bichler, K. H., S. 
Muntzing. 1989. 
localization and 
protein (EMBP) in 
25. 

H. Fluchter, H. J. Nelde, P. Bjork, and J. 
An immunohistochemical technique for 

semiquantitation of estramustine-binding 
rat and human prostate. The Prostate 14:13-

Bodwell, J.E., Orti, E., Coull, J.M., Pappin, D.J.C., Mendel, 
D.B., Smith, L.I., Swift, F., 1991, Identification of 
phosphorylated sites in the mouse glucocorticoid receptor, 
J.Biol. Chern, 263: 14396-14402. 

Boyle, W.J., Smeal, T., Libert, H. K. Defize, Angel, P., 
Woodgett, J.R., Karin, M., Hunter, T., 1991 Activation of 
protein kinase C decreases phosphorylation of c-jun at sites 
that negatively regulate its DNA-binding activity, Cell, 64: 
573-584. 

Bruggemeier, U., Rogge, L., Winnacker, E-L., Beato, M., 1990, 
Nuclear factor I acts as a transcription factor on the MMTV 
promoter but competes for binding with steroid hormone 
receptors for DNA binding, EMBO J., 9:°2233-2239. 

Buc-Caron, M. H., J. M. Launay, D. Lamblin, and o. Kellermann. 
1990. Serotonin uptake, storage, and synthesis in an 
immortalized committed cell line derived from mouse 
teratocarcinoma. Proc. Natl. Acad. Sci. USA 87:1922-1926. 

Butler, W. W. S. and A. L. Schade. 
castration and androgen replacement 
composition and enzymatic capacity 
Endocrinology 63:271-279. 

1958. The effect of 
on the nucleic acid 

of the rat prostate. 

Cato ACB, Henerson D, Ponta H 1987 The hormone response 
element of the mouse mammary tumour virus DNA mediates the 
progestin and androgen induction of transcription in the 
proviral long terminal repeat region. EMBO J 6:363-368 

Chang, C., J. Kokontis, and S. Liao. 1988. Molecular cloning 
of human and Rat complementary DNA encoding androgen 
receptors. Science 240:324-326. 

Chang, S. M. and L. W. K. Chung. 1989. Interaction between 
prostatic fibroblast and epithelial cells in culture: Role of 
androgen. Endocrinology 125:2719-2727. 

Chou, J. Y. 1989. Differentiated mammalian cell 
immortalized by temperature-sensitive tumor viruses. 
Endocrinol. 3:1511-1514. 

lines 
Mol. 



107 

Claessens, F., N. Rushmere, L. Celis, B. Peeters, P. Davies, 
and N. Rombauts. 1990. Functional characterization of an 
androgen response element. Biochem. Soc. Trans. 18:561-562. 

Cleary, M.A., Stern, S., Tanaka, M., Herr, N., 1993, 
Differential positive control by Oct-l and Oct-2: activation 
of a transcriptionally silent motif through Oct-l and VP16 co
recruitment. Genes and Dev., 7:72-83. 

Costello, L. C. and R. B. Franklin. 1991. Concepts of citrate 
production and secretion by prostate: 2. Hormonal 
relationships in normal and neoplastic prostate. The Prostate 
19:181-205. 

Coureia A, Tj ian R 1988 Analysis of Spl in vivo reveals 
multiple transcriptional domains, including a novel glutamine
rich activation motif. Cell 55:887-898 

Cunha, G. R., A. A. Donjacour, 
Bigsby, S. J. Higgins, and 
endocrinology and developmental 
Endocrine Rev. 8:338-362. 

P. S. Cooke, S. Mee, R. M. 
Y. Sugimura. 1987. The 
biology of the prostate. 

Danielsen M, Northrop JP, Jonklaas J, Ringold GM 1987 Domains 
of the glucocorticoid receptor involved in specific and non 
specific deoxyribonucleic acid binding, hormone activation, 
and transcriptional enchancement. Mol Endocrinology 1: 816 - 822. 

Darbre P, Page M, King R, JB 1986 Androgen regulation in the 
long terminal repeat of mouse mammary tumor virus. Mol Cell 
BioI 6:2847-2854 

Davies, P. and N.K. Rushmere, 1990, Association of 
glucocorticoid receptors with prostate nuclear sites for 
androgen receptors and with androgen response elements. J Mol 
Endo, 5: 117-127 

DeFranco D, Yamamoto KR 1986 Two different factors act 
separetly or together to specify functionally distinct 
activities at a single transcription enhancer. Mol Cell BioI 
6:993-1001 

Denison SH, Sands A, Tindall DJ 1989 A tyrosine 
aminotransferase glucocorticoid response element also mediates 
androgen enhancement of gene expression. Endocrinology 
124:1091-1093 



108 

Denner, L.A., Weigel, N,L., Maxwell, B.L., Schrader, W.T., 
O'Malley, B.W., 1990, Regulation of progesterone receptor
mediated transcription by phosphorylation., Science, 250: 1740-
1743. 

Diamond, M. 1., J. N. Miner, S. K. Yoshinaga, and K. R. 
Yamamoto. 1990. Transcription factor interactions: Selectors 
of positive or negative regulation from a single DNA element. 
Science 249:1266-1272. 

Dohrman, P.R., Butler, G., Tarnai, K., Dorland, S., Greene, 
J.R., Thiele, D.J., Stillman, D.J., 1992, Parallel pathways of 
gene regulation: homologous regulators SWI5 and ACE2 
differentially control transcription of HO and chitinase, 
Genes and Development, 6:93-104 

Ekker, S.C., von Kessler, D.P., Beachy, P.A., 1992, 
Differential DNA Sequence Recognition is a Determinant of 
Specificity in Homeotic Gene Action, EMBO , 11, 4059-4072 

English, H. F., J. R. Drago, and R. J. Santen. 1985. Cellular 
response to androgen depletion and repletion in the rat 
ventral prostate: autoradiography and morphometric analysis. 
The Prostate 7:41-51. 

English, H. F., R. J. Santen, and J. T. Isaacs. 1987. Response 
of glandular versus basal rat ventral prostatic epithelial 
cells to androgen withdrawal and replacement. The Prostate 
11:229-242. 

Epstein-Baak, R., Y. Lin, V. Bradshaw, and M. Cohn. 1992. 
Inducible transormation of cells from transgenic mice 
expressing SV40 under Iac operon control. Cell Growth & Diff. 
3:127-134. 

Evans, R. M. 1988. The steroid and thyroid hormone receptor 
superfamily. Science 240:889-895. 

Ferreira, A., Eichinger D., Nussenzweig, V., 1982, THe murine 
sex-limited protein (SLP) : reassessment of its sez limitation, 
J. Immunol., 129, :1506-1508. 

Freedman, L. 1992, Anatomy of the steroid receptor zinc 
finger region, Endocrine Reviews, 13:129-145. 

Godowski PJ, Rusconi S, Miesfeld RL, Yamamoto KR 1987 
Glucocorticoid receptor mutants that are constitutive 
activators of transcriptional enhancement. Nature 325: 365-368. 



109 

Ghosh, H., Baltimore, D., 1990, Activation in-vitro, of NF-kB 
by phosphorylation of its inhibitor IkB, Nature, 344: 678-682. 

Gonzalez, G.A., Montiminy, M.R., 1989, Cyclic AMP stimulates 
somatostatin gene transcription by phosphorylation of CREB at 
serine 133, Cell, 59: 675-680 

Gowland PL, Buetti E 1989 Mutations in the hormone regulatory 
element of mouse mammary tumor virus differentially affect the 
response to progestins, androgens, and glucocorticoids. Mol 
Cell BioI 9:3999-4008. 

Green S, Chambon P 1988 Nuclear receptors enhance our 
understanding of transcription regulation. Trends in Genetics. 
4:309-314. 

Green, S., V. Kumar, I. Theulaz, W. Wahli, and P. Chambon. 
1988. The N-terminal DNA-binding 'zinc finger' of the 
oestrogen and glucocorticoid receptors determines target gene 
specificity. EMBO J. 7:3037-3044. 

Green S, Chambon P 1987 Oestradiol induction of a 
glucocorticoid-responsive gene by a chimaeric receptor. Nature 
325:75-78. 

Ham J, Thomson A, Needham M, Webb P, Parker M 1988 
Characterization of response element;;:; for androgens, 
glucocorticoids and progestins in mouse mammary tumor virus. 
Nucl Acids Res 16:5263-5276 

Hollenberg SM, Evans RM 1988 Multiple and cooperative 
Transactivation domains of the human glucocorticoid receptor. 
Cell 55:899-906 

Horton RM, Hunt HD, Ho SN, Pullen, JK, Pease LR 1989 
Engineering hybrid genes without the use of restriction 
enzymes: gene splicing by overlap extension. Gene 77:61-68 

Hurst, H.C., Parker, M.G., 1983, Rat Prostatic Steroid Binding 
Protein: DNA Sequence and Transcript Maps of the Two C3 
Genes, EMBO J., 5, 769-774. 

Isaacs, J. T. 1984. Antagonistic effect of androgen on 
prostatic cell death. The Prostate 5:545-557. 

Jantzen H, Strahle U, Gloss B, Stewart F, Schmid W, Boshart M, 
Mikksicek R, Schutz G 1987 Cooperativity of glucocorticoid 
response elements located far upstream of the tyrosine 
aminotransferase gene. Cell 49:29-38 



110 

Jat, P. S., M. D. Noble, P. Ataliotis, Y. Tanaka, N. 
Yannoutsos, L. Larsson, and D. Kioussis. 1991. Direct 
derivation of conditionally immortal cell lines from an H-
2KbtsA58 transgenic mouse. Proc. Natl. Acad. Sci. USA 88:5096-
5100. 

Jat, P. S. and P. A. Sharp. 1986. Large T antigens of simian 
virus 40 and polyomavirus efficiently establish primary 
fibroblasts. J. Virol. 59:746-750. 

Jat, P. S. and P. A. Sharp. 1989. Cell lines established by a 
temperature-sensitive Simian virus 40 large-T-antigen gene are 
growth restricted at the nonpermissive temperature. Mol. Cell. 
BioI. 9:1672-1681. 

Jiang, Y.W., Stillman, D.J., 1992, Involvement of the SIN4 
global transcription regulator in the chromatin structure of 
Saccharomyces cerevisiae, Mol. Cell BioI. 12:4503-4515. 

Jonat, C., H. J. Rahmsdorf, K. -K. Park, A. C. B. Catol. S. 
Gebel, H. Ponta, and P. Herrlich. 1990. Antitumor promotion 
and antiinflammation: Down-modulation of AP-l (Fos/Jun) 
activity by glucocorticoid hormone. Cell 62:1189-1204. 

Kaighn, M. E., R. R. Reddel, J. F. Lechner, D. M. Peehl, R. F. 
Camalier, D. E. Brash, U. Saffiotti, and C. C. Harris. 1989. 
Transformation of human neonatal prostate epithelial cells by 
strontium phosphate transfection with a plasmid containing 
SV40 early region genes. Cancer Res. 49:3050-3056. 

Kaufman, D. L. and G. A. Evans. 1990. Restriction endonuclease 
cleavage at the termini of PCR products. BioTechnigues 9:304-
306. 

Kruger, W., Herskowitz, I., 1991, A negative regaulator of HO 
transcription, SINl {SPT2}, is a nonspecific DNA-binding 
protein related to HMG1., Mol. Cell. BioI., 11:4135-4146. 

Kuiper, G. G. J. M., P. W. Faber, H. C. J. Van Rooij, J. A. G. 
M. Van der Korput, C. Ris-Stalpers, P. Klaassen, J. Trapman, 
and A. O. Brinkmann. 1989. Structural organization of the 
human androgen receptor gene. J. Mol. Endocrinol. 2:RI-R4. 

Kutoh, E., P. -E. Stromstedt, and L. Poellinger. 1992. 
Functional interference between the ubiquitous and 
constitutive octamer transcription factor 1 (OTF-l) and the 
glucocorticoid receptor by direct protein-protein interaction 
involving the homeo subdomain of OTF-l. Mol. Cell. BioI. 
12:4960-4969. 



111 

Kyprianou, N. and J. T. Isaacs. 1988. Activation of programmed 
cell death in the rat ventral prostate after castration. 
Endocrinology 122:552-562. 

Leid, M., Kastner, P., Lyons, R., Nakshatri, H., Saunders, T., 
Zachareqski, T., Chen, J-Y., Staub, A., Grnierm J-M., Mader, 
S., Chambon, P., 1992, Purification, cloning and RXR identity 
of the HeLa cell factor with which RAR or TR heterodimerizes 
to bind target sequences efficiently, Cell 68:377-395. 

Loreni, F., J. B. Stavenhagen, M. Kalff, and D. M. Robins. 
1988. A complex androgen-responsive enhancer resides 2 
kilobases upstream of the mouse slip gene. Mol. Cell. Biol. 
8:2350-2360. 

Lubahn DB, Joseph DR, Sullivan PM, Willard HF, French FS, 
Wilson EM 1988 Cloning of human androgen receptor 
complementary DNA and localization to the X chromosome. 
Science 240:327-330 

Luisi, B. F., W. X. Xu, Z. Otwinowski, L. P. Freedman, K. R. 
Yamamoto, and P. B. Sigler. 1991. Crystallographic analysis of 
the interaction of the glucocorticoid receptor with DNA. 
Nature 352:497-505. 

Mader, S., V. Kumar, H. De Verneuil, and P. Chambon. 1989. 
Three amino acids of the oestrogen receptor are essential to 
its ability to distinguish an oestrogen from a glucocorticoid
responsive element. Nature 338:271-274. 

McKeehan, W. L., P. S. Adams, and M. P. Rosser. 1984. Direct 
mitogenic effects of insulin, epidermal growth factor, 
glucocorticoid, cholera toxin, unknown pituitary factors and 
possibly prolactin, but not androgen, on normal rat prostate 
epithelial cells in serum-free, crimary cell culture. Cancer 
Res. 44:1998-2010. 

Miesfeld, R. L., S. Rusconi, P. J. Godowski, B. A. Maler, S. 
Okret, A. C. Wilstrom, J. -A. Gustafsson, and R. Yamamoto. 
1986. Genetic complementation of a glucocorticoid receptor 
deficiency by expression of cloned receptor cDNA. Cell 46: 389-
399. 

Miesfeld RL, Godowski PJ, Maler BA, Yamamoto KR 1987 
Glucocorticoid receptor mutants that define a small region 
sufficient for enchancer activation. Science 236:423-427 



112 

Miesfeld RL 1989 The structure and function of steroid 
receptor proteins. CRC Crit Rev Biochem Mol BioI 24:101-117 

Montpetit, M. L. and M. P. Tenniswood. 1989a. Separation of 
mature rat ventral prostate epithelial and fibroblast cells. 
The Prostate 15:315-325. 

Montpetit, M. L. and M. P. Tenniswood. 1989b. An improved 
method for the separation and culture of mature rat ventral 
prostate epithelial and fibroblast cells. The Prostate 15:315-
325. 

Nordeen, S. K., Suh, B.J., Kuhne I , B., Hutchison, C.A., 1990, 
Structural determinant of a glucocoticoid response element, 
Mol. Endo, 4: 1866-1873. 

Page MJ, Parker MG 1982 Effect of androgen on the 
transcription of rat prostatic binding protein genes. Mol 
Cell Endocrin 27:343-355 

Page, M. and M. G. Parker. 1983. Androgen-regulated expression 
of a cloned Rat prostatic C3 gene transfected into mouse 
mammary tumor cells. Cell 32:495-502. 

Parker MG, Webb P, Needham M, White R, Ham J 1987 
Identification of androgen response elements in mouse mammary 
tumour virus and the rat prostate C3 gene. J Cell Biochem 
35:285-292 

Paveltich, N.P., Pabo, C.O., 1991, Zinc finger-DNA 
recognition: crystal structure of a Zif268-DNA complex at 2.1 
A, Science 252: 809-817 

Picard D., Yamamoto K, 1987, Two signals mediate hormone
dependent nuclear localization of the glucocorticoid receptor. 
EMBO J., 6: 3333-3340 

Picard D, Salser SJ, Yamamoto KR 1988 A movable and regulable 
inactivation function within the steroid binding domain of the 
glucocorticoid receptor. Cell 54:1073-1080 

Prins, G. S., L. Birch, and G. L. Greene. 1991. Androgen 
receptor localization in different cell types of the adult rat 
prostate. Endocrinology 129:3187-3199. 

Ray, F. A., D. S. Peabody, J. L. Cooper, L. S. Cram, and P. M. 
Kraemer. 1990. SV40 T antigen alone drives karyotype 
instability that precedes neoplastic transformation of human 
diploid fibroblasts. J. Cell. Biochem. 42:13-31. 



113 

Reddel, R. R., K. Ke, B. I. Gerwin, M. G. McMenamin, J. F. 
Lechner, R. T. Su, D. E. Brash, J. -B. Park, J. S. Rhim, and 
C. C. Harris. 1988. Transformation of human bronchial 
epithelial cells by infection with SV40 or adenovirus-12 SV40 
hybrid virus, or tansfection via strontium phosphate 
coprecipitation with a plasmid containing SV40 early region 
genes. Cancer Res. 48:1904-1909. 

Rennie P. S., Bruchovsky, N., Leco, K. L., Sheppard, P. C. , 
McQueen, S.A., Cheng, H., Snoek, R., Hamel, A., Bock, M.E., 
MacDonald, B.S., Nickel, B.E., Chang, C., Liao, S., Cattini, 
P.A., Matusik, R.J., 1993, Characterization of two cis-acting 
DNA elements involved in the androgen regulation of the 
probasin gene, Mol. Endo., 7:23-36. 

Roche, P.J., Hoare, S.A., Parker, M.A., 1992 A concensus DNA
binding site for the androgen receptor, Mol. Endo., 6:2229-
2235. 

Rouleau,' M., J. L§ger, and M. Tenniswood. 1990. Ductal 
heterogeneity of cytokeratins, gene expression, and cell death 
in the rat ventral prostate. Mol. Endocrinol. 4:2003-2013. 

Roy, A,V., M. E. Brower, and J. E. Hayden. 1971. Sodium 
Thymolphthalein monophosphate: a new acid phosphatase 
substrate with greater specificity for the prostatic enzymes 
in serum. Clin. Chern. 11:1093-1099. 

Rundlett, S., Wu, X.P., Miesfeld, R.L., 1990. Functional 
characterizations of the androgen receptor confrim that the 
molecular basis of androgen action is transcription 
regulation, Mol. Endo, 4: 708-714. 

Rundlett, S., Gordon, D., Miesfeld, R.L., 1992. 
Characterization of a panel of rat ventral prostate epithelial 
cell lines immortalized in the presence or absence of 
andrgoens, Experimental Cell Research, 203: 214-221. 

Rusconi S, Yamamoto KR 1987 Functional 
hormone and DNA binding activities of 
receptor. EMBO J, 6:1309-1315 

dissection of the 
the glucocorticoid 

Sack, G. H., Jr. 1981. Human cell transformation by Simian 
virus 40 - a review. In Vitro 17:1-19. 

Schena M, Freedman LP, Yamamoto KR 1989 Mutations in the 
glucocorticoid receptor zinc finger region that distinguish 
interdigitated DNA binding and transcriptional enhancement 
activities. Genes Dev 3:1590-1601 



114 

Somers, J.P., DeFranco, D.B., 1992, Effects of okadaic acid, 
a phosphotase inhibitor, on glucocorticoid receptor-mediated 
enhancement, Molecular Endocrinology, 6:24-32. 

Sonnenschein, C., N. Olea, M. E. Pasanen, and A. M. Soto. 
1989. Negative controls of cell proliferation: human 
prostate cancer cells and androgens. Cancer Res. 49:3474-3481. 

Southern, P. J. and P. Berg. 1982. Transformation of mammalian 
cells to antibiotic resistance with a bacterial gene under 
control of the SV40 early region promoter. J. Mol. Appl. 
Genet. 1:327-341. 

Studier, F.W., Maffat, B.A., 1986, Use of Bacteriophage T7 RNA 
Polymerase to Direct Selective High-Level Expression of Cloned 
Genes, J. Mol. BioI., 189, 113-130. 

Takeda, H., G. Chodak, L .. Shutsung, C. Chang, and E. Sarac. 
1989. Prostate androgen receptor: immunohistological 
localization and mRNA characterization. J. Steroid Biochem. 
34, Nos. 1-6:311-313. 

Takeda, H., N. Suematsu, and T. Mizuno. 1990. Transcription of 
prostatic steroid binding protein (PSBP) gene is induced by 
epithelial-mesenchymal interaction. Development 110:273-282. 

Thompson, F. H. and J. M. Trent. 1987. Methods for chromosome 
banding of human and experimental tumors in vitro~. Methods in 
Enzymology 151:267-279. 

Tilley WD, Marcelli M, Wilson JD, McPhaul MJ 1989 
Characterization and expression of a cDNA encoding the human 
androgen receptor. Proc Natl Acad Sci USA 86:327-331 

Tooze, J. 1980. Transformation by simian virus 40 and polyoma 
virus. The Molecular Biology of Tumor Viruses 2nd Edition:205-
296. 

Tooze, J. 1981. DNA tumor viruses. Part 2, Molecular biology 
of tumor viruses. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, New York 

Tsai, S. Y., J. Carlstedt-Duke, N. L. Weigel, K. Dahlman, J. -
A. Gustafsson, M. J. Tsai, and B. W. O'Malley. 1988. Molecular 
interactions of steroid hormone receptor with its enhancer 
element: evidence for receptor dimer formation. Cell 55:361-
369. 



115 

Webster NG, Green S, Jin JR, Chambon P 1988 The hormone
binding domains of the estrogen and glucocorticoid receptors 
contain an inducible transcription activation function. Cell 
54:199-207. 

Williams, D. A., M. F. Rosenblatt, D. R. Beier, and R. D. 
Cone. 1988. Generation of murine stromal cell lines supporting 
hematopoietic stem cell proliferation by use of recombinant 
retrovirus vectors encoding simian virus 40 large T-antigen. 
Mol. Cell. BioI. 8:3864-3871. 

Winston, F., Carlson, M., 1992, Yeast SNF/SWI transcriptional 
activators and the SPT/SIN chromatin connection, Trends in 
Genetics 8:387-391 

Yanai, N., M. Suzuki, and M. Obinata. 1991. Hepatocyte cell 
lines established from transgenic mice harboring temperature
sensitive simian virus 40 large T-antigen gene. Exp. Cell Res. 
197:50-56. 

Yoshinaga, S.K., Peterson, C.L., Herskowitz, I., Yamamoto, 
K.R., 1992, Roles of SWI1, SWI2, and SWI3 proteins for 
transcriptional enhancement by steroid receptors, Science, 
258: 1598-1603. 

Zaret, K.S., Yamamoto, K.R., 1984 Reversible and persistent 
changes in chromatin structure accompany activation of a 
glucocorticoid-dependent enhancer element, Cell, 38: 29-38. 

Zilberstein, M., J. Y. Chou, W. L. Lowe,Jr., Z. Shen-Orr, C. 
T. Roberts,Jr., D. LeRoith, and K. J. Catt. 1989. Expression 
of insulin-like growth factor-I and its receptor by SV40-
transformed rat granulosa cells. Mol. Endocrinol. 3: 1488-1497. 


