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ABSTRACT
The human androgen receptor (hAR) is a ligand-activated transcription factor, and like

other nuclear receptors, consists of aN-terminal modulatory domain, a central DNA

binding domain, and aC-terminal ligand-binding domain (LBD). Several missense

mutations in the LBD cause androgen insensitivity syndrome (AI), a condition in XY

individuals with absent or subnormal male primary and secondary sexual characteristics.

On the other hand, abnormal expansion of a polyglutarnine tract in ilie N-terminal domain

of the bAR causes spinal and bulbar muscular atrophy (SBMA) which aIso affects males

and causes milder forros of AI, in addition to adult-onset motor neuron degeneration and

graduaI wasting and weakening of the muscles of the limbs, face, throat, and tangue.

However, it was not clear how and to what extent these mutations contribute to the clinical

phenotype of the affected individuals. In order ta investigate this matter, 1 used PCR site

directed mutagenesis to create plasmids expressing hARs with two pairs of missense

mutations in the LBD (Va1865Leu and Val865Met, and Arg839His and Arg839Cys),

discovered in AI individuals with varying severity of the phenotype, and two abnormal

expansions of the polyglutamine repeat discovered in SBMA patients (40 and 50

glutamines). 1 also synthesized plasmids expressing no glutamines (0 glutamines), 12

glutamines, or 20 glutamines in the same N-terminal regio~.of the hAR. These plasmids

were transiently expressed in heterologous cells (COS-l and PC-3), and the mutant hARs

were assayed for ligand binding, stability, and transactivational capacity.

In contrast to the findings by others (McPhaul et al.• 1992; Marcelli et al., 1994), in

sorne instances involving identical mutations, 1 consistently observed a correlation between

the biochemical phenotype of the mutant hARs and the clinical phenotype of AI individuals;

that is, the more severe receptùf phenotype was associated with the more severe AI. These

results suppon the hypothesis that hAR phenotype is the dominant factor in the

development of the secondary sexual characteristics in normal and affected individuals.

1 also observed a tight negative correlation between polyglutamine tract length and

transactivational capacity. This suggests that polyglutamine modulates the activity of the

hAR y and that hAR activity might be suppressed in various androgen-sensiti ve tissues

(including motof neurons) in SBMA individuals, thereby contributing to the age of onset

and/or progression of the disease, even if it cannat be the primary pathogenic agent of the

disease.
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ABSTRACT (Français)
Le récepteur de l'androgène humain (hAR) est un facteur de transcription activé par ligand,

et comme d'autre récepteurs nucléaires, possède un domaine de modulation N-terminal, un

domaine central de liaison d'ADN et un domaine de liaison du ligand en C-terminal (LBD).

Plusieurs mutations non-sens dans le domaine C-terminaI sont à l'origine du syndrome

d'insensibilité androgénique~ une condition observe chez des individus XY présentant une

absence ou une déficience de caractéristiques sexuelles males primaires et secondaires.

D'autre part, l'expansion anormale d'une chaîne de polyglutamine dans le domaine N

terminal de hAR est la cause d'une autre condition, l'atrophie spinobulbaire (SBMA) qui

affecte également les mâles et crée, en plus d'une forme modérée d'insensibilité à

l'androgène, une dégénération des neurones moteurs chez l'adulte suivie d'une faiblesse et

dégénéresceance des muscles des jambes, du visage, de la gorge, et de la langue.

Cependant le mécanisme d'action ainsi que la contribution actuelle de ces mutations au

phénotype des individus affectés sont encore peu définis. Afin d'étudier le mécanisme

d'action de ces mutations, fai utilisé la technique de mutagénèse dirigée par PCR pour

construire des vecteurs plasmidiques exprimant le gène hAR contenant deux paires de

mutations non-sens dans le domaine LBD (Val 865Leu et Val865Met, et Arg839His et

Arg839Cys) identifiées chez des patients souffrants de différents niveaux d'insensibilité

androgénique. l'ai également construit une série de vecteurs contenants une varieté de

chaîne de polyglutamine (0, 12,40, and 50 répétitions) dont les deux longues chaînes (40

et 50) furent identifiées chez des patients atteints de SBMA. Ces vecteurs furent exprimés

de façon transitoire dans dans cultures cellulaires hétérologues (COS-l and PC-3 )et les

protéines mutantes furent testées pour leur stabilité, leur capacité à lier un ligand et leur

proprieté transactivatrice.

En contraste avec les résultaLS provenant d'autres laboratoires (McPhaul et al.,

1992; Marcelli et al., 1994), et dans plusieurs cas sur des mutations identiques. j'ai observé

une corrélation entre le phénotype biochimique des protéines mutantes hAR et le phénotype

clinique des individus souffrant d'insensibilité androgénique; entre d'autres moLS qu'une

déficience sévère du récepteur était associée avec un phénotype clinique sévère. Ces

résultats supportent l'hypothèse que le phénotype du récepteur hAR est le facteur dominant

dans le développement des caractéristiques sexuelles secondaires chez les individus

nonnaux de même que chez les individus atteints d'insensibilité androgénique.

rai également observé une fone corrélation inverse entre la longueur de la chaîn~ de

polyglutamine et les propriétés transactivatrices de hAR. Ceci suggère que la chaîne de

polyglutamine détermine le niveau d'activité de hAR et que l'activité de hAR pourrait être

supprimée dans différents tissus androgéniques (incluant les neurones mO[eurs) chez les
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individus atteints de SBMA contribuant ainsi à la manifestation clinique tardive et/ou la

progression de la maladie; ceci même si bAR ne constitue pas r agent pathogène primaire de

la maladie.
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PREFACE
Hormones are components of a highly complex signal transduction pathway. They affect

numerous aspects of our body's physiology: our immune system; our appetite for food; our

desire for reproduction. They communicate their message to the target ceUs via receptors on

their cytoplasmic membrane, in their cytoplasm, and/or nuclear matrix. In sorne instances,

after the hormone binds its receptor, the activated hormone-receptor complex initiates a

cascade of activaùoniinacùvation of a series of interdependent proteins which culminares in

the activation or suppression of a gene or a network of genes. In other instances, the

activated honnone-receptor complex activates or represses the target gene(s) directly by

interacting with regulatory elements of those gene(s). This latter class of receptors, known

as nuclear receptor superfamily, offers a simple model for studying signal transduction and

gene regulaùon.

Our laboratory has elected to study the structural and functional aspects of the

human androgen receptor (hAR), a memher of the nuclear receptor superfamily. As a

model, the hAR offers several advantages over other nuclear receptors. First, the hAR

locus is X-linked. Therefore, males are hemizygous for this gene and the analysis of

genotype-phenotype is simplified. Second, although a fully functional hAR is essential for

genetic viability and reproduction, hence species survival, most of the mutations of the

hAR do not appear to affect the mortality or morbidity of the affected individuals. As a

result, we and others have been able to compile a large number of naturally occurring

mutations with their phenotypic consequences in the affected subjects. These mutations

occur throughout the gene and result in amino acid substitutions and partial to complete

deletions of the gene producr. Finally, because of high homology among memhers of the

nuclear receptor superfamily, especially among those of the steroid receptor subfamily,

many of the structural and functional data obtained by studying the hAR cao he extrapolated

to other members of this group.

This thesis will begin with a review of the relevant literature regarding the AR in

human, and ta a minor extent in other animaIs. \Vhenever necessary, studies on other

nuclear receptors have been used to compliment those of the AR. The review is followed

by three original research arùcles ta which l made a major contribution.
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INTRODUCTION

The androgen receptor and its relatives

The androgen receptor (AR) and other nuclear receptors are ligand-activated transcription

factors, and fonn a large family of proteins known as the nuclear receptor superfamily. The

AR, like other steroid and thyroid receptors, is present in trace amounts (103 to 104 per cell)

(Evans, 1988). Their ligands vary in size and structure: steroids are cholesterol-based;

thyroid honnones are aromatic amino acids; and retinoids are isoprenoids (Fonnan and

Samuels, 1990). Steroid hormones are further subdivided into three major classes: the

adrenal steroids (e.g. cortisol and aldosterone), sex steroids (e.g. progesterone, estrogen,
and androgens), and vitamin D3• Usually, in order to regulate the expression of their target

genes, they have to forro a complex with their respective receptor. The activated ligand

receptor complexes will then bind, as dimers, to short stretches of regulatory DNA

sequences known as hormone-response elements (HRE) to activate or suppress the

transcription of the target gene.

The frrst suggestion of a domain structure came from analysis of limited proteolysis

of the purified glucocorticoid receptor (GR) which revealed functionally independent DNA

binding and hormone-binding domains in a single GR moiecule (Evans, 1988 and refs.

therein). Furthennore, a mutant GR that had lost a portion of its hormone-binding domain

constitutively transactivated a reporter gene showing that the full hormone-binding domain

and the hormone itself were not essential for DNA binding or transactivation by the

receptor.

The origin of the nuclear receptors

Two modeIs have been proposed for the origin and evolution of the nuclear receptors. The

flfSt model proposes that the substrate-binding domains in metabolic enzymes and other

molecules were joined to DNA-binding motifs to produce ligand-binding transcription

factors. The second model proposes that a precurser protein with multiple domains has

given tise to other multi-domain nuclear receptors. Sequence comparison and evolutionary

analysis has suggested that perhaps the second model is true (Amero et al., 1992).

Although the so-called precusor receptor rnight have been formed by an initiaI domain

shuffling involving other molecules, it seerns there has not been any other subsequent

shuftling in the generation of nuclear receptors. This presumption is based on the greater

sequence homology between the members of the nuclear receptor superfamily than between

the individual nuclear receptors and other non-member molecules.
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ANDROGEN RECEPTOR GENE STRUCTURE

Genomic organization
The human AR (hAR) locus is mapped to Xq11-12 region on the long arm of the X

chromosome (Brown et al., 1989). The bAR is encoded by a single gene with 8 exons,

spread over more than 90kb of genomic DNA (Kuiper et al., 1989). The intronic sequences

vary in size from O.7kb to 26kb. The frrst exon codes for an exceptionally 100ci 5'

untranslated region (5'-UTR) 1.1kb in size, and all of the N-tenninal region (1586bp). The

smaller exons 2 (152bp) and 3 (l17bp) eode for the two DNA-binding zine fmgers located

centrally in the protein. The ligand-binding domain in the C-tennînus is eneoded by exons

4 to 7 (288, 145, 131, and 158bp) and part of exon 8 (153bp). The remainder of exon 8

eodes for a very long 3'-UTR 6.8kb in length with two funetional polyadenylation

(poly(A» signaIs, ATIAAA and CATAAA 221bp apart. Poly(A) addition oceurs 14

24bp downstream oÏ the poly(A) signal (Faber et al., 1991).

The bAR gene produees two mRNA speeies of 8 and Ilkb (Faber et al., 1991).

The 8kb message is the result of altemate splicing of the primary RNA, shortening the 3'

UTR by 3kb. The AR is expressed at low to moderate levels in many tissues and at high

levels in the male urogenital system (Mooradian et al., 1987). The same mRNA species are

also expressed in LNCaP (human prostate carcinoma) and T47D and MCF-7 (human breast

earcinoma) œIl lines (Tilly et al., 1990). In the mouse, AR rnRNA was deteeted in the

testis, epididymis, kidney, brain and submandibular glands, but not in the spleen

(Grossman et al., 1994).

The AR expression is regulated by various small moleèules sueh as foIlicle

stimulating hormone (FSH), eAMP and androgens. Androgens reversibly down-regulate

the AR mRNA in sueh tissues as prostate, kidney, brain, and epididymis. In contrast, FSH

and cAMP ùp-regulate AR rnRNA in Sertoli cells (Lindzey et al., 1993). Nevertheless,

when androgen down-regulates AR mRNA~ it may still up-regulate AR protein and,

therefore, androgen-binding aetivity.

Both messages have an open-reading frame (ORF) of 2751bp (Brinkmann et aL,

1989). This ORF codes for a protein that rnay vary from 897 to 936 amino acid residues.

The variability of the protein size is due to two polymorphie, homopolymeric stretehes of

amino acids in the N-terminal region: a polyglutamine traet of 11-33 residues coded by

(CAG)nCAA, and a polyglyeine tract of 12-29 residues coded by (GGN)n (Pinsky et al.,

1995). There are other non-polymorphie homopolymeric stretches in the N-terminal region:
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two short polyglutamine tracts (n=6 and n=5)y a polyproline tract (0=8), and a polyalanine

tract (n=5) (Brinkmann et al., 1989) (Fig. 1).

The DNA-binding domain (OBO) is located centrally between amino acids 557 and

623 (67 residues) and the ligand-binding domain (LBD) in the C-tenninus consist of

residues 669 to 917 (248 residues) (numbering according to Brinkmann et al., 1989). The

DBD and LBO are separated by 46 residues that constitute the hinge region (Fig. 1). The

calculated molecular weight of a 917-amino acid residue is 98,845D, but on a SOS-PAGE

gel the protein appears as a ==110kD band (Brinkmann et al., 1989). In human genital skin

fibroblast, in addition to the 110-kO bAR or the B isofonn (AR-B), there is a 87-kO bAR

or the A isofonn (AR-A) that is expressed at 1110 of the level of AR-B (Wilson and

McPhaul, 1994). AR-A appears to he the result of translation initiation at a more C-terminai

ATG.

DBD LBD
Gin Gin Gin

11--33 6 5

Figure 1. Schematic structure of the bAR and the relative locations of the homopolymeric

tracts. The size and amino acid composition of each tract is indicated.

AR 5'-regulatory region
Two transcription initiation site (TIS) of the bAR gene were found 13bp apart, at 1114 and

1126bp upstream of ATG translation start site (Faber et al., 1991). The bAR promoter is

unusuai in that it lacks common features such as TATA and CCAAT boxes, an initiator

sequence, or a HIP1 sequence (Faber et al., 1991). The prominent features in the bAR

promoter are a short stretch of G+C-rich sequence and 60bps containing multiple repeats of

the motifs GAAA or GAAAA. The former includes a binding site for SpI, a

"housekeeping" transcription factorybut the latter motifs are of unknown function (Faber et

al., 1991; Tilly et al., 1990). Band-shift and mutagenesis analyses have shown that

utilization of ooly the proximal site (TISII at 1114bp) is dependent on Spl-binding, and

TISI utilization is dependent on the sequences between -5 and +57 (Faber et al., 1993).

This may he an additional level of regulation of the rate and/or tissue specificity of AR

expression.

The mouse and rat AR promoters are highly homologous to that of hAR.

Nonetheless, one difference stands out and that is the number of GGGGA motifs: 4- in
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human, 6 in mouse, and 8 in rat (Faber et al., 1991). Perhaps. this repeat motif fine tunes

the expression of AR in each organism.

In the mouse AR (mAR) gene , a second promoter has been described (Grossman

et al., 1994). Transcription initiation sites of this promoter are 162 and 170bp downstream

from the 5'-most transcription initiation site of the fmt promoter. The transcripts initiated

from the second promoter seem to be more abundant in severa! tissues and œIl lines that

have been examined. In addition, it appears that these two promoters might activate the AR

gene in a synergistic fashion at least in sorne cell lïnes. Also, transcripts from both

promoters were down-regulated by DHT.

Another regulatory element that affects the expression of the AR is in the 5'-UTR

(Mizokami and Chang" 1994). This element is present between +21 to +149bp of the bAR

5'-UTR and promotes translation without a comparable effect on transcription. Based on its

nucleotide sequence" it potentially forInS a stem-loop structure in the hAR mRNA.

There are also enhancer elements that regulate the expression of AR in an age

dependent (-329 to -311bp) and tissue-specific (-310 to -286bp) manner (Supakar et al.•

1993). These elements of rat AR (rAR) promoter seem to interact with [wo novel

transcription factors in the rat liver. The fust" the age-dependent factor (ADF), is

ubiquitously expressed and evolutionarily conserved and its activity in the liver nuclear

extraet decreases about 7-fold with aging between 3 to 26 months of age (Supakar et al.,

1995). The second is tenned associated factor (AF) and its activity may he restricted to

tissues such as liver or liver-derived celllines.

In addition to transcription enhancer sequences. there are two repressor elements in

the AR promoter. The [mt element was characterized in the mouse and localized to a region

between -451 and -418bp of the promoter (Kumar et al., 1994). It is not known how this

elernent exerts its repressor function. The second element has been characterized in the rat

AR (rAR) and has been localized to -574 and -554bp of the promoter (Supakar et al.,

1995). This region is responsible for the age-dependent decline in the androgen sensitivity

of the rat liver, and includes a binding site far the nuclear factor kB (NF-kB).

NF-kB belongs to a family af dimeric transregulatory proteins, critical in immune

response. inflammation, oxidative stress and embryonic development (Supakar et al., 1995

and refs. therein). In the rAR, two fonns of NF-kB interact with the repressor element: a

heteradimer of p50/p65 and a homodimer of pSO/pSO. The expression of the latter in the rat

liver gradually increases to 10-fold in the aged rats exhibiting hepatic desensitization.

Finally, as mentioned above, andragens down-regulate and cAMP up-regulates the

AR mRNA (Lindzey et al., 1993). cAMP seems to increase the transcription rate thraugh

sequences in the 5'-flanking region and S'-UTR (-546 to +971 bp). However. multiple
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effector elements spread across this region might be responsible for the cumulative effect of

cAMP. Similarly, although cAMP induction by this region was counteracted in an

androgen and AR-dependent manner, the putative ARE al the 5'-end of this sequence did

not appear to he responsible for this effect. Therefore., the AR might influence the

transcription rate through AREs that deviate from the consensus ARE, or it might exert its

effect independent of DNA-binding (e.g. protein-protein interaction).

AR MUTATIONS AND THEIR CLINICAL MANIFESTATIONS

Androgen insensitivity syndrome
In the past 20 years, numerous cases of androgen insensitivity syndrome (AI) have been

reported. AI affects 1 in 20 000 to 60 000 XY newboms (MacLean et al., 1995), but the

frequency of X-linked AI might he higher if milder forms such as male infertility are

included. These individuals have nonnaI to slightly elevated levels of testosterone and

luteinizing hormone. However, various androgen target-tissues in their body seem to either

not respond to the androgens or do so at suboptimal levels. Although other genes and their

products may he involved, so far only mutations in the gene for the AR bave been

described as the cause in the pathogenesis of this syndrome. Due to the faet that even

complete loss of the AR function is not lethal, and the AR gene is X-linked with only one

allele active in every cell., the carrier females are usually spared and the affected males are

otherwise healthy individuals with variable degrees of androgen insensitivity. The AR is

expressed in almost all tissues many of which show sexual dimorphisme AI diagnosis is

usually made based on the degree of the severity of the extemal phenotype, especially the

genitalia. Thus, individuals with AI are classified as follows: those with female extemal

genitalia represent complete AI (CAl); those with ambiguous external genitalia represent

partial AI (PAl); and those with male-like genitalia represent mild AI (MAI) (Pinsky et al.,

1995).

The clinical diagnoses aIso include other features of the AI. For example, CAl is

often associated with gynecomastia (breast development), sparse, or absence ot pubic and

axillary hair, and female body habitus. PAl may also he associated with gynecomastia and

defective axillary and pubic haïr growth. MAI may he associated with cryptorchidism,

micropenis, and azoospermia or oligospennia resulting in weak, or lack of, fertility.

To find the molecular and biochemical bases of the patients' clinical phenotype,

measurements of AR function were initially performed on fibroblast cell strains derived

from genital skin biopsies. Genital skin fibroblasts (GSF) have three-fold higher androgen
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binding compared to fibroblasts from nongenital skin (Kaufman et al.. 1977). Patients

were classified based on whether their GSFs were positive for androgen-binding (~15

finol/mg protein), intennediate (between 5-15 finol/mg protein), or negative (<5 finol/mg

protein).

The mutations that cause AI coyer the whole spectmm of molecular defects.

Complete AR gene deletions have been reported in two unrelated families by our group and

others (TriflIO et al., 1991; Quigley et al., 1992). Although in both families the affected

individuals had CAl, the single affected individual in our report also suffered from muscle

weakness and neurologicaI and psychological problems (Trifrro et al., 1991) while the two

affected siblings in the other report were otherwise healthy. There are aIso severa!

nonsense, frame-shift, and splice-junction mutations; aImost invariably, the outcome is an

inactive AR causing CAl in the affected individual (MacLean et al., 1995; Gottlieb et al.,

1996), so far with two exceptions. In one case, the deletion of part of intron 2 and exon 3

gave rise to an AR that yielded PAI (Ris-Stalpers et al., abstract 1992). In a second case.,

the in-frame deletion of exon 4 (the "hinge region" and a small portion of the LBD) only

caused azoospermia in the affected subject (Akin et al., 1991).

In one case., the nonsense mutation resulted in a premature stop codon in the N

tenninal region of the AR. However, in spite of this mutation, the AR mRNA was

translated into a N-tenninally truncated AR using a downstream initiation site (Zoppi et al..,

1993). Under transfection conditions, this mutant AR could have up to 30% wild-type AR

transactivity at very high protein expression levels. Despite this residual activity, it caused

CAl in the patient.

Sorne missense mutations such as Gly907Arg (Choong et al., 1996) or Arg773Cys

(Marcelli et al., 1991) causing PAl or CAl, respectively, are aIso associated with decrease

in AR mRNA levels by SI nuclease protection assay. In contrast, genital skin (GSF) from

a patient with an identical mutation at position 773 had nonnaI mRNA levels by Northern

blot anaIysis (Prior et al., 1992). Either this difference is due to the sensitivity of the assays

or due to cell culture and/or GSF biopsy procedures. The stability of the AR mRNA was

also reduced 10- to 20-fold by a frame-shîft mutation in the Tfm mouse AR gene (Charest

et al., 1991). Cycloheximide injection of the Tfm mouse resulted in a 17-fold increase in

the AR mRNA isolated from the kidney and liver, with an identical size to that of the

normal mRNA. This increase was about 70% of the wild-type AR mRNA levels.

In contrast to gross AR rearrangements, there are many missense mutations that

result in receptors with nonnal androgen-binding capacity under sarurating conditions.

Most of these receptors, however, have other qualitative defects. Sorne show androgen

selectivity associated with PAI by having a normal androgen dissociation rate with one
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ligand but not with another (Nonnal DHT rates and abnonnal Mf rates (Val865Leu in

Jukier et aI.~ 1984 and Kazemi-EsfaIjani et al.• (993) or vice versa. normal Mf rates and

abnormal DHT rates (Ser813Asn in Pinsky et al.• 1984». Some ARs with missense

mutations causing CAl have dissociation constants that are nonnaI under equilibrium

conditions (~) but abnormal under nonequilibrium conditions (Val889Met in Zhou et al.,

1995)~ and sorne with opposite androgen-binding characteristics causing MAI (Arg84OCys

in Beitel et aI.~ 1994). Interestingly, the deficiency associated with Asn727Lys mutation in

a case of an infertile male could be compensated by a high dose of a synthetic androgen,

mesterolone (Yang et al., 1994). This evidence indicates that perhaps more subtIe defects

in the LBD might affect particular steps in the ligand-binding process while sparing others.

There are also those mutations that affect DNA-binding, usually causing CAl with

(Beitel et ai., 1994) or without (Marcelli et al., 1991) deficiencies in ligand-binding. DNA

binding mutations may also affect the steady-state level of AR mRNA (Beitel et al., 1994).

On the other hand, sa far~detrimentalmissense mutations have been discovered in the N

terminal region in AI, or for that matter, in any other disease. Thus, the principal functional
~""'1_

components of this domain mYS.t he regional and modular rather than specific amino acid

sequences.

Prostate and breast cancers
Aside from the missense mutations in the AR that cause AI, there are those that are

associated with cancer of classical endocrine target tissues such as the prostate and the

breast. These mutations may (Wooster et al.~ 1992; Lobaccaro et al.~ 1993) or may not (Elo

et al., 1995) he associated with AI. Male breast cancer is a very rare condition accounting

for about 1% of aIl breast cancers (Sasco et al., 1993). So far~ two cases of male breast

cancer with PAl have been reported. They are associated with missense mutations of two

consecutive codons in the DBD-coding segment causing Arg607Gln or Arg608Lys

substitutions (Wooster et al., 1992; Lobaccaro et al., 1993). It has been suggested that

abnonnal DNA-binding specificity of the mutant AR might allow it ta bind estrogen

response elements (EREs) promoting estrogen receptor (ER) target genes hence increasing

the risk of breast cancer (Wooster et al., 1992; Sultan et al., 1993). Our results have shawn

that ARs with single codon deletions or an amino acid substitution in different regions of

the DBD cau sUPeractivate the wild-type bAR, hGR, and human progesterone receptor

(hPR) in a transient cotransfection assay (Kazemi-Esfarjani et al., abstract 1994). Our

results with bER were inconclusive. Whether Arg607Gln or Arg608Lys cao bind ERE or

superactivate other steroid receptors including ER is not known.
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Prostate cancer is a very common male fonn of cancer (Carter et al., 1990). The

progress of most primary prostate cancers is androgen dependent, and about 75% initially

respond to androgen ablation therapy (MacLean et al., 1995). However, more than half of

the responding carcinomas gradually become resistant (Suzuki et al., 1993). In the recent

years, it has become evident that at least in sorne of the prostatic carcinomas, the AR is still

expressed. Severa! groups have screened the AR gene in the prostatic carcinomas for

mutations. As a resuIt, several missense mutations have been reported (Suzuki et al., 1993;

Veldscholte et al., 1992: Peterziel et al., 1995). The common therne among these mutations

is an AR with a wider range of ligand specificity while maintaining its wild-type affmity for

androgens. This allows the mutant AR to bind to other steroids, androgen metabolites, and

even sorne antiandrogens in a productive fashion, and perhaps activate androgen

responsive genes.

Higher risk of prostate cancer appears aIso to he linked to shorter N-tenninal

polyCAG tract (<22 CAGs) and longer polyGGC tract (>16 aGCs) in a population of

control subjects from three racial backgrounds in the United States: African-American, non

Hispanic white, and Asian (Japanese and Chinese) (Irvine et al., 1995). Furthermore, the

same study showed a significant negative correlation bétween the length of polyCAG and

polyGGC tracts among the prostate cancer patients under study. These data support our cell

transfection fmdings that shorter polyCAG in the hAR is associated with higher

transactivity, and perhaps precise deletion of polyGGC is associated with lower

transactivity (and by inference, the longer polyGGC is associated witr. higher transactivity)

(discussed in more detail in the section on the N-temùnal domain). In tum, higher

transactivity of the bAR may result in increased androgen-induced initiation and/or

progression of the prostate cancer. This was aIso further substantiated by a more recent

study showing that the length of the polyglutamine tract direetly correlated with the age of

onset of the prostate cancer (Hardy et al., 1996). This possible increase in transactivity may

aIso explain the negative correlation between the polyCAG tract length and Ferriman

aallwey score (Le., shorter polyCAG was associated with more hirsutism or virilization)

in a Hispanie subpopulation of nonnoandrogenic wornen with idiopathic hirsutism (Legro

et al., 1994).

Spinal and bulbar muscular atrophy
X-linked spinal and bulbar muscuIar atrophy (SBMA) or Kennedy syndrome is a motor

neuron degenerative disease often preceded by mild to partial androgen insensitivity. The

neurological symptoms usually appear between the third and fifth decade of life and

gradually progress until death (Harding et al., 1982). The average life span rnay he reduced
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only slightly and most patients continue working for several years after the onset of

disease. The neurological findings include cramps, fasciculation, weakness, and wasting of

the face, tongue, and proximal limb muscles. Similar abnormalities in distal limb muscles,

hand tremor, and less frequently, dysarthria and dysphagia are aIso observed (Harding et

al., 1982). Loss or weakness of sensory nerve pathways have aIso been reported. The

endocrinologieal findings include gynecomastia (over 50% of the cases) and perhaps less

frequently testicular atrophy and infertility.

SBMA was originally linked to the same chromosomal region (XqI2-21) as the

gene for the bAR (Xq11-12). Therefore, the AR gene in SBMA patients was screened for

mutations by Southem blot, peR amplification and sequencing (LaSpada et al., 1991). The

only difference in the AR gene between the 35 SBMA patients from 23 unrelated familles

and 75 control subjects was an enlarged CAG repeat sequence that encodes a polyglutamine

tract in the N-terminal portion of the hAR. This CAG repeat is expanded from the normal

11-33 repeat to over 40 in SBMA (LaSpada et al., 1991; Pinsky et al., 1995).

After this discovery in SBMA, sirnilar expansion of coding CAG repeats were

found in four other neurodegenerative disorders (including Huntingron disease) affecting

various regions of the central aervous system, especially the brain (Ross, 1995). In SBMA

(and more strongly in the other four disorders), there is a correlation between the length of

the CAG repeat and the severity and age of onset of the disease: the longer the repeat, the

earlier the age of onset and more severe the disease (LaSpada et al., 1992; Doyu et aL,

1992; Igarashi et al., 1992). However, tbis was not confmned by another group (MaeLean

et al., 1995).

The androgen insensitivity associated with SBMA may he explained by the faet that

the bARs containing the expanded polYglutamine tract have decreased ligand affmity in

GSF from SBMA individuals (MacLean et al., 1995) and decreased transactivation capaeity

in heterologous œIl culture (Kazemi-Esfarjani et al., 1995). However, the biochemical

mechanism underlying neurodegeneration in SBMA is still unknown.

In arder to begin to explain the pathogenic role of the expanded polyglutanùne tract

in neurodegeneration of motor neurons, a few observations deserve attention. First, the AR

is expressed in many neuronal tissues including motor neurons in the anterior hom of the

spinal cord where degeneration oceurs, and the levels of expression are comparable to

those of other non-neuronal androgen target tissues such as GSF (=50 fmoVmg protein)

(Sarrieau et al., 1990; Kerr et al., 1995). Second, androgens prevent nonnally occurring

motof neuron death in the spinal nucleus of the bulbocavemosus (SNB) during late

perinatal and early postnatal development in male rats (Nordeen et al., 1985). The same

level of protection was aebieved for androgen-treated female rats. Finally, the most
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important observation is that the subjects with mild., partial., or complete AI., including those

with AR truncations or complete gene deletions., do not have SBMA., and for that matter

any other neurological disorders [except for a CAl individual who had complete gene

deletion with non-SBMA neurological findings (Trifrro et al.. 1991)]. Therefore, the AR

appears to contribute to the normal development and function of the motor neurons. but its

absence is not sufficient to cause motor neuron degeneration. This fact invoked the

hypothesis that the polyglutamine-expanded bAR has gained a new function that results in

degeneration of motor neurons, and this effect is perhaps exacerbated by the loss of hARts

usual function in motor neurons (Mbatre et al.., 1994; Kazemi-Esfarjani et al., 1995). As aIl

other disorders of polyglutamine-expansion are autosomal dominant disorders. this

provided a paradigm for funher experiments that could explain neurodegenerartion not ooly

in SBMA., but aIso in other aforementioned disorders.

Two models have attempted to explain the mechanism of gain-of-function

associated with the expansion of polyglutamines. The frrst mode1 suggests covalent

isopeptide bond formations between the glutamines of the expanded polyglutamine tract

and a lysine residue of another protein. ca.talyzed by a particular transglutaminase., result in

abnormal accumulation of the protein complexes, hence neurotoxicity (Green, 1993). The

second proposes that polyglutamines form "polar zippers" mediated by the hydrogen bonds

between the main- and side-chain amides of adjacent proteins (Perutz et al.• 1994). This

model suggests that abnonnally expanded polyglutamine tracts form excessively stable

protein complexes that accumuIate and cause neurotoxicity. Experimental data using

chimeric proteins support the latter model (Scott et al., 1995). There is aIso evidence that

peptides composed mainly of large. polyglutamine tracts accumulate in heterologous

cultured cells (COS cell) (Ikeda et al., 1996). This effect appears to he restricted to

polyglutamine tract size range observed in CAG-expansion associated neurodegenerative

disorders.
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AR PROTEIN STRUCTURE AND ITS FUNCTIONAL DOMAINS

The Iigand-binding domain
Similar to other nuclear receptors~ the LBD is eneompassed in the =250 amino 3Cid

residues of the C-terminal region of the AR forming a hydrophobie pocket~ encoded by

exons 4 to 8. In addition to its ligand binding funetion~ various portions of the LBD are

involved in transaetivation~ nuelear localization~ dimerization and hsp binding. These will

he dicussed in the subsequent sections. There is 100% homology between human~ rat and

mouse AR LBDs and about 50% homology among the LBDs of the bAR and the human

receptors for mineralocorticoids~ glucocorticoids and progesterones (Choong et al.~ 1996).

The three-dimensional structure of the AR LBD is not known. However~ there is

considerable functional and structural data derived from natura11y occurring and synthetic

mutations~ and from binding and partial proteolysis studies with various agonist and

antagonist ligands. To facilitate the integration of data gathered from different sources, a

computer-generated three-dimensional model has been put forth (Goldstein et al.~ 1993).

This model is based on homology of the LBD with a protease called thennitase

which is a member of the subtilisin-like serine proteases. It was generated by protein

sequence alignment and other experimental data such as photoaffmity labelling and the

effect of substitution of the amino acid residues in the LBD of various nuclear receptors,

eSPecially those of the steroid receptors. The model suggests a doubly wound ~-sheet made

of a core of hydrophobie parallel ~-strands covered by i)(.-heliees. The ligand-binding pocket

is lined with mainly hydrophobie residues and the entranee to it corresponds to the catalytie

site of thermitase.

Definition of the LBD by natural and synthetic mutations

The wealth of naturally oceurring mutations in the bAR, most of which result in amino 3Cid

substitutions, with the eorresponding phenotype of the receptor and the patient allows

investigators to gradually discover the role of each residue in the LBD. The mutations in the

bAR LBD that cause AI loosely cluster to two regions in the LBD: between residues 726

and 772 and between residues 829 and 853 (McPhaul et al., 1992). This observation has

been confumed by compilation of a larger number of natural mutations of the bAR

(Gottlieb et al., 1996). This indieates that sorne segments of the LBD are more critical for

the integrity of the three~d.imensional structure and/or funetion of the LBD.

The N-terminal boundary of the bAR LBD is provisionally defmed by two

missense mutations at residue 686 that change an aspartic acid to histidine or asparagine~
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both causing CAl associated with quantitative or qualitative ligand binding abnormalities,

respectively (Ris-Stalpers et al., (991). This residue is aIso shared with other members of

the subfamily of steroid receptors (Le., hGR, human mineraIocorticoid receptor (hMR),

and hPR). The mast C-terminal natural mutation is a glycine to arginine substitution al

residue 907, only 10 amino acids from the C-tenninal end (Choong et al., 1996). The

receptor with Gly907Arg substitution has 4- [0 5-fold less affmity for the natura! androgen

DHT and about half the nonnal ligand-binding capacity, and has impaired transactivation.

In addition ta the natura! mutations, there is a synthetic mutant bAR that lacks the most C

terminal 12 amino acids (Jenster et al., 1991). This bAR cannot bind ligand and is inactive.

Gross conformations of the agonist and antagonist receptor cOl'lplexes

Further evidence regarding the definition of the boundaries and three-dimensionaI structure

of the LBD cornes from partial proteolytic digestion of the AR bound ta various agonist and

anatagonist ligands. In one study, the unliganded hAR and bARs bound ta the natura!

(DHT or n or synthetic (MB) androgens, or antiandrogen cyproterone acetate (CA) or

casodex, were partially digested with trypsin or chymotrypsin (Kallio et al., 1994). The

analysis of the digestion reaction products by SOS-PAGE showed that al1 three androgens

protected a 30-kO fragment against protease digestions. This fragment was absent in

reactions where the bAR was unliganded or bound to antiandrogens. Furthennore, an N

tenninal intem~ deletion mutant that lacks residues 48 to 408 when bound to androgens

protected the same 3O-kD fragment hence confrrming that the protected fragment does not

originate from the N-tenninus. An intact LBD with normal ligand binding function was

necessary for protection of the 3D-kD fragment as a Met807Arg LBO mutant AR could not

proteet this fragment against proteolysis in the presence of androgen.

In another study, partial proteolytie digestion of the bAR bound to a synthetie

androgen (Mf or R1881) resulted in a similar protected fragment of 29kD (Kuil and

Mulder, 1994). However, under the reaction conditions of this study, the antiandrogen

(ICI 176.334) protected a larger fragment of 35kD. In addition, the androgen and

antiandrogen, when present together in the same reaction, could compete in producing their

respective fragment in a concentration-dependent manner. It was aIso confmned that the

protected fragments originate from the LBD by using a deletion AR construct that lacked

the DBD and the N-tenninal region and only eontained residues 615 to 910 of the LBD.

This truncated AR could aIso proteet a 29-kD fragment.

In similar studies, when the in vitro-translated PR bound to progesterone was

panially digested by proteases and subjeeted to polyacrylamide gel electrophoresis (PAGE)

analysis, a 30kO band was evident. However, PR eomplexed with the anti-progesterone
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RU486 and subjected to the same analysis gave a smaller band of 27kD (Baniahmad and

Tsai~ 1993). In addition. while the binding of RU486 was not affected when 42 amino

acids from the C-terminus of the human PR was deleted~ it resulted in complete loss of

progesterone-binding.

LNCaP is a tumor cell line derived from a metastatic lesion of human prostatic

carcinoma (Veldscholte et al.~ 1992 and refs. therein). The growth of this œIl line

accelerates in response not ooly to androgens but aIso to estrogens, progesterones and

severa! antiandrogens (such as cyproterone acetate and hydroxyflutamide but not ICI

176.334). The honnone response is presumably mediated through the .AR, as ER and PR

are not deteeted in this cellline. The cause of this promiscuity in hormone response was

eventually attributed to a single base substitution that changes a threonine at position 868 of

the bAR LBO to alanine (Thr868Ala) (Veldscholte et al., 1992).

Thr868Ala mutant AR bound to MT, DUT, or the antiandrogen ICI 176.334 was

subjected to partial proteolysis and SOS-PAGE analysis as above (Kuil and Mulder, 1994).

As with the wild tyPe AR, Mf-and DHf-receptor complexes protected a 29-kD fragment

while the ICI 176.334-receptor complexes protected a fragment of 35kD. It was intriguing

that antiandrogens cyproterone acetate and hydroxytl.utamide that act as agonists with this

mutant AR also produced agonist-like fragments of 29kD. Therefore, it appears that

agonist- and antagonist-receptor complexes have distinct confonnations regardless of prior

events (such as functional groups of the ligands or AR. mutations) leading to their

fonnation.

Subtle conformational differences versus transactivational competence

The missense mutation Thr868Ala in LNCaP is not the only amino acid substitution in the

LBD that alters one property (in this case, ligand-binding specificity) without affecting

other functions (e. g., its usuaI ligand affinity). These mutations are very helpful in

predicting the residues or regions of the LBO that contact particular parts or functionaI

groups of a ligand. Also due to their selective effects~ they allow investigators to tease out

critical residues that are involved in other functions of the LBD such as transactivation.

Two other such mutations have been described in the AR of human prostate

carcinomas where in each case a valine to methionine substitution has occurred: one aI

residue 715 (VaI715Met) and another at residue 730 (Val730Met) (peterziel et al., 1995).

The two amino acid substitutions do not affect the affinity of the AR for the androgen MT

or the natura! androgen metabolites androstanedione~ androsterone~ or androstanediol.

However. they are more efficient transactivators of a synthetic reporter gene (~-tkCAT)

in the presence of the androgen metabolltes mentioned above. Moreover. because
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transactivities by androsterone- and androstanediol-mutant receptor complexes were equally

greater than that of androstanedione-mutant receptor complexes~ and that the fonner two

ligands have a hydroxyl group (OH) at position C3 while the latter~ as with T and DHT,

has a keto group (0=) at this position. the authors proposed that the Val715 and Val730

rnight he in the vicinity of the C3 position of the cholesterol A ring of the ligand. This is an

example of the power of site-directed mutagenesis in the ·analysis of the structure and

function of the steroid receptors.

Surprisingly, despite the fact that in comparison with the wild-type AR, Val715Met

and Val730Met mutant ARs are stronger transactivators in the presence of the antiandrogen

hydroxyflutamide~ the wild-type AR in the presence of similar concentrations of

hydroxytlutamide fonDS the 29-kO trypsin-resistant fragment as weIl as the mutant ARs do

(peterziel et al., 1995). Therefore, perhaps more subtle conformational differences or

electrostatic interactions dictate quantitative transactivational differences among various

ligand-receptor complexes.

DifferentiaI effects of T versus DHT

There are two naturally occurring potent androgens, T and its 57<-reduced fonn DHT, that

take part in the development and virilization of the male reproductive system. T is

responsible for the development of the male internal reproductive accessory organs such as

wolffian duct structures (epididynùs~ vas deferens, seminal vesicles) whereas DHT

promotes the virilization and growth of the prostate and the external genitalia: penis and

scrotum. The distinct roles ofT and DHT were especially evident in a Dominican Republic

kindred carrying a mutation in the gene for the tyPe 2 isozyme of 5~-reductase that is

responsible for the conversion of T to DHT in the prostate and many other androgen

sensitive tissues (Andersson et al.~ 1991). The affected individuals in this large family bave

apparently female phenotype till the onset of puberty when their female external genitalia

are masculinized by a surge in their plasma testosterone levels (Thigpen et al., 1992).

A study on differential effects of T and DHT on the activation of a heterologous

reporter gene (MMTV-CAT) found that under saturating conditions both hormones can

activate MMTV-CAT to the same extent (Deslypere et al., 1992). On the other hand~ under

subsaturating concentrations of either hormone, DHT was 10 rimes more potent than T; that

is~ DHT-R complexes reached half-maximal activity at 10 times lower honnone

concentrations than that for T-R complexes. Therefore, in contrast to the mutant A-R

complexes in the previous section, both T and DHT upon binding to the AR produce the

same conformation (Kallio et al., 1994), but the binding, and perhaps subsequent

confonnational changes, occur at different rates. This is partIy because T dissociates from
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the AR three (Zhou et al., 1995) to four tirnes (Kaufman et al., 1990) faster than DHT, and

is less effective in stabilizing the AR (Zhou et al., 1995). Under saturating conditions

where receptors are constantly occupied by either ligand, T-R and DHT-R complexes have

the same Bmax (Grino et al., 1990).

Factors that affect ligand binding of the AR

In general, the binding characteristics of the AR do not vary among diverse tissues and

species. For example, androgen-binding sites with ~ values in the nanomolar range have

been described in goldfish brain, the skin of brown trout, testes of dogfish, the calf uteri,

and monkey ovaries (Fitzpatrick et al., 1994 and refs. therein), in addition to those in the

tissues of rodents and human. Nevertheless, slight variation of I«t from 0.22 ta O.45nM

has been noted among different inbred strains of mice (Kemp and Drinkwater, 1989).

Although the sequence spanning the LBD of the AR is sufficient for ligand-binding,

it appears that other regions of the AR may moduIate its activity. The effect of the N

terminal domain on ligand-binding was analyzed by internai deletions of the bAR and

domain-swapping between the rAR or bAR and the rGR (Zhou et al., 1995). The anaIysis

of the dissociation half-time revealed that the N-tenninal domain of the hAR, but not that of

the rGR, stabilizes androgen-receptor complexes by 2 to 3 foid. Moreover, the AR N

terminal domain could aIso stabilize dexamethasone-binding of AR/GR chimeric receptor

composed of the complete AR N-terminal region and the DBD and LBD of _the GR. In the

same study, more detailed analysis suggested that the residues between 14 and 28 of the N

terminus of the bAR stabilize the A-R complexes.

The DNA·binding domain
The DNA-binding domain is located in the central region of the nuclear receptors. Among

the nuclear receptors, there is high homology in the amino acid sequence of the DNA

binding domaine Out of 67 residues, 20 are invariant (Evans, 1988). Nine of the invariant

residues are cysteine. The flfSt 4 cysteines coordinate a zinc ion to form the flfSt subdomain

or Ufmger" of the DNA-binding domaine The other 5 cysteines also coordinate a zinc ion to

form the second finger. These structures are known as zinc fmgers and were originally

observed in other transcription factors such as TFllIA associated with RNA polymerase III

and transcription of ribosomal RNA 55. The two zinc fingers are encoded by separate

exons, and are distinct based on their structure and function. The [Ifst zinc finger is more

highly conserved among the nuclear receptors and is more hydrophilic with a few basic

residues. The second zinc finger is highly basic'due to lysine and arginine residues (Evans,
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1988). The invariant and conserved residues form a general DNA-binding domaine On the

other hand9discrimination among different binding sites is achieved by three residues at the

base of the flfSt zinc finger (Fonnan and Samuels9 1990 and refs therein).

Hormone.response elements and their discrimination by the DBD

Hormone-response elements (HREs) are enhancer-like, palindromic DNA sequences

located in the regulatory regions of hormone responsive genes (Beato. 1991). They consist

of two unequal half-sites separated by 3 to 5 variable nucleotides. As with the RE for

vitamin D receptor, they also sometimes accur as direct repeats. Based on homology of the

right-half palindrome sequence and the tyPe of nuclear receptor they bind to, they are

divided ioto two subgroups: GRFJPRE subgroup with the half palindrome consensus

sequence TGTYcr binding to the receptors of group t and ERE subgroup with the half

palindrome consensus sequence TGACC binding to other nuclear receptors (groups II, III,

and IV).

There is considerable variation around the consensus sequences. For example,

although the last base of the GRFJPRE right-half site is highly conserved, it is not essenial

for binding (Beat09 1991). Since in 40% of cases there is a C at the fourth position, the

distinguishing feature between GRFiPRE and ERE is the nucleotide at the third position.

The flexibility of RE-binding by the nuclear receptors is also demonstrated by the

observation that GR, PR, as weIl as ER, cao bind REs containing a pair of half-sites from

both GREIPRE and ERE subgroups (Beato, 1991).

Based on the amino acid residues of the discrirninatory positions, the members of

the nuclear receptor superfamily cao he divided into four groups. The AR along \Vith GR.

MR, and PR comprise group 1 (Forman and Samuels9 1990). The discriminatory residues

in this group are GlY9 Ser, and Val. The DNA-binding domains of this group recognize the

consensus RE, AGAACAnnnTGTICT.

Group II includes receptors for thyroid hormones9 retinoids9 and vitamin D. This

group also includes severa! members known as orphan receptors which do not bind a

known ligand. These receptors contain Glu9 Gly, and Gly at their discriminatory position

and interact with the consensus RE AGGTCATGACcr. Group m receptors with

members such as chicken ovalbumin upstream promoter-transcription factor (COUP-TF)

and Drosophila's Knirps have Glu, Gly, and Ser at a similar position. So far9 ooly COUP

TF is shown to interact with the RE GTGTCAAAGGTCA.

Group IV contains the ER with Glu, Gly, and AJa at the discriminatory position

which allows it to bind to AGGTCAnnnTGACCf.
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Three-dimensional structure of the DBD

The 67 amino acids of the DBD that include the two zinc fingers are encoded by exons 2

and 3 (Pinsky et al., 1995). The tertiary structure of the bAR DBD is not known. On the

other hand, there are nuclear magnetic resonance (NMR) and crystallographic data on the

GR DBD which can he extrapolated to AR because of very high homology in the DBD

among the members of the steroid receptor subfamily.

Two-dimensional NMR and distance geometry analysis of a 71-residue stretch of

the rGR DBD has detected severa! secondary structures including two oc-helical regions

(Hard et al., 1990). The two c....helices are perpendicular to each other, exposing their

hydrophilic surfaces to the solvent. In a mode! of the GR DBD-GRE complex that

accomodates these NMR observations, the ex-helix of the N-terminal fmger forms the

"recognition belix" placed in the DNA major groove with residues Gly458, Ser459, and

Val462 very near the middle AT base pairs of the GRE. According to the this mode1,

Lys461, Lys465, and Arg466 contact other bases within the GRE or the DNA phosphate

backbone.

This model is also consistent with the raIe of the DBD in transactivation through

contacts with other transcription factors. The region of the second fmger that extends away

from the DNA, and is potentially accessable for contact by the transcriptional machinary,

includes residues Arg488, Arg489, and Asn491. Substitution of each of these residues

results in a receptor that can bind GRE nonnally but cannot transactivate in vivo (Hard et

al., 1990). Interestingly, Arg607Gln and Arg608Lys mutations in the bAR, that

correspond to Arg488 and Arg489 positions of the GR, are associated with rare cases of

male breast cancer combined with PAl (Wooster et al., 1992; Lobaccaro et al., 1993).

The crystallographic analysis is in good agreement with the NMR study esPeCially

in the tertiary structure of the N-terminal zinc finger (Luisi et al., 1991). In the crystal

model of the residues 440-525 of the GR bound to GRE, the DBD bas a compact and

globular tertiary structure which can he divided ioto two modules, each with a zinc

tetrahedral centre followed by an amphipathic ~-helix. The intact ~helical motifs of both

modules are essential for normal DNA-binding (Beitel et al., 1994). The two modules

differ structurally and functionally. The ~ sheet of the N-terminal finger helps to orient

residues involved in phosphate contact and the residues in its Q(.-helix contact the bases in

the major groove of the GRE. The C-tenninal module is involved in phosphate backbone

contact, dimerization on the GRE, and transactivation.
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Cellular factors that enhance DNA binding

Beyond the interaction between the AR monomers. there are other protein-protein

interactions that stabilize DNA binding. One such factor. known as receptor accessory

factor (RAF), was frrst detected in the rabbit reticulocyte lysate (Kupfer et al., 1993). In a

eIectrophoretic mobility shift assay (EMSA) with a truncated rAR (residues 460-704)

containing the DBD and portions of its N-tenninal and C-terminal flanking sequences, and

a 28-bp ARE from the fust intron of the C3 gene, RAF enhanced the efficiency of binding

by 25-fold. By gel filtration assay. RAF was estimated to he a 13O-kD protein. The RAF

like activity was also detected in extraets of several œll lines such as HeLa and mouse

Leydig tumor ceUs, but this activity could not be detected in the œIl lines of kidney origin

from monkey (CV1) and human (293). Therefore, its expression might he involved in the

tissue-specifie activity of the AR. The interaction between RAF and the truncated AR

required the N-terminal segment flanking the DBD (residues 460-521). Interestingly, an

antibody that recognizes the same region of the AR aIso enhanced DNA binding by 30

foid.

The antibody, and apparently RAF, enhance DNA-binding through protein-protein

interaction with the AR, but the exact nature of this interaction is not known. Also, it is

unknown whether the RAF activity is associated with all steroid receptors and for that

matter the intact AR; under the same experimental conditions, RAF activity was detected

with the truncated and full-Iength GR but not with the intact, full-Iength AR (Kupfer et aL,

1993).

A factor with similar activity was aIso detected in the nuclear extracts from severa!

different ceU types such as a rat hepatoma cellline (FfO-2B), HeLa cells, and rat prostate.
and kidney ceUs (De Vos et aI., 1994). These experiments again involved EMSA with

truncated rAR or hGR. However, unlike the aforementioned experiments, the REs were in

a relatively natura! context of M!v1TV-LTR (141bp) and C3(l) frrst intron (158bp)

sequences. This system allowed the identification of a 24-bp segment of the C3( 1)

fragment that was necessary for the DNA-binding enhancement of the truncated AR. This

segment contains the half-sites for consensus GRE and nuclear factor 1 (NF-l), but the

mechanism of enhancement does not seem ta he due ta NF-l or AR DNA-binding.
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Dimerization

Dimerization by the DBD

Like many transcription factors 9 ail steroid receptors seem ta dimerize for efficient

transregulation of their target genes. In a dimer configuration on the GRE9 the interacting

C-tenninal modules of the two GR subunits are PQsitioned over the minor groove without

contacting it (Luisi et al' 9 1991). The contacts between the DNA phosphate backbone and

the C-tenninal module apparently stabilize the dimer9 hence the cooperative binding of the

two DBD monomers to the GRE half-sites. In addition9 the analysis of the crystal of a GR

dîmer bound to GRE with four spacer nucleotides between its half-sites9 as opposed to the

normal three, indicated that the stability of the dimer interface is greater than that of a

monomer and a GRE half-site. This suggests that differences and similarities in specificity

and strength of RE-binding by different steroid receptors may be accommodated by the

tight~ specific binding of one subunit of a dimer and variable9 non-specific binding by the

other (Luisi et al., 1991).

In a different study 9 the raie of various REs in dimer foonation by steroid receptors

was analyzed by DNAse l footprinting experiments (De Vos et al., 1993). In this

experiment9 the footprinting pattern of fusion proteins of rAR and hGR DBDs were

compared in the context of various natura! REs from the M:MTV-LTR and the frrst intron of

the androgen-regulated C3(1) gene. The results suggested that, apparently by dimer

fonnation 9 both AR and GR DBDs equally protected the REs that closely resemble the

consensus GREIPRE. On the other hand, where ooly one consensus half-site is present in

the RE, the DNAse 1footprint pattern suggested that AR and GR are bound as monomers

(De Vos et al., 1993). However, because sorne nucleotides downstrèam of TGTICT half

site were also protected against DNAse t the footprint might indeed correspond to a dimer

with one subunit bound tightly and the other more loosely as discussed in the previous

paragraph. If this is the case, it nùght explain the similarity in the efficiency of protection

between full and half-site GREs in the MMTV-LTR.

Evidence for the physiological role of AR dimerization came from five patients with

Reifenstein syndrome from two unrelated families (a form of PAl) (Klocker et al' 9 1992).

In the patients, a rnissense mutation in the bAR gene has resulted in the substitution of a

threonine residue at position 596 for an alanine (Ala596Thr)9 in the conserved D-box of the

subfanùIy of steroid receptors (Kaspar et al., 1993). This mutant AR was unable to bind an

ARE in a band-shift assay, and a N-terminally truncated version of this mutant AR was

unable to form heterodimers with a wild-type AR (Gast et al., 1995).
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It was intriguing, however, that Ala596Thr AR could activate transcription from a

promoters with multiple AREs, or with an ERE followed by an ARE (Kaspar et al., 1993).

The authors concluded that this property might explain PAI (as opposed to CAl) in these

pateints.

Dimerization by other funclional domains of the AR

There is also evidence that the LBD of the AR might he involved in dimerization. A

conserved heptad repeat of hydrophobie residues similar to a leucine zipper or a coiled coil

motif in the ER is responsible for its in vitro homodimerization (Fawell et al., 1990~ White

et al., 1991). Amino acid substitutions in a 26-amino acid segment of the mER suggested

that the residues involved in dimerization might be distinct but overlap the residues

involved in ligand-binding (White et al., 1991). When a 30-amino acid segment of this

region of mER was replaced by the corresponding region of the bAR, the chimeric receptor

retained DNA-binding (and by inference dimerization), albeit at subnormal Ievels. A

dimerization mutant ne518Arg ER (Fawel1 et ai., 1990) could not bind DNA in the same

band-shift assay (White et al., 1991). This indicated that dimerization of the mER LBD is

important for DNA-binding, and that bAR has a similar domain that can allow the chimeric

receptor to dimerize and bind DNA.

The N-tenninaI domain of the AR may also contribute to its dimerization. The

interaction of the AR N-terminal region witb the LBD was demonstrated by a series of

chimeric proteins (Lan[~ley et al., 1995). These chirnera were made of the strong

transactivation domain of the VP16 (herpes simplex viral protein 16 acidic domain) or the

yeast protein GAlA DNA-binding domain fused to either the LBD or the N-terminal

domain of the hAR. The induction of the reporter gene by these constructs indicated that

perhaps the N-terminaI domain can both homodimerize and heterodimerize with the LBD.

Androgen was necessary for the interaction between the N-terminus and the LBD, and the

extent of this interaction seemed to depend on the type of ligand. Consistent with the higher

stability (Zhou et al., 1995) and half-maximal transactivation capacity (Deslypere et al.,

1992) of DHT-R compared to T-R complexes, DHT was more potent tban T in inducing

this heterodimerization. The anti-androgen hydroxyflutamide inhibited this interaction.

The interaction between the N-tenninus and the LBD was aIso reduced by various

internai deletions of the N-terrninus (including one spanning the polygiutamine tract), and

was abolished by a deletion near the DBD that spans the polyproline and polyglycine tracts.

These deletions also reduced homodimerization of the N-terminus, but in a pattern unlike

that of its heterodimerization with the LBD. It is interesting to note that the longer
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polyglutamine tract (66 glutamines) of a N-tenninal construct increased its dimerization

with the wild-type N-tenninal construct (21 glutamines).

The N-terminal domain
The N-temùDal domain is the least conserved region among the nuclear receptors. Even in

the subfamily of steroid receptors, this region is extremely variable in both size and primary

structure among the members. 115 functional importance cornes from deletion experiments.

Deletions of this region of the GR result in 10- to 20-fold decrease in transactivation of the

reporter gene (Evans, (988). Similarly, although the ER with an amino-tenninal deletion

activates a vitellogenin promoter nonnally, it is 10-fold less active on the estrogen

responsive-promoter p52. Oç.e of the prominent features of this region in the AR is the

numerous tracts of homopolymers of amino acids. Even more astonishing is the fact that

the position, the length and/or composition of the homopolymeric tracts varies among

sPeCies according to evolutionary distance. For instance, there is a polYglutamine tract near

the N-tenninal end of the bAR that is polymorphic (11-33 glutamines) among individuals

(Pinsky et al., 1995; KazeITÙ-Esfarjani et al., 1995). A similar polyglutamine tract exists in

the mouse (Faber et al., 1991) and rat ARs (Chang et al., 1988), but it is further from the

N-tenninus, is apparently fixed among the individuals at 20 (mAR) or 22 (rAR) residues,

and interrupted by three histidine residues in the mAR (Fig. 2). Furthermore, at the

nucleotide level, the bAR polyglutamine tract is coded by CAG repeats except for its most

C-terminal glutamine residue that is coded by a CAA. The polyglutamine tracts of the mAR

and rAR, on the other hand, are encoded by a presumably random mixture of CAG and

CAA. A polyglutamine tract similar in length and position to the one in the bAR exists in

the rGR (Miesfeld et al., 1986), whereas its counterpart located in the same region in the

hGR consists of ooly two glutamine residues (Hollenberg et al., 1985).

The other polymorphie tract in the hAR is a polyglycine tract (12-29 glycines)

(Pinsky et al., 1995). Again, the polyglycine tract in the mAR and rAR is flxed at 5

residues (Faber et al., 1991; Chang et al., 1988). Sïrnilar to the polyglutamine tract, the

nucleotide composition of the polyglycine tract is different among species. In the human,

there is a relatively long stretch of glycines encoded by the trinucleotide GGC, flanked at its

N-tenninal side by other codons for glycine. In the mAR and rAR, the nucleotide

composition of the polyglycine is identical, coded by GGA GGC GGG GGC GGC.

Perhaps, lack of codon reiterations in the polyglutamine and polyglycine of the mAR and

rAR prevent the expansions and contractions that occur in the bAR polymorphie tracts.
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There are ather homopolymeric tracts in the N-terminal region of the AR. The

longest in the hAR, after polyglutarnine and polyglycine, is an octaproline tract (8

prolines). There is a comparable polyproline tract in the mAR and rAR that consist of 7

residues and includes an interruption by a histidine. Interestingly, an oclamer of pralines is

also present in the hMR, but it is located in the regian between its DBD and LBD (Arriza et

al., 1987).

DBD LBD
Gin Gin Gin

11-33 6 5

Arg

5

Gin

22

Pro Ala

7 5

DBD LBD

Figure 2. Comparison of the hamopolymeric tracts in the human (top) and rat (bottom)

androgen receptors.

Functional subdomains of the N-terminal region

Although the LBD and DBD are invalved in AR transactivity, the transcriptional activity of

the AR is mainly attributed ta the N-tenninal region. In contrast ta DNA- and ligand

binding functional domains of the steroid receptors, the transcription activation units

(TAUs) of the N-tenninal regian varies tremendously among the members in primary

structure, location and size (Jenster et al., 1995).

The functional significance ofvarious regions af the N-terminal domain has entirely

relied on deletion analyses of the AR on heterologous reporter genes in cell cultures.

Although the results frOID tbese experiments have been very infonnative, in sorne instances

they have been contradictory. Earlier internai and N-tenninal deletians of the bAR in COS

cells with rvtMTV-CAT as reporter gene indicated that approximately a quarter of the N

tenninal region (residues 1-140) is dispensable for full transcriptional activity (Simental et

al., 1991). In a more refined series of experiments, this has recently been cantradicted by

other N-terminaI deletion bAR constructs (Jenster et al., 1995), although the differences in

the results may partly he due ta the differences in the celllines (HeLa cells) and/or reporter

genes «GRE)2tkCAT). In the latter study, deletian of the fust 100 amino acids from the N-
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tenninus of an otherwise wild-type bAR resulted in 40% decrease in transactivity. On the

other hand, a deletion hAR in the fonner study lacking the frrst 337 residues was

completely inactive (less than 1% wild-type activity) whereas its counterpart deletion bAR

missing the frrst 359 residues retained 20% transactivity.

Nevertheless~ other constructs suggested that residues 1-485 are necessary for full

transactivity of the wild-type hAR. Noticeably, the deletion of residues 485-528 flanking

the DBD did not affect wild-type activity. A similar region (460-520) was implicated in the

enhancement of DNA-binding of bAR by a novel protein tenned receptor accessory factor

(RAF) (Kupfer et al., 1993).

In the context of a bAR construct lacking the entire LBD and the hinge region, the

same N-terminal deletions behaved differently (Jenster et al., 1995). In this case, deletion

of the DBD-flanking region 485-528 did decrease transactivation by about 40% (consistent

with the loss of RAF interaction). Furthermore, unlike the results with the deletion AR

construct containing the LBD region, the residues 360-528 were sufficient for full

transactivity.

In conclusion, there seem to he two separate but overiapping TAUs in the N

tenninal region of the bAR: one, designated TAU-l, includes residues 1-485 with a core of

activity around residues 101-370, and has relatively larger number of acidic residues

(34/270 residues or 12.6%), three polyglutamine repeats including the polymorphie one,

and putative phosphorylation sites; and the second, designated TAU-S, includes residues

360-528 with a core of activity around residues 360-485, and has lower number of acidic

residues (10/126 residues or 7.9%), a polyproline, a polyaIanine and a polyglycine tracts

(Jenster et al., 1995). Perhaps to further substantiate these results, similar experiments

should he perfonned using natura! androgen-responsive promoters such as those of

prostatic specific antigen (PSA) (Riegman et al., 1991) and probasin genes (Kasper et al.,

1994).

The role of the homopolymeric tracts

Recently, severa! reports, including this thesis, have attempted to understand the role of the

homopolyamino acid tracts in protein activity. In a SwissProt database search, the majority

of high-scoring proteins with polyglutamine tracts of at least 20 glutarnines (82%) and

polyproline tracts of at least 10 proline (78%) were, or were thought to he, transcription

factors (Gerber et al., 1994). SeveraI other transcription factors such as Sp 1 and CfFINF-I

are rich in glutamine or proline residues, respectively, with short stretches of

homopolymeric regions (Mitchell and Tjian, 1989). Further evidence for the functional

importance of the homopolymeric tracts came from the discovery of hAR polyglutamine
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expansion from the nonnaI 11-33 residues ta over 40 in a motomeuron degenerative

disease combined with mild androgen insensitivity known as spinobulbar muscular atrophy

or Kennedy syndrome (LaSpada et al., 1991). AIso, in transfection studies, it was shown

that a short polyglutamine of 12 residues exacerbated the effect of a natura! Tyr761 Cys

substitution in the bAR LBD (McPhaul et al., 1991).

As a frrst step to detennine the role of the homopolY31lÙno acids in the bAR,

plasoùds were created that expressed bARs with 0, 12, 20, 40, or 50 glutamines in their

polyglutamine tract (Mhatre et al., 1993; Kazeoù-Esfarjani et al., 1995). Earlier results

showed hARs with polyglutamine tracts of 40 or 50 residues are equally less competent

than the bAR with a polyglutamine of 20 residues in transactivating the reporter gene

MMTV-growth hormone (NIMTV-GH) in COS-l ceUs (Mhatre et al., 1993). With slightly

different cotransfection parameters providing a more sensitive transactivation assay, and by

including plasmids expressing 0 or 12 glutamines, in addition to ones with 20, 40 or 50

glutamines, it was discovered that there is an inverse correlation between the length of the

polyglutamine tract and transactivational competence: the longer the length of the

polyglutamine, the lower the transactivation (Kazemi-Esfarjani et al., 1995). The length of

the polyglutamine tract had no detectable effect on other functions of the hAR or its

stability. Therefore, it appears that the function of the polyglutamine tract is the modulation

of transactivation function.

In a similar series of experiments, the long polyglutamine tracts of the bAR and

rAR showed the same modulatory effect on transactivation, despite the fact that the

deletions and insertions included sequences that flank the polyglutamine tract (Chamberlain

et al., 1994). Although interpretations of the results were rendered less reliable by the

alteration of the flanking sequences, these results suggested that the deletion of the

polyglutamine tract of the rAR has a more dramatic effect on transactivation than the

deletion of the bAR N-tenninal polyglutamine tract. This oùght he due to the more C

tenninal location of the polyglutamine tract in the rAR. Indeed, in the hAR, there is a

pentaglutamine tract in the same location as the 22-g1utamine tract of the rAR (Chang et al.,

1988). The deletion of this tract in the bAR also resulted in a significant increase in

transactivation (Kazeoù-Esfarjani et al.; abstract 1995). Moreover, this increase was similar

to the one provided by the deletion of the N-terminal polyglutamine tract. These results

further confmned the modulatory role of the po1ygiutaIIÙne tracts in the AR. It is important

to note that iocrease in polyglutamine length may either decrease or increase transactivation

depending on the context of the surrounding sequences. Chimeric proteins containing

longer polyglutarnines, flanked by GAL4 DBD and the acidic activation domain of VP16
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had increased transactivation, in contrast to the ones without the VP 16 fragment (Gerber et

al., 1994).

The results of similar trallsactivation studies with bARs containing precise deletions

of the hexaglutamine, octaproline. and polyglycine tracts were less dramatic (Kazemi

Esfarjani et al.; abstraet 1993). There appeared to he a slight diminution in transactivity

with all three mutant bARs, but the results were not consistent as the differences hetween

the mutants and the wild-type bARs were small under the same experirnental conditions.

Moreover, similar inverse correlation between polyproline length and transaetivity was

suggested by chimeric proteins composed of GAL4 DBD and polyproline tracts of 0-50

residues (Gerber et al.• 1994); the transactivity peaked at 10 prolines and declined thereafter

with larger number of pralines.

Cellular factors that modulate transregulation

Severa! cellular factors may affect transregulation by the steroid receptors such as: 1)

metabolic conversion of the ligand to active or inactive forms; 2) reeeptor levels; 3)

receptor-specific REs; and 4) receptor-specifie interaction with other cellular proteins or

components (Gordon et al., 1995). Reeently, Miesfeld and bis eolleagues attempted to

address the issue of the effect of cellular environment on transaetivation by taking

advantage of several œil lines ineluding a panel of T-antigen-transfonned rat prostate

epithelial eells (Gordon et al., 1995). Cotransfeetion of rAR and~-CAT showed that

there wC\~ up to)o-fold differenee in the expression of CAT between various cell lines.

The results were as dramatie (21-fold differenee) in the stably-expressing AR œil lines:

those from a prostate cellline had the highest AR-dependent expression of CAT while a rat

hepatoma cellline had the lowest CAT expression.

Using two other reporter genes containing different promoter sequences (thymidine

kinase vs aleohol dehydrogenase) and variable number of REs (2 GREs from MMTV vs 3

GREs from TAT gene), it appeared that the only cis-elements mediating the observed

effects were the REs. as similar cell-specifie differenees were evident with both reporter

genes. This effect could not he easily explained by differences in AR DNA-binding in the

two cell lines. In fact~ the nuclear extraet from the cell line with lower activity had more

GRE-binding by its endogenous AR than its counterpart. After further analysis, the effect

was attributed to the N-terminal domain of the AR using AR/GR and GAL4/AR ehimeric

proteins. Moreover. similar. but much attenuated. cell-specific differenees were observed

for the rGR with identical stable cell lines and reporter genes. Thus. these effects are AR

specifie (Gordon et al.• 1995).
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Interaction with other transcription and chromosomal factors plays a major role in

transregulation by steroid receptors. The mouse marmnary tumor virus~ hormone

response system is one of the well-characterized HRE systems. In the~ long terminal

repeat (LTR), there are four copies of the hexanucleotide TGTICf (GREJPRE right half

site) between -190 and -75 base pairs (bp) relative to the transcription initiation site. The

most distal of the four is part of an imperfect palindrome between -190 and -160 bp while

the other three stand alone as half-sites (Beato, 1991). Within the chromatin of yeast and

mammalian ceUs, this region of the lVIMTV promoter is packaged into nucleosomes in a

fashion that allows binding of the steroid receptors, but prevents the binding of at least two

other transcription factors, nuclear factor 1 (NF!) and octamer-binding factor 1 (Oct!), in

the absence of honnone-receptor complexes (Truss et al., 1995). In vivo, honnone

treatment induces NF! binding to its cognate site at -75 to -63 bp. It appears that receptor

binding in that region in vivo results in partial nucleosomal rearrangement, rather than

shifting or removal, and simultaneous accessibility of the NF! and Octl binding-site.

Furthermore, Octl seems to he the major mediator of transcription enhancement by

hormone-receptor complexes. There are two binding sites for Oct l located between the NFI

binding site and TATA box in the~-LTR. The interaction of Oct1 and the receptor

appears to he by direct protein-pratein interaction.

The transcriptianai activity of the AR may aIse he moduIated by other steroid

receptors. For instance, cotransfection of equal amounts of mAR and hER together with

lVIMTV-CAT ioto quail fibrosarcoma cells (QT6) results in a 60% reduction in

transactivation compared ta a cotransfection lacking bER (Kumar et al., 1994). This

repression effect was ligand-dependent and could be inhibited by anti-estrogen ICI 164384.

It has aIso been observed that ARs with internal deletions in the N-terminal domain can

inhibit the transactivity of the wild-type AR in œIl culture, perhaps through

heterodimerization (palvimo et ai., 1993). We have observed enhancement of the bAR

transactivity in the presence of DBD mutant bARs in COS-1 ceUs with~-GH reporter

gene (Kazerni-Esfarjani et ai., Abstract, 1994). This effect was seen with three different

naturaI mutations affecting the putative Ct-helical regions of the DBD (Beitel et al., 1994).

Recently, severaI groups using yeast and manunalian versions of the two-hybrid

system have discovered severa! coactivators and corepressors. ARA70 is an AR-specifie

coactivator with 619 arnino acids and a calculated molecular mass of 70kD isolated from a

hurnan brain library by the yeast twa-hybrid system (Yeh and Chang, 1996). 115 rnRNA is

expressed at high levels in prostate, testis, heart, preputial gland and thymus, but

interestingly, it is undetectable in the brain cortex. ARA70 enhances the transcription by the

AR approximately lü-fold in transfected human prostate cancer cells DU145.
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Similarly, c-Jun, a component of the AP-l transcription factor was shown to

enhance the transactivity of the AR in a dose-dependent manner (Bubulya et al., 1996). The

effect appeared to he through protein-protein interaction requiring the hAR DBD, and

perhaps its hinge region. Futhennore, this interaction was inhibited by c-Fos, most likely

by sequestering c-Jun.

ERM, PEA3, and c-est-1 are three memhers of the ets-related transcription factors

that were shown to down-regulate the expression of the matrix metaUoproteinases, such as

collagenase L This down-regulation appeared to he specifically through the AR, and Dot

GR or t\i1R (Schneikert et al., 1996). In addition, the ERM-mediated repression of the

collagenase l promoter appeared to act through the N-tenninal domain of the AR.

Nuclear localization signais
The final step in the classical androgen induction pathway takes place in the œil nucleus.

Therefore, after its synthesis on the rough endoplasmic reticulum, the AR has to travel back

into the nucleus. There is still controversy over the cellular distribution of the wild-type AR

in the absence of androgens. Transient transfection experirnents suggest that the unliganded

AR might he predominantly in the cytoplasm or in the nucleus, or evenly distributed

between the cytoplasm and nucleus depending on the cell type (Jenster et al., 1993). In the

presence of ligand, on the other hand, the intact AR is always nuclear independent of œil

type. Similarly, immunohistochemical analysis of tissues from various anatomical regions

of the prostate from intact and castrated rats has shown that AR-specifie signal was

confined to the nuclei in intact rats and gradually became cytoplasmic postcastration (Prins

and Birch, 1993).

Amino acid sequence comparison between steroid receptors and nucleoplasmin, the

major nuclear protein of the Xenopus oocyte, has reveaIed a bipartite nuclear localization

signai (NLS) composed of two basic segments separated by ten amino acid residues

(1enster et al., 1993). The simian virus large T antigen aIso contains a NLS that resembles

the C-terminal half of this bipartite motif. NLS might he the site of interaction with a novel

57-kO protein known as ATP-stimulated translocation promoter (ASTP) that increases the

binding of glucocorticoid-receptor complexes to nuclei in the presence of ATP (Okamoto et

al., 1993). Deletion and site-directed mutagenesis experiments have suggested that intact

N-terminaI or DNA-binding domains are not necessary for nonnaI nuclear localization. In

contrast~ the function of NLS seem to he regulated by the LBD (Jenster et al., 1993). These

data suggest that the LBD blocks NLS activity, and this block is removed either by binding

of ligand or by deletion of a large segment of the LBD, hence the possibility of a steric
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hindrance mechanisffi. However. in contrast ta transactivation function. the confonnational

requirements for nuclear localization are not ligand-sensitive as non-androgenic ligands

sucb as estradio1. R5020 (a synthetic progestagen). dexamethasone. and anti-androgens

such as hydroxytlutamide could also promote nuclear localization of the AR.

RECEPTOR·ASSOCIATED PROTEINS

GeneralIy. in the absence of ligand. the inactive AR and other steroid receptors are located

in the cytoplasm as 8 to lOS mu1timeric complexes (Baniahmad and Tsai. 1993). Two of

the receptor-associated proteins (RAPs) in the complex helong to a family of stress-induced

proteins known as heat-shock proteins (hsp). Based on their size. they are caI.1ed hsp90

(90kD) and hsp70 (70kD) (Smith and Taft. 1993). Hsp90 is an abundant and ubiquitously

expressed protein. Severa! experiments have suggested that it might he a chaperone for

protein folding. and maintain the receptor in the high-affmity ligand-binding configuration.

It might aIso mask the functional domains of the receptor and keep it in the inactive fonn in

the cytoplasm. Hsp70 aIso appears to fonction as a chaperone in protein folding and

unfolding. disassembly of complexes. and protein impoct through cellular membranes.

Other RAPs include p60. p59. p54, p50, and p23. As with hsp90 and hsp70. the

common theme among them is broad tissue and species distribution. The 59kD protein,

p59 or hsp59, is induced by heat shock and binds to the immunosuppressant drug FK506.

The proteins that bind FK506 and rapamycin comprise a family of proteins known as

immunophilins. For this reason. p59 is aIso caIled FK binding protein (FK.BP). The

functions of the other four RAPs is not clearly known (Smith and Toft, 1993).

In addition. steroid receptors may vary in their RAP requirement. For instance. GR

seem to be associated with hsp90 and p59, but not with hsp70. On the other hand, human

AR and PR associate with hsp90 and hsp70, but not with p59 (Smith and Toft, 1993).

Binding of the ligand to the receptor results in dissociation of RAPs and appearance

of a smaller 45 species. This dissociation step is believed to he important for the activation

of the receptor. However, in the absence of hormone, purified PR devoid of RAPs was

unable to bind to its RE and activate transcription. Therefore, RAP dissociation does not

constitute complete receptor activation (Baniahmad and Tsai, 1993). Similarly, yeast

genetic manipulations have suggested that the presence of another molecular chaperone

known as dnaJ may he necessary for full, ligand-dependent bAR transactivational capacity

(CapIan et al., 1995).
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STEROID RECEPTORS AND OTHER SIGNALING PATHWAYS

There are three mechanisms by which steroid receptors internet with other signaling

pathways: 1) influence of phosphorylationldephosphorylation on receptor activity; 2) direct

or indirect interaction between steroid receptors and other transcription factors; and 3)

regulation of the level of the steroid receptors by factors in other signaling pathways

(Burnstein and Cidlowski, 1993). Evidence for the flfSt mechanism in the hAR cornes from

pulse-labeling and alkaline phosphatase treatment of the newly synthesized AR from

LNCaP or COS cells. The results show that the hAR is synthesized as a IlD-kD protein

that is rapidly phosphorylated resulting in a shift to 112-kD size on SDS-PAGE (Kuiper et

al., 1991). Moreover, separation of the tryptic phosph0Peptides show that the bAR is

phosphorylated at severa! sites, including an androgen-induced site (Kuiper and

Brinkmann, 1995). These sites appear to he exclusively comprised of serine residues.

Three serine phosphorylation sites have been analyzed by site-directed mutagenesis: two in

the N-terminal region (Ser81 and Ser94) and one in the hinge region (Ser650) (Zhou et al.,

1995). Substitution of Ser650 by an alanine residue reduced transactivity by about 30%.

Ser81Ala and Ser94Ala, on the other hand, did not have appreciable effect on bAR

transactivity.

Further evidence for the significance of phosphorylation in AR function was

provided by the effects of modulators of protein phosphorylation on AR transactivation in

transient cotransfection of HeLa or CV-1 cells. Activators of protein kinase-A (8-bromo

cAMP) or protein kïnase-C (phorbol 12-myristate 13-acetate), or an inhibitor of protein

phosphatase-l and 2A (okadaic acid) increased testosterone-dependent transcription of

rvIMTV-CAT cotransfected with the rAR (Ikonen et al., 1994). In the absence of

androgens, these compounds had linIe effect on~-CAT activation. It appeared that at

least for the activators of protein kinase-A, 8-bromo-cAMP and forskolin, the observed

increased in transactivation is not due to changes in cellular AR levels or its ligand- or

DNA-binding pr0Perties.

Evidence for the second mechanism is provided by the proliferin gene promoter

where direct interaction between a steroid receptor and a transcription factor has been

shown (Diamond et al., 1990). Within this promoter~ there is a composite regulatory

sequence that cao bind the components of the AP-l transcription factor, Jun and Fos~ as

weIl as GR. When AP-l (JunIFos heterodimer) is bound to this promoter~ binding of GR

represses the transactivation. On the other band, if the homodimer of JunlJun is bound to

the composite site, binding of GR activates transcription. In vitro sud.ies localized the

DNA-binding inhibitory activities ofGRlAP-l interaction to the GR zinc-finger DBD. and

to regions outside of the leucine-zipper (dimerization domain) and basic region (DBD) of
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the Fos and Jun (Kerppola et al., 1993). For Jun, it was the N-tenninal region, and for Fos

it was the C-terminal region.

Finally, the third mechanism is exemplified by the presence of an apparently

functional cAMP response element (CRE) in the bAR promoter. Deletion analysis of the

bAR promoter localized cAMP induction effect ta a region between -530 and -380.

upstream the transcription initiation site which includes a potential CRE (Mizokami et al..

1994). These results suggest that the level of bAR expression is regulated by other

signaling pathways.
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INTRODUCTION TO CHAPTER (
Missense mutations have been very useful in delineating the functional domains of the AR

as they provide a mutational map of much higher resolution than internai deletions or

tnmcations. Missense mutations have aIso been very helpful in answering fundamental

questions regarding the extent of influence of the AR phenotype on the outcome of the

clinical phenotype in androgen insensitivity. In other words~ is the severity of the clinical

phenotype solely attributable to the AR phenotype caused by the missense mutation7 or

there are other non-receptor factors that play a role as weIl? So far.. evidence has been at

best contradictory. This is partly due to the experirnental design and partly due to the fact

that ooly particular amino acid residues in the AR may indeed be involved in interacting

with other cellular factors. In turn~ polymorphism in the levels or structure of these cellular

factors may influence the clinical outcome of a particular mutation.

In this chapter, 1 present two original articles that support the view that at least in

sorne cases, the clinical phenotype is correlated with the phenotype of the mutant AR. Each

article presents the results of functional assays on a pair of missense mutations affecting the

same amino acid residue, discovered in unrelated families with one or more androgen

insensitive members. The mutations in each pair result in the substitution of the same amino

acid residue by different amino acids, with one causing a more severe AR and clinical

phenotype. In order to confmn that the amino acid substitutions are responsible for the AR

phenotypes~ they were recreated by site-directed mutagenesis and tested in a heterologous

cell culture.

CHAPTER 1

Paper #1. Substitution of valine-865 by methionine or leucine in the human

androgen receptor causes complete or partial androgen insensitivity,

respectively with distinct androgen receptor phenotypes.

Paper #2. Substitution of arginine-839 by cysteine or histidine in the

androgen receptor causes different receptor phenotypes in the cultured cells

and coordinate degrees of clinical androgen resistance.

(Papers 1 and 2 appear at the end of the thesis.)
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INTRODUCTION TO CHAPTER II
While there have been numerous cases of andcogen insensitivity due to mutations of the

DNA- or ligand-binding domains, only two reports have implicated the naturally occurring

mutations of the N-terminal domain associated with a clinicaI manifestation. Both of these

mutations affect the same polymorphie stretch of polyglutamines: in one case, the shortened

polygjutamine exacerbates the effect of a missense mutation in the LBD that causes

androgen insensitivity (McPhaul et ai., 1991), whereas in the other ease abnormal

expansion of the same polyglutamine tract results in spinal and bulbar muscu1ar atrophy

(SBMA) (LaSpada et al., 1991), a motor neuron degenerative disease associated with mild

androgen insensitivity (MAI).

Other groups had used N-terminal and internai deletions to seareh for functional

domains within this region. In this article, we began our search with the polyglutamine tract

that is affected in SBMA. Concurrently, we synthesized plasmids that expressed ARs

containing deletions or abnonnal expansions of the polyglutamine, and tested their function

by biochemieal assays in a heterologous eeU culture system. The results presented in this

article not only allowed us to speculate on the possible mechanism of pathogenesis in

SBMA and its associated MAI, but aIso provided evidence for a possible modulatory role

for polyglutamine tracts in hundreds of other proteins diseovered in human and other

organisms.

CRAPTER II

Paper #3. Evidence for a repressive function of the long polyglutamine

tract in the human androgen receptor: possible pathogenetic relevance for
the (CAG)n-expanded neuronopathies.

(Paper 3 appears al the end of the thesis.)
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SUMMARY
1 investigated the raIe of particular amino acid residues in the N-terminal and ligand-binding

domains of the human androgen receptor (hAR) by studying their pathogenic modifications

and their consequences. 1 used PCR site-directed mutagenesis ta create naturally occwring

and synthetic mutations in plasmids expressing the hAR. 1 then used heterologous œIl

cultures to examine the functional consequences of these mutations in the hAR. Our data

indicate that at least in severa! instances the phenotypes of the recombinant and endogenous

(genital skin fibroblast culture) mutant ARs correlate with the phenotypes of the patients

carrying those mutations. This supports the hypothesis that AR is a key determinant of

virilization in normal and androgen insensitive (AI) individuals.

Our results on the bAR N-terminal polyglutamine tract suggest that there is an

inverse correlation between the polyglutamine length and its transactivity, hence its role in

modulation of AR transactivity. Therefore, the expanded polygiutamine tracts in the spinal

and bulbar muscular atrophy (SBMA) may contribute to the degeneration of the affected

motor neurons by the androgen insensitivity they incur on those motor neurons. This

modulatory effect of the polyglutamine is supported by the mild AI observed in SBMA

patients, and by the observations made by other investigators with respect ta the occurrence

and/or severity of prostate cancer and hirsutism in particular subpopulations of control and

affected individuals.
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PERSPECTIVES
We cliscovered and recreated the alternative amino acid substitutions Val865Met and

Val865Leu, and Arg839His and Arg839Cys, in the hAR. We also showed that the more

severe biochemical phenotype of the mutant bARs is correlated with the more severe clinical

phenotype of the affected AI individuaIs. Furthermore, we found that the primary defect in

the transactivation of our reporter gene (and perhaps the natura! target genes of the bAR) by

the mutant bARs is the instability of the mutant androgen-receptor complexes (A-R) rather

than an intrinsic transactivationaI defect.

In addition, we observed that in the presence of the androgen (mibolerone) during

the experimental time course, the immunoreactivity of the normal bAR increased, and more

so than its androgen-binding activity. Initially, we speculated that the A-R complexes were

protected against degradation in the nucleus. We thought perhaps the nuclear environment

was devoid of the proteases that break down the hAR. Thus, as long as the AR remains

bound to the hormone and in the nucleus, it remained inununoreactively intact. Presently,

there is evidence that this scenario may he faIse, as a bAR lacking its nuclear localization

signal (NLS), hence remaining mainly or exclusively in the cytoplasm accumulates in a

similar way to that of the normal hAR. It seems paradoxical that the presumably "naked" or

transfonned bAR bound to its ligand is more resistant to degradation than the bAR that is

bound to severallarge and medium-size proteins Ce.g.• hsp90 and hsp70) in the cytoplasm.

Therefore, the question of why the liganded bAR protein accumulates remains

unanswered. The crystal structure of the DBDs of the GR and ER, the unliganded RXRa

LBD. and the liganded TRa LBD have been determined (Luisi et al., 1991; Mangelsdorf

and Evans, 1995 and refs. therein). Perhaps, the crystal structure of the liganded and

unligan~ed bAR functional domains, in the context of the intact hAR, will shed light on

how the bAR becomes resistant to degradation uPQn ligand binding.

l aIso defined the function of the N-tenninal polyglutamine tract in the bAR by

sYnthesizing and transfecting bAR plasmids that express bARs with various polyglutamine

lengths. l showed that this polyglutamine tract modulates the transcriptionaI activity of the

hAR. Presently, we do not know how this modulatory function is mediated. Structural

studies are necessary to extend our knowledge on how the transcriptional regulatory

domains in the hAR, and in particular the polyglutamine and POlyproline tracts, interact

with the transcriptional machinery. Such studies might show how the bAR polyglutamine

tract exerts its gradient modulatory function. Furthermore, these studies will he crucial in

defming the gain-of-function mechanism by which the expanded polyglutamine tracts cause

neuronal damage.
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ORIGINAL CONTRIBUTIONS TO KNOWLEDGE
ln this thesis. 1 have described the following novel and original findings.

1) The functional assays of bARs with alternative amino acid substitutions Val865Met or

Val865Leu. and Arg839His or Arg839Cys. showed that the more severe biochemical

phenotype of the mutant bARs correlated with the more severe clinical phenotype of the

affected AI individuals.

2) In the mutations described above. the defect in the androgeo respoose pathway was

demonstrated oot to he due to an intrinsic transcriptional activation deficiency in the mutant

bARs. Rather, it was hypothesized to he caused by a defect in the stability of the mutant

hARs, once they have been exposed to the hormone. The combined immunoreactivity and

hormone-binding experiments suggested a novel model in which the mutant bARs

remained in the non-binding fonn longer, hence they were exposed to protein degradation

pathways (e.g., proteases) more than the normal bAR was.

3) A gradient modulatory function for the long polyglutamine tract of the bAR was defined.

It was found that the lengili of the polyglutamine tract inversely correlated with the

transcriptional enhancement capacity of the hAR. Therefore. the term "gradient moduIat0rY

domain" was coined, to describe the functional nature of this homopolymeric amino acid

stretch. This is the flfst solid example where such function is described for the

polyglutamine tract in the bAR, or any other protein.

4) Based on the observation regarding the inverse correlation between the modulation of

transeriptional activity and the length of the polyglutamine tract, and the fact that the motor

neurons that are affected in SBMA patients are normally androgen sensitive, we were the

flfst to propose that the defect in the SBMA may also have a loss-of-function component

that aggravates its gain-of-function component.
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Androgen Receptor Causes
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We have identified two different single nucleotide
missense substitutions at valine-865 in exon 7 of the
human andragen receptor (AR) gene in IWo families
with andragen resistance. Val ~ methionine is as·
sociated with the complete syndrome; Va.~ leucine
is associated with the partial form. In genital skin
fibroblasts, bath alterations yield a normal maximum
binding capacity, but an increased apparent equilib
rium dissociation constant for ail andragens tested.
ln genital skin fibroblasts, Val '15·Met A·R complexes
have increased rate constants of dissociation with
5a-dihydrotestosterone, and the nonmetabolized li
gands methyltrienolone or mibolerone (MS); their
Val"s·Leu counterparts have increased rates with
methyltrienolone and MB, but nol with 5a.ctihydro
testosterone.ln transiently transfected COS-1 or PC
3 cells, Mea-s AR is more severely impaired than
Leu"s AR in transactivating two different andragen
responsive reporter constructs, thereby correlating
with clinical phenotype. In COS-' cells exposed to
MB for 74 h, this relative impairment correlates with
the relative instability of the MB·binding activity of
each mutant AR, suggesting that their respective
intrinsic transcriptional regulatory competence is
normal. Notably, these mutant ARs lose significantly
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more MB-binding aetivity than immunoreactivity,
suggesting that prolonged MB expos!Jre induces
them to adopt a nonbinding state. The position hg.
mologous to Var-s in the AR is occupied by Leu or
Met in the three steroid receptors closely related to
the AR. This indicates the structural subtlety that
underlies the steroid·binding activity of different ste
roid receptors. (Molecular Endocrinology 7: 37-46,
1993)

INTRODUCTION

Prenatal masculinization and pubertal virilization de
pend upon a normal androgen response system. A
principal component of that system is the androgen
reœptor (AR), an androgen-moduJated DNA-binding
protein that regulates the transcription of androgen
target genes (1, 2) and may also affect their expression
posttranscriptionally (3,4). The AR's androgen-binding
function is vested in a 250-amino acid e-terminaJ do
main encoded by exons 4-8 (or D-H) (1, 2). By homol
ogy with other members of the nuclear hormone reœp
tor superfamily 1 portions of this domain are aJso very
likely concemed with dimerization of the AR during its
specifie DNA binding to androgen response elements
(AREs) of target genes and with its capacity to trans-
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regulate after dimerizatlon (5). Genetically deficlent or
defective androgen-binding activity produces a spec
trum of somatosexual phenotypes in 46.XY persons.
extending from apparently normal females (formerty.
complete testicular feminization) ta men wlth minimal
undervirilization (6). The cJoning of AR cDNA (7-10) and
the application of derivative molecular biological tech
niques have allowed us (11-15) and others (16-21) to
identify several point mutations in the AR gene that
cause various degrees and types of human androgen
insensitivity associated wlth impaired androgen-binding
activity. The ultimate purpose of such studies is to
generate a fine structure-function map of the several
overlapping functions in the androgen-binding domain
of the AR. In this paper. we identify two mutations at a
single codon in this domain and correlate them with the
different clinical and receptor phenotypes produced by
each. The codon is numbered 865 in the report of
Chang et al. (7). 866 in that by Lubahn et al. (8). and
864 in that by TIlley et al. (10).

RESULTS

Androgen Binding in Genital Skin Fibroblasts (GSF)

We had previously reported (22) that the GSF of sub
jects 4578 and 90055 (brothers 1 and 4. respectively,
of the sibship with partial androgen resistance shown
in Fig. 1) had normal specifie 5a-dihydrotestosterone
{DHn-binding activities (22 and 25 fmol{mg protein,
respectively), and normal rates of dissociation (k values)
of their DHT-receptor complexes at 37 C. We also
noted. however. that the apparent equilibrium dissocia
tion constant (Ka) for DHT in the fibroblasts of subject
4578 was elevated (1.3 nM; normal. <0.3 nM).

We are now able to summarize previous and new
ligand-specifie dissociation rates and apparent Ka val
ues for the GSF of subjects 4578 and 90055. Table 1
reveals that bath have normal 37 C k values for DHT.
but moderately elevated values for methyltrienolone

,
.: '.-' -~ ... '.

Fig. 1. Partial Sequence of AR Exon 7 Showing the G{T
Transversion That Changes the Sense of Codon 865 tram Val
to Leu in the Family with Partial Androgen ReSistance

Sublects 4578 and 90055. affected brothers. are Individuals
1 and 4. respectively. in the sibship.

VOl 7 No 1

(Mn and mlbolerane (MS) as weil (as ludged by subJect
90055). In contrast. Table 2 reveals that the GSF of
bath brothers have lncreased K, values not only for
MT. but also for DHT and MS (as judged by subject
90055). In aggregrate, therefore. the mutant AR in the
GSF of thls family with partial androgen resistance has
increased apparent K, and k values for MT and MB; for
DHT. its K, is increased. but not its k. In contrast. as
reported previously (23-27) and extended here. in the
GSF of KIL. the unrelated sublect with complete andro
gen resistance, the mutant AR not only has severely
increased k values for ail three androgens (Table 1), but
al50 K., values for ail three androgens that are more
abnormally elevated than those of subJect 4578 or
90055 (Table 2).

Identification of the DNA Sequence Alterations

The abnormal androgen~binding kinetics observed in
GSF from the two families implied that each had a
distinct alteration in its androgen-binding domain. For
this reason. we sequenced each of the five exons (no.
4-8. and f1anking intronic segments) that encode this
domain and found a unique aberration in each family.
The G-T transversion responsible for the family with
partial androgen resistance changes GTG (Val) to TTG
(Leu) at position 865, as depicted in Fig. 2; Fig. 1 shows
it hemizygously in the affected brathers, 4578 and
90055 and heterazygously in their 46.XX sister. The G
A transition that changes codon 865 to ATG (Met) in
KIL, the unrelated subject with complete androgen
resistance. is also depicted in Fig. 2, but is not shawn,
nor have we had access to her mother to ascertain
whether she is heterozygous. We also sequenced exon
1 that encodes the transcriptional mooulatory domain.
and exons 2 and 3 that encode the DNA-binding do
main. There were no concurrent alterations. The mutant
ARs have 20-23 glutamines in their poly·Gln tracts and
at least 16 glycines in their poly-Gly tracts.

Transfection and Transient Expression Studies

Since Leu occupies the position in the human proges~

terone receptor that is homologous to human (h) AR
865. and Met occupies it in the human glucocorticoid
receptor and human mineralocorticoid receptor (7), it
was important to prave that Va1865·Leu and VaJ865·Met
represented pathogenic, not benign, sequence altera
tions in the AR gene. For this purpose and to generate
sufficient amounts of each mutant AR for better char
acterization, we cotransfected COS-l or PC-3 ceUs with
AR cDNAs carrying each mutation and one or another
androgen-responsive reporter constructs.

First. we assessed the androgen-binding properties
of the mutant ARs in COS-l cells. Va1865·Met had
increased k values with ail three androgens (Table 1).
but they were only modestly elevated with DHT (Fig.
3). Strikingly. Va1865-Leu had normal k values with MS
and MT, as weil as with DHT (Table 1). Both mutants
had abnormally high ~ values. as measured with MB,



VaJ8ll5.Met or -Leu in the MA

T• .,.. 1. Ligand-Specffic Nonequilibrium Dissociation Rates (k) of the Normal and Mutant hARs Measured at 37 C in GSF and
TransientJy Transfected C05-1 Catis

DissocIation RaIe (X lO-3/mln)

Ligand Nonnal Va,-a-Leu vaJ'M-Met

GSF C05-l GSF (90055) GSF (4578) C05-l GSF (KIL) C05-1

MB 3.0 ± 0.10 3.0 ± 0.00 6.0 ± 0.58 4.0 ± 0.30 8.7 ± 1.20 5.5 ± 0.50
DHT 6.3 ± 0.25 5.0 ± 1.41 7.0 ± 1.00 6.7 ± 0.88 6.0 14.0 ± 2.00 9.0 ± 1.00
MT 12.0 ± 0.50 10.2 ± 1.20 20.0 ± 1.46 17.0 ± 0.58 12.5 ± 0.50 31.5 ± 3.50 30.0 ± 2.00

The values are the mean ± SEM where the particuJar experiment was performed at least twîce.

T.bl. 2. Apparent Equilibrium Dissociation Constants (f<cl) of the Normal and Mutant hARs Measured at 37 C in GSF and
Transiently Transfected C05-1 Catis

K.s (nM)

Ligand Nonnal vaJM6-Leu V~-Met

GSF C05-1 GSF(9OO55) GSF(4578) C05-1 GSF(KIL) C05-1

MB 0.12 ± 0.02 0.44 ± 0.07 0.52 ± 0.08 1.16 ± 0.19 2.50 1.47 ± 0.10
DHT 0.10 ± 0.00 1.03 ± 0.43 1.09 ± 0.17 1.95 ± 0.95
MT 0.18 ± 0.02 0.84 0.79 ± 0.19 1.18 ± 0.22 1.06 5.80 2.13

The values are the mean ± SEM where the particular experiment was performed at least twîce.
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hAR Binding Domain

DNA Androgen
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Fig. 2. Location and Context of VaJ8lS5-Leu (Subjects 4578 and
90055 with Partial Androgen Resistance) or VaJ'M-Met (Sut;
ject KIL with Complete Androgen Resistance) in a Region of
the Androgen-Binding Domain of the hAR That Is Encoded by
Exon7

Dashes indicate amino acid identity in the homoklgous p0.

sitions of the human receptors for progesterone (hPR), glu
cocorticok:t (hGR). mineraJocorticoid (hMA), and estrogen
(hER). A homok>gous region is essential for dimerization of the
mouse ER (5). Boxes indicate positions occupied by hydropho
bie amino adds.

and for VaJ865-Met, with MT as weil (Fig. 4 and Table
2). We couId not get a valid measure of Ka for DHT
because COS-1 celfs catabolize it 50 quickly.

Next. we assessed the ability of bath mutant ARs to
transaetivate the mouse mammary tumor virus·GH
(MMTV-GH) reporter in C05-1 ceUs. Rgure 5. a repre
sentative of severa! experiments (Table 3). shows that
bath mutant ARs performed less weU than normal at

various concentrations of MB up to 3.8 nM. The per
formance of the Vaj865·Leu receptor feU between that
of the normal receptor and that of the VaJ885-Met mu
tant; however, at 3.80 nM. VaJ86S-Leu equaJed that of
the normal reœptor, and VaJ865·Met approached 80%
of normaJ. Figure 6. comprising three experiments. iIIus
trates the same hierarchy of results using the
p(-286)probasin (PS)-chloramphenicot acetyttransfer
ase (CAn reporter in DHT·tested PC-3 ceUs. Notably.
this assay appears to discriminate weil between the
two mutant ARs even at 10 nM DHT. Another striking
difference between the normal and mutant ARs was
the marked instability of the mutant androgen-binding
aetivities in COS-1 ceUs during prolonged 74-h expo
sure to MS (Table 4 and Fig. 7). The Val865·Met aetivity
was more unstable than that of VaJ865·Leu. Indeed.
when the averages of the 46-48 h and 46-120 h vaJues
for specifie MB-binding aetivity in Fig. 7 were plotted
against the concentration of GH produced by ceUs in
the same experiment. there was no difference in the
transactivational activity between the normaJ and the
mutant ARs (Fig. 8).

RnaJly. we determined the extent to which the 1055

of mutant androgen·binding activity during prolonged
androgen exposure was correlated with the loss of AR
immunoreactivity. Comparison of the top with the mid
dIe and bottom panels of Fig. 9 shows that, compared
to normal AR. bath mutant ARs lost androgen-binding
activity, they did 50 to a greater extent than they lost
immunoreactivity. and VaJ865·Met was more abnormal
than VaJ86S-Leu in these latter respects. In contrast, the
normal AR increased its immunoreaetivity in response
to prolonged androgen exposure. while its androgen-
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Ag. 3. Oissodation Rates of Various A-R Complexes at 37 C in C05-1 CeUs Transiently Expressing Normal (O. O. and ô) or
VaJIM-Met Mutant AR (e.•• and .)

The cetls were incubated with 3 nM fH]androgen for 2 h. washed. and chased with 0.6 ~M of the same radioinert androgen for
up to 120 min. Specifie binding (the rnean of total binding in triplicate minus nonspecific binding in duplicate) was pIotted as the
percentage of that remaining at indicated times after initiating the chase.
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Left, Normal 1<cJ. 0.4 nM; Va~-Met. 1.5 nM. Right. Normal K.,. 0.5 nM; vaJllM-Leu. 1.7 nM.

i
1.

binding aetivity remained essentially unchanged. As an
internaJ control for the chronobiology of the transfec
tians, it is important to note that for all three. the
androgen-binding activity determined between 118
120 h after transfection was about 40% of the corre
sponding activity between 46-48 h after transfection.

DISCUSSION

Valine-865 of the AR is near the C-terminal end of a
region in its androgen-binding domain whose N-terminaJ
two thirds shares complete sequence identity with the
AR subfamily of steroid receptors (Fig. 2). By homology
with the ER and other members of the nuelear hormone
receptor superfamily, this ragion may also contribute to
AR dimerization (5) and, therefore, ta its DNA-binding
and transregulating funetions. Hydrophobie amino
adds, considered crueial for dimerization (5), occupy 6

of 15 homologous positions in the region; Val865 in the
AR is one of them.

The tinding of two families with mutations leading to
methionine or leucine substitutions of valine-865 81
lowed us to evaluate genotype in respect to compara
tive c1inical and receptor phenotype for each mutation.
This evaJuation was particularly tantalizing because the
other three members of the AR subfamily of steroid
receptors have leucine or methionine in the position
homologous to Valsas, while the human estrogen reœp
tor has isoleucine in that position.

The Val865-Met mutation has been reported once
before (16), in a family with complete androgen insen
sitivity in whose GSF the AR had several-fold lower
than normal binding affinity for DHT (28). Our discovery
of subject KIL thus confirms the assOCiation of Valsas_
Met with complete androgen insensitivity, and our li
gand-binding data reveal that this mutant AR has dimin
ished atfinity for MB and MT as weil as for DHT not
only in GSF (23-27), but also in transfected COS-1
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Rg. 6. DHT-Dependent Production of CAT Aetivity. under the
Inftuence of the PB AREs. in Pe-3 CeUs Transiently Expressing
Normal or Either Type of Mutant AR: VaJII65-Leu or VaJ8lI5-Met

CAT aetivity. adjusted for transfection efficiency, is ex
pressed as a percentage of the response of normal AR in cells
exposed to 10 nM DHT (41 n ± 182 dpm/min· mg protein).
The bars incticate ±SEM.
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Rg. 5. MB-Dependent Production of GH in the Medium of
C05-1 Cells Transiently Expressing Normal or Either Type of
Mutant AR

After cotransfection with expression plasmlds containing
nonnal. VaJ8S5-Leu. or Vaj88!5·Met cONA and the MMTV-GH
reporter. the cells were exposed to indicated concentrations
of MB. GH activity was adjusted for cell protetn and transfec·
tien efficiency.

Table 3. Normalized GH Aetivity in Relation to Hormone
Concentration as a Percentage of Normal

0.05 9 6 5
0.09 20 8 4
0.35 46 25 la
0.72 70 39 28
1.43 90 58 42
2.84 100· 84 61

The difference between the normal and each mutant hAR is
sigllificant (P < 0.01, by paired sample t test). The MB c0n

centrations and GH aetivities in the normal and VaJ8l!6-Leu
groups are the averages tram four independent experiments.
The values for V~·Met are the averages trom two of the
four independent experiments that incfuded V865M.
• 100% corresponds to the GH aetivity of the normal receptor
at the highest MB concentration in each experiment.

cells. When these COS-l cens were cotransfected with
the MMTV·GH reporter. their response to MS was
concentration dependent; below 1 nM MS, it was about
4()OIa of normal. and near 4 nM MS. it approaehed eo%
of normal. Ukewise, the response to DHT of PC-3 celfs
cotransfected with the Val86S-Met reœptor and the
(-285)PB-CAT reporter was about 20% of normal at 1
nM and about 500

/0 at 10 nM. Our results for DHT and
MB On two cotransfection systems using different
AREs) are thus much like those of Brown et al. (16) for
the same mutation using DHT and MT. We aise
showed, however, that the Valsas.Met receptor (KIL)
was much less stable than normal in COS~1 cells during
the 74-h period when GH production was being stimu
lated by MS. Indeed, when we estimated the steady
state levais of MB-binding aetivity in C05-1 cens trans-

fected by normal AR or VWSSS·Met AR (by averaging
the values determined for these aetivities 2 and 74 h
after exposure to MS). there was no appreciabfe differ
ence between Val865-Met and normaJ AR in apparent
transactivational competence.

ln relation to the association of the VaJ865-Met AR
with complete androgen resistance, several properties
of the VaJ865~Leu AR are in accord with its less severe
clinicat phenotype of partial androgen resistance. First,
in GSF. the Val86S-Leu AR has a normaJ off-rate (k value)
for DHT, and its rates for MB and MT are barely doubfe
normal, while those of the Val865·Met AR are 2.S.fold
normal for ail three androgens. Second, in C05-1 cens.
the Val86S-Leu AR has normal off-rates with ail three
androgens, while the rates of Val866-Met AR are in
creased for ail three androgens, albeit less 50 than in
GSF for MB and DHT. Third, when transfected with
Val86S·Leu AR, GH production in MB-stimulated C05-1
cens or CAT expression in DHT-stimulated Pe-3 cells
is intermediate between those of normal AR and Val86S



Met AR. Fourth, during prolonged androgen exposure,
the Val865-Leu mutant receptor is less stable than nor
mal, but more stable than the ValS65-Met mutant.

Hence, as discussed for the Val865·Met AR, the rela
tive transactivational deficiency of the Val865·Leu AR
appears to be coordinate with its relative instability
during prolonged androgen stimulation. as measured in
COS-l ceUs. This suggests that Va~-Leu or ·Met AR
has a normal intrinsic ability ta transaetivate MMTV-GH
in COS-1 cells (when this ability is measured per U
estimated steady state androgen-binding activity) and
predicts that bath mutant ARs dimerize normally. Pend
ing direct testing, this prediction is eminentJy compatible
with the fact that in bath mutant ARs. Val865 is substi
tuted by a hydrophobie amino acid. thereby preserving
the highly hydrophobie eharacter of the strongly con~

% Activity

Normal Va.-·Leu Va.--Met
MB(n...)
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'- T.ble 4. Androgen-8inding Aetivity (Femtomoles per mg Protein) of the COS-l Cefls Transiently Transfected with Normal and
Mutant hAR cONAs in the Presence of Hormone trcm the 46th ta 48th and trom the 46th to 120th h Posttransfection

Specffic MB-Binding Activity (fmoI/mg Protein)

Exp MB
(nM) vaJIII·leu V~-Met

1
2
3
4

46-120 h:46-48 h (%)

3.38
2.58
2.84
2.54

46-48 h 46-120h 46-48 h 46-120 h 46-48h 46-120 h

707 689 825 312 652 103
395 379 323 92 - •
459 415 439 69 328 18
505 n3 409 110

109 ± 15b 27 ±4 11 ± 6

These data correspond to those in Table 3.
• V865M was not included in Exp 2 and 4.
°Mean ± SEM.
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Fig. 8. MB-Dependent Production of GH by C05-1 CeUs
Transiently Expressing Normal or Either Type of Mutant AR:
V~-Leu and VaJ*56-Met

GH activity. adjusted for œil protein and transfection effi
ciency. is pk)tted against the mean of the specifie MB-binding
aetivity 2 (46-48 h) and 74 (46-120 h) h atter exposure of the
same ceUs ta the concentrations of MB indicated in Ftg. 5.

It is remarkable that in COS-1 cells exposed ta 80

dragen for a prolonged period, bath mutant receptors
lost androgen-binding activity ta a much greater extent
than the normal receptor. and for each mutant receptor,
the loss of binding activity greatly exceeded the loss of
immunoreactivity. This indicates that prolonged andro
gen exposure induœs many of the mutant receptors ta
adopt a nonbinding state. In contrast, under the same
conditions, the normal receptor not only maintained its
androgen-binding activity. but also increased its immu
noreactivity. We postulate that this behavior reffects
protection against degradation reslilting tram its greater
affinity for androgen. In any event, since prolonged
androgen exposure caused immunoreactivity to in
crease relative to androgen-binding activity for the nor
mal receptor as weil, the nonbinding state of the recep
tor may be a normal transitionaJ one in the intracellular
cycling of the AR in COS-1 cells, to which the mutant
receptors are abnormally disposed.
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.46-411'1
.46-1201'1

800

600
ê
Qi 4000...
a.
a 200
E-'0
E 0
~ 800>--~
Ü 600
ca
a
c 400:a
c
:E 200cL
C
Q... 0G)

'0 800.c
Ë
u 600;
U
G)
a. 400
UJ

200

3.38 1.67 0.84 0.40 0.12 0.06

Mibolerone (nM)

Fig. 7. Specifie MB-8inding Activity 2 (46-48 h) and 74 (46
120 h) h after the Addition of the Indicated Concentrations of
MB (46 h atter Transtection) to the Medium of C05-1 CeUs
Transiently Expressing Normal or E"Jther Type of Mutant AR:
VaJ'85-Leu and Vé1J885-Met.

served. putative dimerization domain (Fig. 2). Contrarily,
the apparently selective impaired androgen-binding af
finity of bath mutant ARs is a measure of the ster~

chemicaJ stringency that underfies the steroid.t>inding
specificity of different steroid reœptors.
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Fig. 9. Androgen-Binding Aetivity (Top Panel; not Corrected
for Transfection Effidency) and Immunoreaetivity (Middle and
Bonom Panels) Were Measured Concurrently after the Addi
tion of 3 nM MB for Various Intervals ta Replicate Wetls of
C05-1 Cetls That Had Been Cotransfected with pMMTV.(3H
and pCMV-~GALAlane (Mock) or Additionally with pSVhARo
(Normal) or One of Its Two Mutant Versions: VU5-Met or vaf'45
leu

Retative band int~nsity remained constant from at least 20
80 sec of film exposure to the chemiluminescence reaction.
Exposure time was 60 sec.

The normal k (but abnormaJ apparent Ko) vaJue for
DHT of the VaJ86S-Leu AR in GSF is superficially para
doxicaJ, particularty in view of the moderately increased
values demonstrable for MS and MT; however, the
observation is supported strongly by data gathered
nearfy 8 yr apart on œil lines developed independently
trom lwo affected brothers. We reported a different
form of androgen-selective androgen affinity defect in
the GSF of twa other families with partial androgen
insensitivity (29, 30). Furthermore, we observed the
association of increased apparent~ vaJues with normal
k vaJues for DHT. MB. and MT in the GSF of another
family with partial androgen insensitMty (unpublished).

Finally. there is a growing body of evidence that
receptor-associated factors can modity the classicaJ
behavior of steroid receptors (31). We propose that
such factors account for normalization of the k vaJues
of the lwo mutant ARs for various androgens in COS
1 cens compared to those in GSF.

The ValMS-Leu alteration was first recognized heterozygousJy
in the sister of three brothers of Irish origin bom W1th markedly
ambiguous external genitalia due to partial androgen insensi
tivity. She had defayed appearance of pubic hair as an expres
sion of heterozygosity. She is individual 3 in F"IQ. 1 of this
paper and was identified as individualll-4 in FIQ. , of the study
of Jukier et al. (22), which reported the dinicaJ-endocrine
features and the qualitative AR defect in this family. She has
had an affected son (Holland. F. J .• personaJ communication).
Retrieval of the misplaced GSF line trom one of her affected
brothers [coded 90055: individual 4 in F"IQ. 1 of this paper;
individual 11-5 in Fig. 1 of the study of Jukier et al. (22))
permitted us ta perform studies that confirm and extend the
androgen-selective nature of the androgen affinity defect in
the family's mutant AR. as originally reported for the GSF of
another brother, coded 4578 (22).

The Vaf'45-Met a1teration was discovered in KIL. an isoIated
subject of Scottish origin. whose clinicaJ.endocrine phenotype
of complete androgen insensitivity and qualitatively impaired
AR have been previously described in datail (23-27).

Site-Oirected Mutagenesis

Specifie ancfroge.-n-binding activity. maximum androgen-bind
ing capacity. the apparent equilibrium dissociation constant
(~. and the rate constant of dissociation (k) of various A-R
complexes were determined Of:l monofayer cultures. as de
scribed previously (32). The androgens used were: [17cr

methyPH]MB CTa,17a-dimethyl-1 ~estosterone; 80 Cff
mmol), [1.2.4,5,6,7-3H)DHT (120 Cf/mmol). and [17a-methyl
3H]MT (17~-hydroxyl-17a-methyt-4.9.11-estriene-3-one; 87
Ci/mmol).

DNA isolation tram cell monolayers or peripheraJ b100d
lymphocytes (13) and polymerase chain reaetion (PCR) ampli
fication. followed by direct sequencing of exons 1-8 (13, 14).
were performed as described previously.

MATERJALS AND METHOOS

THE FAMillES

We used the over1ap extension method of Higuchi (33) to
construet hAR cDNAs containing each mutation. We gener
ated EcoRI fragments extending from the EeoRI site in exon
6 to the termination codon in exon 8. and substituted them for
the fragment between the EcoRI sites in exon 6 and in the
pSVARo expression vector [kindly donated by Brinkmann et
al. (1)]. Primary PCR produets were produced in two separate
reactions: 1) primers CA-A (5'-GGACTCCrrGCAGCCTAT
TGCG-3') or KIL-A (5'·CTGG·ACTCCATGCAGCCTAT~')

with primer SVEco (5' ·GGAATTCCTCACTGGGTGTGGAAA
TAGA~') ta introduce an EcoRI site at the end of the hAR
coding sequence; and 2) primers CA-B (5'-CGCAATAGGCT
GACAAGGAGTCC-3') or KIL-B (5' -ATAGGCTGCATGGAGTC
CAG·3') with primer B (5'-TCACACATTGAAGGCTATGA-3')
up-stream of the exon 6 EcoRI site. The primary PCR reaetions
were carried out in the presence of 2 ~g pSVARo, using VENT
polymerase (New England Biolabs. Beverley. MA) with a final
Mif· concentration of 5 mM for 20 cycJes with denaturation at
95 C for 30 sec, annealing at 55 C for 45 sec. and extension
at 75 C for 1 min. The primary PCR products were gel purified
and used ta initiate the secondary PCR reaetions. Rve cydes
were per1ormed, as described above. to a1low the over1apping
products to be extended. Then. an additional 19 cycles were
used with 50 pmol each of primers B and SVEco to generate
an extended fragment carrying the desired mutation. The
resulting product was digested with EeoRI, gel purified. and
Iigated ta previously purified. EcoRI~igested. and phospha
tased pSVARoo The resulting clones were checked for insert
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onentation, and large scale plasmid preparations were made
uSlng Qiagen coIumns (Qiagen. lne.• Chatsworth. CA). The
amplified region was sequenced to ascertain the presence of
the desired mutation and the absence of extraneous ones.

Transfections

C05-1 ceUs. maintained in OptiMEM (Gibco. Grand Island. NY)
containing 5% fetal bovine serum (FBS). were transfectOO by
e1ectroporation. The cetls were trypsinizoo. washed with iœ
COId PBS. counted. and resuspended in coId PBS at a final
concentration of 20 million cetls/ml. Ten million ceUs were
transferred to an e1ectroporation cuvette (0.4-cm gap; Bio
Rad. Richmond, VA), and 5-1 0 ~g mutant or narmai SVhAR
plasmid DNA were added. After 5 min on ice, the ceUs were
shocked at 0.25 kV at 960 ~F (time constant between 30-38
msec). iced for a further 10 min. then diluted in Minimum
Essential Medium (MEM) suppfemented with 10Ofo FBS for
plating in 16-mm multiwell petri plates. Various concentrations
of [3H}MB were added 48 h after transfection. and specifie
androgen binding. Ka. and k were deterrnined 2 and/or 72 h
Iater. Ta assess transactivational effidency. we cotransfected
10 ~g pMMTV-GH [hGH gene under the control of the AREs
(34) in the MMTV·LTA and its promoter] and measured GH in
the medium 72 h after adding androgen.

Pe-3 cetls. grown in 1()()..mm plates with MEM plus 100/0
FBS. were transfected by 5 ~g normal or mutant plasmid AR
cDNA and 5 ~g P(-286)PB-CAT (35.36). using calcium phoS
phate precipitation. Probasin is an androgerwegulatOO nuclear
protein isolated originally trom the dorsoIateraJ rat prostate
(37). The P(-285)PB reporter plasmid contains two AREs and
the endogenous promoter in the tirst 285 basepairs of flanking
sequence of the PB gene. Six hours after transfection. the
cells were treated with 20010 glycerol-MEM for 2 min. and 24
h befere harvest. they were fOO MEM with 5% charcoaJ
stripped FBS plus the indicated concentrations of DHT.

GH and CAT Assay.

The Allegro Human Growth Hormone Kit (Nichais Institute.
San Juan Capistrano. CA) was used according to the manu
facturer's instructions ta assay duplicate 1OO-~I samples of
culture medium. GH values were normalized for cel1 protetn
and transfectionat efficjency using 7 Ilg pCMV-,8GAL (CMV.
cytomegalovirus; ,8GAL. ~-gatactosidase). ~-Galaetosidase ac
tivity was determined according to the method of Sambrook
et al. (38) and expressed per ~g cell protetn. CAT activity was
determinOO by a twcrphase fluor diffusion assay (39) on su
pemates of PC-3 cells that Y/ere harvested with PBS.EDTA.
Iysed with 0.1 M Tris-HCI and 0.1% Triton X·100 (pH 7.8), and
centrifuged (14.500 x g; 15 min; 4 Cl. Transfection efficiency
was measured on 1- and O.5-~g DNA samples isolated trom
the insoluble matarial that were slot bIotted and probed with
a 32P-labeled probe for the inserted AR cDNA. Autoradiograms
were anatyzed by two-dimensional laser densitometry. CAT
activities were normalized for transfection efficiency.

Western Analysis of the AR in Transfected COS-l Cells

Confluent monolayers (-1 million ceUs) in 3D-mm multiwetl
petri dishes (Falcon. Oxnard. CA) ware washed twice with 20
mM Tris-HCI (pH 7.4) containing 0.15 M NaCi. and the scraped
ceris tram duplicate dishes were combined in 1 ml of the same
buffer. After microfuging. the catIs were resuspended in 160
~I 0.25 M Tris-HCI (pH 7.8) containing 73 ~g/ml Aprotinin
(Sigma. St. Louis. MO). Iysed by three freeze-thaw cycles, and
microfugOO (12.000 x g; 5 min; 4 Cl. Flfty microliters of the
supematant were used for the Lowry (40) protein assay. and
100 ~g supemate protein (50-100 fmoI MB-bînding aetivity)
tram each sample were subiected to sodium dodecyl sulfate.
poIyacrylamide gel e1ectrophoresis and Western transfer by
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e1ectroblotting aceording ta the methods described by Sam
brook et al. (41). The nitroceflulose filters were btocked by
immersjon in TBS [20 mM Tris-HCI (pH 7 A) and 500 mM NaCI]
with 0.5% Tween·20 for 1 h at room temperature and incu
bated avemight at 4 C with a monoclonal antibody (F39.4.1)
to a peptide (Sf61) corresponding to amino acids 301-320 in
the N-terminaJ portion of the hAR (42). The antibody was
diluted 1:10,000 in TBS with 0.05% Tween·20. After three
washes in TaS with 0.5% Tween-20. the filters were incubatOO
with a 1:5.000 dilution of horseradish peroxidase-goat anti
mouse immunoglobulin G for 1 h at room temperature. After
five more washes in TBS with 0.5% Tween-20. the b10t was
developed using the ECL Western b10tting chemiluminescence
detection system (Amershàm Corp., Arlington Heights. IL).
Densitometry was performed with an LKB U1troscan XL den
sitometer (LKB, Rockville. MD) and the Gel Scan XL Program
(Pharmacia. Piscataway, NJ).
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Abstract

We aim to correlate point mutations in the androgen recep
tor gene with receptor phenotypes and with clinicat pheno
types of androgen resistance. In two families. the extemal
genitalia were predominantly female al birth. and sex-of
rearing has been remale. Their androgen receptor mutation
changed arginine-839 to histidine. In a third ramily, the
externat genitalia were predominantly male at birth, and
sex-or·rearing bas been male: their codon 839 bas mutated
to cysteine. In genital skin fibroblasts, both mutant reœptors
have a normal androgen-binding capadty, but they difl'er
in selected indices of decreased aflinity fDr 5a-dihydrotes
tosterone or two synthetic androgens. In transiendy cotrans
fected androgen-treated COS-} cells, both mutant receptors
transadivate a reporter gene subnonnally. The His-839 mu
tant is less active than ils partner. primarily because ils
androgen-binding activity is more unstable during pro
longed exposure lo androgen. Adoption of a nonbinding
state explains a part of tbis instability. In four other steroid
recepto~ another dibasic amino aeid, lysine, oc:cupies the
position oC arginine-839 in the androgen receplor. Androgen
receptors with histidine or cysteine at position 839 are dis
tinctively dysfunctional and appear lo cause difTerent clini
cal degrees of androgen resistance. (J. Clin. Inve$L 1994.
94:546-554.) Key words: androgen • receptor • mutation •
steroid • resistance

Introduction

The androgen receptor (AR) 1 prmein is an androgen-sensitive
transcription factor. Androgen binding enables its DNA-binding
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domain to recognize particular regulatory sequences of DNA
(androgen-response elements) and thereby to increase or d~

crease the expression of certain target genes. [n 1974 ( 1) several
laboratories (2. 3) began to characterize the androgen-binding
activities in the genital skin fibroblasts (GSF) of 46,XY humans
with various clinical expressions of androgen resistaQ.ce (insen
sitivity), on the presumption that they had mutant ARs. More
recently. the c10ning of the AR cDNA (4-7) and the application
of derivative molecular techniques have pennitted us (8-14)
and others ( 15 - 27) to try to correlate specific germline lesions
in the androgen-binding region of X-linked AR gene with vari
DUS dysfunctional behaviors of the AR and with their clinical
consequences for the affected subjects. The ultimate aim of
such correlative studies is to elucidate the stereochemistry that
impans androgen-binding specificity to an AR and the contribu
tion of an androgenic ligand to the transeriptional regulatory
attributes of an A-R complex. In this paper. we describe three
families that have alternative. single-nudeotide. missense muta
tions at the Arg-839:! codon in exon 7 of the androgen-binding
domain of the AR gene (Fig. 1)_

Methods

Subjecrs and rheirJamilies. ·BOS. me index subject in a black-American
family. was described previously (28). She \Vas barn \Vim a single
perineal urogenital orifice flanked by labioscrotal folds. With lhe aid of
correelive surgery. she and an affecled malental aunl \Vere reared as
females. The propenies of me specific androgen-binding aClivily in
4308'5 GSF (28) are recalled. as appropriale. below.

A.E.L. and K.E.L. are maternai half-sisters in a second black-Ameri
can family. historieally unrelaled to the one above. A.E.L. \Vas brought
10 the St. Chrislopher's Hospital for Children al age:! wk because of a
righl groin mass. There WOlS posterior labial fusion and questionable
c1iloromegly. The karyolYpe \Vas 46.XY. Al age 4 mo. vaginography
revealed a short. blind vagina. and extirpative surgery revealed hislologi
cally nonnal resles. epididymes. and proximal vasa deferenlia. K.E.L.
was bom 6 yr taler \Vith a I.S-cm c1iroris. posterior labial fusion. and
masses in lhe righl labium majus and left groin. Vaginography revealed
a shon. blind vagina. The karyolYpe was 46,XY. Al age 8 mo. basal
serum lestoslerone \Vas 197 ng/dl: afler 4.000 lU of human chorionic
gonadorropin daily for 3 d. il rose 10 980 ng/dl. Bilaleral orchicclomy
revcaled nonnal teslicular hislology. The abnonnalilies of the specifie
androgen-binding activilY in lhe GSF of lhese {WO half·sister subjccrs
are presented here for the tirsl lime.

33S002 and 333203 are brothcrs in a while-Canadian family. 335002
\Vas bom \Vith cryplorchidism and penile hypospadias; each required

2. Number according 10 reference 4: me same codon is numbercd 840
in reference 5 and 838 in reference 7.



3. pSVhAR.BHEX is a version of pSVhAR,. (32) that we have made
more useful by making thtee of its restriction sites unique and by intro
ducing a fourth sile at codons 676-677 in the AR. numbered according
to reference 4.

when his total serum T wa... 7~ nM. the fm: wa.... 1~ oM. 17q. of the
total; the LH level wa... 21 Ulliter (normal: 5-251. and the F5H wa....
29 U/liter (normal: ~-18 1. The affected brothers ha\'e thm: affectc:d
m.uemal tirst cousins once removed. two of whom are ...blings. Two
were hum with penile chordee: one had micropenis with hypospadia....
at the penile base. Ali three had a nonbifid scrotum and have bcen
reared as males with supportive surgery.

AndTfJgen-bindin~clL·tivity in cu/tured ce/Is. For GSF. specific amlro
gen-binding activity. maximum androgen-binding capacity. the apparenl
equilibrium dissociation constant (K,J). the r.ue constant of dissociation
( k). and theromstability of various A - R complexes or of the free AR
were determined on monolayer cultures as described previously (29).
The same methods were use<! for COS-I cells except that they were
washed and Iysed in 0.5 N NaOH directly in the cullure dishes. The
androgens used were: [17a-methyl-JH)mibolerone (MB: 7a. l7a-di
methyl-19-nortestos1erone: So- Ci/mmol}: [1.2A.5.6.7- IH )5a-dihy
drotestosterone (DHT; 120 Ci Immol }: and [17a-methyl- JH )meth
yltrienolone (MT: 17t1.hydro:<yl-17a-methyl~.9.II-estriene·3-one:87
Ci/mmoll. The synthetic androgens are nonmetabolizable.

PCR amplification and direct DNA sequencing ofAR genomic e:cons.
These were modified (30) from methods described in reference 12.

Construction of cDNA expression ~'ectors with R8J9H or R8J9C.
The germline sequence alterations identified in the DNA of representa
live affected subjeclS were reproduced using a modification of Higuchïs
( 31 ) site-directed PCR mutagenesis method. Four separate primary PCR
reactions were perfonned using 2 #-lg of the human (h) AR cDNA
expression vector pSVhAR.BHEX? as templale and 50 pmol each of
the following primers (mutated bases are underlined and bold faced):
la. inside. AEL-A (5'-CAAGGAAcrCGATC~TATCATTGC-3')

b. outside. SVEco (S' -GGAAlTCcrCACTGGGTGTGGAAAT
AGA-3')

13. imide. AEL-B (S'-GCATGCAATGATA!GATCGAG-3')
b. oUlSide. Primer B (5'-TCACACATTGMGGCTATGA-3' )

3a. inside. 335002-A (S' -CAAGGMCTCGATIGTATCATTGC-3 ' )
b. outside. Primer P3' (S'-GCTGCCTATCAGAAGGTTGGTG-3')

4a. inside. 335002-B (S' ·GCAATGATAC~ATCGAGTTCCTTG-3 ' )
b. outside. Primer B (sec 2b above).

The primary fragments were amplified for 25 cycles by Pfu DNA
polymerase (Stratagene. La Jolla. CA) with the following parameters:
denaturation at 95°C for 1 min. annealing al 5SoC for 75 s. and extension
Olt 75°C for 90 s. The fragments from the four primary PCR reactions
were gel-purified and resuspended in 20 #-lI H:O. and 1-2 #-lI of the
laner WOlS used for the secondary PCR in the following combination

Andragen

918,-----,
Binding Domain

DNA
hAR

Figure /. (Top) A linear version of the DNA- and androgen-binding
domains of the human AR. indicating their terminal amino acids. (Bot
tùm) An expanded panion of exon 7 indicating the location of residue
839 and ilS mUlant amino acid substitutions. For comparison. the homol·
ogous residues are given for the human fonns of the receptors for
progesterone (P). glucocoticoid (G). mineralocorticoid (M ). and estto
gen ( E ). The single lener code for amino acids is: A. alanine; C.
cysteine; D. aspartic acid; E. glutamic :1cid: F. phenylalanine: G. glycine:
H. histidine: 1. isoleucine; K. lysine: L. leucine: M. methionine: N.
asparagine: P. proline: Q. glutamine: R. arginine; 5. serine: T.threonine;
V. valine; W. tryptophan; and Y. tyrosine.
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staged surgical correction. Bilateral gynecomastia appeared al 12 yr and
required reduction mammoplasty. Pubic and axillary hair appeared at
age 14. At 22 yr. he had no facial or chest hair; pubic hair was Tanner
stage 3. The right testis was 2S ml: the left was 10 ml. He is patent.
Between 20 and 23 yr of age. repeated serum total testosœrone (T)
detenninations varied from 72 ta ISO nM (normal: 1O-3S) wbile bis
non-sex hormone-binding globulin-bound (free T) levels varied from
S.3 to 31 nM (normal: 3 -13 ). On these occasions. bis free T varied
from 12 to 17% of the total serum T. In normal males. the fraction of
total T that is not bound to sex honnone-binding globulin is - 30%.
The values for luteinizing hormone (LH) varied from 16 to 23 U/liter
(normal: 2-IS). and those for follicle-stimulating hormone (FSH) have
been 15 on two occasions (normal: 4 - (8). After 3 d of abstinence. a
0.5-ml sample of semen contained ILS million spermlml; 10% had
normal motility. but 90% had normal morphology. 333203 was born
3.5 yr later with a nonhypospadic micropenis and bilatera1 cryptorchi
dism that needed several orchidopexy procedures. Bilateral gynecomas
fia required mammop1asty al age 14. At 19 yr he had no facial or chest
hair; axillary hair was plentiful~ pubic hair WOlS Tanner stage 4. The
penis WOlS only 3 cm long. The testes were 8 ml bilatera1ly. At 20 yr.

TGCTCCTTCGTGC-GCATGC'M'CCCCTCCCCATTCTGTCTTCATCCCACATCAG TT CCA GTG
prtnIwA ----. le Pro Val

GAT GGG CTG AAA AAT CAA AAA TTC TTT GAT GAA CTT CGA ATG AAC TAC
Asp Gly Leu Lys Asn Gln Lys Phe Phe Asp Glu Leu Arg Met Asn Tyr

Cys TA His

ATC AAG GAA CTC GAT~~lATC ATT GCA TGC AAA AGA AAA AAT CCC ACA
Ile Lys Glu Leu Asp .,. Ile Ile Ala Cys Lys Arg Lys Asn Pro Thr

839
Pvul

Tec IGC TCA AGA CGC TTC TAC CAG CTC ACC AAG CTC CTG GAC TCC GTG
Ser Cys Ser Arg Arg Phe Tyr Gln Leu Thr Lys Leu Leu Asp Ser Val

CAG CCT GTMGCAAACGATGGAGGGTGCTTTATCAGGGAGAACAGCCTGATAGAGCCA

GIn Pro ~ ~I

Figure 2. The nucleo[ide. amino acid. and
ltanking tnlronie sequences of exon 7 in the
AR gene. The PCR primees are underlined.
Arg-839. the cytosine (C) .... lhymine (T)
transition leading to Cys-839. and the gua
nine (G ) - adenine ( A) transition leading to
His-839 are in boldo The Pvul recognition
sequence that is altered by each mutation is
bracketed.

Coordinate Consequences of Alternative Androgen Receptor Mutations 547



Figure J. Ethidium bromide -~tained. 8C7C" PAGE analysis of PvuI-tre:ued
PCR-amplified normal and mutant c::\on 7. (Tor) Lanes J and 7. size
standards generaled by Hadll digestion of d>X 17~ RF. Lane 2. a normal
persan: lane J. subjel:t ·+30S: lanes -l and 6. the half-sister subjects.
A.E.L. and K.E.L.. rc..~eti\e1y: lane 5. lheir mother. When c:xon 7 of
the hAR is amplilicd betv,een the ,"Ironie primers indicated in Fig. 2
it is wilhin a 163-bp proJUCl. :\ normal allele is deavc:d by Pvul into
139- and 1:!~-bp fr.lgmcnb. The mutam allele resists dc:a\'age. Hence.
the hetc:rozveous muther ha... lhn:e bands. (Bollom) Lanes J and J.
unrelatc:d n~~al per'>uns: lane... :2 and 5. the brmhers 335002/333203:
lane .f.. their molher: lanc 6. .,<Ime a.... lanc 5 but not e:\posed to Pvul:
lune 7. size standard.. as abmc.
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real:liuns: fur A.E.L. 1R~BlJH, fr.lgmcnts fmm real:tiuns 1 and 2~ for
.t'son:! 1R~Bl)C) fragments from r.:actinns J and~. The ~"conUary PCR
reacliuns conlained 0.5 pmul of euch nf lhe respective internai primers
and 50 pmul of e<lch of the oUl,jde primers: for 3350()2. P3' and Primer
B: fur A.E.L.. SVEco and Primer B. Except for lhe greater number of
cyclc, 1JS cydes). lhe ..:ycle par.lmcters were the sume as the primary
PCR rcactinns. The fr.lgmenb from the four o;e(:ondary PCR reaetion...
wcre gel-purified. R839C 1335CX)2) fr:Jgment" were double-digested
with restriction enzymes EcoRI and B<lmHI. and R839H ( A.E.L.) frag
ments were digested with EcoRI. The digested fragment.; were ligated
imo pSVhAR.BHEXJ IR839C) or pSVhAR.. (R839HI. caeh deleted for
lhe corresponding restriction fragments. XL 1 Blue competent bacteria
were transfonned with the ligation prodUClS. and the colonies were
sereened by Pvul restriction enzyme digestion (bath mutations abolish
a Pvul site in the hAR cDNA ). The appropriate clones were grown in
500 ml of liquid cultures. and the plasmid vectors were purified by
QlAGEN columns 1QlAGEN lne.• Chatsworth. CA ). The inserted frag
ment" were sequeneed by the dideox)" method to confirm exelusivity of
the site-directed nuc1eotide substitutions.

Assessmenl oflransactivalional efficiency ofmulanl ARs wilh R8J9H
or R8J9C. The construction of the mouse mammary tumor virus.human
growth hormone (MMTV.hGH ) reporter plasmid and its couansfcetion
with the pCMV.,8-gal vector to assess transfection efficiency have becn
reported (12. 13). To achieve consistent relative transactivationaJ activi
ties among replicate experiments. the prior uansfection protocol ( 13)
was modified as follows: we electroporated confluent COS-I cells at
350 V/960 pF ( - 20 ms) in the presence of 1 IJg normaJ or mutant
pSVhAR and 20 IJg pMMTV.GH. and 6 h later we exposcd the cells
ta various concentrations of mibolerone for an additional 72 h.

W~slem analysis of the AR in lransfecled COS-/ cells. Confluent
monolayers (- 1 million eeUs) in 3D-mm multiwell petri dishes were
washed twice with 20 mM Tris/ HCL ( pH 7.4 ) containing 0.15 M NaCI.
and the scraped ceUs from duplicate dishes were combined in 1 ml of
the same buffer. After microfuging. the eeUs were resuspended in 160
III of 0.25 M Tris/HO (pH 7.8) comaining 3.5% (vol/vol) aprotinin
(Sigma Immunochemicals. St. Louis. MO). Iysed by three freeze-thaw
cycles. and microfuged ( 12.000 g. 5 min. 4"C). 50 #JI of the supematant
was used for protein assay (33). and 100 J,l.g of supematant protein
from each sample was subjected to SOS-PAGE and Western uansfer
by electroblotting according to standard methods (34). The nitrocellu
lose filters were blocked by immersion in TBS (20 mM Tris/HO [pH
7.41 and 500 mM NaCI) with 0.5% Tween 20 for 1 h at room tempera
ture and incubated ovemight at ~"C with a monoclonal antibody
(F39.~.1) to a peptide (5f61) corresponding to amino acids 301-320
in the NH~-tenninal portion of the hAR ( 35 ). The antibody was diluted
1:10.000 in TBS with 0.05% Tween 20. After three washes in TBS
Wilh 0.5% Tween 20. the fillers were incubated with a 1:5.000 dilution
of horseradish peroltidase goat anti - mouse IgG for 1 h at room tempera
ture. After five more washes in TBS with 0.5% Tween 20. the blot was
developed using the ECL chemiluminescence detection system (Amer
sham Corp.. Arlington Heights. IL). Using the LKB Ultroscan XL
densitometer and the Pharmacia Gel Scan XL program ( Pharmacia LKB
Biolechnology Inc.. Piscat3way. NJ). we validated the chemilumines
eence method by demonstrating linearity with 10-300 fmol of androgen
binding activily in the standard Western blotting procedure and by
e:\posing film to the Luminol reaetion for various limes (30 5-20 min)
to define a window during which relalive band imensity remained con
stant densitometrically.

Results

Identification and restriction-sire ana/ysis of the murarions. By
PCR amplification and direct sequencing of e;ltons (-S. we
round the guanine to adenine U'a11sition responsible for
Arg839His nrst in the GSF of subject 430S and then in lhose
of the half-sisters A.E.LJK.E.L (Fig. 2). ln the same way. we

later round the cysteine tu thymine tr:.msltIon responsible for
ArgS39Cys in the brother.. 33500:!/333:!U3 (Fig. 2 J. The abla
tion of a Pvul sÎ[e by cithcr substitution allowed us to prove
maternai hetcrol.ygll... ilY for th~ half-,isters A.E.L.I K.E.L. (Fig.
3. top) and for th~ brolht:r.. 335IX)2/333:!03 (Fig. 3. boltom).
The families uf -ons and A.E.L.I K.E.L. are historically unre
laled. They also Jiffer in tht: highly polymorphie length (36)

of the poly-glutamine tr~lct in ~.'wn 1 of the AR gene: 4308 has
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19 repeats, A.E.LJ K.E.L. have 18, their mother has ones of 18
and 20; and 335002 has 20.

Androgen-binding activiry in GSF. We first determined vari
ous androgen-binding parameters of the mutant AR in the GSF
of the half-sisters A.E.LJK.E.L. and the brolhers 3350021
333203. Fig. 4 shows that 335002'5 AR has modestly increased
Kd vaIues for MB, MT, and DHT that are comparable with
those published previously (28) for 4308 (0.57, 2.2, and l.0
nM, respectively; normal < 0.3 oM) and to those of A.ELJ
K.E.L. (0.35. 1.0, and 0.56 oM. respectively).

The MB- and MT-R complexes preformed in the GSF of
333203 or A.E.L. at 37°C were mueh more thennolabile than
nonnaI when the ceUs were po5tineubated at 41°C with 100
~M cycloheximide in the presence of 3 nM of the appropriate
[ 3H] androgen (Fig. 5). Furthermore, the Arg839His MB-re
ceptor complexes in A.E.L. were more thermolabile than the
Arg839Cys ones in 333203. However, when the GSF of subject
333203 or A.E.L. were incubated at 37°C in serum-free medium
overnight and then exposed to 100 J,LM cycloheximide at 41°C.
they lost their androgen-binding aeùvity during the next 2 h at

the same rate as control GSF (t = 1.5 h; data not shown).
These disparate responses of A.E.L.·s GSF to thennal stress
closely resembled those in 4308's GSF under slightly different
conditions (28).

Table 1 shows the raIes at which various [3H]A-R com
plexes dissocialed in GSF chased by a great excess of the corre
sponding radioinert androgen at specific lemperatures. A.E.L.·s
DHT-R complexes dissociated moderalely faster than normal
not ooly al 37°C. as sugg~ted by those of 4308. but also at 40
and 42°C. In contrasl. 335002/333203 had normal DHT k val
ues ("off-rates") at 37 and 42°C. Likewise. these brothers had
a normal mean MT k vaIue at 37°C. whereas the corresponding
value for A.E.L. and 4308 was suspiciously high. Notably,
A.E.L.. 4308, and the brothers 333203/335002 aIl had normal
MB k values at 37°C; yet. ail three tested had clearly increased
MB k values al 40 and/or 42°C. We have reponed such patterns
of ligand-specifie. temperature-restrieted departures from nor
mal k values in the GSF of other subjeets with panial androgen
resistance (37).

Androgen-binding and transactivationa/ activity of trans-

Figure 5. MB- and MT-R complexes were
fonned in GSF incubaled Wilh 3 nM [lH) MB
or MT al 37"C (0 lime). The cells were then
poslincubaled al ~loC wilh 100 #lM cyclo
heximide and 3 nM of lhe same [lH)_
androgen. A -R complexes remaining were
measured al intervals up lO 6 h. 2080. normal;
333202. Arg839Cys: A.E.L.. Arg839His.
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The monolayers were incubated in serum~free medium Olt 37°C with 3 nM [lMlandrogen alone or togeth~rwith 0.6 ~M radioinert androgen. Specith:
androgen-binding activity was measured at 1 h. then the eeUs were washed and chased with the same medium containing only radioinert androgen.
and the rate of decline of the activity was measured at intervals for 2 h. .. ·BOS and A.E.L. <unrelated) share Arg839His. : From Table 1 in
reference 22. '3350021333203. brothers. share Arg839Cys.

feCled ARs. To prove mat Arg839His or Cys are pathogenic
substitutions. we created each mutation in an otherwise normal
hAR cDNA expression vector and transiendy transfected il into
COS-I cells. Table [1 shows mat the cells with the Arg839His
AR. but not those wim the Arg839Cys AR. had higher 37°C k
values for all three androgens than those with the nonnal AR.
These results conserved me pattern of 37°C k values in normal
and either type of mutant GSF.

Likewise. the MB-Arg839His receptor complexes pro
duced in COS-I ceUs at 37°C were more thermolabile than tlteir
Arg839Cys counterparts when shifted to 42.SoC (Fig. 6 A). In
contrast. as previously shown for GSF. when the transfected
COS-l cells were first exposed to a temperature of 42.SoC in
the presence of 100 ~M cycloheximide and then measured for
androgen-binding activity at various intervals. there was no ap
preciable difference between the thermostability of the nonnal
receptor and eimer of the two mutant ARs (Fig. 6 B).

Fig. 7 A shows that in COS-l cells treated with MB 6-80
h after cotransfection the Arg839His AR had a clear tendency
to be Jess active in promoting transcription of the GH gene than
the Arg839Cys AR and mal both of them were less active than
the normal hAR.

We also assessed stability of the normal and either type of
mutant AR in COS-l cells by measuring their androgen~binding

actlvltles during various intervals after transfection. Fig. 8
shows mat the normal binding activity was stable. or relatively
50. during prolonged (46- 120 h) incubation at all MB concen
trations tested. whereas both types of mutant activities were
clearly unstable at me same MB concentrations. Again. me
Arg839His mutant was inferior to the Arg839Cys. The approxi
mate 50% difference between the 2-h binding activities at the
beginning and the end of the prolonged exposure to MB reflects
the transience of the transfections. In this respect. all three
transfections behaved very similarly.

[n anomer transfection experimem using only 3 nM MB
(Fig. 9). the nonnal and mutant androgen-binding activities
were subjected to immunoblot analysis. As above. the 118
120-h binding activities were 40-50% of those in meir 46-48
h counterparts. and their respective blot intensities were appro
priate. As before (Fig. 8). prolonged (46-120 h) incubation
with MB caused cells with Arg839His te lose more (> 75% )
of their staning binding activity than cells with Arg839Cys
(50%). Unùer the same conditions. the ceUs with the wild
type hAR essentially maintained their initial androgen-binding
activity. After prolonged MB incubation. the immunoreactivi
lies of the wild-type hAR and both mutant forros increased
relative to their respective androgen-binding activities. This im
plies that fractions of their respective pools of ARs were in a

Table Il. Ligand-specifie k of rhe Normal and Murant k4.Rs in GSF and COS-' Cells al J?C

Arg839Cys AJ"g839His

Ligand
MB

DHT
MT

GSF
3.0~0.1:

6.3~0.25

12=0.5

COS-I
3.1 =0.10
7.1 =0.35

12.3=0.30

GSF*
3.0=0.00
5.3=0.75
1~.3=2.25

COS-I
3.2=0.30
6.9=0.65

10.9=0.70

GSF*
~.3:::0.33

9.3=OA8
20.7=~.70

COS-l
4.9=0.35
9.2=0.70

15.6=0.20

11 The GSF values have been combined for affected members of the same family or unrelat~d subjects with (he same mutation. : The values are
the mean=SE.
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non-androgen-binding state: it is evident that these fractions
were greater for the mutants.

[n Fig. 7 B. for each of three experiments. we replotted GH
production (shown in aggregate in Fig. 7 A) against relative
MB·binding activity during prolonged (6-78 h) MB incuba
tion. [n two experiments. the normal and mutant receplOrs were
indistinguishable: in the third. the differences were slight.

Figure 6. (A) MB - receptor complexes were fonned in COS-l cells
incubated with 2.4 nM MB al 37'C for 2 h (46-48 h after uansfection:
o time). The cells were then postincubated al 42.SoC under the condi
tions defined in the legend to Fig. S. and residual MB -receptor com
plexes were measured al intervaIs up ta 6 h. O. Two samples of nonnal
bAR cDNA expression plasmid transfected separately. (8) 48 b after
ttansfection. COS-l eells al 37'C were incubaled al 42SC in the pres
ence of 100 #lM cyc1obeximide. Thereafter. al intervals up to 6 b. the
decline of mibolerone-binding activily was measured by incubating with
3 nM MB for 1 h al 37"C.

Discussion

[n our initial report (28) on the partial androgen insensitivity
syndrome in 4308. we noted that her GSF AR phenOlYpe was
distinctive; for instance. her DHT-receptor complexes had
questionably increased 37°C k values. yet the 42°C k values for
her MB-receptor complexes were clearly high. Many years
later. we realized that 4308 and the unrelated half-sisters.
A.E.L) K.E.L.. shared not only the Arg839His AR but a1so
a very similar GSF AR phenotype and predominantly female
extemal genitalia. The broad phenotypic similarity in the (Wo

Figurl! 7. (A) COS-l cells were transt~eted with nonnal hAR expression
plasmid. or with a plasmid containing either mutanl AR. and also with
both the MMTV.GH and CMV.,B-gal plasmids. 6 h after transfection.
different concentrations of MB were added to the medium. and 72 h
later samples of medium and ceUs were taken to measure GH and
,B-gal activity. res~tively. The latter activity was used to assess trans
feclion efficieney. and the GH values were nonnalized for variation in
that efficiency. • P < 0.05 versus nonnal: •• P < 0.05 versus normal
or R839C. (B) The GH data above are reploned against specifie MB
binding activilies at a given concemration of MB in the 6-78-h intervals
after transfection.
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Figure 8. COS-I ceUs were ttanSfccted with nonnal bAR expression
plasmid or with plasmid containing either mutant AR. Specifie MB
binding activity at various concentrations of MB was measured for 2
h. at 46 and 118 h after transfcction. and for 74 h. from 46 to 120 h
after transfection.

families with Arg839His AR appreciated in value both by simi
larity and by contrast with the Arg839Cys AR in the brothers
<335002/333203) with partial androgen insensitivity (AI). For
example. in GSF bath mutant ARs had variably elevated but
overlapping K,j values for ail tmee androgens. and their respec
tive MB k values were nonnal at 37°C but elevated at 4Q-42°C.
By contrast. the GSF with Arg839His had slightly to moderately
elevated DHT k values al 37 -42°C. while the corresponding
values for those with Arg839Cys were nonnal.

The fact that the GSF with Arg839His had abnormal DHT
k values while those with Arg839Cys did not corresponded with
the greater undermasculinization of the subjects with Arg839His
than those with Arg839Cys. This was borne out by the relative
transregulatory dysfunction of each mutant receptor within
transfected COS-I ceIls: the Arg839His AR was less active than
the Arg839Cys AR when GH production was plotted against
MB concentration. Importantly. however. the difference disap
peared when GH production was plotted against specific MB-

binding activity. This suggested that the mutant MB-receptor
complexes had nonnal intrinsic transactivational competence.
but that they were unstable during prolonged exposure to MB.
An immunoblot analysis revealed that sorne of the mutant AR
instability reftected conversion of the mutant AR ta a non
androgen-binding state. Such astate may he a part of normal
intracellular AR recycling (38). but the mutant ARs may he
abnormally disposed [0 occupy il. Despite these observations.
it is imponant to appreciate that there is slrong theoretical and
experimental (39) reason to believe that the transregulatory
activity of normal or mutant (-l0) steroid receptors is inftuenced
by cell type and by the promoter context of a particular urget
gene. Hence. the disparity we observed among the nonnal and
mutant ARs using the MMTV.hGH reporter gene in COS-I
ceUs might weil change in degree and/or quality. if we were
to use a reporter gene with a different androgen-responsive
promoter context and a transfectam c!=1l type with a different
set of cofactors mat affect the transregulatory activity (or stabil
ity) of the nonnal and mutant ARs. The ideal candidates would
he physiologie target cells rendered AR-free and reporter genes
whose products are essential for male sexual differemiation.

Our data and the fact chat ail the other steroid receptors
have lysine in the position homologous to Arg-839 in the AR

552 Beirel el al.



(Fig. 11 imply that the: hAR must have Arg or Lys at position
839 to function normally. Our data also sugge:st that His-839
tcnd-; to disrupt the: AR more than Cys-839 dœs: thc fonner is
likdy to cause predominantly l'emale e:xte:mul genitalia and a
female sex-of-rearing: the latter is likely to cause predominantly
male external genitalia and a male sex-ol'-rearing. The two ume
lated individuals with Arg839Cys reponed by others (25 ) also
had panial AI with a male phenotype (Reifenstein syndrome)
and. as we have found. in the GSF of the one tested. MB
receptor complexes had nonnal 3rC k values. Others have
found the Arg839His mutation in four unrelated individuals.
Ali four had panial Al: two with a female phenotype (25. 27).
one with a male phenotype (25). and one ambiguous (41).
lmponantly, as we found, in the GSF from the one subject with
a female phenotype tested. the AR had an increased k value for
MB at 3T'C (25). Remarkably. the GSF of the one with a male
phe:notype had almost unmeasurable androgen-binding activity.
typical of subjects with complete AI (25). This is a striking
indication that "background" factors can mitigate the typical
clinical expression of an AR mutation.

The fact that neither the His nor the Cys substitution of
Arg-839 disrupts the AR sufficiently ta cause complete AI is
provocative. in light of infonnation availab[e on the same set
of substitutions at IWO other Arg codons in the AR's androgen
binding domain. For instance. Arg773Cys disrupts the AR phe
notype more than Arg773His (12), yet bath cause complete AI
exclusively (12. 24. 26), possib[y because Arg-773~ is within
an u[traconserved region of the androgen-binding domain. Con
trarily, Arg854Cys has caused complete AI in three out of three
subjects (25, 26. 42). while Arg854His has caused panial AI
in three out of four subjects (24, 25. 43) ~ yet Arg-854.5 is
at the NHrterminai limit of an Il-amino acid stretch that is
absolute[y identical among the- members of the AR subfami[y.
The facts that Arg-839 is not within a highly conserved region
of the androgen-binding domain and that neither Cys-839 nor
His-839 causes complete AI indicate that Arg-839 is less im
portant than Arg-773 or Arg-854 to the AR's androgen-binding
properties. lt is also notewonhy that Cys-839 appears ta he less
disruptive than His-839. whereas Cys-773 and Cys-854 appear
to he more disruptive than His-773 and His-854, respectively.
Perhaps this is because Cys-839 does not provoke a harmful
disu[phide bridge. whereas Cys-773 and Cys-854 do. This hy
pothesis is strengthened by the ligand- and temperature-re
stricted character of the moderately abnorrna[ nonequilibrium
rate constants of dissociation that we have observed in GSF
carrying either of the present mutations. [n the GSF of most
subjects with complete Al due [0 missense mutations in their
androgen-binding domains. these rate constants of dissociation
are more abnonnal absolutely and seldom ligand- or tempera
ture-restricted ( 14).

Arg839Cys and Arg839His represent G:C - A:T transitions.
This reflects the tendency for cytosines at CpG dinucleotides
to become thymines by methylation at carbon 5 and spontaneous
deamination at carbon 4. Indeed. 9 out of 28 point mutations

~. Number according ID reference ~: Ihe same codon is numbered 17~

in reference 2~ and 772 in reference 25.
5. Number according 10 reference ~: Ihe same codon is numbered 855
in reference 2~ and 853 in reference 25.

that we have: identified in the: /rAR gene: fall into this cate·
gory ( 141.

Acknowledgments

We are graleful 10 Rhona Rosenzweig and Sandy Fr.liberg fur failhful
secrelanal a.~sistance.

This work was supponed by Ihe Medical Research Cuuncil of Can
ada and Ihe Fonds de la Recherche en SanIe: du Québec.

References

1. Kccnan. B. s.. W. 1. MI:Yl:r III. A. J. HOIdjian. H. W Jonl:~. md C. J
Migeon. 197~. Syndrome of androgen mscnsiti\lÎlY in man: o.lbscnce of 5a-dih~·

drotestosterone binding protem m skin fibrobla.,to;. J. Clin. Endocnnol. ..{ .'-tf!ra;'

38: 11·$3-1146.
1. Kaufman. M.• C. Stralsfeld. and L Pinsk)'. 1976. Male psuedohermaphrul

usm pnesumably due to urget organ unn::;poI\Slve.less 10 androgen."i. DetïclCrll
5a-dihydrotClitosteronc: binding in cultured skin Iibrobla:>L'i. J. Clin.. Im·f!j/.

58;3.$5-350.
3. Griffin. J. E.. K. Punyashthiti. and J. D. Wilson. 1976. Oihydrotestosterone

binding by cultured human 6broblasts. Companson of .:ells From control subJect~

and from patients with hercditary male psc:udohermaphroditism due 10 androgcn
resistanee_ J. Clin. Inll~st. 57:1342-1351.

4. Chang. c.. J. Kolcontis. and S. Liao. 1988. Structural analysis of comple·
mentary DNA and amino acid sequences of human and rat androgen receplor;
Proc. Nad. Mad. Sci. USA. 85:7211-7215.

5. Lubahn. O. B.. D. R. Joseph. M. Sar. 1. Tan. H. N. Higgs. R. E. Lanon. F. S.
French. and E. M. Wilson. 1988. The human androgen receptor: complementary
dcoxyribonucieic acid cloning. sequence analysis and gene expression in protslate.
MoL EnJocrinol. 2; 1265-1275.

6_ Trapman. J.• P. Klaassen. G. G. J. M. Kuiper. J. A. G. M. van der KOrpUl.
P. W. Faber. H. C. J. van Rooij, A. Guerts van Kessel. M. M. Voorhorst. E.
Mulder. and A. O. Brinkmann. 1988. Cloning. structure and expression of ..
cDNA encoding the human androgen rcceptor. BiocMm. Biophys. R~s. Commun.
153:241-248.

7. lilley. W. D.• M. Marcelli. J. D. Wilson. and M. J. McPhau!. 1989. Chanc
terization and expression of a cDNA encoding the: human androgen rccepror.
Proc. Natl. Acad. Sei. USA. 86:327-331.

8. Sai. T.• S. Seino. C. Chang. M. Trifiro. L. Pinslc:y. A. Mhatn:. M. Kaufman.
B. Lambert. 1. Trapman.. A. O. Brinkmann. et al. 1990. An exonic point mUlation
of the androgen rtecptor gene in a family with complete androgen insensitivit}.
Am. J. Hum. G~nl!t. 46:1095-1100.

9. Ris-Slalpers. c.. M. A. Trifiro. G. G. J. M. Kuiper. G. Jenster. G. Romalo.
T. Sai. H. C. J. van Rooij. M. Kaufman. R. L. Roscnfil:ld. S. Liao. et a1. 1991
Substitution of aspanic acid 686 by histidine or asparagine in the human androgen
receptor leads to a functionaJly inactive protein with aJten:d honnone-binding
characreristics. MoL Endocrinol. 5; 1561-1569.

10. Trifiro. M.• B. GouJieb. L. Pinsky. M. Kaufman. L. Prior. O. D. Belsham.
K. Wrogemann. C. J. Brown. H. F. Willard. J. Trapman. et al. 1991. The 56/5s
Ic:Da androgen-binding proccin in maIl: genitaJ skin fibroblasts with a deleted
androgen receptor gene. Mol. Cd/. Endocrinol. 75:37-~7.

Il. Trifiro. M.. R. L. Prior. ~. Sabbaghian. L. Pinsk)'. M. Kaufman. E. G.
Nylen. D. O. Bc:lsham. C. R. Grecnbe:rg. and K. Wrogemann. Iqql. Am~r

mUlation creales a diagnostic Jfut'! 'ilte ln lhe androgen receplor gene of a famd~

with complele androgen insc:nsltivity . .-\m. 1. "'ft!d. Gt!nt!r. .lO:~CJJ -~99.

11. Prior. L.. S. Bordet. M. A. Tririro. A. Mhatre. M. Kaufman. L. PIO~k~.

K. Wrogemann. D. D. Belsham. F. Pcriera. C. Greenbcrg. et al. 1992. Replacemcrll
of arglnine 773 by .:}Isleinc or hi ..udine in lhe: human o.lndrogen rtXeplor cause:...
complete: androgen i~n.,ili\lity with diffen:nl ro:eptor phe:notypes. Am. J. Hu",.
G'!n~t. 51:143-155.

\3. Kazemi·Esfarjani. P.. L. K. Beite!. M. Triliro. M. Kaufman. P. Rel\OIe. P
Sheppard. R. Matusik. and L. Pinsky. 1993. Sub,titutlon of valine·865 by me:lhIU
nine or leucine in the human androgen rcce:plor cause:--. complele or partial andro·
gc:n inscl\silivity. respecti\'c1y with disunct androgen n:ceptor phenoty\'C'i. J(ol

Endrk:rinol. 7:37 -46.
I~. Pinsky. L. M. Triliro. ~1. Kaufman. L. K. Bettel. A. Mhatre. P. Kazcml

E...farjam. N. Sabbaghian. R. Lumbro'>O. C. AI..ar.Wo. M. Va.'1liou. and B. Goulieb
1991. Androgen rcsislance due Co mulaUon of lhe androgen receptur. Clin. Im"ll

.Wt!d. 15:~56- ..n2.
15. Brown. T. R.. O. B. Lubahn. E. M. Wilson. O. R. Joseph. F. S. French.

and C. J. Migeon. 19H8. Dell:lIon of Ihe ..teroid·binding domain of the human
androgen reccptor genl: in one family with complele androgen in..ensiti\luy 'yn·
drome: evidence for funhl:r genetic heleogeneity in this ..yndrome. PWe". Natl
--'cuJo Sei. USA. 85:8151-8155.

Coordinare Consequences ofAlttmat;\'e Androgen ReceplOr Mutations 553



Ih. Brown. T. R.• D. B. Lubahn. E. M. WiJ..un. F. S. French. C. 1. Migcun.
.ml! 1. L Cllrtl~n. l'NO. Funcuonal .:har..u:l~n".atlunuf naluraJly uccurring mulanl
.&ndrtlgcn m:CpIUr. fmm 'UhJCCL' wllh .:umplcl~ .1ndmgen m-.c:n:.lllvlly. ...,,,/. En·
,j,/("rrm,l. ~: 1759- 177"1.

t7 Ri,·Scalpcr-. c.. G. G. J. M. Kuiper. P. W. Fabcr. H. U. S.:hc:nkcn.
H. C. J. van RuoJi. N. D. L:ger.. ~1. B. Hodgans. H. J. Dcgenhart. 1. Trapman.
.&nd .-\. O. Brinkmann. l'NO. Aberrant ,plicang ut androgen rcccpior mRNA
~ulb ln ..ynlh~is of a nonfunctional receptor protein in a pauent wilh androgcn
In.-.cn'Iuylty. P,.,H.·. .Vcld. Anld. Sd. USA. lP:7H66-7870.

Ill. Akin. 1. W.. A. BchLadian. S. P. T. Tho. and P. G. McDonough. 1991.
EVidence for a pattial delclion IR Ihe androgen receptor gene in a phenotypic
male wllh .1l00!ipcrmia. Am. J. Ob.flt!l. G.vn~m/. 165: 1891-189-1.

19. Marcel/i. M.. W. D. Tilley. C. M. Wilson. J. D. Wilson. 1. E. Griffin. and
M. J. McPhaul. 1990. A ,ingle nuc!eotide ,ubsmution antroduccs a premature
tcrmanatlon ..:OOon into the androgen receptor gene of a patient with n:ceptor
negallve androgen n:sistance. J. Clin. l''''t!sl. 85: 1521 -1528.

20. Man:elli. M.• W. D. Tîlley. S. Zoppi. J. E. Griffin. J. D. Wilson. and M. J.
McPhaul. II)qI. Androgen resistance associated with a mutation of [he androgcn
n:ceptor Olt :unlnO acld n2 ( Arg - CyS) result.'i from a combination ofdcc~
m~sc:ngc:r nbonucleic 3Cid levcls and impairment of n:cepaor function. J. Clin.
Endocrinol. & Mt!tab. 73:318-325.

21. McPhaul. M. J.. M. Marcelli. W. D. Tilley. J. E. Griffin. R. F. Isidro
Gutic:m:z. and J. D. Wilson. 1991. Molccular basis of androgen rcsistanee in a
family with a qualilative abnormality of the androgen n:cepaor and rcsponsive [0

high-dosc androgen therapy. J. Clin. /nvt!st. 87:1413-1421.
22. Nabo. R.• M. Haji. T. Yanasc:. A. Ogo. R. Takayanagi. T. Katsubc:. Y.

Fukumaki. ôU1d H. NaWllla.. 1992. A single amino acid substitution (Met'" 
Val) in the steroid-bioding damain of human androgen rcceplOr leads ta complele
androgen insensitivity syndrome. J. Clin. Endocrinol. cl Mt!tab. 74:1I52-1l57.

23. Jakubiczka. S.• E. A. Werdc:r. and P. Wieacker. 1992. Point mutation in the
steroid-binding domain of the androgen receplor gene in a family with complelt:
androgen insensitivity syndrome (CAlS). Hum. Gt!n~L 90:311-312.

24. Batc1l. J. A.• D. M. Williams. H. R. Davies. B. D. Brown. B. A. 1. Evans.
1. A. Hughes. and M. N. PaaenoD. 1992. AndrogeD n:ceptor gene mulations
identific:d by SSCP in f~n subjccts with androgen insensitivity syndrome.
Hum. Mol. Gt!nt!'. 1:497-503.

25. McPhaul. M. J•• M. Man:elli. S. Zoppi. C. M. Wilson. J. E. Griffin. and
J. D. Wilson. 1992. Mutations in the ligand-binding domain of ~ androgen
rcceplor gene clusler in two regions of me gene. J. Clin. /nllt!st. 90:2097-2101.

26. De Bellis. A.• C. A. Quigley. N. F. CarielJo. M. K. El-Awady. M. Sar.
M. v. I..anc. E. M. Wilsoo. and F. S. French. 1992. Single base mutations in the
human androgen rcceptor geDe causing complete androgen insensitivity: rapid
detection by a modific:d denaruring gr3dienl gel eh:ctrophorcsis technique. Mol.
EndocrinoL 6:1909-1920.

27. Hion. O.• Q. Huang. G. H. G. Sinnecker. A. B. Sadeghi-NejDd. K. Krusc.
H. J. Wolfe. and D. W. VandeU. 1993. Single strand confonnation polymorphism
analysis of androgen reccplor gene mutations in patients with androgen insensitiv
ilY syndromes: application for diagnosis. genetic counseling. and therapy. J. Clin.
Endocrinol. & Mt!tab. 77:262-266.

28. PinsJcy. L. M. Kaufman. and L L Levitsky. 1987. Partial :mdrogcn
n:5istance due ID a distinctive qualitative defccl of the: androgen rcceptor. Am. J.
Md. Gt!MI. 27:459-466.

29. GottJieb. B.• M. Kaufman. L PinsJcy. G. L:boeuf. and J. F. SolOS. 1987.

554 Beirel el al.

EAIr.K:dlular .:urrccllun 01 lh~ androgc:n.ra:cplur tr.u1..furmallun dc:fcct zn Iwu
f;.amJli~ wlth .:umpl~l~ andn1gen n:sl\I;.an.:c. J. .'Îlc'ru,d BlI,<·hc!m. '1.11:179-'1.84 .

.10. B~Ile:1. L. K.• L. Pnur. D M. V J....lIlllu. B. Gtluli~b. ~. Kaufman. R.
Ll.ImhnN.l. C. AlvaracJo. B. ~kGil/i"I':lY. \1. Tnlim. and L. Pin!ôky. IlN.1. Com
plde anunlgen 1R~m.IUVJly due lu mutat..,n... IR lhl: probable Q-heli.:aJ -.cgment-;
ul Ih~ DNA-bmuing domalR IR th~ human .1Rdmg~n n:..:c:ptor. Hum. ....'ul. Gt!nc'l.
3:11-17.

.11. Higuchi. R. II)<X). RccomblRanl PeR. In PCR Prt1(ll.:ol~: A Guide: III
M.:thud.. and Applicallons. M. A. Innis. D. H. Gelland. J. J. Snin.'iky. and T J.
Whlle. .:dilor.i. A..:adcmic Pre.s Inc.. San Dic:go. 177 -1lU.

31. Bnnkmann. A. O .. P. W. Fabcr. H. C. J. van RooIJ. G. G. J. M. KUIper.
C. Ris. P. KI;.aa.'i~n. J. A. G. M. van der Kurput. ~f. \f. Voorhorsl. J. H. van
Laar. E. ~ulder. and J. Trapman. 1989. The: human androgen n:ceplOr: domain
,trul.:tun:. genomic urganizarion and rcgulallon oi .:xpresslun. J. S/c'rmd Bwcht!m.
3-l:3()7 -310.

33. Lowry. Q. H.. S. J. Roscbrough. A. L. Farr. and R. J. Randal/. 1951.
Prolein measurement IIoillh th.: Folin phenol rcagc:nl. J. Biol. Cht!11J. 193:165 -215

3-l. Sambrook. J .• E. F. Fritseh.·and T. \1aniatis. 1989. Molcc.llar Clonmg.
!nd.:d. Cold Spring Harbor Laboratory. Cold Spnng Harbor. SV. 18.3-llt7~.

.15. L:gers. N. D.. E. Claa.'isc:n. C. Ncc:lan. E. \luld.:r. J. H. van L.a.ar. :'I.f. M.
VoorhOr.oi[. C. A. B.:m:vDets. A. O. Bnnkmann. T. H. van der Kwast. J. :\.
RuizcveJd de Winter. et al. 1991. Epitopc prediction and conrlrma[ion for the:
human aodrogen n:ccplor: generation of monodonaJ anubodies for muill-assay
performance foJlowing the: "l'nmetic peptide str.llegy. Biof.:h,m. 8iaphys..-\cla.
1073:23-32.

36. Edw:uds. A.• H. A. Hammond. L Jin. C. T. Caskey. and R. Chakrabony.
1992. Genetic variation Olt live trimeric and letr.uneric tandem rc:pc:at loci in four
human population groups. G.momics 12:241-253.

37. Kaufman. M.• L Pinsky. B. Goalieb. M. Schweitzer. A. Brczezinski. C.
von Wcstarp. and J. Ginsberg. 1990. Androgcn n:cep[or dcfec:ts in patients with
minimaJ and partial androgen tcSistance classific:d according to a model of andro
gen-n:ceptor complex cnergy states. Horm. Rt!s. (8as~lJ. 33:87-94.

38. Rossini. G. P.• and S. Liao. 1982. Inttaeellular inactivation. reactivation.
and dynamic status of prostale androgc:n n:ceptors. Bioc~m. J. 208:383-392.

39. Adler. A. J.• A. Scheller. and D. M. Robins. 1993. The stringency and
magnitude of androgen-spccific gene activation arc combinatorial functions of
n:ceptor and nonrcceptor binding sile sequences. MoL Cdl. Biol. 13:6326-6335.

40. Tzukerman. M. T .. A. Esty. D. Santiso-Merc:. P. Daniclian.. M. G. Parker.
R. B. Stein. J. W. Pike. and D. P. McDonnelJ. 1994. Human estrogen receplor
transaetivational capacity is delerminc:d by both cellular and promoler CODIeX[
and medialed by (WO functiona!ly distinct intramolccular rc:gions. Mol. EndocrinoL
8:11-30.

~1. De Bellis. A.• C. A. Quigley. K. B. Marschke. M. K. El-Awady. M. V.
Lane. E. P. Smith. M. Sac. E. M. Wilson. and F. S. French. 1994. Characterization
of mutant androgeD n:ceplOr.i causing partial a!ldrogen insensitivity syndrome. J.
Clin. Endocnnol_ & Mt!tab. 78:513-522.

~2. Tincello. D. G.. T. B. Hargn:ave. F. C. Wu. T. Padayachi. and P. T.
Saundc:rs. 1992. Mutations in the androgen n:cc:plor gene of patients wim androgen
insensitivity. J. EndocrinoL 132(Suppl.):87. (Abslr.)

~3. Chang. Y. T.• C. J. Migcon. and T. R. Brown. 1991. Hurnan androgen
inscnsitivity syndrome: due to androgen n:ceplor gene poant mutations in subjccts
with nonnal androgen receptor levels but impaired biological activity. 73rd Annual
Mt!t!ling of lht! Endocri1U! Socit!ty. 37:28. ( Abstr.)



CHAPTER II



V /yY5 o.t{orc1 L'lIil't!r.'iltv Prt!'iS Huma" .Wolt!L'Ular Gmt!lin. 1995. \1,11• .J. No. .J 523-527

Evidence for a repressive function of the
long polyglutamine tract in the human
androgen receptor: possible
pathogenetic relevance for the
{CAG)n-expanded neuronopathies
Parsa Kazemi-EsfarjanP.2, Mark A.Trifiro1,3 and Leonard Pinsky1,3,4,S,.
lLady Davis Institute for Medical Research. Sir Mortimer BDavis-Jewish General Hospital. 3755 Cote Ste Catherine Road and
Departments of 2Biology. 3Mediclne, "Pediatrics and sHuman Genetlcs, McGill University, Montreal. Quebec. H3T 1E2. Canada

Received November 29, 1994; Aevised and Accepted January 31, 1995

We have reported that polyglutamine (polyGln)-expanded human androgen receptors (hAR) have reduced
transactivatlonal competence in transfected ceIls. We presumed that maximal hAR transaetivation requires a
normal·size polyGln tract. Here we report, however, that hAR transaetlvlty and polyGln-tract length are related
inversely: n = 0>12>20>40>50. Thus, a normal-sfze polyGln tract represses the transactivational competence
of a polyGln-free hAR, and polyGln expansion increases that negative effect. This observation has pathogenetlc
implications for X-Iinked epinobulbar muscular atrophy (Kennedy syndrome), and possibly for the autosomal
dominant central neuronopathies assoclated with (CAG)n expansion in the translated portion of four differ
ent genes.

INTRODUCTION

As in many rranscriplional regulalory proleins of eukaryotes
( 1>, me transcriptional modulatory domains of the X-linked
human. rat and mouse androgen receptor proteins have long
polyGln tracts that are presumed ta he functionally equivalent
(2). In humans me tract varies polymorphically from n = 11
33 (3,4), its modal length is about 20 (3), and its location is
more NH!-tenninal than in the rodents (2). Expansion of the
long (CAG)nCAA tract in the MR of males to n ~ 40 causes
spinobulbar muscular atrophy (SBMA), an adult-onset selective
mator neuronopalhy that is often associated with a mild.
selective fonn of androgen insensitivity (Kennedy syndrome)
(5). No other AR mutation, including a complete deletion (6),
causes SBMA. Hence, (CAG)n expansion must endow the
hemizygous mutant AR gene (or one of its produclS) with a
gain-of-function that is neuronopathic (7). This pamogenetic
paradigm is also applicable to four mendelian-dominant central
neuronopathies caused by expansion of 5' translated (CAG)n
repeats: Huntinglon disease (HO), spinocerebellar ataXia lype
1 (SCAl) and dentatorubropallidoluysial atrophy (DRPLA)
(8), and Machado-Joseph disease (MJD) (9). The gain-of
function is most probably expressed by the polyGln-expanded
proteins ( 10,(1) encoded at each of the five loci. These mutant
proteins may become neuronopathic by acquiring a property
that is emirely foreign ta lheir respective nonnal proteins, or

-To whom correspondence 'Ihould Ile: addressed

simply by expressing a pamogenically increased amount of a
usual property whose functional effect is negative or positive.
Green (10) suggested that the property gained by polyGln
expanded proteins is the ability to become conjugated to other
proteins by virtue of transglutaminase-catalysed isopeptide
crosslinks. Perutz el al. (Il) proposed mat expanded polyGln
tracts act as 'polar zippers' by vinue of hydrogen bonds
that fonn between the main-chain and side-chain amides of
adjacent proteins.

The normal functions of the deduced proteins encoded at
lhe loci for HD. SCAI. DRPLA and MJD are unknown.
Hence. il has been impossible 10 detennine whether polyGln
expansion causes any loss of function in one or more of these
proleins and. if 50, ta consider whether this loss may be
necessary. but not sufficient, ta cause a given neuronopathy
or ta influence its severity. On the other hand. the funcùon of
me AR protein is known; thus, il is proper to presume that
polyGln expansion causes the mild androgen insensitivity
associaled with SBMA by impairing AR funclion. Furthermore,
with previous 5uPpol1ive data from two laboratories (1.7), it
has been tacilly accepled that this loss is mediated by a
decrease in a positive function that a polyGln tract contributes
la the transactivational competence of an AR. Our present data
support a contrary notion: that polyGln expansion increases the
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perfonned better than ilS 20-Gln partners. especially al bath
higher concentrations of MB. and it was better chan ilS 40- or
50-Gln partners. even at 004 nM MB (Fig. 1: a. c. e). Thus.
overall, lhere was an inverse relation between a hAR's polyGln
tract length and ils lransregu[atory competence. (for ail data
sets in Figure [. rand P values vary from 0.85 to 0.96 and
0.034 to 0.002, respectively. At 3.5 nM MB. panels. a. c and
e, r values are 0.95. 0.89 and 0.95: P values are 0.004. 0.018
and 0.004. res~ctively).

To discem whelher polyGln-tract size modulated GH expres
sion by virtue of corresponding changes in androgen binding.
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Figun: 1. Growth honnone secretion by mibolerone (MB)-~timulated COS-I
ceIls cotransfc=cted ...... ith pMM1VGH. pCMVlJgal and pSVMR..Q. -12. -20..
.w. or -50 G[n. The pairs of adjacent panels (il. b; c. d; e. 0 show the: results
or three indcpcndcnt e:tpcrimenl'l. a. e. and e relate GH secretion to Ihe
various concentrations of [JHIMB added ta lhe media. b. d. md frelate lhe
samc GH secretion data to specifie MB·binding activilies in the COS-l eells
at various [~HIMB cancenlmtions. including lhose indic:ued in a. c. and e.
respc:ctivcly. TItree to 6 h after trnnsfcction various concenlmllons of (IHJMB
wc:re addcd to replicate wells of [6 mm multiwell plates. either with or
without 0.6 JJ.M radioinert MB. 10 me3Sure nonspc:cific ar lotal MB-binding
activity. respectively. Specifie MB·binding activity was mc:asured 2~ and 96
h l,uer and the values wcre avc:raged. GH acli\'uy. assayed at 96 h....... a.>;
nonnali.l.ed for transr"eçllon efficiency by 'iimullaneaus measun:meut of ~gal

activity 10 the replic;ue wells, After subtraction of background GH sa:relc:d
iuto lhe medium of replicale eolransfecled eells not e:tposc:d 10 MB. GH
activuy wa.'1 e'tpn:ssc:d a.'1 J pcrceUl of mc:an GH aCll\'ity "illmulated by IwO
indepc:ndent samples of pSVMR.20 Gin,

RESULTS

ncgati'lic contribution of a polyGln tract to the tr.lns.u.:lÏvational
compc:lence of an AR. This notion is also relevant to the still
unknown palhogenesis of HD. SCA 1. DRPLA and MJD. as
we discuss below.

ln our earlier sludy (7). we cOlransfecled AR-free COS-I
cells with a cylomegalovirus-promoled hAR expression veClor
(pCMVhAR), and with a reporter plasmid composed of che
human growth hormone gene connected to the long tenninal
repc:at of the mouse mammary tumor virus (pMMTVGH) that
conlains several steroid (androgen) response elements. We
found chat me transactivalional compelence of ARs wich 40
or 50 Gin tracts were equally inferior compared wich chat of
an AR wich 20 glularnines (7) and. in preliminary experiments.
that a precise deletion of the long polyGln lract eilher did nol
impair hAR transactivîty. or improved it slightly, compared
with that of a 2Q..Gln AR. These results suggested that basal
lransregulatory function of an AR may not require a polyGln
tract, despite its evolutionary conservation in the human
compared wich the rodent ARs. and despite several lines of
evidence chat ilS presence ( 12). or ilS size (13), are critical for
che function of other transregulalory proteins. Finally, we knew
chal hARs construcled 10 have NH2-1enninal (14) or internal
(15) deletions mat included cheir polyGln tracts had been
reported 10 be transcriptionally normal or subnormal. respect
ively. This disparity could have arisen from conCOmilanl
deletion of different adjacenl amino acid sequences.

On me background of che foregoing information. che presenl
study had IWO specific objectives: (a) 10 determine whecher an
hAR with 12 glutarnines. or one with a c1ean deletion of its
polyGln lract. is just as transactive as one wîth a typically
nonnal number of 20 glutamines, or even more transactive;
and (b) 10 discem a different degree of impaired transactivity
between hARs with 40 or 50 glutarnines. [n the present
experiments. we cotransfecled COS-l cells wilh the sarne
reporter plasmid as above. but with a set of 5V4o-promoled
AR expression vectors. We also changed the eleclroporation
conditions. che arnounts of AR expression and reporter vectors
transfected. and che post-transfection times al which specific
androgen-binding activity and growth hormone concentration
were measured.

Effect of polyGln.tract length on the transregulatory rune
lion of a bAR
The results of chree independent experiments are shawn in
Figure 1 as paired panels (experimem 1: a and b; experiment
2: c and d; experiment 3: e and O. In each experiment we
found mat complexes fonned belween rnibolerone [MB, (7a.
17a-3H-dimethyl-19-norteslosterone). a synthetic, nonmetabol
izable androgen 1and a murant hAR with 50 glutarnines were
less able to transactivate growth hormone (GH) gene expression
than a mutant 40-Gln hAR. This difference was apparent even
when che cells were incubated with only 0.4 nM MB, but it
was prominent al bolh higher concentrations (Fig. 1: a,c.e).
These results were the first to indicate a hierarchical relation
between the perfonnance of a hAR as a transactivator. and the
lengch of its expanded polyGln tract.

Our most provocalive observation was che c1ear transactiv
ational superiorüy of an unnatural O-Gln AR compared wilh a
typically natural 20-Gln hAR. Furthermore. a 12-G1n hAR
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Table 1. r\pp-.sn:nl <."qUlhbnum dhSOClalion I:Un:.lani and r.sle I:lln)olant of dis.'iOClalilln al .n°C of I}-Gln .lnd 10-Gln hAR., ln Iransfl,."1;h:d COS-I cells

Pla....mld k.IIO-lmln 1) Ko,nMI

\IB DHT MT E~p 1 b.p 2

Il Gin 1.3 6.~ IJ.J 0.39 O~S

lU Gin 3.1 5.9 11.2 O.3~ o.~

~ormal 2.~ :: 0.2 6.2 :: 05 12.3 :: 0.1 (l~2 :: O.OS
k. :: SEM ln = JI Ko :: SE.\I ln = 6'

k. roue constant of dissociation; Ko • apparent equilibrium dissociation constant wllh MB.

TreMCffptJon

Transcrtptlon

•

AR"

A) S~tunctJon map

of the normal hAR

we reploued the GH data against specifie androgen-binding
aclÏvity for various MB concentrations. including those shown
in Figure la. c and e. The parallel panels (Fig. lb. d and t)
display the expected functional hierarchy for different polyGln
tract sizes. This indicated that the transactivational differences
observed between the polyGln-deleted and polyGln-expanded
hARs. or hARs with normal-size polyGln tracts. were intrinsic
and not due to differences in their androgen-binding propenies;
for the 0 Gin hAR. we affirmed this indication directly by
finding its nonequilibrium rate constant of dissociation and its
apparent equilibrium dissociation constant. at 37°C. to be
normal <Table 1). We had previously reponed normal androgen
binding properties for 40- or 50-Gin hARs in COS ceUs (7).
as had others for a 12-Gln bAR in CHO ceUs (16). However.
inconsistent androgen-binding abnormalities have been found
for polyGln-expanded ARs in cultured scrotai (17) or supra
pubic (18) skin fibroblasts.

DISCUSSION

transfected Hela ceUs to show that transactivation by a chimeric
protein containing the GAL-t DNA-binding domain depended
on the length of the polyGin tract to which it was fused: when
n was 6-26. the effect was maximal; when it was 34-98. there

figure 2. Pathogenelie schemes for the mild androgen insensitivity lMAIl
and motar neuronopathy (MN) of SBMA (Kennedy syndrome). lAI
Structure - funetion organization of the androgen n:ceptor cAR 1 and localion
of ilS long polyglut:unine (polyGln, trac\. 101 Transcriptional iubaelivalion:
compared to a nonnal AR 111-33 GIn). transcriptional activation is inereased
by a polyGln-deieted AR (0 Gin ,. is decreased by ;l polyGln-e,.;panded AR
(~-U) GIn) resulting in the ~IAI of SOMA. and IS elimmaled by a deleted AR
(AR dei) resulting in complete AI <CAlI. le) Transcriptional super.repression:
compared with a nonnal AR (11-33 Glnl. lr.U1scriptional repression IS

decreasc:d bv a O-Gln AR or diminated bv an AR dei. both wilhout h3nn. but
it is inc~d by a ~JO GIn AR resulting in the MN of SBMA. (0) H:umful
protein eonjugation: compared with a normal AR (11-33 Gin). :l ;l:-U) GIn
AR is able to conjugale wilh protein X exeessively. The conjugate itself is
directly motor neuronoto,.;ic (~INJ. or the consequent concentration of fret:
protein X falls below a physiologie threshold that is necessary for nOrm:l1
survival of ~ertain mator neurons (not 'ihownJ.

D) twmful protaIn

canfuGation

Our experiments have exposed an inverse correlation between
the size of a (CAG)n trinucleotide repeat in an hAR cDNA
expression vector. and the degree of expression of an androgen
regulaled reporter gene. This relation very likely reflects the
action of corresponding hAR proteins with different polyGln
tract sizes. If so. severa! statements are applicable to our
results. First. a polyGln tract with the quantitative charaeler
we have observed may he called a "gradient modulatory
domain·. Second. a polyGln tract may not he critical to each
transregulatory function of a hAR. as Stallings recently implied
(19). Third. a polyGln tract may contribute negatively (0 the
net transregulatory activity of a hAR. Fourth. polyGln tracts
of different nonnal sizes may he responsible for more·or-Iess
subtle differences in the physiologie action of their respective
hARs: these differences may have selective value individually
(20) or evolutionarily CI).

There have been verY few intracellular studies on the
quantitative structure - f~nction relations of polyGln tracts
( 1.12.13) or GIn-dense domains (21) in transregulatory pro
teins. There is a close experimental association between
polyGln-tract size and the testis-determining competence of
the putative transcriptional regulatory protein encoded by the
Sry mouse gene (13). When a Y chromosome bearing an Sry
encoding 12 glutamines is backcrossed into C57BU6J males.
testis detennination is normal; with Il glutamines. it is
impaired severely; with 13 glutamines partially. The importance
of context is raised by evidence that the association might be
stronger for S~' alleles that use an early stop codon (22).
Gerber et al. (1) eonfirmed our earlier results (7) using
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wa.\ a progressive dedine. Again. context was important:
different rcsults were obtained when the polyGln tr.lCl'\ were
tlanked by the activation domain of herpesvirus-derived VPl6
protein. or when the experimenl'\ were conducted in L'i/m.

While this manuscript was in preparation. Chamberlain et al.
(231 reported corransfection experiments very similar to ours.
Thcy found that an inremally deleted polyGln-free hAR or rat
AR had grcater transactivational potency lhan ilS respective
nonnal version (containing 25- or 22-Gln tracts. respectively).
and that a polyGln-expanded hAR had progressively less
transactivational competence as n rose from 25 [0 77. It is
noteworthy. however. that their polyGln-free ARs also lacked
sorne flanking amino acids. In that particular regard. our results
supercede theirs.

The orthodox postulate for the pathogenesis of SBMA is
that a polyGln-expanded AR (oses something that it needs to
sustain full androgen sensirivity of c1assical targets of andmgen
action. and gains something that is harmful to certain motor
neurons. Our results are compatible with two different versions
of the postulate in regard to its gain-of-function companent:
each version has possible pathogenetic relevance for the four
other (CAG )n-expanded neuronopathies. First. our data indicate
that the loss of function in a polyGln-expanded AR (that is.
reduced transcriptional activation of certain androgen target
genes resulting in mild androgen insensitivity) may originate
not from a decrease in the positive contribution of a polyGln
tract to the transactivational potency of a hAR. but rather From
an increase in its negative contribution to that ability (Fig.
2B). This loss of transactivational function of a polyGln
expanded AR might he mediated by an illegitimate or exagger
ated ability to bind to another protein «( 0.11), This protein
might be the same one (protein X) that conjugates strongly
with a polyGln-expanded AR to yield a motor neuronopathic
gain of function (Fig. 2D). In either case. the conjugate itself
might be directly neuronopathic (Fig. 2D), or the process of
conjugation might deplete the level of unbound protein X
below a Iimit that is necessary for the nonnal lifespan of
selected motor neurons.

ln the second version. the neuronopathic gain of function
would derive from the supposition that the normal AR partiaily
represses the transcription of an androgen target gene whose
product is necessary for nonnal longevity of certain motor
neurons. If a polyGln-expanded AR super-represses such a
rarget gene. its product may he chronically depleted [0 a level
that is gradually neuronopathic (Fig. 2C). Notice that the
propensity of polyGln-expanded proteins to conjugate with
other proteins. or with themselves (10.11). would promOle
transcriptional repression (24). In facto the same propensity
might promote derepression of an androgen target gene mat is
normally repressed: however. this cannot he the neuronopathic
mechanism because SBMA does not occur with traditional
loss-of-function AR mutations. including gross gene deletions.
Furthennore. a steroid receptor may exert a transcriptional
repressive effect by protein -protein interaction even when it
does not bind to a steroid response element (25.26). Hence. a
polyGln-expanded AR could mediate super-repression of a
target gene without necessarily binding to an androgen response
element. Likewise. the normal products encoded at the HD.
SCA l. DRPLA and MJD loci do nO[ appear to be DNA
binding proreins. but they may still have transregulatory
funetions (1 l. and their mutant polyGin-expanded versions
may hecome transcriptional super-repressors by virtue of their

prcdispo~J(i()n [0 tllcgitimatc or c:'(ce....~ivc prmein -protein
in[craction. AcconJing tO thi .... unifying hyputhesis. Ihe neurono
pathic differences among the four disea..;cs caused by thesc
mutant prmcins would stem l'rom the identity of the interacting
proteins. and/or of the genes that are consequently super
rcpressed.

Finally. androgens are known to he motor neuronotrophic
in various experimcntal sy\terns (27-291. Hence. wc are
obliged to entertain [he hypothesis that polyGln expansion
causes the AR to lose a motor neuronotrophic function (partly
or completely,. and that such a loss is a necessary. but
insufficient. factor in the causation and/or severity of SBMA.
Likewise. it is reasonable [0 consider whether SCA 1. DRPLA
or MJD may not be pure gain-of-function diseases, For HD
this seems unlikely now Ihat IWO homozygous individuals
with undistinguished phenotypes have been reported (30).
Obviously. to test this consideration rigorously we must know
the identity and function of the products normally encoded at
each of these loci.

MATERIALS AND METHOOS
Construction or mutant expression vecton

Thcsc: liectOrs were ultimately derived from pSV.MRo (31). To improve it ~
a c10ning vehicle, we modified il as follaws: 81lB 1 and HindlU in !he S'
polylinker. EcoRI in the 3' po Iy lin ker. and the Ea.If[ sile in lhe pBRJ::!8
portion wen: diminaled; a Xhol site was created (321 by introducing two
silenl base changes Olt positions 2557-2562 (numbered as in ref. 33). We
called !he: resultant vcelor pSVhAR.BHEXE. Wc used lhe overlap eXlension
melhod (32) of PCR site-directcd mutagcnesis ta construct Ibe 0 and 12 Gin
plasmids wlth Pfu DNA polymc:rase (Stralagene) and lhe following internai
primer;: 2IQ~IQ A (Sense) (S' GGCGCC AGTITG CTGCTG CTGGAG
ACTAGC CCCAGG CAGCAG·3', and 2IQ~IQB (anüsensel (S' -CTGCTG
ccrGGG GCTAGT CTCCAG CAGCAG CAAAcr GGCGCC·], ) for lhe 0
GIn sequence. and 20E A (sensc) (S'·GAGAcr AGCCCC AGGCAG
CAGCAG·3') and 12Q B2 (antisensc) (S'-CTGCfG CTGCCT GGGGCT
AGTCTC ITGCïG CTGCTG CTGCTG CTGCl"G CTGCTG CTGCTG
CAGCAG CAGCAA ACTGGC GCCGGG-3') for lhe 12 GIn sequence.
OulSide primcrs for bath PCRs wcre: 1.1 A' (sensc) (5' ·AGCCïG TIGAAC
TCITCT GAGC-),} al Ibe 5' end. and 1.2 B' (antiscnscl (S'·CTGCCT
TACACA ACTCCï TGGC-3') at lhe 3' end. The PCR prodUClS and
pCMVMR.G1n-U> and pCMVMR.GlnSO 17) wcre EagU8frl·reslrictcd. and
Ihen were ligated ioto Ibe EagU8frl-digcstcd pSVMR.BHEXE. Comet
sequence and e:r;pression of Ibe vectors were verified by didelny sequencmg
and Western anal)sis ()41.

Cotransfection

The ceIls wcn: colransfecled as previously descnbed ~ 7). wnh the following
modifications: f al dl:CtroporJlion WOlS pcrfonncd al room lemper.llure: Ibl ~e
used 0.1 Ilg normal or mutanl pSVMR.BHEXE, 20 Ilg pM~'TVGH as Ihe
reporter. and 0.5 Ilg pC~'V'13gal 10 monilor transfeclion efficu:ncy: Ici lhe
ceUs ~en: shocked al 350 VN60 Ilf (lime constant -20 mSl: and Idl medium
containing ~'B loIio1... addcd 3-6 h aflcr c:lectroporalion.

~gal, GH and androgen-binding assays

~gal acuvlly Wo1." dclenmncd according 10 Ihe melhod of Sambrook ~r al
(35). GH activuy was assaycd at 96 h using the Allegro Human Gro~th

Honnone Kil (Nichols In~titule. San Juan Caplstrano. CAl according 10 the
manufaclurcr's IOstrucuons wlth following modifications: ""e uscd 5-10 ~I ai
.;ample medium. 150 III H;!O. and 50 ~I GH antibody. Mler correcting the
GH values for Ihe amount of prolein present in each weil and lransfection
c:fficiency, they wcn:: e:\presscd as a percent of the mean GH activity of two
AR expression "'ecIOT". each wllh 20 Gin. [hal wc:re handled sc:par.llely.
Specific androgen·binding activuy. ma.'timum androgcn-binding capaclly. Ihe
apparenl ~uilibrium dissocialion conslanl (Ko ). and the r.ue constant of
dissociallon (k 1 of various A - R .:omple'l.es wen:: delcnnincd on monolayer
cultures 01... dcs.:nbcd previously 1361 with Ihe following modifications: (a) lhe
plates contaimng lhe cells wcre Iroln..fem:d on ice and washcd once wilh 20
mM TrIS - HCI (pH 7AI cOntillOlOg n. 15 ~, SaC); lhe cclls wen: washed again
al room lemperalure for 7 min. and Ihen IY'iCd in plalcs by additlun of 1 ml



0.5 ~1 ~aOH -.tliUlum; 1h, SOlli .md 0.7 miuf lhe 1) ,ah~ w~n: u'oC:d fur Lowry
pmll:ln .1."4)1 10 mu:ruplah~' Jnd ",-"lnllllalilln .:ounllng. re...pa:tl'lidy: Jnd I..:J

MB-blOding Jl.:tl'lilly wa-' r:xpn:,~d .1... lhe mcan 01" resulh utllalncd 1~ and
% h .ll"lcr o:Ia:tmporJlIon.
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