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Abstract. Androgen insensitivity syndromes represent 
one cause of human male pseudohermaphroditism related 
to defects in the androgen receptor. The formation of a bi- 
ologically active androgen receptor complex with testos- 
terone and 5o~-dihydrotestosterone is required for normal 
androgen action during fetal development and differentia- 
tion of the internal accessory sex glands and external gen- 
italia. Cloning of the human androgen receptor comple- 
mentary DNA and genetic screening of human subjects 
with the clinical and biochemical features of androgen in- 
sensitivity using the polymerase chain reaction, denatur- 
ing gradient gel electrophoresis and nucleotide sequenc- 
ing techniques have led to the identification of molecular 
defects in the androgen receptor. The complexity of phe- 
notypic presentation by affected subjects with the com- 
plete or partial forms of androgen insensitivity is repre- 
sented by the heterogeneity of androgen receptor gene 
mutations which include deletions and point mutations, 
with the latter causing inappropriate splicing of RNA, 
premature termination of transcription and amino acid 
substitutions. The naturally occurring mutations in the an- 
drogen receptor of subjects with androgen insensitivity 
represent a base upon which we can increase our under- 
standing of the structure and function of the androgen re- 
ceptor in normal physiology and disease. 
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Introduction 

Male pseudohermaphroditism in humans is defined as a 
condition of incomplete masculinization of the fetal exter- 
nal genitalia in a karyotypically normal 46, XY individ- 
ual. Among the multiple genetic disorders that result in 
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male pseudohermaphroditism are a group of abnormali- 
ties of the androgen target cells, including 5cz-reductase 
deficiency and androgen insensitivity syndromes (AIS) 
[10]. Although AIS is a relatively rare condition estimated 
to be present in - 1 : 60,000-100,000 male births, accounts 
of affected individuals with AIS outnumber those with 
other causes of male pseudohermaphroditism. The AIS 
are characterized by variable phenotypic expression, rang- 
ing from a complete female phenotype to male genitalia 
with mild hypospadias [10]. Evidence suggests also that 
the syndrome includes some rare cases of phenotypically 
normal males with azoospermia [1, 2, 27]. 

Wilkins originally proposed in 1950, that this syndrome 
was caused by target organ insensitivity to the actions of 
androgens. Multiple clinical and biochemical studies have 
since confirmed in affected individuals, the insensitivity 
of target tissues to testosterone and its more potent 5c~-re- 
duced metabolite, dihydrotestosterone (DHT) [10]. Testo- 
sterone is able to induce fetal differentiation and develop- 
ment of the Wolffian duct system in the fetus but DHT is 
required by the developing prostate gland and the male 
external genitalia. Androgenic effects during fetal devel- 
opment require not only the appropriate androgen, but 
also the formation of a biologically active androgen re- 
ceptorsteroid complex. A defect in androgen receptor 
function can account for target organ insensitivity and ev- 
idence for such impairment has been reported for num- 
merous subjects with AIS [10]. 

The heterogeneity in phenotypic expression of AIS is 
due to a variety of AR defects, some of which are de- 
tectable by biochemical methods [10]. For example, AR 
binding in cultured genital skin fibroblasts of subjects 
with a female phenotype due to complete AIS may be un- 
detectable, in the so-called receptor negative (AR-) form 
[20], whereas others have quantitatively normal binding, 
termed the receptor positive (AR+) form [4, 9]. In sub- 
jects with sexual ambiguity due to the partial form of AIS, 
androgen receptor binding activity may be eithei; deficient 
(AR+) or may also by quantitatively normal (AR+) [3]. 
Cloning of human cDNA encoding the AR has presented 
the opportunity to pursue molecular analyses of the AR 
gene in affected subjects with AIS. 
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Fig. l .  Diagram of a target cell showing our present concept for the 
receptor-mediated action of androgens. Abbreviations: TEBG, 
testosterone-estradiol binding globulin; T, testosterone; DHT, 5c~- 
dihydrotestosterone; AR, androgen receptor protein; ARE, andro- 
gen response element; P, RNA polymerase II 
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Fig. 2. Amino acid homology among human steroid receptors com- 
pared by exons. The percent homologies with hAR (boxed) and 
amino acid residue numbers (below boxes) are shown. Intron/exon 
splice sites are indicated by the vertical dashed lines. Abbrevia- 
tions: h, human; AR, androgen receptor; PR, progesterone recep- 
tor; MR, mineralocorticoid receptor; GR, glucocorticoid receptor; 
ER, estrogen receptor. (From ref. [22]) 

Results  and discuss ion 

Structure and function of the androgen receptor 

Androgen action within target cells occurs in a manner 
similar to that observed for all members of the steroid re- 
ceptor family [5, 29] (Fig. 1). Testosterone from the blood 
enters cells by passive diffusion and may be converted to 
DHT in some tissues such as the prostate by the enzyme, 
steroid 5o~-reductase [11]. Testosterone or DHT binds to a 
single class of intracellular androgen receptor protein, al- 
though the latter steroid has a demonstrably greater bind- 
ing affinity which manifests itself as an enhanced biolog- 
ical potency. The human androgen receptor is expressed 
in androgen-sensitive target tissues of both men and 
women, with the concentration of available androgen be- 
ing the primary factor determining tissue responsiveness. 
The receptor-steroid complex undergoes an "activation" 
process which confers high-affinity nuclear binding of the 
complex to DNA within target cells. Androgen receptors 
function as transcriptional regulatory proteins that recog- 
nize specific nucleotide base sequences, termed "andro- 
gen-response elements", within flanking regions of 
androgen-responsive genes [37]. A transcriptional com- 
plex comprised of RNA polymerase II, appropriate acces- 
sory protein factors and the androgen receptor-steroid 
complex activates expression of specific messenger 
RNAs. These RNA transcripts are processed and their 
translation leads to synthesis of androgen-dependent pro- 
teins. These proteins may function in the growth, struc- 
ture, enzymatic or secretory activity of the target cell. An- 
drogens may also act as negative effectors of gene tran- 
scription as occurs in the auto-regulation of androgen re- 
ceptor gene expression [31]. A defect in any of the se- 
quential steps outlined above, will lead to impaired mas- 
culinization of the internal and external genitalia in a male 
fetus. 

The androgen receptor is a member of the ligand de- 
pendent superfamily of nuclear transcription factors, which 

includes receptors for progesterone, glucocorticoid, min- 
eralocorticoid, estrogen, vitamin D, thyroid hormone and 
retinoic acid [ 12, 23]. Studies of human AR have revealed 
the presence of three conserved functional domains known 
to be common to each class of receptor [18, 35, 37] (Fig. 
2). The amino terminus is the least conserved region with 
the greatest variation in length among these receptors, but 
is essential for transcriptional activation. In the human 
AR, this region includes amino acids 1-537 and is en- 
coded by the first and largest exon of its gene [22]. In ad- 
dition, this region of the human AR contains homopoly- 
meric amino acid repeats of proline0 glutamine and gly- 
cine, with the latter two polymeric regions being of vari- 
able length, and thus polymorphic, within the normal pop- 
ulation. The most highly conserved regions is the central, 
cysteine-rich DNA-binding domain between amino acid 
residues 538 and 626, which forms two "zinc-fingers". 
Exons 2 and 3 of the AR gene encode the first and second 
zinc-fingers, respectively. The carboxyl terminus, amino 
acid residues 627-919, is encoded by exons 4-8 and spec- 
ifies the steroid binding properties of the receptor protein. 
Additional amino acid sequences, concerned with other 
characteristics common to steroid receptors, such as inter- 
action with the 90-kDa heat shock protein, receptor 
dimerization and nuclear translocation, are also conserved 
within the AR [18, 37]. The human AR gene encodes a 
protein of 919 amino acids with a molecular weight of 
- l l 0 k D a  [23]. 

The amino acid sequence of the DNA- and steroid- 
binding domains of AR share a particularly high degree of 
conservation with the progesterone, glucocorticoid and 
mineralocorticoid receptors [22]. The previously describ- 
ed X chromosome linkage of the AR gene [26] and the ex- 
traordinarily conserved region of the DNA-binding do- 
main among these receptors [22] led to the synthesis of 
consensus oligonucleotides for hybridization screening of 
a human X-chromosome specific DNA library and the 
subsequent isolation and identification of an AR genomic 
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DNA clone [24]. The human AR gene locus has subse- 
quently been localized just proximal to the centromere on 
the long arm of the X chromosome in the region, q l l - 1 2  
[6]. Additonal cloning procedures led to the i,olation and 
characterization of human AR complementary DNA 
(cDNA) encoding the entire protein [12, 23]. 

Complete androgen insensitivitY 

In the complete form of androgen insensitivity syndrome 
[10], affected 46,XY subjects present a female external 
genitalia but with a short vagina and no uterus. Mullerian 
ducts are absent due to the normal secretion of Mullerian 
inhibiting substance by testicular Sertoli cells. Gonads are 
testes located in the abdominal or inguinal area containing 
hyperplastic Leydig cells and seminiferous tubules lined 
by Sertoli cells but without germ cells. Wolffian deriva- 
tives are hypoplastic due to the insensitivity to testos- 
terone. At puberty, normal female secondary sex charac- 
teristics and breast development occur in response to es- 
trogen formation from testosterone, but pubic and axillary 
hair is sparse or absent. In adulthood, serum testosterone 
and LH are at or above the normal adult male range. 

Receptor negative form of complete androgen insensitiv- 
ity. Our initial search for mutations of the AR gene con- 
centrated on subjects with the receptor negative (AR-)  
form of complete AIS. Six unrelated 46,XY phenotypic 
female subjects with undetectable androgen receptor bind- 
ing were studied by Southern blotting of genomic DNA 
hybridized to human AR cDNA probes [8]. In one AIS 
patient, a deletion was identified by the failure of human 
AR cDNA probes, hAR1 and hAR2 but not hAR3, to hy- 
bridize with restriction fragments created by digestion of 
genomic DNA with the restriction endonucleases, Eco RI 
and Barn HI. These results indicated that the deletion was 
localized in the steroid-binding domain. Analysis of other 
members of the family confirmed the deleted region and 
its association with the AR- form of AIS (Fig. 3). Deletion 
of the entire steroid binding domain encoded by exons 
4 - 8  was confirmed by amplification of genomic DNA us- 
ing the polymerase chain reaction (described below). Fur- 
thermore, in poly A RNA extracted from genital skin fi- 
broblasts of this AIS patient, neither the normal-sized 
10kb AR mRNA nor smaller hybridizing fragments were 
detected on Northern blots [7], suggesting that the partial 
gene deletion resulted in a very unstable truncated tran- 
script. 

Complete deletion of the androgen receptor gene repre- 
sents the null phenotype of AIS and has been reported in 
two subjects, studied independently by our group or in 
collaboration with others [15, 33, 41]. In addition, we 
have identified another subject with a partial AR gene 
deletion of exons 3-8  encoding the second zinc-finger of 
the DNA-binding domain and the entire carboxy-terminal 
steroid-binding domain [15]. Another deletion of only 
exon 3 which encodes the second zinc-finger of the DNA- 
binding domain has been reported in a subject with the 
AR+ form of complete AIS (see below) [32]. However, 
gross alterations in the AR gene structure resulting from 

c 

Fig.3. Southern blot of DNA from five members of a pedigree 
with complete AIS, AR- and three control subjects and a diagram 
of the human androgen receptor cDNA denoting the three frag- 
ments used as hybridization probes on the Southern blot. DNA was 
digested with Eco RI and probed with hAR-1 (top), hAR-2 (mid- 
dle) and hAR-3 (bottom). (From ref. [8]) 
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Fig. 4. Diagram of deletions in the human AR gene of subjects with 
complete AIS. The deleted regions are indicated by the solid black 
bars below the schematic of the human AR cDNA showing the 
eight exons. Three of these deletions were identified in our labora- 
tory, the other was reported by Quigley et al. (ref. [32]) 

deletions, insertions or rearrangements are very rare events 
leading to androgen insensitivity, even among those with 
the receptor negative form (Fig. 4). This became evident 
from our studies using both Southern blotting to analyze 
the genomic organization of the AR gene and from North- 
ern blots demonstrating the transcription of a normal-size 
AR mRNA in the vast majority of  subjects with AIS. 

Single nucleotide substitutions. We have applied a rapid 
genetic screening technique, termed denaturing gradient 
gel electrophoresis (DGGE) [28, 36, 39, 40], to the analy- 
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Fig. 5. Denaturing gradient polyacrylamide gel stained with ethid- 
ium bromide to show the relative mobilities of the PCR amplified 
DNA fragments representing exon 5 of the human AR gene and its 
adjoining intron regions. Putative mutations in three different fam- 
ilies, represented by subjects V-3 and V-4, II, and IV with a 46,XY 
karyotype and AIS were detected by the altered mobility of the 
amplified DNA fragment relative to normal (wt). The mother, sub- 
ject V-2, and a female sibling, subject V-l, have 46,XX karyotypes 
and are heterozygous carriers for the normal and mutant alleles of 
the AR gene as observed by the presence of four different bands on 
the gel, including the formation of heteroduplexes 

sis of  genomic DNA for detection of human AR gene mu- 
tations at the level of sensitivity involving a single nu- 
cleotide. We have combined the amplification of each of 
the exons of the human AR gene from DNA by the poly- 
merase chain reaction (PCR) with analysis by DGGE [7]. 
Oligonucleotide primers were synthesized to anneal to in- 
tron regions adjoining the 5' and 3' splice junctions of ex- 
ons 2 through 8, whereas the much larger exon 1 was di- 
vided into several overlapping regions for PCR amplifica- 
tion [22]. In our laboratory, the 5' oligonucleotide primer 
was synthesized to contain an additional 40-bp GC-clamp 
sequence to improve the sensitivity of  the DGGE method 
[36, 39]. This method is based upon the melting property 
of DNA under denaturing conditions [14]. As DNA frag- 
ments move through polyacrylamide gels containing an 
ascending gradient of denaturant of formamide and urea 
at a constant but elevated temperature, regions termed 
"melting domains" undergo a strand separation to produce 
partially denatured molecules with decreased electro- 
phoretic mobility. As these DNA molecules continue to 
move slowly into higher concentrations of denaturant, ad- 
ditional melting domains undergo strand separation. Sin- 
gle nucleotide base changes in any of these domains will 
alter the melting temperature and lead to differences in the 
pattern of  electrophoretic mobility of  a given DNA frag- 
ment in the denaturing gel. However, when the final, or 
most stable, domain melts, the fragment undergoes com- 
plete strand separation and the resolving power of the gel 
is lost. Therefore, base substitutions in the highest tem- 
perature melting domain of the DNA molecule cannot be 
detected by DGGE. The addition of a GC-clamp, because 
of its resistance to melting, holds the DNA strands to- 
gether through a higher concentration of denaturant, thus 
allowing a more complete comparison of melting domains 
and hence, of  the nucleotide sequence within the ampli- 
fied DNA fragment. While this method may not detect all 
mutations, its technical simplicity and the absence of re- 
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Fig. 6. Diagram of point mutations in the human AR gene of sub- 
jects with AIS. The numerical position of the amino acid residues 
affected is flanked on the left by the normal amino acid and on the 
right by the amino acid encoded by the nucleotide substitution. 
The single letter amino acid code is used and the open boxes rep- 
resent termination codons. The presence of an asterisk denotes par- 
tial AIS in an affected subject, all other mutations occur in subjects 
with complete AIS 

quired incorporation of radioactive nucleotide into the 
PCR amplified DNA fragment, makes it attractive as an 
initial genetic screening procedure. DNA fragments ex- 
hibiting altered mobility relative to control samples are 
subjected to nucleotide sequence analysis [42]. The re- 
solving power of  DGGE can be further increased by form- 
ing DNA heteroduplexes from the mixing of normal and 
mutant amplified AR exon DNA fragments, thus creating 
a nucleotide base mismatch when the DNA mixture is de- 
natured and allowed to reanneal prior to electrophoresis 
[39]. The DGGE method has led us to detect a multitude 
of single nucleotide base mutations in the human AR gene 
open reading frame (Fig. 5). 

The majority of subjects with receptor negative com- 
plete androgen insensitivity have single nucleotide substi- 
tutions within the coding region of the human AR gene 
that result in alternative splicing of AR mRNA, premature 
termination of AR gene transcription or missense muta- 
tions. In one subject with all coding exons present and 
without sequence alterations within the AR open reading 
frame, a single nucleotide substitution was detected at the 
consensus splice donor site located at the 3' terminus of 
exon 4 [34]. Inactivation of the consensus splice site re- 
suited in alternative use of  a cryptic splice donor site 
within exon 4 and synthesis of a truncated AR mRNA that 
encodes a protein with a 41 amino acid deletion (residues 
682-722). The truncated AR protein did not bind steroid 
and was unable to stimulate reporter gene transcription. 

Mutations which create premature termination codons 
for transcription of AR mRNA represent a mechanism by 
which truncated mRNAs or proteins are produced leading 
to unstable macromolecules or proteins lacking necessary 
functional domains. These so-called nonsense mutations 
have been identified in exons 1, 3, 4, 5, 6, 7, and 8 of  the 
human AR gene [25, 30] (Fig.6). Cultured fibroblasts 
from these subjects are reported to lack androgen binding 
and for the few cases in which the mutated AR cDNA has 
been expressed in transient transfection assays, both an- 
drogen binding and transcriptional activation of reporter 
genes have been undetectable [25]. These results confirm 
data from deletion mapping studies performed with the 
human AR, as well as other steroid receptors, and demon- 
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Fig.7. Androgen binding in COS monkey kidney cells transfected 
with an AR cDNA expression plasmid. Cells were transfected with 
plasmid DNA lacking the AR cDNA insert (COS) or containing 
the normal (WT) or mutant (R774C, R831Q, or V866M) AR cDNA 
insert. Specific androgen receptor was quantitated in total cell ex- 
tracts following incubation with a saturating concentration (5 riM) 
of the synthetic androgen, methyltrienolone (3H-R1881). Abbrevi- 
ations: R, arginine; C, cysteine; Q, glutamine; V, valine; M, me- 
thionine. (From ref. [7]) 

strate the essential contribution of steroid binding towards 
the biological activity of each receptor [18, 35, 37]. Fur- 
thermore, the occurrence of a premature termination 
codon in exon 8 at amino acid residue 883 [30], suggests 
that the entire carboxy-terminal steroid binding domain 
must be intact for ligand binding to occur. That complete 
androgen insensitivity with female phenotype occurs in 
these subjects, even when the premature termination 
codon is located 3' of  the DNA-binding domain, indicates 
that constitutive transcriptional activity of a putative trun- 
cated receptor protein does not occur in vivo, contrary to 
results from in vitro deletion mapping studies with the 
various steroid receptors, including AR [18, 37]. 

The majority of subjects with the receptor negative 
form of complete AIS have missense mutations causing 
amino acid substitutions within the steroid binding do- 
main of the human AR [25, 30]. The results from our lab- 
oratory exemplify the heterogeneity of such mutations 
(Fig. 6). Missense mutations in exons 4, 5, 6, and 7 are the 
molecular basis for undetectable ligand binding among 
numerous affected subjects with AIS. We reported, in de- 
tail, two subjects with undetectable AR binding in assays 
with cultured genital skin fibroblasts [7]. We identified 
missense mutations in exon 6 resulting from a C to T nu- 
cleotide substitution in one subject and in exon 7 resulting 
from a G to A substitution in the other subject. Hence the 
codons for the amino acid arginine (R) at residue numbers 
774 and 831 were changed to cysteine (R774C) and glut- 
amine (R831Q), respectively. Mutagenesis of human AR 
cDNA at the respective nucleotide positions within an ex- 
pression vector and transfection of this plasmid into a 
mammalian cell line resulted in expression of an androgen 
receptor protein detectable by immunoblotting but which 
failed to bind either DHT or the synthetic androgen, 
methyltrienolone (R1881) (Fig. 7). Cotransfection of the 

mutant R774C or R831Q AR expression plasmid with a 
second plasmid containing an androgen-responsive ele- 
ment in the mouse mammary tumor virus (MMTV) pro- 
moter driving the chloramphenicol acetyltransferase (CAT) 
bacterial gene, in the presence or absence of androgen, 
failed to induce androgen-regulated gene transcription as 
evidenced by the lack of CAT activity in extracts from 
transfected cells. 

We have identified other missense mutations in exon 4 
(D695N), exon 5 (D732Y, D732N, R752Q and Y762F), 
exon 6 (M807V), and exon 7 (R855C and L863R) (Fig. 6). 
Each of these subjects has a complete female phenotype 
and the identified mutations are the only ones detected 
within the AR open reading frame of each subject. AR ex- 
pression following transfection of plasmids containing the 
mutant cDNA and assays of androgen binding and tran- 
scriptional activation are currently in progress to correlate 
each mutation with impaired AR biological function. In 
summary, a heterogeneous group of human AR missense 
mutations in exons 4, 5, 6 and 7, encoding much of the 
steroid binding domain of the human AR, are related to 
the receptor negative form of complete AIS. Although 
missense mutations have been identified within exon 8 
which encodes the 3' region of the steroid binding domain 
(Fig. 6), only partial forms of androgen insensitivity are 
related to these amino acid substitutions. 

Receptor positive form of complete androgen insensitivity. 
AR binding in cultured genital skin fibroblasts of some 
subjects with complete androgen insensitivity syndrome 
may be quantitatively normal, thus adding to the hetero- 
geneity of the abnormality [4, 9]. This property suggests 
the normality of the steroid binding domain of the recep- 
tor and that the defect might lie within a separate func- 
tional domain, such as for DNA binding. In fact, several 
mutations within the DNA binding domain of the human 
AR have been identified [13, 25, 30]. As mentioned ear- 
lier, one such mutation represents a rather surprising find- 
ing, the deletion of exon 3 encoding the second zinc-fin- 
ger required for receptor binding to DNA [32]. Despite 
deletion of the entire exon, the AR mRNA is correctly 
spliced and a receptor protein lacking 39 amino acids is 
synthesized. The AR protein binds androgen with normal 
affinity and is localized intracellularly to the nucleus, but 
fails to bind to a hormone response element-MMTV DNA 
promoter sequence and does not activate androgen-sensi- 
tive reporter gene transcription. 

Other subjects with AR(+) complete AIS have single 
nucleotide substitutions in exons 2 and 3 [13] (Fig.6). 
Within the first zinc-finger encoded by exon 2, a missense 
mutation occurs at the base of the loop (C576F) where 
one of the cysteine residues essential for coordinate bind- 
ing of zinc is mutated so as to disrupt the DNA-binding 
finger motif. We have recently demonstrated that this mu- 
tation results in the inability of an expressed AR fusion 
protein containing the mutated DNA-binding domain to 
bind to an androgen response element DNA sequence as 
analyzed by an electrophoretic mobility shift assay (Fig. 
8). Another missense mutation (R615H) occurs immedi- 
ately 3' to the second zinc finger coding region within 
exon 3. 
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Fig. 8. Polyacrylamide gel electrophoretic mobility shift assay of a 
consensus glucocorticoid/androgen DNA response element bind- 
ing to a fusion protein containing the normal or mutated DNA 
binding domain of the AR. A double-stranded DNA fragment rep- 
resenting a GRE/ARE response element (bottom) was radiolabeled 
with 32p-ATP and incubated with a purified glutathione S-trans- 
ferase/androgen receptor fusion protein (40 or I00 ng) purified 
from E. coli following expression in the pGEX-2T plasmid vector. 
The androgen receptor portion of the fusion protein included 
amino acid residues 559-645 from the normal (wt) or mutant 
(C576F) AR. The formation of a protein-DNA complex is indi- 
cated by the upward shift of the radiolabeled DNA appearing as a 
band on the autoradiogram. 

By contrast, other subjects with complete AIS may 
have quantitatively normal androgen receptor binding but 
are distinguished by functional abnormalities in the AR. 
Qualitative defects in the AR, such as increased thermal 
lability, accelerated ligand dissociation and impaired up- 
regulation, have been demonstrated [9, 16, 17, 19]. We 
have extensively studied one pedigree with three affected 
46,XY subjects with AR(+) complete AIS [9]. Assays of 
AR binding in cultured genital skin fibroblasts showed a 
decreased binding affinity for DHT, thermolability of the 
receptor, and an accelerated rate of  dissociation for DHT. 
Sequence analysis of  the entire coding region of the AR 
gene revealed a single nucleotide substitution (G-+A) 
within exon 7 [22]. This same mutation was present in 
each of the three affected siblings and the mother was het- 
erozygous for G and A nucleotides at the same position. 
Transfection of the mutant AR cDNA with methionine re- 
placement of  valine (V866M) revealed the expression of a 
receptor protein with decreased affinity for DHT (nor- 
mal = 0.38 nM vs. V866M = 2.46 nM) and significantly re- 
duced ability to activate reporter gene transcription in co- 
transfection studies [7]. The mutant receptor was almost 
completely inactive in transcriptional activity assays in 
the physiologic range of androgen concentrations (0.1 
~V/) when compared to the normal receptor which was 
near maximally active (Fig. 9). 

Partial forms of androgen insensitivity syndrome 

Varying degrees of sexual ambiguity are present in other 
subjects with an endocrine profile consistent with the di- 
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Fig.9. Concentration-dependent transcriptional activation of chlo- 
ramphenicol acetyltransferase (CAT) by androgens for normal and 
mutant AR. CV-1 monkey kidney cells were co-transfected with 
the normal (wt, solid bars) and mutant (V866M, stippled bars) AR 
expression vectors and the reporter gene plasmid vector contain- 
ing the mouse mammary tumor virus promoter-CAT construct. 
Acetylation of chloramphenicol was quantitated in extracts from 
cells incubated in the absence or  presence of different steroids 
at various concentrations. Abbreviations: DHT, 5o~-dihydrotestos- 
terone; R1881, methyltrienolone; T, testosterone; E 2, estradiol. 
(From Ref. [7]) 

agnosis of  AIS [10]. Most likely, those subjects described 
earlier by Reifenstein, Gilbert-Dreyfus, Lubs and Rose- 
water and associates, form part of the continuum related 
to insensitivity to androgen. In the partial form of andro- 
gen insensitivity, AR binding may be either quantitatively 
normal (AR+) or partially deficient (AR_+) [3]. 

In our laboratory, we have identified missense muta- 
tions within both the DNA binding and steroid-bind- 
ing domains that are associated with the phenotype of par- 
tial AIS. Single nucleotide substitutions within exon 2 
(G568V), exon 5 (V746M and Y763C), exon 6 (C806Y), 
exon 7 (R855H) and exon 8 (P913S) have been detected 
(Fig. 6). 

An interesting subject with a predominantly male phe- 
notype associated with microphallus and perineoscotal 
hypospadias and a qualitatively abnormal receptor protein 
related to two separate mutations in the AR gene has been 
reported [25]. In assays of  androgen binding in cultured 
fibroblasts, the quantity, up-regulation and apparent kd of 
the AR were normal but an increased rate of ligand disso- 
ciation and thermolability were noted. Two alterations in 
the androgen receptor were identified; one was a missense 
mutation in exon 5 that substituted cysteine for tyrosine 
(Y763C) and the other was a truncation of the glutamine 
homopolymeric region encoded by exon 1. Analysis of 
the independent, as well as combined, effects of these al- 
terations in the expressed AR demonstrated an enhanced 
ligand dissociation rate caused by the amino acid substitu- 
tion at residue 763, an effect that was further extenuated 
by the shortened glutamine repeat region. In co-transfec- 
tion assays with mutant AR and a reporter gene, the com- 
bination of Y763C and the truncated glutamine stretch, 
caused a greater decrease in reporter gene activity than 
with either mutation alone. These findings suggest the im- 
portance for interaction between the N-terminal transcrip- 
tional activation and the C-terminal steroid binding do- 
mains in achieving optimal transactivation. 
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Another  group of  male  subjects,  those with spinal  and 
bulbar  muscular  a t rophy and associa ted  gynecomas t i a  and 
infertility, are character ized by  a s ignif icant  e longat ion of  
the g lu tamine  po lymer ic  region encoded  within exon 1 of  
the A R  gene [21]. This region is po lymorph ic  within the 
normal  popula t ion  and varies in length f rom approxi-  
mate ly  17 to 26 g lu tamine  residues.  However ,  in male  
subjects  with spinal and bulbar  muscular  atrophy, the 
number  o f  g lu tamine  residues is increased  be tween  40 and 
52. The exact  role o f  the homopo lymer i c  region  in deter- 
mining the b io log ic  funct ion of  the human  A R  is un- 
known at present,  but  m a y  represent  target  cell  specif ic  al- 
terat ions of  A R  act ivi ty in neuronal  cells.  

S u m m a r y .  Cloning  of  the human  A R  c D N A  has made  
it poss ib le  to establish the causal  re la t ionship of  muta-  
tions in the A R  gene with the androgen  insensi t iv i ty  syn- 
dromes.  Upon inspection,  one is immed ia t e ly  impres-  
sed by  the d iverse  nature of  the mutat ions  involved  in 
the comple te  and part ia l  forms of  androgen  insensi t iv i ty  
and the heterogeneous  dis t r ibut ion o f  these muta t ions  
throughout  the coding region of  the A R  gene. Because  of  
the large number  and diverse  array of  these natural ly  oc- 
curring mutat ions  and their  associa ted  cl inical  phen- 
toypes,  there is great  potent ia l  for  unders tanding the struc- 
ture/function rela t ionships  o f  the A R  f rom the in vitro ex- 
pression o f  the mutant  receptors  in var ious  cell  lines. 
Whereas  studies to date have focused upon the identif ica-  
t ion o f  mutat ions  and their correla t ion with steroid bind-  
ing and t ransact ivat ion of  repor ter  genes in he tero logous  
cell  lines, future studies wil l  be di rected toward  under-  
standing the interact ion of  funct ional  domains  within the 
AR,  A R  bindings  to specif ic  androgen response  elements ,  
A R  dimerizat ion,  A R  phosphory la t ion  and A R  interact ion 
with heat  shock protein(s) ,  the nuclear  local iza t ion of  A R  
and the role o f  accessory  factors that direct  cell  and tem- 
poral  specif ic  regula t ion of  gene t ransact ivat ion by  AR. 
Al l  represent  future areas for  intensive inves t igat ion using 
the natural ly occurr ing mutat ions  o f  A R  found in subjects  
with AIS as a basis  for increased unders tanding.  
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