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INTRODUCTION 

A. Statement of the Problem 

The widespread effects of steroid hormones on .cell growth, development and 

differentiation are mediated by intracellular proteins which bind the hormone with 

high affinity and known as steroid receptors. Steroid receptors act as ligand

activated transcription factors in that they bind steroid hormones and interact with 

DNA to induce a series of events leading to enhanced gene transcription and 

synthesis of new proteins which elicit the appropriate physiological response. 

Steroid receptors belong to the nuclear receptor superfamily, whose members 

include receptors for glucocorticoids, progesterone, androgens,· estrogens, 

mineralocorticoids, vitamin D, thyroid hormone, cis and trans retinoic acid, ecdysone 

and orphan receptors (O'Malley, 1991; Truss and Beato, 1993). 

Androgens secreted by the fetal testes initiate a series of events involved in 

male sexual differentiation and the establishment of neuronal pathways responsible 

for male behavior. After puberty, the activation of these previously established 

neuronal pathways, as well as maintenance of the function and integrity of the male 

1 
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accessory sex glands, is androgen dependent. These androgenic effects have 

been shown to be mediated by the androgen receptor (AR) (Berger and Watson, 

1989). The homeostasis of the prostate gland (growth and secretory activity) is a 

clear example of the importance of a continuous androgen supply to an androgen 

dependent tissue. A correlation exists between AR levels and sensitivity of the 

prostate gland to androgens. In early studies, when the major technique utilized for 

the measurement of AR was androgen binding assays in isolated cellular fractions, 

androgen deprivation in vivo decreased prostatic AR binding sites (Mainwaring and 

Mangan, 1973; Blondeau et al., 1975). The availability of AR cDNA and antibodies 

against AR made it possible to demonstrate that androgens regulate their own 

receptor protein and mRNA levels (Lubahn et al., 1988b; Chang et al., 1988, Tan et 

al., 1988). However, . the intrinsic mechanism whereby this effect is manifested 

remains undefined. A number of clinical conditions involving androgen insensitivity 

also exist (McPhaul et al., 1993). These conditions require understanding of the 

regulation of AR. Therefore, the elucidation . of the mechanism underlying the 

regulation of AR in target tissues is of great interest and will lead to a better 

understanding of androgen sensitivity and tissue responsiveness during androgen 

action. 

In the current studies, experiments have been aimed at achieving an 

understanding of the early events which take place in the mechanism of androgen 

receptor regulation by testosterone in the prostate gland. Previous work, using 

androgen receptor binding assays in animals treated with testosterone in the 
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presence of cycloheximide, suggested that androgen regulation of its O\JYn receptor 

in the rat ventral prostate involved a protein synthesis-mediated mechanism 

(Blondeau et al., 1982). Based on this findings and preliminary data from our 

laboratory, we evolved a hypothesis which holds that: Androgens control their 

receptor primarily through a postranscriptional mechanism. The experiments 

presented in this dissertation have been designed to investigate the role of 

androgens in AR protein synthesis and to further describe the molecular basis for 

androgen regulation of AR expression. The specific aims are: ( 1) to establish the 

optimal experimental conditions to carry out measurement of androgen receptor by 

ligand binding analyses using purified nuclear fractions, (2) to study changes in the 

AR protein by immunocytochemistry, (3) to determine whether changes in androgen 

receptor binding and protein levels are dependent or independent of changes in AR 

mRNA steady-state levels, (4) to determine the effect of testosterone on· the 

modulation of the.androgen receptor expression at the translational level and (5) to 

establish whether AP-1/c-fos transcription factor is involved in the regulation of the 

androgen receptor by testosterone. 
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B. Review of Related Literature 

Steroid hormones - Steroid hormone receptors 

Ovaries, testes and adrenals, the major steroidogenic tissues in the body, 

have been endowed with the capability of carrying out enzymatic reactions to 

convert cholesterol into steroid hormones, which are essential physiological 

modulators of body functions. Common to the synthesis of all steroid hormones is 

the initial rate-limiting step, namely the conversion of cholesterol to pregnenolone by 

the side chain cleavage enzyme P450scc located in the mitochondria (Farkash et 

al., 1986). Several of the biochemical steps involved in the synthesis of steroid 

hormones are similar in all steroidogenic tissues, however, the regulation of 

steroidogenesis is unique for each tissue. Although tissue-specific regulation of the 

expression of steroidogenic enzymes has been shown, the mechanism underlying 

such expression is poorly understood (Miller, 1989;. Moore and Miller, 1991 ). 

Ovarian steroidogenesis: In the ovaries, which is a major site for the biosynthesis of 

estrogen and progesterone, steroidogenesis takes place in ovarian follicles 

(reviewed by Gore-Langton and Armstrong, 1994). The outer layer of the follicle 

consist of theca cells which bind and respond to luteinizing hormone (LH) with 

enhanced cAMP formation leading to increased androgen synthesis (Tsang et al., 

_ 1979). LH increases follicular androgen synthesis by stimulating the microsomal 
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cytochrome P45017cxhydroxylase enzyme complex which mediates 17 -hydroxylase and 

17,20 lyase activities (Bogovich and Richards, 1982). 

The inner layer of cells of the follicle, the granulosa cells, respond to follicle

stimulating hormone (FSH) by forming the same second messenger cAMP. 

However, in contrast to the theca cells, the enhanced cAMP levels in granulosa cells 

leads not to the synthesis but rather to aromatization of androgens (from theca cells) 

to estrogens, along with the synthesis of progesterone (Dorrington et al., 1975). 

Estrogens regulate a variety of physiological events in female reproductive tissues 

such as the uterotropic responses (Mueller et al., 1958; Clark et al., 1988). 

Estrogens also regulate non-reproductive processes like immune responses and 

bone metabolism (Ciocca and Vargas, 1995; Turner et al., 1994). Progesterone 

plays a key role during pregnancy when its level increases over a 100 fold 

throughout gestation, whereas decreased levels relate to the termination of 

pregnancy (Albrecht and Pepe, 1990). 

Testicular steroidogenesis and steroid metabolites: In males, the conversion of 

cholesterol to androgens takes place mainly in the interstitial Leydig cells (for review 

Hall, 1994). LH, through a cAMP-dependent mechanism, stimulates the synthesis of 

testosterone by increasing the transport of cholesterol to the cytochrome P450scc 

(Hall et al., 1979). Androgens play a predominant role during male sexual 

development (Wilson, 1978), early development of the central nervous system 
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(McEwen et al., 1982; Kelly, 1985) and are required for the maintenance of most 

male body tissues throughout life (Mooradian et al., 1987; Elger 1970). 

In target .tissues, the biochemical transformation of steroid hormones to 

inactive metabolites acts as a regulatory mechanism during steroid hormone action 

(Roy, 1992). For example, 17~-hydroxysteroid dehydrogenase (17~-HSD) uses 

NAD/NADP as a cofactor to transform the active hormones estradiol, testosterone 

and Sa.-dihydrotestosterone (Sa.-DHT) into the less potent steroids estrone, 

androstenedione and Sa.-androstenedione (Gurpide, 1978; Leinonen, 1982). In 

endometrial cells, during the secretory or second phase of the menstrual cycle, 

progesterone increases 17~-HSD and estrogen sulfotransferase giving rise to 

estrone and estrogen sulfate, thereby decreasing estradiol concentration and with it, 

its proliferative effect (Roy, 1992; Buirchell and Hahnel, 1975). 

Receptors and steroid hormone action: The tenet that steroid hormone receptors 

mediate steroid hormone action started with the initial observations of Jensen and 

Jacobsen that estradiol selectively accumulated in tissues known to be targets for 

estrogen action (Jensen and Jacobsen, 1962). Subsequently Gorski conferred the 
' 

term "receptor protein" in target tissue (Gorski et al., 1968). These classical studies 

provided a foundation and basis for studies not only on estrogen receptors but also 

for receptors of other steroid hormones. The terminology. "steroid receptor" has 

classically been applied to a limited number of intracellular proteins that bind the 

lipid soluble steroid with high affinity (Kd in the nM range) and mediate its 
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physiological effect (Walters, 1985). In the past twenty years, using classical 

biochemical approacbes, significant advances were made in the characterization 

and understanding of the physiological functions of steroid receptors. 

What are steroid hormone receptors - structure/function relationships: Steroid 

receptors belong to a family of hormone-regulated transcription factors known as 

"steroid and thyroid hormone receptor superfamily'' that include receptor proteins for 

glucocorticoids, progestins, mineralocorticoids, androgens, estrogens, thyroid 

hormones, vitamin D3, cis and trans retinoic acid, ecdysone and orphan receptors 

whose physiological ligands are not yet known (Evans, 1988; Beato, 1989; O'Malley 

et al., 1990, 1991; Truss and Beato, 1993). The members of this family are 

structurally related, with inherent discrete functional domains involved in DNA 

binding, ligand binding· and regulation of transcription (Carson-Jurica et al., 1990). 

The amino terminal domain termed the A/B or variable domain, due to its variable 

length and sequence, is thought to have a role in regulation of transcription and 

receptor dimerization. The DNA binding domain, well conserved among the 

members of the steroid receptor superfamily, contains around 70 aminoacids and is 

located in the center of the receptor molecule. Specialized DNA-binding motifs 

referred as "zinc-fingers" have been described as the structures responsible for 

steroid receptor complexes binding to DNA and recognizing specific steroid 

responsive elements (SREs ). The carboxyl-terminal domain of around 250 

aminoacids includes a hydrophobic pocket for ligand binding. 
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In the absence of the ligand, steroid receptors are maintained in a 

functionally inactive state, bound to heat shock proteins (HSP) and other less well 

characterized proteins (Godowski and Picard, 1989). The best characterized is the 

HSP 90, which is a constitutive protein of 90 kDa that interacts with the ligand 

binding domain of steroid receptors, although for the estrogen receptor it has also 

been shown to interact with the carboxy terminal region of the DNA-ligand domain 

(Howard et al., 1990). Upon steroid binding or in the presence of high ionic strength 

buffers in vitro, conformational changes take place, the HSP dissociate and the 

active receptor undergoes dimerization prior to binding to the steroid responsive 

elements in the DNA (Wrange et al., 1989; DeMarzo et al., 1991 ). 

The process of ligand-induced activation of steroid receptors is poorly 

understood. Hormone-dependent phosphorylation during receptor activation has 

been investigated in different laboratories and is cons.idered important for hormone 

action (Horwitz et al., 1985; Bagchi et al., 1992a; Takimoto et al., 1992). Binding of 

the activated receptor to the SRE leads to either stimulation or repression of 

hormone-regulated genes. The cis elements of the SREs have been described for 

all members of the _steroid receptor family. These acceptor sites, with an imperfect 

palindromic structure, have been .classified in two consensus sequences, one that 

mediates the response to glucocorticoids, progestins, mineralocorticoids, _ and 

androgens; the other mediating the response to estrogens, thyroid hormones, 

vitamin 03, and retinoic acid (Yamamoto 1985, Ham et al., 1988). The absence of a 

unique DNA sequence for each receptor and the apparently well conserved DNA 
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binding domain of steroid receptors indicate that DNA binding specificity and steroid 

responsiveness is a complex mechanism involving not only the three main 

components: steroid, receptor . and DNA, but additional specific factors, as for 

example the insertion of the ligand in DNA cavities (Hendry et al., 1977). Evidence 

of interaction with other factors, such as the basal transcription factor TIIB, has been 

documented for the estrogen and progesterone receptor (Ing et al., 1992). Finally, it 

should be mentioned th.at most of the insights into the mechanism of gene regulation 

by steroid receptors have been obtained using in vitro cell-free systems (Bagchi et 

al., 1992b; Mak et al., 1994). Evidence that establishes the equivalence of this 

mechanism in vivo remains to be obtained. 

Molecular studies now complement the understanding of the molecular 

nature of tissue responsiveness to hormones. For example, AR and the 

glucocorticoid receptor (GR) ~re co-expressed in the epithelial cells of the prostate; 

however, only androgens regulate their function and growth. Recently Gordon et al. 

(1995) have examined the selective responsiveness to androgens and 

glucocorticoids in an epithelial cell line isolated from normal rats compared to non

prostatic cell lines. The use of chimeric receptors suggested that a putative cell

specific activity is only dependent on the NH2 terminal domain of the AR, which is 

the variable domain, and could provide discrimination of the cell between AR and 

GR 
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Steroid hormones and proto-oncogenes 

The modulation of proto-oncogenes such as c-fos, c-jun and c-myc during 

steroid hormone action has been recently extensively reviewed by Schuchard et al. 

(1993). The proto-oncogenes c-fos and c-jun _code for nuclear protein components 

of the transcription factor AP1 (fas-jun heterodimers), which binds to the consensus 

sequence for Hela cell activator protein 1 (AP1) and mediates the transcriptional 

activation or transcriptional repression of AP1 dependent genes (Franza et al., 1988; 

Distel et al., 1987; Diamond et al., 1990). For estrogenic hormones, the early 

uterotrophic responses observed in the rodent uterus have been associated with a 

rapid and transient increase in c-fos, c-jun, and c-myc expression (Weisz and 

Bresciani, 1988; Loose-Mitchel et at., 1988; Webb et al, 1990). These effects seem 

to be mediated by an estrogen responsive element (ERE) located at the 3'-flanking 

of the c-fos gene and an ERE located within the coding sequence of c-jun gene 

(Hyder et al., 1992, 1995). Androgens down-regulate c-myc transcripts in the human 

prostate carcinoma cell line LNCaP and antiandrogens block this response, 

indicating that the regulation of c-myc gene expression is AR mediated (Wolf et al., 

1992). In addition, in the rat ventral prostate, c-myc mRNA increases 2 - 4 days 

after castration and c-fos mRNA increases 7 days after castration (Quarmby et al., 

1987; Rennie et al., 1989). The mutual inhibition between the action of GR and AP1 

has also been demonstrated (Lucibello et al., 1990; Jonat et al., 1990). This 
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negative regulation appears to be mediated by direct interaction between the GR 

and AP-1 transcription factor (Yang-Yen et al., 1990). 

Physiological actions of androgens· 

In plasma, 98% of testosterone is bound to plasma proteins such as 

testosterone-estrogen binding globulins (TeBG) and albumin. TeBG are produced 

in the liver and also constitute the main secretory product of the testicular Sertoli 

cells (Gershagen et al., 1989). Evidence has suggested more than a passive carrier 

role for TeBG (Mercier-Bedard et al., 1976; Rosner, 1990; Porto et al., 1995). TeBG 

receptors have been identified in androgen target cells (Hryb et al., 1990; Porto et 

al., 1992). In LNCaP prostate cancer cells, testosterone-TeBG complex binds TeBG 

receptors and subsequently induces cAMP production (Rosner, 1990). 

In target tissue, free testosterone enters the cell by diffusion and the Sa.

reductase enzyme (EC 1.3.99.5) catalyzes the reduction of the testosterone A4
•
5 

double bond into the more potent hormone Sa.-dihydrotestosterone (Sa.-DHT) 

(Bruchovsky and Wilson, 1968). In both humans and rats, two 5a.-reductase 

isoenzymes have been characterized (Russell et al., 1994). These isoenzymes 

originate from 2 different genes and have been classified as type 1 and type 2 5a.

reductases. In rat, the type 1 isoenzyme is predominant in androgen-independent 

tissues such as liver, while androgen-dependent tissues, such as testis and 

epididymis express the type 2 isoenzyme. The prostate constitutes an exception 
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since both isoenzymes are present - type 1 is located in the epithelial cells, and type 

2 is present in stromal cells (Berman and Russell, 1993). 

Androgen action differs considerably from other steroid hormones since the 

two main physiological androgens, testosterone and 5a-DHT, bind to the same 

receptor but bring about distinct physiological responses (Wilson, 1978). The onset 

of testosterone production by the fetal testes start during early differentiation of the 

Leydig cells (Siiteri and. Wilson, 197 4). This hormone causes virilization of the 

Wolffian ducts and subsequent formation of the male internal genitalia ( epididymis, 

seminal vesicles, vas deferens and ejaculatory ducts) prior to synthesis of 5a-DHT by 

the fetal testis. The appearance of the latter brings about the formation of the 

external genitalia (penis and scrotum) and prostate from the urogenital sinus 

primordium (Wilson, 1978). Evidence of the crucial role exhibited by these two 

androgens during male sexual development has evolved from studies in male 

pseudo-hermaphroditism, in which a genetic defect in the 5a-reductase enzyme 

leads to a normal development of the male internal genitalia, but the ejaculatory 

ducts terminate in a blind ending vagina. Thus, the lack of 5a-DHT results in 

defective virilization and the absence of male external genitalia and prostate 

(Russell et al., 1994 ). 

During brain development, the metabolization of testosterone to estrogens 

mediates brain sexual differentiation and male behavior (Davison, 1969; Beyer et al., 

1976; Morali et al., 1977; Hutchison, 1993; Balthazart and Foidart, 1993). Brain 

sexual dimorphism is well documented. For example, preoptic and hypothalamic 
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aromatase activity is higher in the male rat than in the female (Maclusky et al., 

1985). Also, a specific cluster of cell bodies of hypothalamic neurons within the 

preoptic area, known as the sexually dimorphic nucleus of the preoptic area (SDN

POA), is larger in male rats and estrogen treatment of newborn female rats 

increases its volume (Tarttelin and Gorski, 1988). The locally produced estrogens 

mediate the establishment of specific neuronal pathways that set the basis of male 

behavior. During postnatal life, testosterone is mainly converted to 5a-DHT in target 

tissues, which_ at puberty mediates male sexual maturation, activation of previously 

established neuronal pathways and maintenance of most male body tissues 

throughout life. 

Biological responses to orchidectomy--

Endocrine studies to delineate androgen action freqQently--u_~~- castration to 
~-

prevent androgen secretion. A few examples to demonstrate the response to 

_ orchidectomy will be described. In the secretory vesicles (SV) castration decreases 

the transcription rate of a major SV secretory protein (SVS IV) (Ostrowski et al., 

1982). Solano et al (1980) described that castration of 50 days old (d.o.) male rats 

increased serum and pituitary LH levels, although the bioactivity to immunoreactivity 

ratio in the LH decreased. In this study, androgen replacement restored the 

bioactivity of LH in serum as well as in pituitary stores. Three days following 

castration a 10-fold increase in prostatic cell death is observed in rat prostate 

(Isaacs, 1984). The process of cell death in the prostate has been characterized as 
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"programmed cell death" or apoptosis, (Colombe! et al., 1992; Kyprianou and Isaacs, 

1988a; Buttyan et al., 1988). This process, fir~t introduced by Kerr et al. ( 1972), 

differs from necrosis since cells die "in order" with undamaged organelles and no 

release of cellular content. Apoptosis is characterized by the presence of DNA 

fragments (multimers of 180 base pairs) which present as characteristic DNA 

"ladders" that can be observed in agarose gels. The active apoptotic process 

requires ATP (Wyllie and Morris, 1982), gene transcription, and the neosynthesis of 

"suicide" protein( s) (Wyllie et al., 1984 ). In this regard, the rate of prostatic weight 

loss following 4 days of castration decreases when rats receive daily injections of 

transcription or protein synthesis inhibitors, indicating that prostatic regression does 

require newly synthesized protein(s) (Stanisic et al., 1978). Kyprianou and Isaacs 

( 1988a) showed that although serum testosterone levels dropped to very low levels 

as ~arly as 6 h post-castration, maximal DNA fragmentation in rat ventral prostate 

only starts after 2 days post-castration. Moreover, at 12 h post-castration, nuclear 

AR levels were no longer detectable by receptor binding·assay. 

The Prostate - A classical target tissue for androgen action 

The role of androgens in the maintenance of male reproductive tract tissues 

has been clearly illustrated by studies carried out on the prostate gland (McConnell 

et al., 1992; Gloyna et al., 1970; Bruchovsky and Wilson, 1968; Bruchovsky et al., 

1975; Isaacs, 1984). Sa-dihydrotestosterone is the major androgen in the prostate 

of men (Siiteri and Wilson, 1970; Bruchovsky and Wilson, 1968), dog (Gloyna et al., 
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1970), and rodents (Bruchovsky and Wilson, 1968). The growth and secretory 

activity of the prostate gland is dependent on continuous androgen supply 

(Bruchovsky et al., 1975; Isaacs, 1984; Rennie et al., 1975; Lesser and Bruchovsky, 

1973). 

The prostate gland is the largest male accessory sex gland. In rodents it 

consists of a complex multibranched ductal structure, resembling a tree with the 

trunk being the proximal duct closer to the urethra and the branches leading to the 

distal tips. The detailed ductal network organization has been elucidated as a result 

of a microdissection technique introduced by Sugimura et al. (1986a, 1986b, 1986c) 

in mouse prostate. Using this technique, it was revealed that androgenic 

responsiveness varies along the prostatic ducts. Distal ducts have an absolute 

requirement for androgen-induced growth in contrast to the proximal duct which 

survives under conditions of androgen depletion (Sugimura et al, 1986b, 1986c). 

Classically the rat prostate has been divided into several lobes: ventral, lateral, 

dorsal, and coagulating gland. The ventral prostate constitutes about half of the 

mass of the· entire prostate and it consists of two lobes (left and right) located 

ventrally below the bladder. The lateral prostate is located below the seminal 

vesicle and coagulating gland. The dorsal prostate appears from the posterior side 

. of the urethra, and the coagulating gland is found attached to the inner surface of 

the seminal vesicles (Hagashi et al., 1991 ). 

In normal rats, the epithelial cells lining the distal ducts of the ventral prostate 

are tall-columnar and mitotically active. Epithelial cells from the intermediate 
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segments are also tall-columnar, but are mitotically quiescent and involved in 

secretory activity. Secretory products from these luminal cells are transported 

towards the prostatic urethra via proximal ducts. Interestingly, cells lining the 

proximal duct are low-columnar or cuboidal and undergo continuous programmed 

cell death (Lee et al., 1990). It is worth mentioning that the daily rate of ventral 

prostatic cell death has been shown to be 2% (Isaacs, 1984). It has been 

hypothesized that the homeostasis in the epithelial cells lining the ventral prostatic 

ducts is maintained by the migration of newly produced cells in the distal tips, in the 

direction of the proximal duct - the site of cell death. Studies performed throughout 

the ventral prostatic ducts have shown that this regional variability is not due to 

changes in the ability of the cells to metabolize testosterone to Sa-DHT or due to 

changes in the presence of the androgen receptor, since the activity of the Sa

reductase enzyme and the expression of the AR do not vary considerably along the 

ducts (Prins et al., 1992 ). 

The major function of the prostate is the synthesis and secretion of citrate. 

The citrate content in seminal fluid in human and other animals is very high, in the 

range of 5 to 50 mM, when compared to plasma levels in the range of 0.07- 0.12mM 

(Mann, 1964). Epithelial cells have an active metabolism to synthesize citrate 

through glucose oxidation. Testosterone treatment to castrated rats increased the 

uptake and phosphorylation of glucose (Harkonen et al., 1975). Most of the citrate 

thus synthesized is accumulated and only a small fraction is oxidized via the Krebs 

cycle (Franklin et al., 1986). The citrate content in epithelial cells of the ventral 
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prostate is 1.2mM (Franklin et al., 1990), which tends to create a gradient of citrate 

back into the circulation. At this time, the mechanism of citrate secretion in the 

epithelial cells has not been resolved, although an active transport mechanism 

involving a citrate transporter coupled to Na+ at the apical membrane (towards the 

lumen of the epithelial cells) and aspartate uptake mediated by a transporter 

coupled to Na+ at the basilar membrane (towards the interstitium) has been 

proposed (Costello and Franklin, 1991 ). 

Androgen Receptor 

Early findings demonstrating that androgenic responses are mediated 

through intracellular androgen receptors (Mainwaring, 1969; Fang et al., 1969) 

rapidly developed into a very active fie~d of research which continues unabated 

today. For two decades, physiological and biochemical studies described their 

physicochemical properties, dynamics in target tissue, and even went into the still 

controversial issue of intracellular localization. An important breakthrough in AR 

research was the cloning of the AR gene (Lubahn et al., 1988a; Chang et al., 1988), 

which allowed its molecular characterization. Isolation of AR cDNA from rat prostate 

and studies of the transcriptional activity of the encoded protein revealed that the 

AR, like other steroid receptors, acts as a ligand-activated transcription factor with 

discrete domains (Rundlett et al., 1990). 

AR is one of the largest proteins in the steroid receptor superfamily, 

containing 917 - 919 aminoacids with a predicted molecular weight of ~ 98 kDa for 
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the human receptor (Lubahn et al., 1988b) and 902 aminoacids for the rat receptor 

wit_h the same predicted molecular weight (Tan et al., 1988). 

The human AR is encoded by a single gene located in the X chromosome 

(Meyer et al. 1975; Brown et al., 1989). The coding region is extended over 8 

exons. The AR NHrterminal domain, encoded by exon 1, contains 555 (human) or 

539 (rat) aminoacids and is essential for transcriptional activation. Several stretches 

of homopolymeric aminoacids have been identified in this domain, the longest being 

clusters of 21 (human) or 22 (rat) glutamines. The biological function of these 

polyaminoacids motifs is not known, but similar repeats have been identified in other 

steroid receptors. The DNA binding domain is encoded by exons 2 and 3, contains 

68 aminoacids and shows high homology with other members of the steroid receptor 

superfamily. The C-terminal domain is encoded by exons 4-8 and contains 253 

aminoacids. rAR and hAR share complete homology in their DNA and steroid 

binding domain (Liao et al., 1989). 

Deletion mutants have been used as tools to determine functional domains 

and specific regions within the AR. Thus, using in vitro translated AR and receptor 

fragments, the interaction of hsp 90 to a specific region of the C-terminal domain 

(aminoacids 704 -758) has been identified (Marivoet et al., 1992). · Deletions within 

the NH2 -terminal domain suggested that aminoacids 152-263 for the mouse AR 

(Mak et al., 1994) and aminoacids 141- 338 for the human AR (Simental et al., 1991) 

contain a sequence essential for transcriptional activation. 
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AR messenger RNA (mRNA) is a 10 kb mRNA in ventral prostate and other 

tissues of the rat such as seminal vesicle, epididymis, anterior prostate and liver 

(Tan et al., 1988). In humans, the 10 kb AR mRNA is accompanied by a 7 kb AR 

mRNA in the prostate, however in foreskin fibroblasts, the 10 kb AR mRNA is the 

prevalent form (Lubahn et al., 1988b). 

Steroid regulation of steroid receptors and autoregulation of androgen 

receptors 

Autoregulation of their receptor expression is a general phenomenon for 

steroid hormone-regulated transcription factors. For instance, estradiol up-regulates 

the e~trogen receptor (ER) protein and its mRNA in vivo and in vitro, by both 

transcriptional and postranscriptional events (Bergman et al., 1992; Kaneko et al., 

1993; Borras et al., 1994 ). Glucocorticoids in.duce -down-regu.lation of GR protein 

and its mRNA by decreasing the rate of GR gene transcription (Rosewicz et al., 

1988; Alksnis et al., 1991 ). Specific sequences in the promoter region of the human 

GR gene have been implicated in decreasing the GR 'mRNA levels (Govindan et al., 

1991 ). The regulation of progesterone receptors (PR) results from the combined 

effects of progesterone and estradiol, mainly at the transcriptional level (Alexander 

et al., 1989; Read et al., 1988). 

Initial studies using ligand binding assay established that AR in target tissues 

"up-regulate1
' or increase when exposed to androgens (Blondeau et al., 1975, Van 

Doorn et al., 1976). Indications of increased AR synthesis and increased AR 
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stability seem to account for this ligand-induced receptor up-regulation. Androgens 

increase AR synthesis in human genital skin fibroblast (Gad et al., 1988), and in rat 

ventral prostate (Blondeau et al., 1982). Increases in the half life of AR from ductus 

deferens smooth muscle tumor cells (DDT1MF-2) (Syms et al., 1985) and in 

recombinant AR (Kemppanien et al., 1992) have also been reported after exposure 

to androgens. Androgen regulation of the AR protein requires a functional receptor, 

since defects in the receptor such as those encountered in genetic disorders results 

in androgen insensitivity (McPhaul et al., 1993) and the incapability of androgens to 

regulate their receptor levels (Kaufman et al., 1981 ). 

Several investigators have reported that androgens induce down-regulation 

of the AR mRNA levels while the AR protein levels have been shown either not to 

ctiange or increase (Krongrad et al., 1991 ; Wolf et al., 1993; Block ~t al., _1992a; 

Shan et al., 1990). These responses are tissue specific: androgens decrease AR 

mRNA levels in LNCaP cells (Krongrad et al., 1991; Wolf et al., 1993), anterior 

pituitary (Burguess and Handa, 1993), hypothalamic preoptic area (Burguess and 

Handa, 1993), ventral prostate (Block et al., 1992a; Shan et al., 1990. Burguess and 

Handa, 1993; Quarmby et al., 1990), and epididymis (Block et al., 1992a), but not in 

the amygdala (Burguess and Handa, 1993) or the testes (Block et al., 1991, 1992a, 

1992b ). In addition, there have been a few reports of androgens inducing parallel 

increases in the AR protein and the AR mRNA levels. For instance, Takeda et al., 

( 1991) have shown that androgens increase AR protein and AR mRNA in rat and 

mice prostate three days after castration when detected by immunocytochemistry 



21 

and in situ hybridization, respectively. In this study it was suggested that the 

increase in AR mRNA steady state levels after castration observed by others in 

Northern blots may be related to the normalization of the mRNA data, since 

castration induces a decrease in total RNA content. In addition, Gonzalez-Cadavid 

et al., (1993) have shown that in smooth muscle cells from rat penis, androgens 

increase AR number and AR mRNA steady state levels. Since androgens fail to 

down-regulate the AR mRNA level in the testicular feminized (Tfm) rat, which lacks 

the normal AR but possesses a mutated receptor, it is evident that the regulation of 

AR mRNA requires a functional receptor protein (Quarmby et al., 1990). 

With the advent and application of molecular biology techniques to the study 

of AR, the molecular characteristics of its gene have become clearer. The promoter 

region of the human AR gene lacks TATA and CAA T consensus sequences (Tilley 

et al., 1990). The 5' -flanking of the mouse AR gene contains two promoters, 

promoter 1 located at -146 to +131 and promoter 2 from +123 to +380, both lacking 

TATA and CAAT sequences (Grossmann et al., 1994a). Kumar et al. (1994) have 

identified the presence of a suppressor element located upstream of promoter 1 

between - 486 to - 351 of the mouse gene, but this suppressor element is not 

responsible for androgen downregulation of AR mRNA. Grossmann et al., (1994b) 

have identified a second suppressor element at the 5' -untranslated region (5' -UTR) 

of the mouse gene termed the mouse androgen receptor suppressor (mARS). 

Recently Grossmann and Tindal I ( 1995a) have further characterized this sequence 

and the proteins that interact with the mARS. Cyclic AMP increases the activity of 
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the human and mouse- promoters (Mizokami et al., 1994; Lindzey et al., 1993). In 

addition, the far upstream region of the rat AR gene (-960 to -940) contains a 

positive cis regulatory element and deletion of .such an element decreased promoter 

activity by 90% (Song et al., 1993). Furthermore, specific cis acting elements at the 

5' -UTR of the human AR gene participate in the regulation of AR mRNA translation 

(Mizokami and Chang, 1994 ). Despite the identification of several regulatory 

elements at the 5' -flanking region, sequences mediating androgen regulation of AR 

expression have not yet been identified. However, recently Burnstein et al., ( 1995) 

using COS 1 cells transfected with a hAR complementary DNA (cDNA), revealed 

that sequences mediating androgen downregulation of AR mRNA are located within 

the AR cDNA. Autoregulatory sequences have also been identified within the 

coding region for the hER and hGR (Kaneko et al., 1993; Burnstein et al., 1994) 

Despite the multitude of studies listed above, the precise mechanism 

involved in AR autoregulation remains undefined. Thus, the studies described in 

this dissertation were designed to provide insight into the basic mechanisms 

underlying androgen receptor autoregulation in r~t ventral prostate. 



MATERIALS AND METHODS 

Animals 

Virus-free Sprague Dawley male rats from 25 to 90 days old were obtained 

from Harlan, Inc., Company, Madison, WI. Animals were allowed a 2 day 

acclimatization period and were kept in an air-conditioned light controlled room with 

a 12 h light-dark cycle. Rats were fed with Purina chow and tap water, ad libitum. 

All animal studies carried out were approved by the MCG Institutional 

Committee for the Care and Use of Animals in Research and Education in 

accordance with the guidelines of the NIH and USDA. 

Animal model and treatments 

Androgen deprivation in adult animals (80-90 days old) was induced by 

' castration. In selected control experiments; comparisons of AR regulation in ventral 

prostate at early and late time points after castration was performed. In these 

experiments, bilateral orchidectomy was carried out via the scrotal route under ether 

anesthesia 1, 2, 4 and 7 days prior to each experiment. Prostate involution 

23 
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was evident 4 days after castration. However, at the 24 h period there was 

negligible endogenous androgen and no major changes in the structure of the gland 

were detected when compared to intact animals. Therefore, the 24 h period was 

used in subsequent experiments. The advantages of this animal model have been 

published (Blondeau et al., 1975; 1982). 

Orchidectomized animals were weighed, and 1 h before sacrifice were 

treated intraperitoneally (i. p.) with either testosterone ( 400µg/100 g body weight 

(wt)); cycloheximide, an inhibitor of translation (400µg/100 g body wt); actinomycin 

D, an inhibitor of transcription (300µg/100 g body wt); or testosterone in conjunction 

with cycloheximide or actinomycin D. Testosterone and the inhibitors were 

dissolved in 1: 1 ethanol:saline. Injection volume containing the doses required per 

rat was adjusted at 1 : 1000 of rat's body weight to avoid blood volume changes 

and/or excess of ethanol. Control rats were either intact or 1 day castrated with or 

without vehicle treatment. The dose of testosterone used in our studies has been 

shown to induce maximal accumulation of nuclear AR binding sites within 1 h, with a 

concomitant depletion of the cytosolic AR in ventral prostate (Steinsapir et al . , 

1985). The cycloheximide and the actinomycin D doses are accepted doses in the 

literature for blocking translation or transcription and are non-toxic (Steinsapir et al . , 

1985). The method of sacrifice used in our studies was by decapitation. 
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Androgen receptor binding 

Previously described methods to measure cytosolic and nuclear AR binding 

in. ventral prostate were applied, however, this study used purified nuclear fractions 

and also attempted to establish optimal temperatures for an AR exchange assay. 

Three groups of animals ( 4-6 rats/group) were used: 1) unorchidectomized rats, 2) 

one day orchidectomized • rats treated intraperitoneally (i. p.) with testosterone 

( 400µg/1 00g body wt) 1 h prior to sacrifice, and 3) one day orchidectomized rats 

treated with vehicle ( ethanol-saline 1: 1 ). After 24 h, the animals were killed by 

decapitation and the ventral prostate was rapidly removed and placed in ice-cold 

"homogenization buffer" (10 mM Tris, 1.5 mM Na2EDTA, 0.5 mM dithiothreitol (DTT), 

0.25 M sucrose , 10 mM Na2M0O4, 1 mM phenylmethylsulfonylfluoride (PMSF), pH 

7.4 at 22°C). After removing the visible fat, tissue specimens were homogenized 

with a Polytron PT-10 homogenizer and the homogenate was centrifuged at 800 x g 

. for 20 minutes. The crude nuclear pellet obtained after centrifugation at 800 x g was 

purified at 4°C by three different methods. Method I was modified from that 

described previously by Biebel and Potter (1966). Nuclear pellets were 

resuspended in "nuclear buffer" (1 0 mM Tris, 0.5 mM DTT, 0.25 M sucrose, 1 mM 

PMSF, 2.5 mM MgC'2-6 H2O, pH:7.4) adjusted to 0.88 M sucrose and layered on top 

of 1. 7 M sucrose cushion in nuclear buffer. After centrifugation for 60 min at 60,000 

x g, the purified nuclear pellet was rinsed in nuclear buffer and resuspended in the 

same buffer. In method II (Tata et al., 1972), the crude nuclear pellet was washed in 

nuclear buffer containing 1 % Triton X-100, centrifuged at 4,500 x g for 10 min, 
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subsequently washed in nuclear buffer and centrifuged at 27,000 x g for 10 min. 

Method Ill, which was modified from Allfrey et al (1974) involved resuspending the 

crude nuclear pellet in nuclear buffer, allowing it to settle for 1 0 min at 4°C, passing it 

through a double layer of gauze, and then centrifuging the suspension at 400 x g for 

7 min. The method giving the higher purification of the crude nuclear pellet and 

recovery was method I, as judged by their appearance under the microscope, and it 

was used in all subsequent experiments. The cytosolic fraction was obtained from 

the 800 x g supernatant by centrifugation at 223,000 x g for 1 h and using the, 

supernatant. 

To establish exchange conditions for the ligand (previously administered i.p. 

to castrated animals), the formation of androgen receptor complexes from cytosolic 

and purified nuclear fractions was studied at different temperatures (4°C, 10°C, 

15°C, 22°c and 30°C) during a 20 h incubation period. Subcellular fractions isolated 

from ventral prostates of 24 h castrated animals treated with vehicle (ethanol:saline) 

or testosterone ( 400µg/1 00g body wt) were incubated with 5 nM of the synthetic 

androgen [3H]-mibolerone [7a, 17a, dimethyl nor-testosterone, DMNT], in the 

presence or in the absence of 100 fold molar excess of radioinert ligand. The 

choice of mibolerone as ligand was due to its high binding affinity to AR and its high 

stability (Schilling and Liao, 1984) .. Aliquots of the labeled fractions were taken at 

different time-intervals during the 20 h incubation period. 

Bound and unbound DMNT were separated from the nuclear aliquots by 

adding 1 ml of ice-cold nuclear buffer, · centrifuging at 800 x g for 10 min, and 
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washing the pellets four times by resuspension with 1 ml of ice-cold nuclear buffer. 

Bound steroid was extracted by incubating the nuclear pellets with 1 ml of ethanol at 

30°C for 40 min, and vortexing every 20 min. After centrifugation at 800 x g for 10 

min, the ethanol supernatants were poured into vials, and 10 ml of scintillation 

cocktail was added. 

The separation of bound and unbound DMNT from the cytosolic fractions 

was accomplished by absorption of the unbound steroid with dextran-coated 

charcoal (Norit A 0.5%, dextran 0.05% in homogenization buffer). Cytosolic 

incubations were terminated by adding 0.5 ml of dextran-coated charcoal, incubating 

for 10 min at 4°C and centrifuging at 800 x g for 10 min. The supernatants were 

collected into vials and 10 ml of scintillation cocktail was added. Samples were 

shaken for 1 h, rested overnight, and then counted for 3H content using a Beckman 

LS 5801 spectrometer (Beckman Instruments., Palo Alto, CA) with 45% efficiency for 

tritium. 

The method of Lowry et al., (1951) was used for protein determination and 

the method of Burton ( 1956) was used for measurements of DNA concentrations. 

Results were expressed per mg/protein for the cytosolic AR and per mg/DNA for the 

nuclear AR. Saturation AR binding studies were performed in the cytosolic and 

purified nuclear fractions. Aliquots of these fractions were incubated with 7 different 

concentrations of 3H DMNT (0.1-3 nM), in the. presence or in the absence of a 100 

fold molar excess of radioinert DMNT. The AR binding was calculated by Scatchard 

analysis (1949). 
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· Androgen receptor immunocytochemistry 

For the studies on the androgen receptor protein, the ventral prostate from 

each experimental animal was rapidly removed and placed in a small petri-dish 

containing cold phosphate buffer saline (PBS) supplemented continuously with 

frozen cubes of PBS. Full-length prostatic ductal systems from both ventral prostate 

lobes were carefully isolated under a dissecting microscope, using the method 

· described by Sugimura et al., ( 1986a). Dissected prostatic ducts oriented from the 

proximal duct up to the distal tips were embedded in Tissue-Tek OCT medium 

(embedding medium for frozen tissue specimens that contained 10.24% w/w 

polyvinyl alcohol, 4.26% w/w polyethylene glycol and 85.50% w/w of other non 

reactive ingredients; Miles Inc., Elkhart, IN). The embedded tissue was frozen in 

freshly prepared liquid propane_ and stored in liquid nitrogen. Frozen tissue was 

longitudinally sectioned at 8 µm along the entire proximal-distal array of the prostatic 

ductal system. Sections were thaw-mounted onto gelatin-coated glass slides and 

stored at -70°C, until use. Sections were placed in anhydrous acetone for 48 hand 

subsequently fixed for 10 min in fresh 0.2% picric acid, 2% paraformaldehyde, 1.5% 

polyvinyl-pyrrolidone (PVP) in 0.1 M phosphate buffer at pH 7.3, and then twice for 2 

min in 85% ethanol-PVP. Fixed sections were rinsed as follows: three times for 3 

min each in PBS-PVP and three times for 3 min in 0.005% sodium borohydride

PBS-PVP, three times in P.BS-PVP, and three times for 3 min each in PBS-PVP-

0.1 % gelatin. Sections were incubated with 2% goat blocking serum in PBS-gelatin 

for 20 min and subsequently incubated overnight in a humidified chamber at 4°C 
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with PG-21 (1-2 mg/ml), a rabbit polyclonal antibody raised against a synthetic 

peptide corresponding to the first 21 aminoacids (AR1-21) of the rat AR (Prins et al, 

1991 ). This polyclonal antibody has been made available to us by Dr. Gail Prins 

(Michael Reese Hospital and Medical Center, Chicago, IL). Sections were 

· incubated with a biotinylated goat anti-rabbit immunoglobulin G (Vector 

Laboratories) for 30 min at room temperature in a humidified chamber ( all 

incubations and rinses previous to this step were performed at 4°C in an ice bath), 

and then rinsed with PBS. AR immunocomplexes were visualized by the avidin

biotin-peroxidase method (ABC kit, Vector laboratories) using diaminobenzidine 

tetrahydrochloride as a chromagen. Sections were counterstained with 1 :5 diluted 

hematoxylin, progressively dehydrated with alcohol, cleared with xylene and 

mounted with histological mounting media. To test the specificity of AR staining, 

cqmpetition studies were conducted using the antigenic peptide (AR1-21) and a 

non-related peptide, amino acids 462-468 of the rat AR (AR 462-468). The PG-21 

antibody was preadsorbed with the antigenic peptide or the non-related peptide at 

50 x molar excess. Staining did not occur when co-incubation was . done with 

antigenic peptide. However, the non-related peptide did not interfere with the 

staining. Thus the staining was considered to be specific. 

c-f os immunocytochemistry 

For c-fos immunocytochemistry, prostati,c tissue was embedded in OCT and 

frozen in liquid nitrogen. Random sections ( 12µm thickness) of the ventral prostate 
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mounted on gelatin coated slides were pretreated with 10% H202 and 10% methanol 

in PBS. After washing with PBS, sections were blocked· for 1 h in 5% goat serum, 

0.005% TX-100 and then were incubated in a humidified chamber overnight at 4°C 

with a polyclonal c-fos antibody (0.2µg/ml Santa Cruz Biotechnology). Control 

sections received pre-adsorbed antibody using 2µg/ml of the antigenic peptide. 

After overnight incubation, sections were processed as described for AR 

immunocytochemistry. 

c-f os Western blots 

Prostatic tissue was homogenized at 4°C with a Polytron using ice cold 

detergent buffer (10mM Hepes, 15mM NaCl, 1mM EOTA, 1% NP-40, 1µM leupeptin, 

1 µM aprotinin, and 1 mM PMSF). Homogenates were quickly centrifuged in a 

microcentrifuge to discard cell debris (10,000 x g, 5-7 min). Aliquots were taken for 

protein· measurements by the Bradford method (1976) and the remaining sample 

was aliquoted and immediately frozen at -70°C until use. 30µg (for minigels) or 

1 00µg (for standard gels) of total protein dissolved in loading buffer (2% SOS, 5% P

mercaptoethanol, 5% glycerol, and 0.001 % bromophenol blue in 60mM Tris-HCI 

buffer, pH 6.8) were boiled for 5 min and then loaded in sodium dodecyl sulfate 

\ 

denaturing polyacrylamide gels (SOS-PAGE) (Laemmli, 1970). 

After electrophoresis, proteins were transferred to a polyvinylidene fluoride 

(PVOF) microporous membrane with a nominal pore size of 0.45 µm (lmmobilon-P, 

Millipore, Bedford, MA) in transfer buffer (25mM Tris-HCI, 192mM glycine in 20% 
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methanol) for 2h at 100 V or overnight at 27 V using an electroblotting apparatus 

(BioRad, Richmond, Ca). Membranes were blocked for 1 h in 5% w/v non-fat dry 

milk in Tris buffer saline (TBS) plus 0.1 % Tween 20 (TTBS). After blocking, 

membranes were incubated for 1 h in TTBS containing the c-fos _antibody 

(Polyclonal (0.2µg/ml), Santa Cruz Biotechnology and Monoclonal (0.5mg/ml), 

Oncogene Science, Inc.). The unbound primary antibody was extensively washed 

out with TTBS, the binding o~ the primary antibody was detected using enhanced 

chemiluminescence (ECL, RPN 2106 Amersham). Horseradish peroxidase (HRP) 

bound to a goat secondary antibody anti-rabbit lgG reacts with substrates to 

produce light that is captured with an X-ray film (Kodak, New Haven, CT). In order 

to confirm that equal transfer and loading had occurred, the gels were stained with 

Coomassie blue (0.1 %w/v Coomassie blue, 40% v/v methanol, 10%v/v acetic acid) 

after electroblotting and the blots were reacted with an anti-tubulin monoclonal 

antibody, following the same procedure described above. 

RNA isolation 

Total prostatic RNA was extracted from fresh tissue, immediately after 

sacrifice, using RNAzol (guanidinium thiocyanate, phenol, f3-mercaptoethanol; 

Chomczynski and Sacchi, 1987) as per the manufacturer's protocol (Biotex Labs, 

Inc). One prostate (~350mg) was homogenized in 7 ml of ice-cold RNAzol (2 ml per 

100mg tissue) using a Polytron. After addition of chloroform, RNA in the aqueous 

phase was precipitated with an equal volume of ice-cold isopropanol and tubes were 
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kept at 4°C overnight or for 2h at -20°C. After washing the RNA pellets with 75% 

ethanol, RNA extracts were quantified by measuring their absorbance at 260 nm 

and stored at -70°C in a 0.1 % B-mercaptoethanol / 0.1 % sarkosyl I ethanol/ 0.25 M 

sodium acetate pH:5.2 solution. The quality of the isolated RNA (1 µg aliquots) was 

determined by visualization of intact 28S and 18S ribosomal RNA bands in 1.2% 

agarose gel in Tris-Borate-EDTA (TBE), using ethidium bromide staining. 

Polyadenylated RNA (Poly A+ RNA) was isolated from totai RNA (~1mg) by 

chromatography on oligo- (dT) cellulose; the non poly A+ species were selectively 

washed off the column by using decreasing salt concentrations following the 

standard procedure described by Davis et al., 1986. In order to avoid RNAse 

contamination during. RNA isolation, glassware and buffers were respectively baked 

and autoclaved. 

Northern blots and slot blots 

Three µg of poly A+ mRNA from each sample were denatured with glyoxal 

and dimethyl sulfoxide (Carmichael and McMaster GK, 1980) and electrophoresed 

in a 1 % agarose gel in recirculating 10 mM Na2PO4. pH:6.8 buffer. RNA samples 

were transferred by capillary action to a nylon membrane in 20 x SSC ( 1 x SSC = 

0.1 SM NaCl, 1 SmM ~odium citrate). A 1 Kb EcoR1 fragment of the rat AR cDNA, 

available from Drs. Frank French and Elizabeth Wilson (University of North 

Carolina, Chapel Hill, NC) was used for AR hybridization. Membranes were 

incubated overnight at 42°C in 50% formamide, Sx SSC, 1 x Denhart's, 1 S0µg 
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denatured salmon sperm DNA, 0.5% SOS, 10% dextran sulfate and 1.5-2.0x106 

cpm/ng of 32P random prime labeled probe (DNA labeling kit, Promega, Madison, 

WI; [a32P]dCTP, 3000 Ci/mmol; Amersham, Arlington Heights, IL. ). Subsequently, 

membranes were washed twice with 2x SSC, 0.1 % SOS for 5 min at room 
, ' 

temperature and then twice again at 65°C with 0.1 % SSC, 0.1 % SOS for 20 min, 

before being subjected to. autoradiography. The blots were stripped in 50% 

formamide, 10 mM Na2P04 (pH 6. 8) at 65°C and rehybridized with a chicken p-actin 

cDNA or with a 28S rRNA oligoprobe to control·for the qualities and quantities of the 

mRNA loads onto the gel. 

Densitometric analysis of the autoradiograms were performed with a 

Shimadzu CS900 densitometer (Shimadzu Instruments, Columbia, MD) or in a 

digital imaging system IS-1000 (Alpha lnnotech Corp., San Leandro, CA). Levels of 

ARmRNA were expressed in arbitrary densitometric units and, when indicated, the 

data was normalized to the level of p-actin mRNA or 28 S rRNA. For slot blot 

analyses, RNA samples were directly spotted onto the nylon membrane_ and 

processed as above. 

Isolation of polyribosomes 

Ventral prostate polysomes from castrated rats treated with vehicle, or with 

testosterone, were isolated using modified conventional cell fractionation techniques 

as previously described (Palacios et al., 1972; Mechler, 1987). All procedures were 

performed at 4°C in a cold room with baked glassware, all the plastic material was 
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treated with diethyl pyrocarbonate. (0.1 % in H2O) for 2 days and autoclaved. Tissue 

from individual rats was homogenized with a Polytron PT-10 homogenizer in isotonic 

tris buffe·r (0.25M sucrose, 5mM MgCb, 1 00mM KCI, 1 mM OTT, 1 mM leupeptin, 

1 mM aprotinin, and 500mg/ml sodium heparins in 50mM Tris buffer pH 7.4 at 4°C), 

at a buffer/tissue ratio of 0.5-1 ml/prostate. The homogenate was then centrifuged 

at 12,000 x g for 10 min, and the resultant supernatant was divided into two 

fractions, from which the prostatic polysomes were isolated by two different 

methods. In method 1 (Palacios et al., 1972), the isolation of total cellular 

polyribosomes was carried out by further centrifugation of the supernatant at 27,000 

x g for 5 min, and the resultant supernatant was adjusted at 1 % NP-40 and 1 % 

sodium deoxycholate (using a freshly prepared detergent mixture). Aliquots of 1 ml 

of the detergent-treated supernatant were overlayered on discontinuous sucrose 

gradients (1 ml of 2.5M sucrose and 2 ml of 1.0 M sucrose). Gradients were 

centrifuged at 201,000 x g for 90 min at 4°C, and the polyribosomes (opalescent 

band at the 2.5M sucrose interface) were carefully withdrawn from the interface with 

an sterile syringe. The polysomes-containing solution was diluted with the isotonic 

Tris buffer and further centrifuged at 15,000 x g for 5 min at 4°C. The pellets were 

discarded and aliquots from the supernatant containing the polysomes were taken to 

determine the ratio A2so : A2ao (which under these conditions is ~ than 1.95). In 

method 2 (Mechler, 1987). The separation of membrane bound and free 

polyribosomes was attempted by adjusting the 12,000 x g supernatant to 2.1 M 

sucrose and loading it over a layer of 2.5 M sucrose in homogenization buffer, which 
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was then covered by two other layers of 2.05 and .1.3 M sucrose. After 

centrifugation for 5 h at 90,000 x g, the membrane bound polysomes were located at 

the interface between the 2.05 and 1.3 M ·sucrose and the free polysomes were 

present in the loading zone. 

The separation of free and membrane bound polyribosomes had a low yield 

in both fracti9ns, therefore, method 1 (Palacios et al., 1972) was used for all 

subsequent experiments. Thus, the final polysomal fraction contained the total 

polyribosomal population of the prostate. A minor modification was further included, 

in which the crude homogenate was centrifuged at 14,600 x g for 10 min. The 

resultant supernatant was treated as described under method 1. 

Characterization of polyribosomes· 

Two criteria were used to test for the intactness of the isolated 

polyribosomes: 1) the spectrophotometric analysis of the distribution of polysomes 

through a sucrose gradient and 2) the capability of protein synthesis evidenced by 

the incorporation of [35S] methionine into hot trichloroacetic acid-insoluble material. 

The sedimentation characteristics of these total polysomes were analyzed on 

1 S:-55% linear sucrose gradients (in homogenization buffer). Continuous gradients 

were prepared using a Hoefer gradient maker SG50 (San Francisco, CA) attached. 

to a peristaltic pump and pouring the gradient from the bottom. The continuity of the 

gradients was checked by reading the refraction index of collected fractions. 

Aliquots of 25 A260 units were layered on the gradients of polysomes that were 
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previously settled for 2 hat 4°C. The centrifugation of the gradients was carried out 

at 4°C for 6-8.5 h at 27,000 rpm in a Beckman SW 28. The polysomes profiles were 

monitored by absorbance at 254 nm using a density gradient fractionator (ISCO-

640) attached to an absorbance monitor (ISCO- UA-5). 

To assess the functional activity of the isolated polysomes, the kinetics of 

incorporation of 35S methionine were measured using an in vitro translation system 

(rabbit reticulocyte lysate system and wheat germ extract, Promega, Madison, WI), 

J 

in the presence of 7-methylguanosine-5'monophosphate (7-mG5'p) to inhibit the 

initiation in vitro of new polypeptide chains (Hickey et al., 1976). This inhibitor is 

effective in mRNA that contain capping. There are indications that the AR mRNA 

contain this postranscriptional ~edification since the signal has been found in the 

AR gene (Grossmann, 1995b). Ten A2so units of polysomes were used in each 

translation reaction and incubations were carried out at 28°C. The reaction mixture 

was supplemented with 40 units rRNasin ribonuclease inhibitor, 1 mM aminoacid 

mixture (without methionine) and [35S] methionine at 0.8mCi/ml. At various times 

during the 1 h incubation, aliquots (2 µI) were spotted on Whatman 3 MM paper 

disks and labeled aminoacid incorporation was measured into hot trichloroacetic 

acid-insoluble material (Mans and Novelli, 1961 ). Disks were processed in the 

presence of 0.1 M unlabeled methionine. Measurements of each time point were 

performed in duplicate using 2 different polysomal preparations for each group. 
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Reverse transcription-Polymerase chain reaction (RT-PCR) 

Total polyribosomal RNA was isolated with RNAzol using 30-60 A260 units. 

One µg of polysomal RNA was reverse transcribed using Moloney murine leukemia 

virus (MML V) reverse transcriptase and random hexamers at 42°C for 1 h. A primer 

pair specific for AR cDNA (sense primer: 5'-TGAGGACCCATCCCAGAAGAT, 

antisense primer: 5'- TGCACAGAAT CCAGGAGCTTG) was used to amplify a 644 

bp AR cDNA by PCR (Perkin Elmer, Norwalk, CT). The PCR profile used was as 

follows: 3 min at 94°C for 1 cycle, 1 min at 94°C, 1 min at 58°C, 1 min at 72°C, 

followed by 1 O min at 72°C. Several PCR . cycles were run to determine the 

exponential and plateau phases. Fragments were separated in 2% agarose gel in 

TBE, stained with ethidium bromide and visualized under UV light. Quantitative RT

PCR was attempted using as internal standards 530 and 335 bp of apolipoprotein B 

cDNA flanking AR sequences and 28S rRNA sequences, respectively. The 

apolipoprotein B gene is not naturally expressed in the prostate. These c-DNA 

standards were gel purified and in vitro transcribed using T7-attached sequences to 

generate cRNA internal standards (Ambion, Maxiscript kit). 

Ribonuclease protection assay (RPA) 

RPA is a very sensitive method that detects rare RNA species in solution and 

has the advantage of increasing the accessibility of the probe for the target (Lee and 

Costlow, 1987). RPA was thus used for quantification of AR mRNA in 

polyribosomes. The probe for the AR mRNA is 225 bp fragment of rat AR cDNA that 
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was generated by RT-PCR (forward primer: 5'-GGTTGGCGGTCCTTCACTAATGT; 

reverse primer: 5'-TTGAI I I I I CAGCCCATCCACTG). The cDNA fragment was 

cloned into the polylinker region of the pGEM-T vector, under the control of T7 and 

SP6 bacteriophage promoters (Promega Corp., Madison, WI), employing standard 

cloning techniques (Maniatis et, al., 1982). The orientation of the insert in the 

plasmid was confirmed by PCR using specific primers for the T? and SP6 

promoters. Complimentary (antisense) or noncomplimentary riboprobes (sense) 

were synthesized. After linearization of the plasmids with Sac I and Apa I to produce 

the antisense and sense probes, respectively, the specific riboprobes at high 

specific activity were synthesized by transcribing the linearized plasmid in the 

presence of [a .32P-UTP]. To isolate full length transcripts, 32P-labeled probes were 

purified on 5% polyacrylamide-8M urea gels. The ribonuclease protection assays 

were performed with 2 µg of polysomal RNA containing 1x105 cpm of AR riboprobe 

using a RPA kit (Ambion, Austin, TX) according to the manufacturer's directions. 

Protected fragments were visualized by electrophoresis through a denaturing 6% 

acrylamide gel in TBE, followed by autoradiography. Polysomal RNA samples were 

analyzed in triplicate pools for each treatment group. Aliquots from the same pools 

were controlled for amount of RNA loading using serial dilution of RNA in a slot blot 

and reacting it with an oligoprobe against 28S rRNA 
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Radioimmunoassay (RIA) 

After decapitation, trunk blood was collected and serum testosterone levels 

were measured with Coat-A-Count solid phase radioimmunoassay kit (Diagnostic 

Products, Los Angeles, CA), according to manufacturer's protocol. This method is 

based on a specific antibody to testosterone being immobilized to the wall of a 

polypropylene tube. 125I-labeled testosterone competes for antibody binding with 

testosterone in the serum sample. The assay can detect as little as 4ng/dl 

(0.14nmol/l), and its cross reactivity with Sa-DHT is less than 5%. 

Statistical Analysis 

The data were analyzed by one-way analysis of variance with post-hoc 

comparison by Tukey's test. A comparison between two groups was performed by 

pairwise analysis using Student's t test. 



RESULTS 

1. Selection of time interval between detailed study and castration 

Justification for using one day castrated rats: ventral prostate weight 

To select the animal model to be used in this study, the effect of castration on 

ventra·1 prostate weight was measured. Adult male rats were killed 1, 2, 4 and 7 

days after castration and the ventral prostate weight was recorded. As shown in 

Figure 1, the prostatic weight decreases rapidly within 7 days. Involution is evident 

by 4 days after castration. Since 24 h after castration the weight of the prostate was 

comparable to intact controls, testosterone levels were measured to confirm the 

disappearance of testosterone from blood 24 h after castration (shown in the next 

section). Therefore the studies on AR autoregulation were done using the 24 h 

castration period since it provides a model with negligible endogenous androgen 

and no major changes in the structure of the prostate gland were detected when 

compared to intact animals. 
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Figure 1 : Effect of castration on rat prostate weight over a 7 day period. 

After decapitation, ventral prostates were rapidly removed and placed 

in ice-cold buffer. The visible fat was removed, tissue specimens 

were lightly blotted on an absorbent paper and then weighed. 

Each bar represents prostate mean weight (n=12) ± SE. 

* Denotes statistically difference from the intact control (p< 0.01 ). 
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Serum testosterone in adult animals: effect of castration 

The serum testosterone concentration (mean± SE) for intact rats was 3.68 ± 

0.33 ng/ml. Castration decreases the serum testosterone levels to nearly negligible 

values in the course of 24 h (< 0.02 ng/ml). One hour after an i.p. injection of 

400µg/1 00 g body wt. of testosterone to one day castrated rats, serum testosterone 

levels were greater than 16 ng/ml. 

2. Establishment of conditions for AR binding and immunocytochemical 

measurements. Studies of AR changes after various treatments 

Establishment of optimal androgen receptor binding conditions 

The establishment of optimal conditions for AR binding measurements was 

required prior to the studies of testosterone effect in vivo. Since the AR would be 

partially in the unoccupied form while some of it would be bound to the administered 

testosterone, the bound testosterone would have to be exchanged with the 3H-ligand 

for an accurate assay. To exchange the ligand bound to AR, both the time and the 

temperature were examined by using kinetic curves at a saturating concentration of 

5 nM of 3H-mibolerone. Comparison of cytosolic and nuclear AR binding levels 

between castrated, testosterone-treated and intact controls were carried out as 

shown in Fig. 2 and 3. In the absence of testosterone treatment, the binding of 



Figure 2: Time course and kinetic curves of t'H]-mibolerone-cytosolic AR 

complexes. Cytosolic fractions from castrated animals treated with 

vehicle (ethanol:saline, 0), testosterone (400 µg/100 g body wt., 0 + 

T), and intact rats use_d as controls were incubated with 5 nM [3H]

mibolerone for 20 h at the temperatures indicated in the top left 

corner (□) 4°C, (.A.) 15°C, ( ■) 22°C, (Li) 30°C. The curves show the 

specific binding measured in aliquots of 200µ1 taken at various time 

points from parallel incubations in the presence or in the absence of 

unlabeled mibolerone. Unbound mibolerone was removed by DCC. 

Each time point represents the average of three different exp~riments. 
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Figure 3: Time course and kinetic curves of t'H]-mibolerone-nuclear AR 

complexes. 

Purified nuclear fractions from castrated animals treated with vehicle 

(ethanol:saline, 0), testosterone (400 µg/100 g body wt., 0 + T), and 

intact rats used as controls were incubated with 5 nM [3H]-mibolerone 

for 20 h at the temperatures indicated in the top left corner (□) 4°C, 

(.A.) 10°C, ( ■) 15°C, (~) 22°C. The curves show the specific binding 

measured in aliquots of 200µ1 taken at various time point from parallel 

incubations in the presence or in the absence of unlabeled 

mibolerone. Unbound mibolerone was removed by washing with 

nuclear buffer and by ethanolic extraction. Each time point represent 

the average of three different experiments. 
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3H-mibolerone in the cytosol appeared to be most stable at 4°C but underwent some 

decrease over time at 15°C. However, the stability of binding at 22°c and 30°C was 

low. In the presence of testosterone, 15°C for 20 h appeared to provide the best 

binding conditions in the cytosol. The difference between cytosol binding in 

testosterone treated animals at 15°C and 4°C was 80 fmole/-mg protein versus 50 

fmole/ mg protein, respectively (Fig. 2). The data obtained does not show any 

difference between nuclear binding at 4° C, 10° C and 15°C in castrated rats (Fig. 3). 

However, once again the use of 10°c and 15°C gave better results as compared to 

4°C in nuclear binding in the presence of testosterone (480 fmole/ mg DNA at 15°C 

vs 360 fmole/ mg DNA at 4°C). The higher values at 10°c and 15°C in the cytosol 

and the nucle( as compared to 4°C were, in all probability, due to exchange of the 

bound testosterone with the labeled ligand. Because of the lower stability of the 

cytosolic AR· receptor in the absence of endogenous testosterone at higher 

temperatures and the need of comparing treated groups with untreated groups, 

subsequent measurements were done at 4°C for 20 hours clearly recognizing that 

the increase in AR levels were ah underestimation in the presence of testosterone. 

Androgen receptor binding studies in the presence or absence of the 

protein synthesis inhibitor cyc/oheximide 

The administration of 400µg/100 g body wt of testosterone to adult rats 24 h 

after orchidectomy resulted in depletion of cytosolic AR binding (Fig. 4A) accompa-



Figure 4: Effect of testosterone and cycloheximide on cytosolic (A) and 

nuclear (B) AR binding levels. 

Groups of male rats castrated 24 h earlier (n=6) received testosterone 

( 400µg /1 00g body wt) or cycloheximide ( 400µg /1 00g body wt) 1 h 

prior to decapitation. The AR binding was obtained from Scatchard 

analysis of the seven-point saturation binding curve. Data from five 

experiments was analyzed by ANOVA with a *p value < 0.05 for 

significant differences between the testosterone in conjunction with 

cycloheximide group and the testosterone group alone. 
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-nied by an increase in nuclear AR binding (Fig. 48). Cycloheximide (400µg/100 g 

body wt. i. p.) by itself did not alter either cytosolic or nuclear AR binding (Fig. 4A 

and 48). However, when administered in the presence of testosteron~, 

cycloheximide significantly (p< 0.05) blocked the nuclear accumulation of AR without 

preventing the depletion of AR binding in the cytosol. Thus, a net reduction in AR 

protein was suggested when te-stosterone and cycloheximide were administered 

simultaneously. However, because of the low stability of ·androgen receptors under 

conditions that permit adequate exchange, this observation needed to be confirmed 

independently. 

Effect of testosterone and cyc/oheximide on AR protein measured by 

immunocytochemistry 

In -order to determine whether the decrease in AR binding corresponded 

effectively to a decrease in AR protein in testosterone and cycloheximide treated 

rats, immunocytochemical analyses were carried out in dissected prostatic ducts. 

Ventral prostates from intact, 1 day castrated rats without treatment, and treated with 

vehicle (1 :1, ethanol:saline) were used as controls (Fig. 5). Studies in which the 

PG-21 peptide antibody was preadsorbed with either the antigenic peptide (first 21 

aminoacids of the rat AR) or with a non-related peptide (aminoacids 462- 478 of the 

rat AR) were done to determine the specificity of PG-21 peptide antibody for AR 

Preadsorption with the non-related peptide (aminoacids 462- 478 of the AR) did not 

interfere with the nuclear staining of prostatic ducts detected with the PG-21 peptide 
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antibody (Fig. SA). However, the absence of nuclear staining in prostatic duct 

sections from intact rats was observed when the antigenic peptide 1-21 was used to 

preadsorb the PG-21 peptide antiserum (Fig. 58). A considerable decrease in AR 

protein was observed in the epithelial cells of rat ventral prostate 1 day after 

castration (Fig. 5D), when compared to intact animals (Fig. SC). In addition, a few 

autophagic vacuoles were observed in some epithelial cells. The amount of AR 

✓ 

staining in castrated rats was restored after the administration of testosterone for 1 

hour (Fig. SE) and the intensity of this staining was comparable to that found in 

untreated intact rats (Fig. SE vs SC). Neither the vehicle (Fig. SF) nor cycloheximide 

(Fig. SH) treatments brought about significant differences in AR staining when 

compared to the staining profile of castrated rats alone (Fig SF, SH vs 4D). 

However, the augmented AR immunostaining observed with testosterone was 

appreciably reduced when the androgen was administered simultaneously with 

cycloheximide, suggesting a net loss of AR (Fig. 5G). Because of the light 

counterstaining with hematoxylin it became difficult to quantify the immunostaining 

using an image processor. In an attempt to quantify the changes observed in AR 

immunostaining, four different researchers were asked to independently rank the 

---intensity of the staining from absenUlight, medium, dark, up to very dark, without 

knowing the source of the prostate tissue. Each researcher concluded that Fig SA 

was very dark, 58 was absenUlight, SC and SE were very dark, 5D, SF and SH were 

medium and that 5G was dark (Table 1). 



Figure 5: lmmunocytochemical localization of AR in dissected rat ventral 

prostate ducts. 

In control studies, the staining disappears when the antibody is 

absorbed with the antigenic peptide (A), but not when the non-related 

peptide was used (B). 8 µm frozen sections from intact (C) and 24 h 

castrated rats ( D) treated with testosterone ( 400µg/1 00g body wt.), 

(E), vehicle (F), cycloheximide (400µg/1 00g body wt.) (H) and 

testosterone in conjunction with cycloheximide (G) were stained with 

the polyclonal AR antibody. Intact animals have a strong AR staining 

in the epithelial cells that is greatly reduced 24 h after castration. 

Testosterone considerably increased AR staining, whereas 

cycloheximide decreased thjs response. Sections were lightly 

counterstained with hematoxylin. Magnification, 40x. \ 
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Table 1 Semiquantitative evaluation of the degree of staining at distal 

tips of prostatic ducts. 

* Data independently evaluated by 4 individuals without prior 

knowledge of treatment. 

Ranking of amount of staining: absent or very light, O; moderate, +; 

dark, ++; very dark, +++. 



Table I 

Semiquantitative evaluation of the degree of staining 

at distal tips of prostatic ducts. 

Amount of Staining* 

Preadsorption of antibody with non related peptide (Fig. SA) 

Preadsorption of antibody With 1-21 peptide (Fig. 58) 

Intact animals - no treatment (Fig. SC) 

Castrated animals (Fig. 5D) 

Castrated animals treated with testosterone for 1 h (Fig. SE) 

Castrated animals treated with vehicle (Fig. SF) 

Castrated animals treated with cycloheximide and testosterone 

(Fig. SG) 

Castrated animals treated with cycloheximide (Fig. SH) 
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Effect of testosterone and the transcription inhibitor actinomycin D on AR 

protein measured by immunocytochemistry 

In order to investigate whether actinomycin D could alter the AR protein 

pattern observed after castration and testosterone supplement, the AR 

immunoreactivity along the prostatic ducts was examined in the presence of 

actinomycin D (300µg/1 00g body wt. i.p.) (Fig. 6). The results showed that the 

reduced AR staining observed 24 h after castration (Fig. 6A), or the augmented AR 

staining obtained in prostatic ducts after androgen treatment (Fig. 6C), did not 

change with actinomycin D by itself (Fig. 68) or in conjunction with testosterone (Fig. 

6D). 

AR immunostaining in proximal ducts 

It should be noted that changes in AR immunostaining were most prevalent 

at the distal tips of the prostatic ducts. Thus, the representative sections shown in 

Figures 5 and 6 corresponded to the distal portions. In contrast, the proximal duct 

showed a lack of AR staining 24 h after castration and testosterone did not increase 

AR immunostaining alone or in the combined treatment with cycloheximide (Fig. 7). 



·Figure 6: Effect of actinomycin D in the immunocytochemical localization 

of the AR in dissected prostatic ducts. 

24 h castrated rats were treated with vehicle (A), testosterone 

(400µg/1 00g body wt) (8), actinomycin D (300µg /1 00g body wt) (C) 

or both (D). Actinomycin D did not change the increased AR staining 

observed with testosterone. Intact animals were used as control for 

the intensity of the AR staining, a representative section of which is 

shown in Fig. SC. Sections were lightly counterstained with 

hematoxylin. Magnification, 40x. 
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Figure 7: Effect of testosterone on the immunocytochemi'cal localization of 

the AR in the pro?(:imal t'-lbe of prostatic ducts. 

24 h castrated rats. treated with testosterone alone ( 400µg/1 00g body 

wt) (A) or in conjunction with cycloheximide ( 400µg/1 00g body wt) (B) 

did not increase AR staining in the . proximal tubes of rat ventral 

prostate. Sections were lightly counterstained with hematoxylin. 

Magnification, 40x. 
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3. Experiments involving changes in steady state AR mRNA levels after 

various treatments · 

Regulation of AR mRNA · by testosterone and actinomycin D 

In order to determine the transcriptional regulation of AR mRNA levels by 

testosterone, Northern blot analyses were performed in ventral prostate from rats 

treated with testosterone alone or with actinomycin D. Experiments using pooled 

prostatic tissue (n=6), showed that AR mRNA levels did not differ between castrated 

rats receiving vehicle, testosterone, actinomycin D, or testosterone administered 

simultaneously with actinomycin D (Fig. 8) 

Regulation of AR mRNA by testosterone and cycloheximide 

In a subsequent series of experiments, Northern blot analyses were carried 

out in the presence of cycloheximide in order to determine whether changes in AR 

protein were paralleled by corresponding changes in the steady state AR mRNA 

levels (Fig. 9): Initial experiments using pooled tissue indicated that cycloheximide 

alone did not alter the AR mRNA levels in the ventral prostate (vehicle control 100%; 

cycloheximide 96.8±15% ). However, when cycloheximide was administered along 

with testosterone, the levels of AR mRNA were dramatically reduced (8.5±1.1 % of 

vehicle controls). These experiments were repeated in individual animals ( 4 rats per 

group) to permit statistical analysis (Fig. 9). When the AR mRNA densitometric 

units obtained in samples from castrated rats (lanes 17 -20) were compared to the 



Figure 8: Effect of actinomycin D in the steady state AR mRNA levels in 

pooled tissue from ventral prostate of one day castrated rats. 

One hour prior to decapitation animals (n=6) received either (1) 

ethanol-saline vehicle, (2) testosterone (400µg/1 00g body wt), (3) 

actinomycin D (300µg/1 00g body wt) or (4) both. For Northern blot 

analysis, 3µg of poly A+ RNA per experimental group were hybridized 

to 32P-AR cDNA and f3-actin cDNA probes. 
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Figure 9: Effect of testosterone and cycloheximide in the steady state AR 

mRNA levels in ventral prostate of one day castrated rats. 

One hour prior to decapitation experimental groups of 4 rats received 

either (1) ethanol-saline vehicle, (2) testosterone (400µg/1 00g body 

wt), (3) cycloheximide (400µg/1 00g body wt) or (4) both. For 

Northern blot analysis 3µg of poly A+ RNA per sample were 

hybridized to [32P] AR, J3-actin cDNA probes and to 28S rRNA 

al igoprobe. 
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AR mRNA densitometric units obtained in samples from intact animals (lanes 21-

24 ), we found that 24 h castration caused an increase in the AR mRNA levels by 7 

fold ( p< 0.02 ). 

Since p-actin levels have been shown to increase in ventral prostate after 

castration (Blok et al., 1992a), p-actin is not considered a valuable tool to normalize 

the mRNA data. In this study, we observed an increase of two-fold in p-actin mRNA 

24 h after castration ( densitometric units of lanes 21-24 vs densitometric units of 

lanes 17-20, Fig 9). The increase in P-:actin was 99 ± 25 % (mean ± SE; castrated 

79.7% and intact 40.3%) when normalized to the 28S rRNA and compared to intact 

animals (Fig. 10). However, none of the treatments altered 13.-actin levels at 1 h 

when compared to the 28S rRNA (lanes 1-16 of Figs. 9 and 10). The 28S rRNA was 

not initially used because this was residual 28S rRNA left after the preparation of 

poly A+ RNA. However, it served the valuable purpose of validating the p-actin 

normalization., Thus, for the purpose of controlling the RNA loads and the quantity 

of RNA transferred, p-actin was used to normalize the AR mRNA data (Fig 11A). 

The main reason for this normalization was to make sure that any observed 

decrease in AR mRNA levels was not due to lower RNA loads or incomplete RNA 

transfer. 

Treatment of castrated rats with a single injection of testosterone did not 

modify AR mRNA levels when compared to the vehicle group (p > 0.05, normalized 

densitometric units from Fig. 9, lanes 5-8 vs lanes 1-4, Fig. 11 A). Cycloheximide 

alone did not change AR mRNA levels when compared to castrated rats treated with 



Figure 10: Validation of the use of J3-actin for normalization of the AR mRNA 

levels. 

The steady-state levels of p-actin shown in Figure 9 were normalized 

against 28S rRNA. While castration increased p-actin mRNA levels 

compared to intact animals (*p = 0.01 ), none of the treatments after 

castration affected these levels within 1 h. 
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Figure 11 : AR mRNA levels after 1 h of various treatments normalized 

using (3-actin (A) and without normalization (B). 

The densitometric data obtained from Figure 9 was normalized against 

(3-actin (A) or not normalized (B) and statistically analyzed by ANOVA. 

* Denotes a significant difference with a p value < 0.05 compared to 

testosterone alone group. 
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either vehicle or testosterone (p> 0.05 normalized densitometric units from Fig. 9, 

lanes 9-12 vs lanes 1-4 and 5-8, Fig. 11 A). The AR mRNA levels decreased 

significantly when testosterone was administered in conjunction with cycloheximide 

in contrast to vehicle, testosterone alone and ·cycloheximide alone treated groups 

(p< 0.05, normalized densitometric units from Fig. 9, lanes 13-16 vs lanes 1-4, 5-8 

and 9-12, Fig. 11A). These decreased AR mRNA levels were comparable with 

those observed in ventral prostate of intact adult male rats (lanes 13-16 vs lanes 21-

24, Fig 9). • The use of 28S rRNA oligoprobe to normalize the AR mRNA data 

confirmed these results. Furthermore, analyses of the data without normalization 

" did not alter these results (Fig. 11 B, the combined treatment of testosterone and 

cycloheximide decreased AR rnRNA, p=0.0012 vs testosterone alone). 

4. Validation of conditions for preparation of ventral prostate polysomes 

and attempts to evaluate AR translation after testosterone treatment 

Prostatic polyribosome profiles 

Since testosterone induces a net increase in AR protein and the 

polyribosomes are the site of protein synthesis within the cell, experiments were 

designed with the purpose of understanding androgen regulation of AR mRNA in 

prostatic polyribosomes. The first criterion used to assess the integrity of the 

isolated polyribosomes was their sedimentation characteristics, or so-called 

polyribosome profiles, on 15-55% linear sucrose gradients. Figure 12 shows ,the 
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absorbancy profiles of polyribosomes i~olated from control and testosterone treated 

rats. The largest peak corresponds to 80 S monosomes, and polysomes of up to 9 

monosomes can be discerned~ Identical profiles were found for the polysomes from 

control and testosterone treated animals. 

Kinetics of 35S methionine incorporation in a cell-free system containing 

isolated polyribosomes 

The second criterion used to assess the integrity of the isolated 

polyribosomes was their capability to synthesize protein (Fig. 13). The ability of 

isolated polysomes to carry out protein synthesis was tested by measuring the 

kinetics of incorporation of [35S] methionine into hot trichloroacetic acid-insoluble 

material in a cell-free system in the presence of ~ -mGS'p, an inhibitor of translation 

initiation. Similar results were obtained using a rabbit reticulocyte or a wheat germ 

cell free-system, thus the results shown in Fi'gure 13 are representative using wheat 

germ. Polyribosomes from control as well as from testosterone treated, can direct 

protein synthesis in vitro to the same extent. Differences in AR synthesis between 

control and testosterone treated polysomes could only be demonstrated by further 

purification of the AR protein synthesized by immunoprecipitation. However, 

numerous attempts to do this were unsuccessful presumably due to the small 

amount of protein synthesized. 



Figure 12: Sedimentation profile of rat ventral prostate polysomes in a 

continuous sucrose gradient. 

Fractions were collected from the top, sedimentation is left to right. 25 

A2so units were layered over a linear sucrose gradient (15-55%) and 

centrifuged for 6-8.5 hat 27,000 rpm in a Beckman SW 28 rotor. After 

centrifugation, the absorbancy at 254 nm was monitored by a ISCO 

fractionator coupled to an UV monitor. Testosterone treatment does 

not change the polysome profile observed in ventral prostate of 24 h 

castrated rats. 
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Figure 13: Kinetics of peptide elongation using [35S] methionine. 

10 A2so units of polysomes were used in each translation reaction and 

aliquots were taken at various times during 1 h incubation. Labeled 

aminoacid incorporation into newly synthesized proteins was 

detected by measurement of radioactivity in hot trichloroacetic acid

insoluble material. Each point on the curve represents the mean of 

measurements in duplicate in 2 different polysomal preparations for 

each group. 
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Therefore a different approach was taken to address the question. Since 

there is a net increase in AR protein in ventral prostate after testosterone treatment, 

without an increase in the efficiency of translation, we reasoned that AR translation 

should be proportional to AR mRNA sequestered in polysomes, the site of 

translation. Thus, AR mRNA levels were next examined in ventral prostate 

polysomes from control and testosterone treated rats. 

Detection of AR mRNA _in polyribosomes by RT-PCR 

To determine whether AR mRNA was associated with polyribosomes, total 

RNA was isolated from polysomes and a 644 bp AR cDNA fragment was amplified 

by RT-PCR. As shown in Figure 14, RT-PCR showed the correct signal size and 

therefore, AR mRNA was shown to be present in polyribosomes. The use of two 

different pools of polysomal RNA for each group and same RNA loads quantified by 

A2so, suggested that treatment with testosterone increases AR mRNA levels by 

~50% in isolated polyribosomes ( densitometric units of ethidium bromide staining ± 

SE; 392 ± 81 in vehicle and 614 ± 31 in testosterone-treated). Attempts to do 

quantitative competitive RT-PCR using an exogenous internal standard for AR 

mRNA and for the 28 S rRNA to control for RNA loading were unsuccessful due to 

the very high levels of the 28S rRNA and very low levels of AR mRNA. Future 

studies to solve this problem could involve the running of RT-PCR reactions in 

separate tubes for the AR mRNA and 28S rRNA using the same RNA stock. The 

ribonuclease protection assay (RPA) was used as an alternative approach with the 



Figure 14: Localization of AR mRNA in ventral prostate polysomes by RT

PCR analysis. 

Total RNA was extracted from prostatic polysomes from two different 

polysomal pools and then 1 µg was used to amplify a 644 bp AR DNA 

fragment by RT-PCR as described in Materials and Methods. The bar 

graph shows the results of the quantitation using densitometric units of 

ethidium bromide staining on the agarose gel. 
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consideration that it is a very sensitive procedure to detect and quantify mRNA 

species in a com·plex mixture of total RNA 

Ribonuc/ease protection assay of AR mRNA in polyribosomes of control 

and testosterone treated rats 

In order to further determine whether testosterone induced changes in the 

levels of AR mRNA associated with total isolated polyribosomes, RPA for AR mRNA 

were performed. Polysomal RNA samples were analyzed in triplicate pools for each 

treatment group. Attempts to perform RPA for 28 S rRNA in the same reaction 

encountered the same problem previously observed during RT-PCR. Excess of 28 

. S rRNA hindered the detection of minute amounts of AR mRNA. Therefore the 

measurement of the level of 28 S rRNA and AR mRNA could not be performed 

simultaneously. 

One of two aliquots obtained from each RNA stock solution was analyzed for 

the amount of RNA loading using an oligoprobe against 28S rRNA on separate slot 

blots of serial RNA dilutions from 2 µg up to· 0.01 µg. The other aliquot was used for 

measurement of AR mRNA by RPA. Figure 15A demonstrates the autoradiograms 

detecting the AR mRNA specific protected fragment, Figure 158 shows the non

specific fragment using the sense riboprobe and Figure 15C displays the total RNA 

loaded per assay. Results of these experiments show that testosterone increases 

AR mRNA in polyribosomes by 50% when the densitometric units from the protected 

fragment in samples of each group were normalized to 28 S rRNA to control for RNA 

loads (Fig. 15D). 



Figure 15: AR mRNA levels in polyribosomes measured by ribonuclease 

protection assay. 

(A) autoradiogram of the protected AR mRNA fragment (225 bp) using 

2µg of polysomal RNA per assay and the specific antisense riboprobe. 

Polysomal RNA samples were analyzed in triplicate pools for each 

treatment group, testosterone (1, 2, 3), vehicle (4, 5, 6), poly A+ RNA 

preparations from rat ventral prostate w~re used as a positive control 

(7, 8) and yeast RNA (9) was used as a negative control. The 

specifically protected AR band is indicated by an arrow. 

(8) autoradiogram of the non-specific fragment detected when using 

2µg of polysomal RNA per assay and the sense riboprobe. 

(C) autoradiogram of a representative slot blot used to control for 

amount of RNA loads. Serial dilutions of RNA aliquots (0.20µg -

0.02µg) from the same polysomal pools used in (A), testosterone (1, 2, 

3) vehicle ( 4, 5, 6) were quantified using an oligoprobe against 28S 

rRNA. 

(D) Graph showing the average of the three pools, expressed as a 

percentage of total 28S rRNA per group. 
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5. Examining the possible role of c-fos in regulation of androgen 

receptors 

68 

Androgen regulation of AR protein in the presence or in the absence of 

cyc/oheximide after 3 h of treatment 

The objective of this study was to establish the time period when AR levels 

recover from the effects of cycloheximide in rats castrated for 24 hand treated with 

testosterone and cycloheximide. A previous study with limited data based on 

cytosolic AR had suggested that 3 h may be an appropriate time of study (Steinsapir 

et al., 1985). Therefore, the effects of testosterone in the presence of cycloheximide 

were investigated 3 h after their administration by immunocytochemical analyses of 

the prostatic ducts and compared with animals that received no treatment. 

The two control groups, vehicle (Fig. 168) and cycloheximide (Fig. 16C) 

alone, did not change the low AR levels observed 24 h after castration. However, 

after 3 h of testosterone treatment (Fig 16D) AR levels still were maintained at levels 

similar to what was found previously after 1 h of treatment (Fig. SE). In contrast to 

the 1 h study, cycloheximide did not block the androgen-induced upregulation of AR, 

indicating that by 3 h the tissue had recovered from the effects of cycloheximide with 

respect to AR (Fig 16E). 



Figure 16: lmmunocytochemical detection of AR in the ventral prostate of 24 

h castrated rats that received various treatments for 3 h. 

AR was detected in the epithelial cells of prostatic ducts of 24, h 

castrated rats after 3 h of treatment with vehicle (ethanol:saline) (8), 

cycloheximide ( 400µg/1 00g body wt) (C), testosterone ( 400µg/1 00g 

body wt) (D) and testosterone in conjunction with cycloheximide (E) 

using the avidin-biotin peroxidase method. (A) shows the preaqsorbed 

control. Sections were lightly counterstained with hematoxylin. 

Magnification, 40x. 
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_A: Control 

B: Vehicle C: Cycloheximide 

D: Testosterone E: Testosterone+ Cycloheximide 
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Androgen regulation of AR mRNA in the presence or in the absence of 

cycloheximide after 3 h of treatment 

To determine whether transcription of the AR gene accounted for the AR 

protein levels observed 3h after testosterone treatment in the presence or in the 

absence of cycloheximide, AR mRNA levels were determined by Northern blot 

analyses. As shown in Figs. 17 and 18, AR mRNA steady-state levels were higher 

in the ventral prostate of animals treated with testosterone in conjunction with 

cycloheximide, as compare~ to the remaining groups. The_ normalized data (Fig. 18) 

shows that the combined treatment is statistically different (p = 0.017) from the 

vehicle control. Thus, after 3 h of treatment AR mRNA levels were increased 

accompanied by an increase in AR protein levels. 

c-f os immunocytochemistry 

To determine if androgens regulated c-fos expression in the prostate, it was 

necessary to show the occurrence of c-fos in the target cell of androgen action, 

namely the epithelial cells of the ventral prostate. Random sections of prostatic 

tissue, as seen in Figure 19A, show that c-fos protein is primarily localized in the 

nuclei of the epithelial cells, as is the case with AR. The lack of nuclear staining in 

the preadsorbed sections (Fig 198) indicates the specificity of c-fos staining. 



Figure 17: Northern blot analysis of AR and c-f os mRNA in ventral prostate of 

one day castrated rats given various treatments for 3 hours. 

3µg of poly A+ RNA loaded in each lane were transferred to a nylon 

membrane and sequentially hybridized with 32 P labeled AR, c-fos and, 

p-actin cDNA probes. This experiment was performed in duplicate. 
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Figure 18: Normalization by f3-actin of AR mRNA levels after 3 h of treatment 

The densitometric data obtained from Figure 17 was normalized 

against f3-actin and statistically analyzed by ANOV A. 

* Denotes a significant difference with a p = 0.017 compared to the 

vehicle control group. 
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Figure 19: lmmunocytochemical localization of c-f os in rat ventral prostate. 

(A) The control shows the staining specificity when the c-fos polyclonal 

antibody was adsorbed with the antigenic peptide. 

(B) Random sections were incubated with c-fos antiserum and revealed 

with the avidin-biotin peroxidase method. Magnification, 40x. 
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Androgen regulation. of c-f os protein in the presence or in the absence of 

cyc/oheximide after 1 h and 3 h of treatment 

Since AR expression changes dramatically from 1 h up to 3 h with a 

combination of testosterone and cycloheximide treatment, the changes in c-fos were 

investigated at these time points. Figure 20 shows the Western blot analysis of total 

c-fos protein levels in prostate lysates from vehicle control, testosterone, 

cycloheximide and testosterone with cycloheximide treated groups at 1 h and 3 h 

after various treatments. Using a polyclonal antibody, higher levels of c-fos 

(immunoreactive protein band of 55 kDa) were found in the combined treatment after 

1 h, when compared to androgen treatment alone. The c-fos band was eliminated 

by preincubation of the primary antibody with an excess of antigenic peptide, 

confirming the specificity of the immunoreaction. 

The results in figure 20 normalized with tubulin show c-fos levels of _1.35, 

2. 70, 1.27 and 3.25, in vehicle, testosterone, cycloheximide and combination· of 

testosterone and cycloheximide treatment respectively at 1 h and 1.27, 1.36, 0.52 

and 1.68, respectively at 3 h. An increase of 120% is found in c-fos in the presence 

of cycloheximide and testosterone at 1 h, as compared to the testosterone group. At 

3 h the c-fos levels in the combined group are decreased to 51. 7% of the 1 h value 

showing lowered c-fos levels at a time when AR and AR mRNA levels have 

recovered from the effects of cycloheximide. 

In spite of a clear indication of increased c-fos levels in the testosterone and 

cycloheximide treatment at 1 h and a reduction from this at 3 h shown in figure 20, 



Figure 20: Western blot analysis of c-fos in ventral prostate of on~ day 

castrated rats that received 1 h and 3 h treatments using a 

polyclonal antibody. 

30µg of total protein from tissue lysates were electrophoresed in a 4 -

20% gradient minigel and transferred to a PVDF membrane. The blot 

was incubated with a c-fos polyclonal antibody and with a monoclonal 

antibody against tubulin to check for consistency in loading and 

transfer. The specificity of the immunoreaction was verified by 

preadsorption of the c-fos antiserum with c-fos antigenic peptide. The 

reactive bands were visualized using enhanced chemiluminescence 

(ECL). 
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the use of orily one pooled sample for analysis and the small percentage increase at 

1 h over testosterone required confirmation. Therefore, the experiment was 

repeated and a c-fos monoclonal antibody was used to detect c-fos {Fig. 21 ). In this 

experiment the testosterone cycloheximide treated group showed a 170% increase 

in c-fos {testosterone+ cycloheximide standardized against tubulin: 162.44, versus 

testosterone alone: 95.31 ). 

Androgen regulation of c-f os mRNA in the presence or in the absence of 

cycloheximide after 1 h and 3 h of treatment 

Cycloheximide is well known to increase the stability of c-fos mRNA transcripts 

{Edwards and Mahadevan, 1992). · Figure 22 shows the results of Northern blot 

analysis of steady-state c-fos mRNA levels in the rat ventral prostate of a 24 h 

castrated rat treated for 1 h. Testosterone decreased c-fos mRNA levels {Fig 22, 

lanes 5-8). Cycloheximide when administered alone {Fig 22, lanes 9-12) or together 

with testosterone {Fig 22, lanes 13-16) significantly increased c-fos mRNA levels {p< 

0.001 ). Furthermore, when c-fos mRNA densitometric units obtained from 

cycloheximide alone were compared to the c-fos mRNA densitometric units obtained 

from testosterone in combination_ with cycloheximide, it was observed that the 

combined treatment caused a further increase in c-fos mRNA levels, however due to 

high intensity values in the autoradiogram and inter-animal variability in the 

cycloheximide group, this increase was not statistically significant {Fig. 22, lanes 13-

16). Undetectable levels of c-fos mRNA were obtained in intact or in castrated 



Figure 21: Western blot analysis of c-fos in ventral prostate of one day 

castrated rats that received 1 h treatments using a monoclonal 

antibody. 

1 00µg of total protein from tissue lysates were electrophoresed in a 

10% standard gel and transferred to a PVDF membrane. The 

membrane was incubated with a monoclonal c-fos antibody and with a 

monoclonal antibody against tubulin to check for consistency in loading · 

and transfer. lmmunodetection w~s performed with ECL. 
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Figure 22: Northern blot anal_ysis of c-fos mRNA in ventral prostate of one 

day castrated rats that received 1 h treatments. 

3µg of poly A+ RNA loaded in each lane were trans~erred to a nylon 

membrane ·and sequentially hybridized with 32 P labeled c-fos and J3-

actin cDNA probes. RNA was isolated from four individual animals for 

each treatment group. 
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c-tos mRNA 

B-actin mRNA 
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untreated rats (Fig. 22, lanes 17-24). The normalized data that confirmed these 

observations is shown in Figure 23 using f3-actin. 

The superinduction of c-fos mRNA levels by cycloheximide alone or in the 

presence of testosterone was greatly decreased after 3 h, as shown in Figure 17 

and the normalized data in Figure 24. In contrast to the 1 h values, the c-fos mRNA 

levels in the cycloheximide + testosterone group were marginally lower to those of 

cycloheximide alone. Densitometric units obtained from the Northern blot in Figure 

17 were normalized against f3-actin (Fig. 24). 

6. Influence of age on AR mRNA and c-fos mRNA levels 

Previous observations of AR mRNA levels in the liver have been shown to be 

dependent on 1the age of the animal (Song et al., 1991; Suparkar et al., 1993). Since 

experiments performed in this laboratory (Figs. 22 - 24) suggested that steady-state · 

c-fos mRNA levels were modulated by testosterone, it was of interest to examine AR 

mRNA and c-fos mRNA levels in the ventral prostate at different ages during male 

rat sexual maturation. 



Figure 23: Normalization by J3-actin of c-fos mRNA levels after 1 h of 

various treatments. 

The densitometric data obtained from Figure 21 was normalized 

against J3-actin and statistically analyz;ed by ANOV A. * denotes a 

significant difference with a p value < 0.05 compared to testosterone 

alone group. 
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Figure 24: Normalization by ~-actin of c-f os mRNA levels after 3 h of 

treatment 

The densitometric data obtained from Figure 17 was normalized 

against p-actin mRNA levels and statistically analyzed by ANOV A. 

* Denotes a significant difference with a p < 0.001 compared to the 

vehicle control group. 
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Serum testosterone levels in animals with different ages 

Studies of AR and c-fos mRNA were carried out on rats of different ages 

during sexual maturation. To correlate the levels of AR mRNA with circulating 

androgens, serum testosterone concentrations (mean± SE) for intact rats at 25, 35, 

45, 55, 69 and 85 days old were measured by RIA Adult levels of serum 

testosterone ( > 3.5 ng/ml ) in rats are reached 55 days after birth (Fig. 25). 

Age dependent changes in AR mRNA and c-fos mRNA levels 

To examine the possibility that testosterone modulates c-fos and AR mRNA 

during sexual maturation, Northern blot analyses were performed in ventral prostate 

of rats of varying ages (Figs. 26 and 27). c-fos mRNA is expressed at basal levels in 

animals of all ages (Fig 26); thus, no further quantification was made. AR mRNA 

increases in older animals and does not parallel testosterone levels, since at 55 

days rats reach adult serum testosterone levels (Fig. 25), although AR mRNA levels 

are still low. The Northern blot data of AR mRNA was normalized to 28S rRNA (Fig 

27), since ~-actin mRNA changes during development. 



Figure 25: Serum testosterone levels in intact male rats of varying ages. 

Testosterone levels were measured on serum of rats during sexual 

maturation by RIA. 

Each bar represents serum levels (n=4) of samples in duplicate ± 

SE. * Adult serum testosterone levels are reached 55 days after 

birth. 
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Figure 26: Northern blot analysis of AR and c-fos mRNA in ventral prostate of 

intact animals of varying ages. 

3µg of poly A+ RNA isolated from intact animals (25, 35, 55, 69 and 

85 days after birth) were analyzed by Northern blot. The blot was 

sequentially hybridized to 32P AR cDNA probe, c-fos cDNA and 28S 

rRNA oligoprobe. 
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Figure 27: Quantification of AR mRNA levels_ in ventral prostate of rats of 

different ages. 

Densitometric units from Figure 26 were normalized against 28S 

rRNA levels and analyzed by ANOVA. 

* Denotes a significant difference with a p value < 0.01 compared to 

the other age groups. 
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DISCUSSION 

1. Uniqueness in the regulation of androgen receptors 

Circulating androgens continuously regulate the growth and the· secretory 

activity of the prostate gland. Therefore, a fine regulatory mechanism of the AR 

which dictates androgen sensitivity must be operational to prevent overgrowth or 

oversecretion. Evidence obtained during recent years has demonstrated that the 

steady state levels of AR mRNA are elevated after androgen withdrawal, as 

measured by Northern blots (Krongrad et al., 1991 ; Burgess and Handa 1993; Shan 

et al., 1990; Block et al., 1992a). However, in spite of this increase in AR mRNA, AR 

protein decreases with time after androgen depletion, resulting in a decrease in 

tissue sensitivity (Greenstein, 1979; Prins and· Birch, 1993). This decline in AR 

protein and tissue responsiveness can be reversed by androgen administration, 

! 

while the increased post-castration AR mRNA returns to intact levels (Quarmby et 

al., 1990). However, Takeda et al. (1991) suggested that- down-regulation after 

testosterone treatment was artifactual, since by using in situ hybridization to assess 

changes in AR mRNA in mouse and rat prostate they found that post-

86 
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castration levels of AR mRNA were significantly reduced and androgen replacement 

up-regulated the receptor message. Furthermore, androgens in LNCaP cells 

increased the half-life of AR mRNA (3.4 h up to 6.8 h), however, they decreased its 

rate of transcription initiation, an effect that overall caused a decrease in. the steady 

state levels of AR mRNA (Wolf et al., 1993). Although several investigators have 

studied androgen regulation of AR expression, the mechanism is still not clearly 

understood. These findings have lead to the idea that androgens act at both 

transcriptional and post-transcriptional levels to regulate AR express.ion. However, 

there is a discordant regulation for AR protein and AR mRNA levels. Thus, a further 

clarification of the mechanism of AR autoregulation was the purpose of this study. 

2. Methods of androgen receptor measurement and their limitations 

Although the visualization of steroid receptors with antibodies has revealed a 

predominant nuclear location in target cells (King and Greene, 1984; Gase et al., 

1984; Sar et al., 1990; Prins et al., 1991 ), the biochemical studies still distinguish the 

nuclear and the cytosolic forms; the latter may . be generated during tissue 

homogenization. Based on this biochemical distribution, classical binding assays 

carried out at 4°C cannot account for the total receptor number. Therefore, 

"exchange assays" have been developed to allow dissociation of endogenous 

bound hormone which is replaced by radioactive-labeled steroid to permit the 
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quantification of the total number of binding sites (Anderson et al., 1972; 

Katzenllenbogen et al., 1973). 

Previously reported . AR exchange assays have not used conditions that 

maximize AR stability and minimize AR proteolysis (Bonne and Raynaud, 1976; 

Davies et al., 1977). The results presented here of AR binding studies were 

performed in whole purified nuclei without salt extraction or other procedures for AR 

solubilization that have been previously described (Foekens et al., 1981; Davies, 

1983). This allows an estimation of nuclear AR, without discarding the nuclear 

matrix, which is usually rich in AR binding sites and resistant to salt extraction 

(Barrack and Coffey, 1980). 

The high !ability of AR, clearly shown in the present studies (Figs. 2 and 3), 

has prevented the development of exchange assay for AR in cytosolic and nuclear 

fractions. In the absence of testosterone treatment, unoccupied receptors are not 

stable at temperatures higher than 4°C and their measurement would be 

underestimated. In the presence of testosterone treatment, some of the receptors 

are occupied and 4°C does not permit adequate exchange, therefore there is an 

underestimation. Because there appears to be an increase· in total AR after 

testosterone treatment (Fig. 4), measurements were made at 4°C to avoid 

underestimation in the controls, recognizing at the same time that the values after 

testosterone treatment were underestimated. To determine changes in the total AR 

protein levels, immunocytochemical methods were developed for additional 

reinforcement and confirmation of receptor binding studies. 
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3. AR changes after testosterone in the presence or absence of the 

protein synthesis inhibitor cycloheximide 

Since the mechanism by which androgens regulate AR an~ tissue 

responsiveness is not clear, the participation of protein synthesis in the androgen· 

regulation of AR expression was investigated. These studies were conducted on 

the prostate gland while it was still highly responsive to androgens (24 h after 

castration). Testosterone administered i.p. within 1 h caused the expected 

biochemical redistribution of AR binding sites: increase in the nuclear fraction and 

decrease in the cytosolic fraction (Fig. 4). According to the two-step-model 

proposed by Jensen. et al. (1.968) and Gorski et al. (1968), this redistribution was 

previously considered to be translocation .of bound AR, however, the nuclear 

localization of the native unbound receptor changed this conc~pt. 

An important finding of this .dissertation was that the use of cycloheximide, 

which stops protein synthesis by inhibiting the peptidyl transferase activity of the 60 

S ribosoma·1 .subunit, prevent.ad the nuclear accumulation of AR binding sites (Fig. 

48). This indicates that on-going protein synthesis participates and/or regulates th~ 

accumulation of AR in the nucleus and also might indicate that under such 

conditions new receptor proteins are being synthesized and accumulated in the 

nucleus. These findings were indeed corroborated using immunocytochemistry (Fig. 

5). 

AR immunocytochemical localization studies were carried out along the 

prostatic ducts since the ductal network organization of the ventral prostate has . 



90 

revealed that androgen sensitivity varies along the ducts (Lee et al., 1990). As 

shown by AR immunocytochemistry in Figure 5, changes observed in AR binding 

reflected actual changes in AR protein. Thus, 24 h after castration the nuclear AR 

binding and the nuclear immunodetection of AR decreased, while 1 h treatment of 

testosterone restored the AR protein levels, predominantly at the distal tips of the 

gland. Cycloheximide alone had no effect in castrated animals. The specific effect 

of cycloheximide in reducing the testosterone-induced increased AR protein 

suggests that this increase could have arisen from increased AR synthesis if 

cycloheximide is directly blocking AR neosynthesis and/or increased AR stability if 

cycloheximide is blocking the synthesis· of protein( s) that protect _against AR 

degradation. 

It is known that androgens exert a protective effect against AR degradation 

(Syms et al., 1985; Kemppanien et al., 1992). However the mechanism underlying 

the androgen mediated AR prote_ction is unknown. At the moment, the findings 

presented here do not distinguish which of the two possibilities or whether both the 

possibilities occur. However, the data suggest the involvement of a post

transcriptional mechanism rather than the activation of the AR gene, since 

actinomycin D did not alter the testosterone-induced increased AR protein (Fig. 6). 

On the other hand, the possibility that conformational changes induced by androgen 

depletion prevented AR ligand binding as well as AR immunodetection is excluded 

in this case, since the PG-21 antibody does recognize the unoccupied AR 
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4. Relationship between changes in AR and ·AR mRNA levels after 

testosterone 

The steady-state levels of a specific mRNA represent the balance between 

its rate of synthesis and its rate of degradation(= mRNA's stability). The regulation 

of mRNA stability by hormones has been well recognized (Nielsen and Shapiro, 

1990; Pontecorvi et -al., 1988). The results presented herein show that in the 

absence of testosterone treatment, AR mRNA steady-state levels in rat ventral 

prostate increased 24 h after castration (Fig. 9). Testosterone increased AR mRNA 

levels by 2-3 fold (Fig. 9), which was not statistically significant due to animal 

variability, but testosterone did not decrease AR mRNA levels as previously shown 

by most other investigators. Actinomycin D (RNA synthesis inhibitor) did not change 

AR mRNA in the presence of testosterone (Fig. 8), whereas cycloheximide (protein 

synthesis inhibitor) in the presence of testosterone decreased steady-state AR 

mRNA levels (Fig. 9). Therefore, testosterone treatment after 1 h did not alter AR 

mRNA transcription but stabilized AR mRNA through a protein synthesis dependent 

mechanism. 

The immunocytochemical and Northern blot data · combined (Fig. 6 - 11) 

indicated that undoubtedly testosterone increased AR protein after 1 h while AR 

mRNA steady state levels did not change (the apparent increase was no significant). 

The possibility that an increase in the transcriptional activity accounted for the 

increase in the translational activity, which resulted in increased protein product, 

without changing the steady-state AR mRNA levels can be ruled out since, as 
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mentioned before, actinomycin D did not change AR mRNA levels. The findings that 

cycloheximide not only antagonized testosterone-induced AR synthesis but also 

decreased AR mRNA levels is of considerable interest. It has been demonstrated 

that androgen-induced down-regulation of AR mRNA levels in other experimental in 

vivo and in vitro models requires a functional AR protein and also that sequences 

mediating androgen downregulation of AR mRNA are located within the AR cDNA 

itself (Quarmby et al., 1990; Burnstein et al., 1995). From this, it seems conceivable 

that the down-regulation of AR mRNA levels induced by testosterone could be 

- . ' 

directly caused by the androgen receptor protein since high AR protein levels are 

accompanied by low AR mRNA levels in most cases (Krongrad et al., 1991; Wolf et 

al., 1993; Block et al., 1992a; Shan et al., 1990; Burguess and Handa, 1993). The 

findings here do not support this possibility because if the above is true, low levels of 

AR protein found after testosterone and cycloheximide treatment should increase 

AR mRNA levels rather than decrease it (Figs. 9 and 11 ). 

This data strongly suggests the involvement of short-lived androgen induced 

protein(s) that increase the stability of the AR mRNA. Therefore, in the presence of 

cycloheximide the synthesis of this protein was blocked and AR mRNA levels were 

reduced. 
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5. Effect of testosterone on AR mRNA translation 

The possibility that androgens can regulate the synthesis of a particular 

protein only at the translational level has been proposed before by other 

investigators (Krongrad et al., 1991; Tang, et al., 1991 ). The results obtained in this 

dissertation provide evidence that this may be applicable to the AR as well. 

The localization of specific mRNA in the cell is a highly regulated biological 

process. There is a growing body of evidence that supports the fact that following a 

specific signal, mRNAs interact with cytoskeleton elements to be directed to the 

cell's store sites or be directed to the site of protein synthesis, the polyribosomes 

(Russell and Dix, 1992; Suprenant, · 1993; Latham et al., 1994). If androgens 

increase the synthesis of AR, androgens may increase the amount and/or the 

efficiency of AR mRNA's translation in polyribosomes. This was tested by isolating 

polysomes from the ventral prostate and demonstrating. that in fact testosterone 

increases AR mRNA in polyribosomes. 

Intact and functional total polysomes were isolated from both control and 

testosterone treated group (Figs. 12 and 13). Testosterone did not increa~e the 

kinetics of peptide elongation in prostatic polyribosomes during its first hour after 

administration. The use of RT-PCR allowed AR mRNA detection in the prostatic 

polyribosom~s (Fig. 14), however, several technical difficulties were encountered in 

the quantification of AR mRNA levels in polysomes by RT-PCR due to the enormous 

content of ribosomal RNA compared to mRNA. In addition, the limited amount of 

working total RNA did not permit a further purification of messenger RNA on the 
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polysome samples. To control for RNA loads during the RPA studies, a 28S rRNA 

oligoprobe was used in parallel blots (Fig. 15C). The results showed that 

testosterone accumulates AR mRNA in polyribosomes by both RT-PCR and 

quantification of the RPA autoradiograms indicated that testosterone causes a 50% 

increase in AR mRNA in polysomes (Fig. 15D). 

On the whole, how does testosterone increase AR protein after 1 h of 

treatment?. The results above suggest that testosterone increases the stability of 

AR mRNA and therefore the synthesis of AR protein by: ( 1 ) increasing the synthesis 

of short-lived proteins that decrease AR mRNA degradation and (2) sequestering 

AR mRNA into polyribosomes which act as a double regulatory mechanism by 

increasing AR translation and decreasing the accessibility of AR mRNA to 

degradation factors. 

6. Could c-fos be a regulator? 

c-fos protein binds to the consensus sequence for Hela cell activator protein 

1 (AP-1) (Franza et al., 1988) and directly. participates in the transcriptional 

activation or transcriptional repression of different genes (Distel et al., _1987; 

Diamond et al., 1990). In many different systems transcription of c-fos prate-

\ 

oncogene is a rapid, transient effect. c-fos mRNA belong to a group of messages 

termed as immediate early gene (IEG) mRNAs. Several theories have been 

proposed for the superinduction of c-fos and c-jun mRNAs in the presence of 
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inhibitors of protein synthesis such as cyclohexirni.de. One theory proposes the 

existence of labile repressors, however, this theory has been challenged with 

experiments showing that cycloheximide induces a delay in shutting off transcription 

and increases message stability (Edwards and Mahadevan, 1992). 

The concept of involvement of c::_[os on AR autoregulation was supported by 

the following: 

a) Transient stimulation of c-fos is one of the earliest changes occurring after 

stimulation of cells with hormones and growth factors (Kruijer et al., 1984). 

b) The accumulation of growth factors after, castration is well documented._ One day 

after castration the levels of mRNA and receptor for transforming growth factor 

f31 increase dramatically in rat ventral prostate (Kyprianou and Isaacs, 1988b, 

1989). In the human prostate, androgens decrease receptors for epidermal 

growth factor (EGF) and insulin-like growth factor type 1 (IGF-1) (Fiorelli et al, 

1991 ). In LNCaP cells, EGF downregulate the levels of AR protein and mRNA in 

the presence or in the absence of Sa.-DHT (Mizokami et al., 1992). 

c) c-fos mRNA increases after castration (Quarmby et al., 1987; Rennie et al., 

1989). 

d) The AR gene contains an AP-1 binding site at the 5' -flanking region (Kumar et 

al., 1994). 

To determine if changes in c-fos could explain changes in AR dynamics in the 

presence of cycloheximide and testosterone, it was necessary to establish the time 
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period when the ventral prostate recovers from the effect of cycloheximide with 

respect to AR mRNA levels and also to colocalize AR and c-fos in testosterone 

target cells. In these experiments it appears that the tissue recovers from the action 

of cycloheximide 3 h after treatment. At this point, AR protein levels were restored in 

the group that was treated with testosterone and cycloheximide, reaching the same 

levels as those found in the testosterone alone group, as assessed by 

immunocytochemistry (Fig. 16). This confirms the previous report of replenishment 

of AR receptors in the cytosolic fraction at 3 h after testosterone and cycloheximide 

treatment (Steinsapir et al., 1985). Furthermore, it validates the suggestion made in 

the previous study that AR replenishment occurs at least, in part, by de novo 

synthesis, as evidenced by a dramatic increase in AR mRNA levels 3 h after 

testosterone treatment in the presence of cycloheximide. 

It should be noted that c-fos protein colocalized with AR in the nuclei of the 

epithelial cells of the prostate. However, protein synthesis regulation of the 

expression of these two transcription factors was oppositely modulated by 

androgens. Experiments presented herein have also shown the superinduction of c-

fos in the presence of cycloheximide. Indeed, the fact that the c-fos mRNA levels 

remained elevated after 3h, further suggests that cycloheximide is affecting c-fos 

mRNA stability (Fig. 17). The reduction in androgen-induced AR protein levels, 

previously seen at 1 h when testosterone is administered together with 

cycloheximide, is accompanied by higher levels of c-fos protein, as measured by 

Western blots (Figs. 20 and 21 ). These findings suggest that androgens induce the 
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synthesis of short-lived proteins that regulate the stability of c-fos, and that under 

conditions in which protein synthesis is diminished due to cycloheximide, these 

labile proteins decrease, and permit c-fos protein accumulation. In addition, the 

synthesis of enzymes involved in post-translational modifications such as 

phosphorylation, may also be playing a role in c-fos stability. 

AR mRNA levels are maintained by testosterone treatment from 1 - 3 h after 

its administration (Figs. 9 and 17). Cycloheximide block~d testosterone-induced AR 

mRNA levels at the 1 h time point, however, since cycloheximide is no longer 

effective after 3 h, AR mRNA steady-state levels increased in the combined 

treatment at the later time point. This indicates that the transcription of the AR gene 

proceeds in the presence of testosterone. Thus, it is possible that in the presence of 

testostero'ne when the tissue recovers from the effects of cycloheximide,. AR mRNA 

accumulates.because cycloheximide~induced destabilization of the AR mRNA is no 

longer effective. Since these studies showed a significant change from the 1 h point 

up to 3 h, there is a specific time interval in which the tissue recovers from the 
' 

effects of cycloheximide and it appears that the half life of these androgen

modulated labile factors could be as low as 1-2 h. 

Considering tt:,e findings that androgen-increased AR protein is lowered by 

cycloheximide, it can be hypothes·ized that c-fos could then be participating in down

regulating AR expression. However, it should be pointed out that this attractive 

hypothesis, which has the potential of explaining the role of c-fos in androgen· action 

requires further study. In LNCaP cells, a rapid androgen regulation of calcium influx 
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has been observed (Steinsapir et al., 1991 ), and moreover it has been reported 

recently that calcium downregulates AR expression in this system (Gong et al., 

1995). In addition, decreased c-fos expression with calcium channel blocking 

agents in the prostate gland of castrated rats has been noted (Buttyan et al., 1988). 

Therefore, the effects on c-fos expression after testosterone treatment may also be a 

parallel consequence of decreased synthesis of specific androgen induced calcium 

binding/effector proteins that oppositely modulate c-fos and AR expression. 

7. Age dependent changes 

Since testosterone down-regulates c-fos mRNA steady-state levels in adult 

castrated animals (Fig. 22), the hypothesis of observing a down-regulation during 

sexual maturation was tested by Northern blot (Fig. 26). c-fos is present at very low 

levels in intact animals of all ages and no increased levels were observed in 

immature animals. An interesting finding was that levels of AR mRNA in the ventral 

prostate do not increase in a manner similar to testosterone levels (Figs. 25 - 27), 

since at 55 days rats reach ·adult serum testosterone levels, however higher 

expression of AR mRNA levels was only observed in mature older animals (69 and 

85 days). These results indicate that testosterone does not start AR gene 

expression in the rat prostate, and that another age-dependent factor is triggering 

AR gene expression. In the liver, the rat AR gene promoter contains two adjacent 

regulatory sites involved in the age dependent expression of the AR gene (Song et 
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al., 1991; Supark~r et al., 1993). These cis elements bind the ubiquitous age 

dependent factor (ADF) and another liver restricted associated factor (AF). Binding 

of these proteins to their elements correlate with the expression of AR mRNA in the 

liver. Interestingly, these investigators did not find a correlation between ADF-AF 

binding and androgen levels, suggesting as well that a signal other than circulating 

androgens is regulating ADF-AF activity and in turn A~ gene expression. 

Overall conclusions: 

The studies presented in this dissertation have experimentally examined the 

mechanism underlying androgen regulation of its own receptor in the rat ventral 

prostate. These experiments have contributed the following understandings and 

elaborations of this mechanism: 

1) In the presence of cycloheximide, testosterone-induced increase in 

nuclear accumulation of androgen receptors does not take place in the ventral 

prostate 1 h after administration. 

2) Testosterone appears to be involved in the synthesis of effector protein(s) 

that stabilizes AR mRNA. Testosterone also enhances AR mRNA translation into 

AR protein by accumulating the receptor message in the polyribosomes. 

3) Testosterone appears to be involved in the synthesis of effector protein(s) 

that degrades c-fos and that c-fos may act as a negative regulator of androgen 

effect. 
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4) Complex changes take place in steady-state AR mRNA levels with age 

that are not regulated solely by circulating testosterone levels. 



SUMMARY 

The mechanism of AR autoregulation is very complex and several 

investigators have attempted to elucidate various aspects of this mechanism. 

I 

However, since a variety of cells and animal models have been used, there is no 

agreement in the ·sequence of events taking place during AR autoregulation. This 

investigation focused on regulation of AR mRNA and AR expression in the presence 

and absence of testosterone, as well as elucidation of the mechanisms involved. 

The overall results of these studies are summarized in Table II. Androgen 

receptors were measured by classicai binding studies and immunocytochemical 

methods.- · AR located in the epithelial cells of'the prosta~ic ducts of adult male rats 

decreased 1 day after castration. Testosterone administered to castrated rats 

restored AR protein and maintained AR mRNA levels after 1 h. However, in the 

presence of cycloheximide, full restoration of AR protein levels did not occur. These 

findings were confirmed by AR , binding studies. Furthermore AR mRNA was 

decreased in the presence of cycloheximide and testosterone. These findings 

suggest that testosterone induced the synthesis of proteins which could participate 

101 
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in stabilization of AR and in the maintenance of steady-state AR mRNA levels. The 

primary effect of testosterone. ·appeared to be on the stability of AR mRNA steady

state levels rather than increased transcription because actinomycin D did not 

change AR mRNA levels. Thus, throughout the regulation of AR, this testosterone -

dependent protein( s) may play an important role( s) in determining the sensitivity of 

target tissues to androgens. Testosterone could also have a direct effect on AR 

translation. Testosterone increases AR mRNA in polyribosomes, as assessed by 

ribonuclease protection assay and RT '.'"PCR. The enhancement effect of 

testosterone in AR expression appears to be due to the increased sequestering of 

AR mRNA in polyribosomes. Thus, testosterone appears to have a dual effect, that 

is protection of AR mRNA against degradation and also increasing its translation. 

The findings that c-fos and AR are oppositely regulated by testosterone and 

cycloheximide treatments suggest that androgens regulate an effector protein( s) 

involved in increasing the stability of AR and/or the translation of AR mRNAwhile on 

the contrary decreasing the stability of c-fos. Therefore, the androgen regulation of 

AR and c-fos expression could be interdependent and may involve c-fos as a 

negative effector of AR autoregulation in ventral prostate. Finally, in addition to 

testosterone an age dependent factor seems to be involved in enhancing the 

expression of the AR gene. 



Table II 

Summary of changes induced by castration, cycloheximide treatment and testosterone treatment with and without 

cycloheximide on AR, AR 111:RNA, c-fos and c-fos mRNA -in the ventral prostate 

Treatment~ Comparison Nuclear AR lmmunocyto- ARmRNA Polyribosomal c-fosmRNA c-f os protein 
levels chemistry AR steady-state ARmRNA steady-state immuno-

protein levels levels levels levels c;tetection 
24h Intact . Decreased Decreased Increased Low basal Low basal Low basal 

Castration 
Cycloheximide Castrated No change No change No change n/m , Increased No change 

(1 h) 
Testosterone Castrated Significantly Significa'1tlY No change Increased by Significantly Significantly 

(1 h) Increased Increased 50% Decreased Increased 
Test. +Cycl. Testosterone Significantly Significantly Significantly n/m Greatly Greatly 

(1 h) (1 h) Decreased Decreased Decreased Increased Increased 
Cycloheximide Castrated n/m No change No change n/m Increased Decreased 

(3 h) 
Testosterone Castrated n/m Increased or No change n/m Low basal Low basal 

(3h) restored 
Test. +Cycl. Testosterone n/m No change Significantly n/m Increased Increased 

(3 h) (3h) Increased 

n/m = Not measured 1-1 
0 
w 
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