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Androgen Receptor: An Overview

Chawnshang Chang, Alan Saltzman, Shuyuan Yeh, Winjing Young,
Evan Keller, Han-Jung Lee, Chihuei Wang, and Atsushi Mizokami

Department of Human Oncology and Program in Endocrinology-Reproductive Physiology, University

of Wisconsin, Madison, Wisconsin 53792

ABSTRACT: The action of androgens in regulating development and growth is mediated by androgen receptor
(AR). AR is a member of the steroid hormone receptor superfamily, a class of receptors that function through their
ability to regulate the transcription of specific genes. The AR is located in various target tissues, with its levels
and activity altered with the onset of various cellular events (e.g., sexual development, malignant transformation).
The modulation of AR levels occurs through a number of mechanisms, including transcription, and is regulated
by various factors (e.g., androgens). The ability of AR to modulate gene transcription is through its interaction with
specific DNA sequences located near or within the target gene promoter. The importance of the AR in reproductive
physiology has been emphasized by the finding of AR mutations, leading to a variety of disorders, including
testicular feminization syndrome. In this article, we review the structure and function of AR and the role AR plays

in the function of the mammalian system.
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I. INTRODUCTION

The molecular mechanism of androgen func-
tion has been studied thoroughly in various an-
drogen target organs. For example, in prostate,
Sa-reductase can convert testosterone (T) into a
more potent androgen, Sa-dihydrotestosterone
(DHT). The action of both T and DHT are medi-
ated by the same intracellular protein, the andro-
gen receptor (AR), which belongs to the steroid
hormone receptor superfamily (Chang et al,,
1988a, 1988b). The androgen-AR complex can
either induce or suppress the androgen-respon-
sive genes via binding to androgen-response ele-
ments (ARE) that generally are located in the 5’
flanking region of androgen target genes. In this
review, we discuss the mechanism of AR action
at the molecular and cellular levels.

Il. DISTRIBUTION OF AR-CELLULAR
AND SUBCELLULAR LOCALIZATION

Based on the progress of AR research over
the last 25 years, at least five different methods
have been developed to study the distribution of
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AR: (1) using *H-androgens for binding assay/
autoradiography, (2) using anti-AR antibodies for
Western blot analysis/immunohistochemical stain-
ing, (3) using AR cDNAs for Northern blot/RNase
protection/in situ hybridization, (4) using AR-
specific oligomers for reverse transcription-poly-
merse chain reaction (RT-PCR) quantitation, and
(5) using a functional assay of AR, via its tran-
scriptional regulatory properties (e.g., AR-ARE
gel-shift assay and AR-ARE-CAT functional as-
say with AR expression vectors). Because these
assays are measuring different aspects of AR lev-
els (e.g., protein, mRNA, function), each has its
respective advantages and disadvantages for study-
ing this area of interest. Below, we give a sum-
mary of what is known about AR cellular and
subcellular localization. Furthermore, we com-
ment on how each of these techniques served to
advance of knowledge of the level AR activity for
the given tissue or cellular model studied.

A. *H-Androgen Binding Assays

Historically, 3H-androgen binding assays were
the initial approach used to determine AR tissue
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distribution. Various binding assays have been
developed to detect *H-androgen binding sites
within a given target tissue. These methods in-
clude classic charcoal assay (Gustafsson and
Pousette, 1975; Thieulant and Duval, 1985; Fentie
et al., 1986) , hydroxyapatite-filter assay (HAP)
(Liao et al., 1984; Chang and Laio, 1987a), and
whole-cell binding assay. One problem with this
approach is that, depending on the given assay
employed, the levels of *H-androgen binding sites
detected can vary. Thus, for example, prostate
LNCaP AR counting can range from 100 to
300 fmol/mg protein (HAP assay) to 800 to
1,000 fmol/mg protein (whole cell assay). Never-
theless, useful information on the relative tissue
distribution of AR has been obtained. By inject-
ing 3H-androgens into rats, Gustafsson and
Pousette (1975) were able to summarize andro-
gen target organs (Table 1).

TABLE 1

Average Retention of Labeled Steroid in
Various Organs After Administration of 250 LCi
of [1,2,6,7-*H]Testosterone to Castrated Male
Rats 30 Min Before Death (Gustafsson and
Pousette, 1975)

Concentration of
labeled steroid

Tissue (pmol/g of tissue)
Pancreas 342 +227
Stomach 16.1 £ 11.7
Adrenals 15.4 £ 4.7
Prostate 12.0 £ 4.0
Liver 11.2+£6.7
Coagulation glands 104 +£28
Skeletal muscle 94+72
Spleen 8.3+ 10.3
Seminal vesicles 82+28
Harderian glands 6.9+6.7
Kidneys 6.5t4.2
Preputial glands 59+1.0
Thyroid gland 39+17
Cowper's glands 28x15
Infraorbital lacrimal glands 281 0.6
Exorbital lacrimal glands 28109
Submaxillary glands 20+£09
Lungs 1.9+038
Heart muscle 18+ 141
Thymus 1.5+£07
Blood 1405
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Another androgen-binding assay to study the
distribution of AR in various tissues is autorad-
iography with tritiated androgens. For the first
time, this assay allowed us to locate AR at cellu-
lar and subcellular levels and demonstrated that
AR could be a nuclear protein (Behrendt, 1977,
Sar and Stumpf, 1977; McGill et al., 1980;
Schleicher et al., 1984; Peters and Barrack, 1987;
Winborn et al., 1987). The disadvantage of this
assay, however, is that autoradiograph needs a
long time to be developed for the needed informa-
tion.

B. Western Blot Analysis/
Immunohistochemical Staining

With the first monoclonal anti-AR antibody
available in the late 1980s (Chang et al., 1989d),
an immunohistochemical assay was developed to
analyze the tissue distribution of AR at cellular
and subcellular levels. This assay system proved
to be more sensitive than the *H-androgen bind-
ing studies described above. In 1990, Takeda et al.
applied this method to study relative AR distribu-
tion in various rat tissues, which are summarized
in Table 2 (Takeda et al., 1990).

Based on Table 2, male sexual organs showed
strong nuclear staining for AR. Weaker positive
reactions were seen in kidney, liver, adrenal cor-
tex, and pituitary gland. Furthermore, positive
staining for AR was exhibited in skeletal, cardiac
and smooth muscle cells, and central nervous
system. Female reproductive organs also contained
AR-positive cells (Takeda et al., 1990). The data
summarized in Table 2 also agree with the finding
from other species in the male reproductive sys-
tem (Husmann and McPhaul, 1991; Ruizeveld
de Winter et al., 1991; Kalloo etal., 1993; West
et al., 1990; Roselli et al., 1991; Prins et al., 1991),
brain (Clancy et al., 1994; Zhou et al., 1994), adre-
nal gland (Hirst et al., 1992), female reproductive
system (Hild-Petito etal., 1991; Horie etal.,
1992a; Horie et al., 1992b; van der Kwast et al.,
1994), and cloacal gland of male quail (Kaku
et al.,, 1993).

Studies of AR distribution in other tissues
also suggested that androgen may have a function



TABLE 2

Summary of the Localization and Relative Intensity of Positive Staining of
Androgen Receptor in the Nuclei of Rat Tissues Stained with the Polyclonal
Androgen Receptor Antibody. The Designations Appear as High (+++),
Moderate (++), Low (+), or No (-) Relative Positive Staining. The Use of Two
Symbols (-/+) Symbolizes Heterogeneity of Positive Staining in That Tissue
or Cell Type. For Example, Nuclei of Prostatic Stromal Cells Show Positive
Staining but the Intensity Varies Among the Cells from Negative (-) to
Moderately Positive (++) (Takeda et al., 1990)

Tissue Relative staining
Prostate

Epithelium ++/+++

Stroma —/++

Smooth muscle —/+
Seminal vesicle

Epithelium ++

Stroma —/++

Smooth muscle +++
Coagulating gland

Epithelium —/++

Stroma -

Smooth muscle ++++
Epididymis

Epithelium +H+++

Stroma —/++

Smooth muscle —/+
Vagina

Epithelium +H++

Stroma +++

Smooth muscle ++
Uterus

Epithelium —/+

Stroma +

Smooth muscle ++
Cervix

Epithelium +H++

Stroma +

Smooth muscle +
Testis

Germinal cell -

Leydig cell +

Peritubular cell +++

Sertoli cell +H++

in the following organs: skin (Katsuoka, 1991;
Saret al., 1990; Choudhry et al., 1992; Liang et al.,
1993), salivary gland (Laine et al., 1993), osteo-
clast-like cells (Mizuno etal., 1994), and the
motor neuron (Coquelin et al., 1991; Lustig et al.,
1994).

AR-specific antibodies have also been used
as a valuable tool in the localization of AR

Ovary

Kidney

Liver

Tissue Relative staining
Germinal cell -
Granulosa cell -

Luteal cell +
Thecal cell -
Glomerulus +
Proximal tubule +++
Distal tubule +/++
Male hepatocyte +
Female hepatocyte —/+

Adrenal gland

Zona glomerulosa -

Zona fasciculata ++

Zona reticulata +/++

Zona medula -
Muscle

Skeletal muscle +/++

Cardiac muscle ++
Brain

Purkinje cell ++/+++

Granule cell +
Pituitary gland

Endocrine cells ~/++

Pituicyte —/+

within cells. For example, Takeda et al. were
able to demonstrate all male sexual organs in the
rat showed positive nuclear staining for AR
(Takeda et al., 1990). By improving sensitivity
using an antigen-retrieval microwave heating
technique, various tissues in paraffin sections
can also be available for the study of AR distri-
bution by immunohistochemical analysis (Janssen
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et al., 1994; Kimura et al., 1993; Shi et al.,
1993).

C. Northern Blot/RNase Protection/
In Situ Hybridization

The successful cloning of human and rat AR
cDNAs in 1988 (Chang et al., 1988a, 1988b; Tan
et al., 1988) provided another AR assay to study
AR expression at mRNA levels. In the Northern
blot analysis of AR mRNA, a major 10-kb band
could be detected from prostate tissue (Chang
et al., 1989d; Chang et al., 1991). Other tissues
shown to express AR mRNA include the male
reproductive system, such as epididymis, coagu-
lating gland, seminal vesicle, and testis (Tan et al.,
1988; Gonzalez-Cadavid et al., 1991), and the
female reproductive system, such as ovary and
uterus (Hirai et al., 1994), in the rat. These studies
basically confirmed previous antibody and bind-
ing studies. However, one interesting finding
through the use of RNA analysis was the identi-
fication of two AR mRNA isoforms in A/B do-
main that could be found in the vocal organ of
Xenopus (Fischer et al., 1993) and in the brain of
rodent (Burgess and Handa, 1993).

To reveal the localization of AR mRNA,
in situ hybridization is useful in visualizing the
temporal and spatial patterns of AR mRNA ex-
pression. By using this method, several tissues
were shown to express high levels of AR mRNA
during the embryonic and postnatal stages. Also,
the localization of cells expressing AR in a tissue
with a heterogeneous mixture of cells can be de-
termined. For example, the AR mRNA contain-
ing neurons were widely distributed in the brain,
with the greatest densities in the hypothalamus
and in regions of the telencephalon that provide
strong input to the hypothalamus. The localiza-
tion of cell types expressing AR mRNA suggests
that AR plays a role in mediating hormone con-
trol of copulatory behavior and of vestibular and
auditory information as well (Simerly et al., 1990).

D. RT-PCR Quantitation

The sensitivity in the detection of AR mRNA
was greatly improved with the development of
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RT-PCR. This assay is based on a competitive
internal standard (IS-AR), which can be discrimi-
nated from AR mRNA by the insertion of an
exogenous DNA fragment. The method requires
less than 1 ug total RNA and provides a fast and
precise way to quantitate minute amounts of AR
mRNA isolated from human and rat tissues. Two-
fold difference in AR mRNA levels can be de-
tected by this RT-PCR method. Based on RT-
PCR quantitation, the relative expression of AR
mRNA (using prostate as 100%) in 28 tissues
from 5 Sprague-Dawley female rats (indicated
as *) and the same number of males is as follows:
hypothalamus (217%* vs. 42%), adrenal gland
(186%* vs. 141%), epididymis (115%), thyroid
gland (68%), Harderian gland (58%), pituitary
gland (56% vs. 9%*), preputial gland (44% vs.
38%%*), quadriceps muscle (35%), levator ani
muscle (30%), kidney (27% vs. 7%%*), coagulat-
ing gland (25%), seminal vesicle (25%), testis
(20%), liver (18% vs. 9%%*), submaxillary gland
(17%), bulbocavernosus muscle (16%), vagina
(9%%*), heart (8% vs. 7%*), ovary (4%%*), uterus
(2%%*). Values in sublingual gland, stomach, lung,
cervix,* lacrimal gland, spleen, and diaphragm
ranged from 0.8 to 0.2%. These data suggested
that the high levels of AR mRNA expression are
not limited to male but are also found in some
organs of female rats. Sexual dimorphism was
also found to possibly exist in AR mRNA levels
in diverse rat tissues as determined by RT-PCR
(Young et al., 1994).

E. Functional Assay of AR

Within the last few years, novel methods have
been developed to assay the functional activity of
AR in a given tissue. These methods analyze the
interaction between AR and DNA (ARE) to which
AR binds. The interaction between AR and ARE
in the target gene results in the transcriptional
activation of the target gene expression. For the
analysis of AR/ARE interaction, two commonly
used methods are the gel-shift assay (Zhang et al.,
1993) and the CAT assay (Mizokami and Chang,
1994; Mizokami et al., 1994). Gel-shift assays are
used to confirm the binding affinity and specific-
ity between AR protein and ARE. However, be-
cause strong binding may not be necessary to turn



on gene transcription CAT assay are performed.
In CAT assays, ARE is linked upstream to the
CAT reporter gene and the androgen sensitivity
of CAT transcription is then studied. The analysis
of AR/ARE interaction has confirmed and comple-
mented the work done in measuring AR protein
and RNA tissue distribution. Furthermore, as de-
scribed in more detail later, these AR/ARE inter-
action assays have been used to identify putative
AR target genes (see ARE section) as well as
study the factors regulating AR gene expression
(see AR promoter section).

In summary, a variety of methods have been
used to evaluate the distribution of AR mRNA
and protein. Although not always concordant, the
use of these methods provides complementary
information that will enhance our understanding
of AR expression and function.

lll. REGULATION OF AR GENE
EXPRESSION

Changes in the cellular expression of AR can
occur in a variety of situations. These events in-
clude fetal development, sexual development, and
malignant transformation. Several factors, includ-
ing androgens, may regulate AR gene expression
during these circumstances.

In the case of mouse fetal development, high
levels of AR mRNA were found in the urogenital
sinus at 15.5 d of gestation but not detectable in
13.5 d of gestation (Takeda and Chang, 1991),
based on in situ hybridization. Furthermore, AR
mRNA and AR protein can be detected as early as
15.5 d of gestation (Takeda and Chang, 1991),
suggesting that some factors may be involved in
AR gene activation. In the rat neonatal stage,
castration at 3 d of age does not change AR
expression levels in the rat prostate (Husmann
etal.,, 1991). By comparison, in the adult stage,
the regulation of AR in prostate is controversial.
Some groups reported that castration causes in-
creased AR mRNA in rat ventral prostate
(Quarmby et al., 1990). In contrast, other groups
reported up-regulation of AR by androgen in the
same organ (Takeda et al., 1991b; Husmann et al.,
1991b; Henttu et al., 1992). One of the reasons
for this discrepancy may be due to different meth-
ods used to detect AR mRNA or protein.

Another example of developmental changes
in AR expression is in the case of follicle devel-
opment within the ovary. In this system, only the
developing stages of follicles express AR but not
regressed corpora lutea or the primordial (Hild-
Petito et al., 1991; Horie et al., 1992a).

AR levels in a given target tissue are also
regulated by the age and sex of an animal. By
means of RNase protection assay with an antisense
probe, it was shown that the steady state levels of
AR mRNA in the liver was related to both sex and
age in rat (Song et al., 1991).

Finally, AR expression in a given tissue can
be modified when this tissue becomes malignant.
In pathological conditions, it has been proposed
that expression of AR may relate to the progress
of prostate cancer (Ruizeveld de Winter et al.,
1994; Miyamoto et al., 1993; Chodak et al., 1992;
Leav etal., 1992; Masai et al., 1990). However,
there is heterogeneity of AR-positive cells and
AR-negative cells (Ruizeveld de Winteret al., 1994;
Sadi and Barrack, 1993; Ruizeveld de Winteret al.,
1990; Miyamoto et al., 1993). Why AR is lost in
certain prostatic cancer cells is unclear. Androgen-
independent prostatic cell lines PC-3 and DU145
did not express AR mRNA (Tilley et al., 1990b),
suggesting that one of the reasons of a loss of AR
in prostatic cancers occurs at the transcriptional
level. Nevertheless, combining the immunohis-
tochemical staining with the powerful image analy-
sis system, heterogeneity or the mean of AR in-
tensity could be used as a predictor of response to
hormonal therapy in prostate cancer (Sadi and
Barrack, 1993; Tilley et al., 1994).

AR may also be involved in other types of
cancers (Nakagama et al., 1991). About 40% of
germ-cell neoplasia and 67% of ovarian tumor
has been shown to express AR (Rajpert-De Meyts
and Skakkebaek, 1992; Chadha et al., 1993). The
presence of AR protein immunoreactivity in these
tumor tissues suggests that androgen may be in-
volved in the pathogenesis of these diseases.

The regulation described above has been found
due to a variety of factors, including androgens.
Androgen autoregulates AR expression in differ-
ent organs in different manners. Androgen down-
regulates AR mRNA expression in the brain, an-
terior pituitary gland of the male rat (Burgess and
Handa, 1993) and MFM-223 human breast can-
cer cells (Hackenberg et al., 1992) and up-regu-
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lates AR mRNA in smooth-muscle cells (A-
PSMC) from rat penis (Gonzalez-Cadavid et al.,
1991) and male rat fat-pad adipose precursor cells
(Pergola et al., 1990). In androgen-dependent pro-
static cancer, PC-82, AR protein was up-regu-
lated by androgen, although the AR mRNA level
was stable (Ruizeveld de Winter et al., 1992). In
LNCaP cells, AR protein was up-regulated by
androgen, although AR mRNA was down-regu-
lated (Krongrad et al., 1991; Quarmby et al., 1990;
Mizokami et al., 1992a,b). Mizokami et al. showed
AR protein up-regulation by androgen results from
AR protein stability (Mizokami et al., 1992b).

In addition, it has been reported that several
other hormones and factors also regulate AR ex-
pression. Follicle-stimulating hormone stimulates
the AR mRNA level in Sertoli cells (Sanborn
etal., 1991; Blok et al., 1992a; Blok et al., 1992b),
and growth hormone and prolactin increase the
AR mRNA levels in prostatic cells (Reiter et al.,
1992), but epidermal growth factor decreases the
AR mRNA levels (Mizokami et al., 1992b; Henttu
and Vihko, 1993). Interestingly, all trans -retinoic
acid down-regulated AR mRNA in T47D breast
cancer cells and up-regulated AR mRNA in MDA-
MB-453 breast cancer cells (Hall et al., 1992).

In conclusion, AR gene expression is regu-
lated during a variety of events, including devel-
opment and malignant transformation of the tis-
sue. This regulation is the result of a number of
factors modifying AR expression levels, includ-
ing androgens. Further studies of these systems
will allow us to better understand the role of AR
in development and cancer.

IV. THE 5 FLANKING REGION OF THE
AR GENE

Further identification of the factors regulat-
ing AR expression can be deduced by the charac-
terization of the AR promoter. Initial character-
ization of the human hAR promoter and its
transcribed 5 untranslated region (5-UTR) was
performed by Tilley et al. (Tilley et al., 1990a).
Using a combination of primer extension and S1
nuclease protection analysis, they deduced the
presence of two transcription initiation sites (TIS).
AR-TIS I is 1127 bp and AR-TIS II is 1116 bp
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upstream of the initiation methionine of the AR
reading frame. This finding was supported by
Faber et al., who demonstrated the AR-TIS I and
AR-TIS 1II to be within a 13 bp region from +1 to
+13 (Faber et al., 1991). AR-TIS I is used more
frequently than AR-TIS II in a variety of tissues,
including a human prostate cancer cell line
(LNCaP), human prostate, human testes, human
genital skin fibroblasts, and two human breast
carcinoma cell lines (T47D and MCF-7).

In addition to describing TIS, Tilley et al.
(Tilley et al., 1990a) isolated and sequenced 300 bp
of the promoter 5" to the TIS. They found neither
TATA nor CCAAT box elements near the TIS.
However, they identified an Spl binding motif
(GGGCGQG) at approximately —50 to —60 bp and
a purine-rich element at —75 to —118 bp. Addi-
tionally, an open reading frame (ORF) encoding
8 amino acids begins at +688 bp. A similar ORF
is found in the rat AR gene. It is unknown if any
protein is produced from this sequence.

Faber et al. further characterized the AR pro-
moter by using deletion mutants of an AR pro-
moter reporter gene to transfect SV40 immortal-
ized renal African green monkey cells (COS)
(Faber et al., 1993). Deletion of the purine-rich
element decreased transcription initiation from
both TIS. However, deletion of the GC box re-
sulted in complete loss of transcripts from AR-TIS
11, whereas transcript from AR-TIS I was unaf-
fected. This result supports the fact that AR-TIS
II is controlled by the GC box. In contrast, dele-
tion of the promoter to -5 resulted in loss of both
transcripts, but when the SV40 enhancer was
placed downstream of the CAT reporter gene, the
transcript from AR-TIS I was strongly expressed,
demonstrating that sequences downstream from
-5 have the intrinsic ability to direct initiation
from AR-TIS I. These data suggest that the two
TIS are regulated by different mechanisms.

Deletion mutants were used to demonstrate
that the hAR 5’-UTR downstream of +57 is not
involved in start-site selection for transcripts from
both TIS. Therefore, for AR-TIS I, the minimal
promoter elements are located in the -5/+57 hAR
fragments. However, Faber et al. did demonstrate
that the region of the 5’-UTR from +57/+575 was
able to enhance CAT protein expression (Faber
et al., 1993).



The Sp1 transcription factor is known to bind
the GC box to activate transcription by RNA
polymerase II (Kadonaga and Tijan, 1986). Be-
cause AR-TIS II appeared to be dependent on the
presence of the GC box, Faber et al. evaluated the
ability of Spl to bind to the hAR promoter frag-
ment —63/-32 (Faber et al., 1993). In a gel-shift
assay, this fragment was shifted and could be
competed away by consensus Sp1 binding oligo-
nucleotide. Additionally, in vitro footprinting of
this fragment using purified Sp1 protein demon-
strated protection of the —52/-32 region. These
data confirm that Spl can bind to this region of
the hAR promoter. To evaluate this fragment for
function, mutations known to be permissive or
nonpermissive Spl binding were made in an hAR
promoter construct. When transfected into cells,
the permissive construct did not alter transcrip-
tion activity. In contrast, the nonpermissive con-
struct resulted in decreased transcripts from AR-
TIS II, but not AR-TIS 1. These data support the
fact that Spl interacts with the hAR GC box in
regulating transcription initiation from AR-TIS
I1, but not AR-TIS 1.

Mizokami et al. further cloned and sequenced
a 2.4-kb region of the hAR promoter allowing for
characterization of several putative cis-acting re-
sponse elements (Mizokami et al., 1994). The
purine-rich element consists of four repeats of 5’
GGGGA-3'. Using progressive 5" hAR promoter
deletions or an internally deleted region, they
showed that loss of the purine-rich element re-
sults in a corresponding loss of hAR promoter
activation. Additionally, when placed upstream
of a heterologous promoter, a purine-rich region
enhanced transcription activity. Finally, gel-shift
assays demonstrated that cell extract from both
LNCaP and HeLa cells resulted in specific shift
of this region. These data confirm that some
protein(s) can specifically bind the purine-rich
element, which may play an important role in AR
transcription.

In addition to the purine-rich region, addi-
tional DNA elements that could regulate AR gene
transcription were identified. Potential AP-1 bind-
ing sites and cyclic AMP response elements (CRE)
were found in AR promoter region that contain
one or two base pair mismatches compared with
their respective consensus sequences. Deletion of

the hAR promoter region —530/-390 resulted in
loss of transcription induction by cAMP. This re-
gion was able to confer a cAMP response on
a heterologous promoter. Based on Mizokami
etal.’s sequence data (Mizokami et al., 1994), a CRE
response element was present at —508/-501
(AR/CRE 1). The sequence of AR/CRE 1
(5’-TGACGGAA-3") has two mismatches com-
pared with the consensus CRE (5’-TGACGTCA-
3’). This sequence is not found in rat or murine
AR gene. They demonstrated that AR/CRE 1 could
confer a response to cAMP on a heterologous
promoter as have other mutated CRE. These find-
ings support the ability of AR/CRE 1 to be an
active CRE element in the hAR promoter. Inter-
estingly, on a gel-shift assay, the AR/CRE 1
formed a shifted complex similar to the consen-
sus somatostatin CRE; however, an additional
complex formed that could not be completed by
the somatostatin CRE. This suggests that the
AR/CRE 1 binds a protein that may result in a
regulatory response to cAMP induction specific
for the hAR promoter.

As mentioned above, Faber et al. were the
first to note that the hAR 5-UTR fragment
+57/+575 resulted in increased CAT reporter pro-
tein product (Faber et al., 1993). This increased
activity could be due to alteration in transcription
or translation activity. To explore this issue,
Mizokami and Chang used a series of progressive
3" to 5’ deletion mutants of the AR 5-UTR (+575 was
the most 3" end) coupled to a CAT reporter gene
driven by 1380 bp of the hAR promoter (Mizokami
and Chang, 1994). Several of the mutants resulted in
decreased CAT activity, suggesting the deleted frag-
ments may act as enhancers. However, when the
deleted fragments were examined in a heterologous
promoter, it was found they could induce CAT ac-
tivity only in a position- and orientation-dependent
manner, suggesting they do not act as classic tran-
scriptional enhancers. Additionally, when cells were
transfected with either a SV40 promoter driven CAT
gene with or without the 5-UTR fragment, CAT
mRNA levels were not different in cells transfected
with the two constructs, but CAT activity was in-
creased in the cells transfected with construct
containing the 5-UTR fragment. These data sug-
gested that the hAR 5°-UTR enhances translation
efficiency.
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The 5’-UTR of several genes has been shown
to affect translational efficiency by encoding for
a stem-loop structure in the mRNA. Such a stem-
loop structure in the mRNA was found at +109/
+129 in the hAR 5’-UTR (Mizokami and Chang,
1994). When this structure was deleted from an
hAR promoter/S’-UTR CAT reporter construct, it
resulted in a 44% decrease of CAT activity, thus
suggesting it does play a role in translation regu-
lation of the AR gene.

The rat AR (rAR) promoter and 5"-UTR has
been cloned and characterized by several groups
(Tanet al., 1988; Baarends et al., 1990; Song et al.,
1993). Like the hAR, the rat AR does not have
either a TATA or CCAAT box, but has a GC box
at =50 to —56, a purine-rich element consisting of
eight GGGGA repeats from —89 to —146, and two
TIS. Several potential binding sites for transcrip-
tion factors were identified, including CREB; Pu.1
and PEA3, members of the DNA-binding ets
oncogene protein family; Zeste-, a Drosophila
homeobox protein; Zif268, a zinc finger protein;
NFxB; and AP1. Additionally, several sequences
resembling response elements half-sites for glu-
cocorticoid, androgen, and progesterone recep-
tors are present. CAMP can induce activation of
the rAR promoter in rat Sertoli cells (Blok et al.,
1992b).

Deletion analysis of a 1-kb rAR promoter
fused to a luciferase reporter gene revealed that
there is a strong activation domain around the
-940 to 960 region (Song et al., 1993). A gel-
shift assay was used to demonstrate that this re-
gion specifically binds to protein found in rat
liver, kidney, and HeLa cell nuclear extract. In
addition to this activation domain, the region be-
tween —480 and —665 appears to exert a negative
effect on the rAR promoter function. NFxB has
been shown to bind to a decameric palindromic
site at positions —554 to =563 in this region and
down-regulate rAR promoter expression (Roy,
1994). As NFxB is increased in the rat liver with
age, it may contribute to the age-associated de-
crease of hepatic AR expression.

An age-dependent decline in hepatic rAR
expression has also been shown to be associated
with expression of an age-dependent factor (ADF)
that is ubiquitously expressed in tissues (Supakar
et al., 1993). ADF binds to an rAR fragment be-
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tween —310 to —330. Rat hepatic ADF binding
activity on the rAR promoter in vitro was shown
to decrease with age. When the ADF binding site
was mutated in a reporter construct, decreased
rAR promoter activity was observed. These data
suggest that ADF enhances rAR expression by
acting on a cis-acting activator element in the
rAR promoter.

The murine AR (mAR) promoter and 5-UTR
were initially characterized by Faber et al. (Faber
etal., 1991). This AR promoter, like rAR and
hAR, is devoid of a TATA or CCAAT box but
encodes an Spl binding site and homopurine
stretch 5" of two TIS. The region from —546 to
+971 contains putative progesterone receptor (PR),
GR, AR, AP1, AP2, Sp1, and CREB binding sites
(Faber et al., 1991). Transcription can be acti-
vated from this region by forskolin-induced stimu-
lation of cAMP activity. Androgen, via AR, abro-
gates the cAMP-induced stimulation of the mAR
promoter even when a putative ARE half-site is
deleted. A cryptic ARE or induction of a second
inhibitory protein may be an alternative explana-
tions as a cause for the decrease in mAR promoter
activation by androgen.

Promoter activity of the mAR was evaluated
by using a series of deletion mutants of the mAR
5’-flanking region to transfect murine pituitary
and hypothalamic cell lines (Grossmann et al.,
1994). Basal promoter activity was located in a
fragment between —146 and +251. The region
between +858 to +971 in the 5-UTR resulted in
a marked decrease (approximately 80%) of CAT
activity and thus was termed the mouse AR sup-
pressor (mARS).

Further characterization of the mARS revealed
that the region from +864 to +887 was weakly
protected from DNase I and could form two dif-
ferent specific DNA-protein complexes when in-
cubated with mouse pituitary cell nuclear extract.
When placed in either orientation 5" of the TIS of
a heterologous promoter, thymidine kinase (TK),
driving a CAT reporter gene, the mARS did not
inhibit CAT activity. However, when placed in
the proper orientation 3" of the TIS, it reduced
CAT activity by approximately 50%. Interest-
ingly, when it was in reverse orientation 3" of the
TIS, it markedly decreased CAT activity by 80 to
95%. This phenomenon was also observed when



mARS was placed 3’ of the mAR promoter in
which the 5’-UTR had been deleted. Point muta-
tion of the mARS resulted in loss of its suppres-
sive ability. These data show the mARS in the 5’-
UTR of the mAR is a position-dependent cis-acting
inhibitory region. This region shares some se-
quence identity with the 5’-UTR of the hAR from
+404 to +411 and +332 to +342, suggesting a
similar mechanism may control expression of the
hAR. However, this issue has not been explored
to date.

In summary, the AR 5’ flanking region con-
sists of a TATA-less promoter that controls two
transcription initiation sites via a GC box and
other currently unknown elements. A CRE can be
activated in the AR promoter by cAMP; however,
many other putative response elements are also
present. Further exploration of the AR promoter
and its action will lead to a better appreciation of
control of AR gene expression in a variety of
tissues and developmental states.

V. STRUCTURAL AND FUNCTIONAL
DOMAINS OF AR

The AR is a member of the steroid hormone
receptor super family that can regulate gene tran-
scription by interacting with a specific DNA se-
quence in a ligand-dependent manner (Carson-

Jirica et al., 1990). These steroid hormone recep-
tors consist of separate domains that encompass
the function of ligand binding, DNA binding,
nuclear localization, and transcriptional modula-
tion (Evans, 1988; Beato, 1989). The N-terminal
domains of nuclear receptors vary in length and
amino acid composition, while the sequence of
DNA binding and ligand-binding domains are
relatively conserved (Evans, 1988; Beato, 1989).

AR is a 110-kDa nuclear protein that consists
of 918 amino acid residues (Chang et al., 1988a;
Chang etal., 1988b; Chang et al., 1992). The
characteristic domain structure of AR is illus-
trated in Figure 1. The well-conserved region of
the DNA binding domain is a 68-amino acid re-
gion that can fold into two zinc coordinated finger
structures with the ability to bind to DNA. The
295 amino acid region behind the DNA binding
domain includes the hinge region, and the
C-terminal domain is responsible for the function
of dimerization and the androgen binding. The
most variant region is the N-terminal domain with
556 amino acid residues. Both structural and
functional studies revealed that the N-terminal
domain of AR contains one region, ranging from
amino acid 141 to 338, which could be in-
volved in the transcriptional activation of AR
(Simental et al., 1991). Interestingly, this region
contains several polytracts such as polyglutamine
and polyproline (Chang et al., 1988b). These

529 580619 5763 807
A B|c| D |E|F|G|H Function
141 338 Transactivation
556623 DNA binding
628__657 Translocation
666 918 Ligand binding
FIGURE 1. Schematic illustration of the functional domains for the human androgen

receptor. The exons are labeled A-H. The number above the box indicated the amino
acid number at the junction between exon and intron. The domains responsible for
their specific function were also indicated by line with the numbers of amino acid

residues.
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polytracts of amino acids have been suggested to
play a very important function in transcriptional
activation (Gerber et al., 1994).

VI. PHOSPHORYLATION OF AR

Several reports have suggested that phospho-
rylation could be involved in the transactivation
of steroid receptors (Denton et al., 1992; Hseih
et al., 1991; Orti et al., 1992 and 1993) and these
phosphorylations may be activated by several
cellular kinases (Smith et al., 1993; Denner et al.,
1990; Beck et al., 1992; Moyer et al., 1993; Somers
and DeFranco, 1992; Cho and Katzenellenbogen,
1993). Whether phosphorylation of AR is an an-
drogen-dependent process is still not clear. So far,
several potential phosphorylation sites in AR have
been associated with the proline-directed protein
kinases (including MAP kinase and cyclin-de-
pendent protein kinase). These include the con-
sensus sequences (X - S*/T* - P-X) in serines 77,
80, 252, 304, 420, 514, and 649 of AR. Other
consensus sequences (X -S - (P) - X - X -S*-)
or (X -E-X-X-S8*-X) for casein kinase I
in serines 46, 127, 130, 159, and (X - S* - X - X
- X -8 - (P) - X) for glycogen synthase kinase
3 in serines 318, 422, 645, 777 (Agostinis et al.,
1989; Nikolakaki et al., 1993) can also be
found.

Although there has been speculation that AR
phosphorylation occurs in an androgen-dependent
manner, this theory is controversial. Reports from
Kuiper et al. have suggested that AR can be
phosphorylated in an androgen-independent man-
ner in LNCaP prostate cells (Kuiper et al., 1992).
However, other papers also point out that andro-
gen binding can induce the in vivo phosphoryla-
tion of AR in LNCaP cells (van Laar et al., 1991;
Kemppainen et al., 1992).

Another question is whether ligand binding is
required for or inhibitory to AR phosphorylation.
In LNCaP prostate cells, phosphorylation of AR
can be demonstrated in wild-type AR and AR that
is truncated in the androgen-binding domain.
However, in these same series of experiments, no
phosphorylation could be detected in mutant AR
without the N-terminal domain, indicating that
most of the androgen-dependent phosphorylation
sites in AR may be located in the N-terminal
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domain (van Laar et al., 1991; Kuiper et al., 1993;
Jenster et al., 1993). This N-terminal domain has
been associated with the transcriptional regula-
tory properties of the receptor.

In summary, phosphorylation in AR may cause
some conformational changes that may modify
the ligand and DNA binding properties of the AR.
More studies are needed to determine the role, if
any, phosphorylation plays in AR function.

VIl. ANDROGEN-RESPONSIVE GENES
AND ANDROGEN RESPONSE ELEMENT
(ARE)

AR regulates expression of androgen-respon-
sive genes by binding to specific DNA sequences,
or androgen response elements (ARE), located
mainly in the promoter region of these target
genes. Molecular cloning and sequence analysis
of androgen-responsive genes, as described be-
low, have led to the identification and character-
ization of ARE (Murtha et al., 1993; Fabre et al.,
1994; Ho et al., 1993; Rennie et al., 1993; Lund
et al., 1991; Ghyselinck et al., 1993; Adler et al.,
1991; Crozat et al., 1992; Claessens et al., 1989;
Crossley et al., 1992; Riegman et al., 1991). A
comparison of these natural response elements
shows that one group has the consensus sequence
GGA/TACAnnnTGTTCT, while another group
appears as the nonconsensus sequence (Table 3).

This consensus sequence is almost identi-
cal to the consensus glucocorticoid/proges-
terone response element (GRE/PRE), GGT-
ACAnnnTGTTCT, which has been found from
several glucocorticoid and progesterone target
genes (Truss and Beato, 1993). The similar rec-
ognition sequence among these receptors could
be due to the high amino acid homology in the
DNA binding domains (DBD) of AR, GR, and
PR (Evans, 1988). In fact, only 4 to 6 of the 66
amino acids in the DBD differ in these three
members. Moreover, the three-dimensional struc-
ture of the DBD of GR in solution has been
determined by NMR, and the X-ray crystal struc-
ture of GR DBD-GRE complex has also been
reported (Luisi et al., 1991; Hard et al., 1990;
Schwabe et al., 1990). These data indicated that
the amino acids of GR, which interact with base
pairs of hormone-response element, as well as



TABLE 3

Functional ARE Sequences in Androgen-Regulated Genes

Sequences

Consensus sequences:
5-AGTACGtgaTGTTCT-3’

C3 (first intron)

Genes Ref.

Claessens et al., 1989

5’-GAAACAQccTGTTCT-3' SLP Adler et al., 1991
5-AGCACTtgcTGTTCT-3' PSA Riegman et al., 1991
5-ATAGCAtctTGTTCT-3' Probasin (ARE1) Rennie et al., 1993
5-AGTCCCactTGTTCT-3' ODC Crozat et al., 1992
5-AGTACTtgtTGTTCT-3" GUS (intron 9) Lund et al., 1991
5-AGCTCAgctTGTACT-3’ Factor IX Crossley et al., 1992
5-AGAACAaccTGTTGA-3 MEP 24 Ghyselinck et al., 1993
5-TGAAGTtccTGTTCT-3’ MVDP Fabre et al., 1994

Nonconsensus sequences:
5-GTAAAGTACTCCAAGAA
5-GGAACAGCAAGTGCT-3’

those that contact phosphate backbone, are shown
to be highly homologous with other steroid hor-
mone receptors, including PR, AR, and estrogen
receptor. The three-dimensional structure of this
region includes two zinc fingers, and each of
them posssibly existing near the N-terminus of an
o-helix. The N-terminal o-helix can function as a
DNA recognition helix and is positioned in the
major groove of the DNA. The determination of
the specific DNA sequence recognition is located
at the region called the P-box in the recognition
helix. The P box is 100% identical among AR,
PR, and GR.

Only two kinds of nonconsensus ARE have
been reported so far (Murtha et al., 1993; Ho
et al., 1993; Rennie et al., 1993). At present, it is
unclear whether the nonconsensus ARE interacts
with the same DBD of the AR as the consensus
ARE. Using the AR DBD to carry out the DNA
binding-site selection assay for determination of
the binding sequence of AR, Roche et al. found
all the binding sequences are identical to the con-
sensus GRE (Roche et al., 1992). This result im-
plies that binding to the nonconsensus ARE is
dependent on more than just the DBD. Whether
other factors cooperate with AR for binding to the
DBD or regions outside the DBD are needed for
AR binding to nonconsensus ARE still remains to
be determined.

The AREs are responsible for androgen re-
sponsiveness of a given gene. There have been
numerous reports of genes from various tissues
and cells that are responsive to androgens. While

Probasin (ARE2)
KLK2

Rennie et al., 1993
Murtha et al., 1993

many genes can be induced by androgens, we
have also found several genes are suppressed by
androgens (Chang et al., 1987c; Saltzman et al.,
1987). Furthermore, androgens can regulate these
target genes at mRNA or protein levels. Below
we summarize these androgen-responsive genes.

A. Pituitary: o Subunit of Gonadotropin

Feedback mechanism may allow androgens
to regulate the expression of gonadotropin, FSH,
or LH. A potential ARE was located at about
101 bp upstream of the transcriptional initiation
site of o subunit in gonadotropins (FSH or LH)
(Clay et al., 1993). Because this potential ARE
may overlap other contiguous cis-acting regula-
tory elements (CRE, CAT box) needed for basal
transcription, AR-ARE interaction may interfere
with the activity of other transcriptional factors,
which leads to an attenuation in transcription
(Pittman et al., 1994).

B. Kidney

1. Ornithine Decarboxylase (ODC)
Androgens can regulate ODC, an enzyme

involved in polyamine biosynthesis at transcrip-

tional and translational levels (Seely et al., 1982;

Berger, 1986, 1989; Rheaume et al., 1989). Be-
cause androgen may be involved in kidney cell
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hypertrophy and this effect can be attenuated by
ODC'’s inhibitor, difluoromethylornithine, andro-
gen effects on hypertrophy may be indirect via
the induction of ODC for the expansion of
polyamine pool.

2. Kidney Androgen-Regulated Gene
(KAP)

KAP, expressed in epithelial cells of the kid-
ney convoluted tubules, can be induced by andro-
gens 3- to 10-fold at the mRNA level. Because
the detailed function of KAP remains unclear, the
role of androgen’s influence on the expression of
KAP in the kidney is also unclear (Watson and
Paigen, 1988).

3. Alcohol Dehydrogenase-1 (ADH-1)

ADH-1, the major isozyme of ADH, is ex-
pressed mainly in the kidney and liver (Holmes
et al., 1981). Results from nuclear run-on assay
suggested that while androgens show no effect on
liver ADH-1 gene expression, androgen can in-
duce the kidney’s ADH-1 gene expression up to
six-fold at the transcriptional level. Because
ADH-1 plays a role in the control of alcohol
metabolism, androgen induction of kidney ADH-1
may have some impact for the control of alcohol
level (Felder et al., 1988; Bohren and Gabbay,
1993).

4. p—Glucuronidase (GUS)

The expression of GUS, a housekeeping gene
involved in the metabolism and clearance of
glucoronide, can be varied from tissue to tissue.
Based on the pulse-labeling assay, androgen can
selectively induce GUS at mRNA level in the
mouse proximal tubule kidney cells (Watson and
Paigen, 1988).

5. Renal Protein 2 Gene (RP2)

The RP2 mRNAs are expressed in many tis-
sues but can be induced by androgen in the kidney
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only (Tseng-Crag and Berger, 1987). The physi-
ological function of RP2 is not clear at this time,
and the influence of androgens on RP2 gene ex-
pression is also unclear.

6. Renal Cytochrome P450s

The sexual dimorphism in the expression of
mouse renal cytochrome P450s can be mediated
by androgens (Henderson and Wolf, 1991). Ab-
normal higher concentrations of testosterone were
needed to induce a similar kidney cytochrome
P450 phenotype in the female as compared with
the male. Also, studies using Tfm male mice whose
AR is defective showed these Tfm male mice
have similar female kidney cytochrome P450
phenotypes, and these Tfm mice could not re-
spond to testosterone treatments (Henderson and
Wolf, 1991).

C. Liver
1. ay,-Globulin Genes

DNase I footprinting and transfection assays
indicated that a DNA fragment in the 5’ flanking
region (—634 to -617 bp) of o,,-globulin may
contain a potential ARE/GRE site, and this poten-
tial ARE/GRE DNA fragment could lose function
if they expand to larger DNA fragment. These
data suggested the expression of individual oy,-
globulin genes could be the result of combina-
tional interactions of several trans-acting factors
(including AR) with appropriate cis-acting ele-
ments (Van Dijck et al., 1993).

2. Senescence Maker Protein 2 (SMP-2)

Whereas the liver-specific expression of SMP-
2 in the male rat can be markedly reduced during
the androgen-sensitive stage of young adulthood,
the expression of SMP-2 will be elevated during
androgen-insensitive phases of prepuberty and
senescence (Song et al., 1990). Sequence analysis
indicated that several cis-acting elements, includ-
ing ARE and hepatocyte-specific element (HP1),
can be identified in the 5’ flanking region of SMP-2



gene (Song et al., 1990), and androgen regulation
of SMP-2 gene expression may involve the inter-
ference of other transcription factors.

D. Vas Deferens

1. Mouse Vas Deferens Protein (MVDP)

Androgen can regulate the MVDP, a member
of the aldo-keto reductase superfamily that is
exclusively expressed in the epithelial cells of the
deferens duct, at transcriptional levels. Sequence
analysis revealed two putative AREs (distal ARE
at —1186 and —-1171 and proximal ARE at —121
and —41) in the 5’ flanking region of MVDP gene.
A mutation in the proximal ARE can abolish most
of androgen induction and suggests that sequence
TGAAGTtecTGTTCT may be essential for an-
drogen induction of MVDP gene expression (Fabre
et al., 1994).

E. Seminal Vesicle
1. pSvr-1

Androgen can repress pSvr-1 gene expres-
sion at mRNA levels in rat seminal vesicles (Izawa,
1990). The function of this gene and the impact of
androgen regulation remains unclear.

2. Seminal Vesicle Protein 4 (SVP4)

Androgen can induce SVP4 gene expression
at mRNA levels in mouse seminal vesicles (Chen
et al., 1987). As the expression of SVP4 may be
related to the developmental stage, the androgen
induction of SVP4 could be a potential marker for
the study of seminal vesicle development.

F. Epididymis
1. 18-kDa Epididymis Proteins

Northern blot analysis suggested that andro-
gen can induce two closely related 18.5-kDa epi-

didymis-specific proteins in rat epididymis
(Brooks et al., 1986). As these two major secre-

tory epididymis-specific proteins may incorpo-
rate into the sperm plasma membrane, the andro-
gen induction of these two proteins may play
some role in the maturation of sperm.

G. Prostate
1. Prostate Binding Protein (PBP)

PBP, also named prostatein, o-protein, or
estramustine-binding protein, is a prostate-spe-
cific protein that contains two subunits formed by
the combination of three peptides (C1, C2, and
C3). Northern blot analysis demonstrated that
androgen can induce PBP at mRNA levels. DNA-
cellulose competition, DNase I footprinting, and
transfection CAT assays indicated the potential
ARE sites were located in the first intron of C3
and C1 genes (Claessens et al., 1989 and 1993).

The existence of ARE in the first intron of the
C3 gene also suggested that a direct interaction
between AR and the C3 gene (ARE) may be
needed for the induction of C3 gene by andro-
gens. Other protein-protein interactions among
AR and UTF-1 or NF-1 within C3 intron indi-
cates that the mechanism by which androgens
control C3 gene expression is complicated (Celis
etal., 1993).

2. Prostatic Spermine-Binding Protein
(SBP)

SBP, initially identified by its high-binding
affinity to spermine, is an androgen-dependent
secretory glycoprotein in rat ventral prostate.
Purified SBP can serve as a substrate for cAMP-
independent protein kinase, and phosphorylation
can be stimulated severalfold in the presence of
spermine. SBP is extremely rich in acidic resi-
dues, Asp and Glu, which make up about 33% of
the total sequence occupying 89 of a stretch of
126 amino acids at the C-terminal end. Based on
dot hybridization and a cell-free translation sys-
tem, the SBP mRNA levels in the rat ventral
prostate can be decreased to 15% of normal 2 d
after castration. This decrease can be reversed by
injection of DHT into castrated rats. Androgens
can also increase both the concentration of
spermine and protein kinase activity that pro-
motes spermine binding to SBP. Spermine, in
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turn, can protect SBP from digestion by the pros-
tate proteases and also enhance SBP phosphory-
lation. In summary, androgens appear to regulate
SBP expression through multiple mechanisms
(Chang et al., 1987b).

3. Glutathione-S-Transferase (GST)

The prostate GST mRNA levels increased
more than three-fold 2 d after castration and this
increase can be rapidly reversed within 6 h by
androgen treatment of castrated rats (Chang et al.,
1987¢). GST is a family of multifunctional en-
zymes present in most cells. These enzymes cata-
lyze a number of reactions between the nucleo-
philic thiol group of glutathione and the
electrophilic centers of lipophilic substrates that
bind to enzymes. Because of these unique proper-
ties, GST have often been considered as detoxifi-
cation enzymes or scavengers that neutralize re-
active metabolites produced from carcinogens,
drugs, and other foreign substrates. The impact of
androgen suppression of GST in the prostate re-
mains unclear. One possibility is the prostate may
use this androgen-repression mechanism to con-
trol growth.

4. 20-kDa Protein

The androgen-induced 20-kDa protein gene
consists of four exons that encode for a major
secretory protein in rat ventral prostate. Sequence
analysis revealed that a potential ARE could be
located in the intron 1 region (In-1). This In-1 and
its subfragment, In-1c, can function as ARE but
not GRE. An isolated 39-bp DNA fragment within
In-1c¢ with potential ARE/GRE sequences can
respond both to androgens and glucocorticoids.
This finding suggests that the specificity of ARE
could be located at other sequences within In-1c.
Furthermore, this ARE specificity can only be
demonstrated in CV1 but not prostate PC3 cells
(Ho et al., 1993).

5. Prostatic Protease

Prostatic protease can digest some seminal
vesicle proteins with specificity at arginine resi-
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dues (Winderickx et al., 1989). Based on North-
ern blot analyses, androgens can induce prostatic
protease gene expression at mRNA levels. Se-
quence analysis indicated that prostatic protease
is closely related to kallikrein and human PSA,
but detailed function of this prostate protease re-
mains unknown.

6. C3-P4 Binding Protein

Using gel shift assay with a 31-bp oligomer
from 5" promoter region of C3-1 gene, Zhang
et al. were able to detect a DNA-binding protein
named C3-P4, whose expression was regulated
by androgens in rat ventral prostate (Zhang et al.,
1993). The potential function of this gene and the
significance of androgen regulation on this gene
remain unclear.

7. Probasin (PB)

The rat PB gene encodes a secretory protein
that is only expressed in dorso-lateral prostate.
Sequence analysis reveals that 5° promoter re-
gion of PB gene contains two potential ARE
(ARE-1 and ARE-2) that may be required for
androgen regulation. A single base mutation in
ARE-1 or ARE-2 may result in the loss of andro-
gen induction. CAT assay further suggested that
these AREs may respond better to androgens
compared with glucocorticoid or progestins
(Rennie et al., 1993).

8. Prostate-Specific Antigen (PSA or
hKLK3) and Glandular Kallikrein-2
(hKLK2)

Androgens can induce both PSA and hKLK?2
in prostate at transcriptional levels. Gel shift
assay with one 313 bp DNA fragment from 5’
promoter region of PSA suggested that this DNA
fragment can bind to the unpurified recombi-
nant AR in a sequence-specific manner. This
DNA fragment, however, was unable to bind
AR purified from ion-exchange chromatogra-
phy, which suggested that other accessory fac-
tors may be needed for AR binding (Luke and
Coffey, 1994).



CAT assay indicated isolated potential AREs
from PSA or hKLK2 can respond to androgen
induction (Murtha et al., 1993). Because PSA and
hKLK?2 are members of the serine proteinase sub-
family that activates some specific peptides via
posttranslational modification, the induction of
PSA and hKLK2 by androgens may expand an-
drogen action to those peptides in the prostate.
Also, the androgen-induced PSA has been used as
a marker for the diagnosis of progress of prostate
cancer.

9. Prostatic Acid Phosphatase (PAcP)

Northern blot analysis suggests androgens can
down-regulate PAcP, a differentiation antigen that
is the major acidghosphatase in prostate epithelia
cells, gene expression at mRNA levels in human
prostate (Lin et al., 1993). Because PAcP is a
prostate-specific secretory protein and can be
detected only in androgen-sensitive LNCaP cells
but not in androgen-insensitive PC3 cells, the
androgen-suppression of PAcP could be used as a
potential marker for the diagnosis of progress of
prostate cancer.

10. TR2 and TR3 Orphan Receptors

TR2 and TR3 orphan receptors, initially iden-
tified from human prostate and testis tissues, are
new members of the steroid receptor superfamily.
Based on Northern blot analysis, androgens can
suppress and induce prostate TR2 and TR3 or-
phan receptors at mRNA levels, respectively
(Chang and Kokontis, 1988; Chang et al., 1989a;
Chang et al., 1989b; Kokontis et al., 1991; Chang
et al., 1993). Because TR2 orphan receptors may
play some role in the retinoic acid-RAR/RXR
pathway and TR3 orphan receptor may play arole
in prostate mitogenesis and apoptosis, we may
expect androgens to be able to cross-talk to these
systems by regulation of TR2 and TR3 orphan
receptor gene expression.

H. Cytokines and Growth Factors

1. Interleukin-4, 5 and y Interferon

DHT, but not T, can repress the expression of
interleukin-4, interleukin-5, and y-interferon in

murine T cells activated by anti-CD3 (Araneo
et al,, 1991). The specificity of DHT on the in-
duction of these cytokines in T cells could be due
to the lack of their ability of converting T to DHT.
Nevertheless, the repression of these cytokines by
DHT may allow androgen to expand its influence
to the immune system.

2. TGF-p1

TGF-B1 is a growth factor that can either
stimulate cell growth or repress cell overgrowth.
In the thymus, androgens can induce TGF-f1
gene expression at mRNA levels. The TGF-B1
protein produced in cultured thymic explants also
drops to 50% by simply removing androgens.
Furthermore, after 1 week of androgen injection
in castrated animals, bioactive TGF-B1 can be
restored to normal when compared with intact
animals (Olsen et al., 1993).

3. Insulin-Like Growth Factor (IGF-1)

IGF-1, a polypeptide growth factor, may
influence the growth and differentiation of epi-
thelial cells. By injecting DHT into ovari-
ectomized rats, Sahlin et al. were able to show
that androgens can induce IGF-1 mRNA levels
by 20-fold compared with the ovariectomized
control rats as well as restore uterine weight. T
and DHT injection can also increase IGF-1
mRNA levels 30- to 40-fold compared with
hypophysectomized control animals (Sahlin
et al.,, 1994).

4. KGF

KGF, a member of the fibroblast growth
factor family (also called FGF7) produced in
stromal cells, may stimulate epithelial cell growth
(Rubin et al., 1989). Northern blot analysis and
nuclease protection assay demonstrated that an-
drogen can induce KGF gene expression at
mRNA levels in stromal cells only. This sug-
gests that KGF could be one candidate to medi-
ate androgen effects on stromal-epithelial inter-
action (Yan et al., 1992).
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I. Other Androgen-Target Genes

Androgens also have been shown to regulate
the following genes: FAR-17a (Seki et al.,, 1991),
S-adenosylmethionine decarboxylase (Janne et al.,
1991), rat CKS8, 15 and 18 genes (Hsich et al.,
1992), plasminogen activator inhibitor type 1
(Casslen et al., 1992), rat casein kinase 2
(Ahmed et al., 1993), rat proline-rich polypeptide
(Heyns et al., 1982), mouse sex-limited protein
(Slp) (Adleret al., 1991), estrogen receptor (Sahlin
etal.,, 1994), MEP24 (Rigaudiere et al., 1992),
TRPM-2 (Buttyan etal., 1989), human aldose
reductase gene (Fabre et al., 1994), and clotting
factor 1X (Crossley et al., 1992).

In conclusion, a variety of androgen-respon-
sive genes in various tissues are present. In the
majority of these genes identified to date, andro-
gen stimulates expression; however, some genes
demonstrate decreased expression. Androgen (T
or DHT) achieves its effect by binding to AR,
which then binds to the ARE. The AR DBD
shares high amino acid identity with GR and PR.
The consensus ARE is identical to the GRE. Fur-
ther evaluation is needed to elucidate how AR
achieves its tissue and gene specificity.

Vill. MUTATION OF AR

As discussed in the previous sections, AR is
an important molecule in various aspects of cell
growth and differentiation through its ability to
regulate gene transcription. The receptor’s activ-
ity in the cell is regulated by ligand levels, the
protein levels are modulated by factors that regu-
late its transcription and translation. Therefore, it
is not surprising that mutations that affect AR
function exist in nature that cause deleterious prob-
lems to man (Table 4).

Mutations in the AR gene are thought to cause
androgen insensitivity syndrome (AIS) in sub-
jects with 46,XY karyotype (for review, see Liao
et al., 1989; French et al., 1990; Brinkmann et al.,
1991; McPhaul et al., 1991a; Wilson, 1992; Shah
et al., 1992; Griffin, 1992; McPhaul and Marcelli,
1992; Marcelli et al., 1992; Williams et al., 1993;
Gabou et al., 1991). AIS may be the most com-
monly described hormone insensitivity syndrome.
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One of the major clinical manifestations of ALS
is testicular feminization (Tfm) syndrome,
where male sexual development is deterred or
absent.

Basically, two phenotypic forms of the AIS,
the complete (CAIS) and partial forms (PAIS),
have been characterized. The CAIS is associated
with normal female external genitalia. Subjects
affected by this disorder are declared female at
birth, as they are indistinguishable from true new-
born females by outward appearance only. They
are raised as girls, and the breast development
occurs normally at puberty. The condition is not
usually diagnosed until puberty when primary
amenorrhea and scantness to complete absence of
pubic and axilliary hair is observed, leading to
consultation with a physician. After pelvic ex-
amination, a short vagina, absence of ovaries and
fallopian tubes, but presence of interabdominal or
inguinal testes are noted. T levels in adult subjects
are found to be two to four times higher than that
of normal men. This is accompanied by high
levels of plasmic LH but normal FSH. The high
levels of both T and LH suggest unresponsive-
ness of the target organs to androgen secretion.

The biological profile of PAIS may be similar
to, or reach a lesser degree, the complete form of
Tfm. Thus, plasmic T and LH levels are high and
cannot be brought down. The incomplete forms
of Tfm are characterized by sexual ambiguity at
birth, and show incomplete masculinization with
possible gynecomastia at puberty. The testicles
are no longer ectopic. The epididymis and vas
deferens are, more or less, well developed. How-
ever, the mullerian derivatives are absent. This
condition includes a wide spectrum of anomalies
from the almost complete absence to the com-
plete presence of virilization.

We have studied several point mutations of
the AR gene from affected individuals in our
laboratory. We discovered a single exonic nucle-
otide substitution that causes complete AIS in a
sibship with three patients (Sai et al., 1990). The
mutation, a guanine-to-adenine transition, occurs
at nucleotide number 2682 and changes the sense
of codon 717 from tryptophan to a translation
stop signal. Codon 717 is in exon 4, so the muta-
tion predicts the synthesis of a truncated receptor
that lacks most of its androgen-binding domain.



TABLE 4

Mutations in AR

Disease

CAl

PAI

Kennedy

Mutation sites within the AR

Gin 60 Stop
Cys 557 Trp
Cys 574 Arg
Lys 588 Stop
Arg 614 His
Arg 615 Pro

Exon 3 deletion
Asp 686 His (Asn)

Trp 717 Stop

Part of exon 4 deletion
Trp 739 Arg

Gly 743 Val

Met 749 Val

Tyr 761 Cys (GIny _, 12)
Phe 762 Leu

Pro 764 Ser

Ala 765 Thr

Arg 772 Cys

Arg 773 Cys (His)
Arg 774 Cys

Arg 774 His

Met 786 Val

Trp 794 Stop

Gly 820 Ala

Arg 829 GIn

Arg 831 GIn

Tyr 832 Cys

Cys 851 Stop
Arg 853 Cys (His)
Val 864 Glu

Asp 864 Gly

Val 865 Met

Val 866 Met

Lys 882 Stop
Val 888 Met
Pro 902 His
AR gene deletion
Ser 595 Gly
Arg 607 Lys
Arg 615 Pro
Leu 726 Ser
Tyr 761 Cys
Arg 838 His
Arg 852 Lys
Val 864 Met
Val 865 Leu
Glngs _, 59
Glny; 55
Glnyo_, 49

Ref.

Zoppi et al., 1993
Zoppi et al., 1992
Zoppi et al., 1992
Marcelli et al., 1990a
Mowszowicz et al., 1993a
Marcelli et al., 1991a;
Zoppi et al., 1992
Quigley et al., 1992a
Ris-Stalpers et al., 1991
Brinkman et al., 1992
Sai et al., 1990
Ris-Stalpers et al., 1990
Wilson et al., 1992
Lobaccaro et al., 1993a
Jakubiczka et al., 1992
McPhaul et al., 1991b
McPhaul et al., 1992
McPhaul et al., 1992
Sweet et al., 1992
Marcelli et al., 1991b
Prior et al., 1992

Brown et al., 1990

De Bellis et al., 1992
Nakao et al., 1992
Marcelli et al., 1990b
Kasumi et al., 1993
McPhaul et al., 1992
Brown et al., 1990
Wilson et al., 1992
Wilson et al., 1992
McPhaul et al., 1992
McPhaul et al., 1992
De Bellis et al., 1992
Kazemi-Esfarjani et al., 1993
Lubahn et al., 1989
Brown et al., 1990
Trifiro et al., 1991
Mowszowicz et al., 1993b
McPhaul et al., 1992
Quigley et al., 1992b
Zoppi et al., 1992
Saunders et al., 1992
Zoppi et al., 1992
McPhaul et al., 1992
Batch et al., 1993
McPhaul et al., 1992
McPhaul et al., 1992
McPhaul et al., 1992
Kazemi-Esfarjani et al., 1993
Belsham et al., 1992
Biancalana et al., 1992
Nakamura et al., 1994
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TABLE 4 (continued)
Mutations in AR

Disease

PC Glny, _, 1
Leu 701 His
Val 715 Met
Val 730 Met
Thr 868 Ala
Thr 877 Ala

BC Arg 606 GIn
Arg 608 Lys

Mutation sites within the AR Ref.

Schoenberg et al., 1994
Suzuki et al., 1993
Culig et al., 1993
Newmark et al., 1992
Veldscholte et al., 1990
Suzuki et al., 1993
Gaddipati et al., 1994
Wooster etal., 1992
Lobaccaro et al., 1993b

Note: CAl = complete androgen insensitivity; PAl = partial androgen
insensitivity; PC = prostate cancer; BC = breast cancer.

The substitution abolishes a recognition sequence
for the restriction endonuclease Hae 111

We have also discovered two different point
mutations in a single codon of the AR gene in two
pairs of unrelated families who have complete
AIS (Prior et al., 1992). One mutation is a C-to-
T transition at a CpG sequence near the 5" termi-
nus of exon 6; it changes the sense of codon 773
from arginine to cysteine, and eliminates a unique
Kpn 1 site at the intron-exon boundary. The other
mutation is a G-to-A transition that changes amino
acid 773 to histidine and eliminates a Sph I site.
Transient transfection of COS cells with cDNA
expression vectors yielded little androgen-bind-
ing activity at 37°C from the Arg773Cys mutant
and abundant activity with abnormal properties
from the Arg773His mutant, thereby proving the
pathogenicity of both sequence alternations.

Recently, we have analyzed the entire nucle-
otide sequence of complementary and genomic
DNAs of the AR gene in two siblings (9006 and
9030) with the receptor-positive complete andro-
gen insensitivity (Mowszowicz et al., 1993a).
Northern analysis indicated that mRNA of the
AR was normal in size. Consistent with the nor-
mal androgen binding capacity measured in geni-
tal skin fibroblasts (496 and 552 fmol/mg DNA
for patients 9006 and 9030, respectively), we se-
quenced the entire AR cDNA and no mutation
was found in the N-terminal and ligand-binding
domains of the AR. However, a single base sub-
stitution (G — A) was found in the second “zinc-
finger” of the DNA-binding domain at nucleotide

114

2372 of the AR cDNA in both cases. This resulted
in the replacement of a highly conserved arginine
residue (amino acid 614) by a histidine. When the
mutated receptor plasmid was cotransfected into
PC-3 cells together with the reporter (CAT) gene,
CAT activity was not induced by DHT treatment
confirming that the mutation renders the AR non-
functional and can, therefore, be held responsible
for the clinical features in these patients. Thus, it
is an interesting finding of an Arg — His substi-
tution at position 614 in the DNA-binding do-
main of the AR causing Rec*-CAI (AR positive-
CAl).

We have also analyzed the nucleotide se-
quences of complementary and genomic DNAs
of the AR gene in two patients (7902 and 8521)
from a family with CAI (Mowszowicz et al.,
1993b). A G-to-A substitution was found in the
steroid-binding domain at nucleotide 3193 of
the AR cDNA in both cases, which concurred
with the results of normal plasma androgen as
well as So-reductase levels but undetectable
androgen binding capacity measured in genital
skin fibroblasts. This transition mutation resulted
in the replacement of a partially conserved va-
line residue at amino acid codon 888 of the AR
by a methionine among the steroid receptor su-
perfamily. When the mutant AR expression plas-
mid was cotransfected into PC-3 cells together
with the reporter (CAT) plasmid, CAT activity
induced by DHT was reduced by over two thirds
when compared with the induction from wild-
type AR expression plasmid. These indicate that



valine-888 appears to be essential for normal
AR function.

More recently, we have analyzed the entire
nucleotide sequences of complementary DNAs of
the AR gene in two siblings (patients 8044 and
8047) with CAIS. Plasmic T was in the normal
male range; however, androgen binding capacity
was undetectable as measured in skin fibroblasts
in both patients. 5o-Reductase activity was nor-
mal in both cases, confirming that this enzyme
was not involved in the mechanism of androgen
insensitivity. Northern blot analysis indicated that
mRNA of the AR was normal in size. In addition,
no mutation was found in the entire nucleotide
sequences of complementary DNAs of the AR
gene. This result reveals an unusual insight into
the AR in molecular basis of androgen resistance.
Therefore, these results indicate an additional level
of complexity in the regulation of AR function,
with a mutation not directly altering the receptor,
but possibly affecting either 5’-flanking region
(5"-UTR) or translational machinery of the AR,
which affects AR activity.

Mutation in AR can also be involved in other
diseases, such as spinal and bulbar muscular atro-
phy (SBMA), or Kennedy’s disease, an X-linked
recessive genetic disorder characterized by pro-
gressive muscular weakness, cramps, and twitch-
ing in the limbs in adults (Caskey et al., 1992).
Affected males have testicular atrophy, reduced
fertility, and excessive development of the male
mammary glands (gynecomastia). It has been
found in these patients that AR gene mutations
have increased numbers of a polymorphic tandem
CAG repeat in the coding region (La Spada et al.,
1991). This triplet CAG, located in exon 1 of the
AR gene and encoding a polyglutamine stretch, is
amplified in patients to about twice normal size
(30 to 62 compared with 13 to 30) (Martin, 1993).
Interestingly, a somatic mutation of the AR CAG
repeat has been detected from a patient with pros-
tate cancer (Schoenberg et al., 1994). The tumor
DNA contains one PCR fragment with 24 CAGs
(wild-type) and a second fragment with 18 CAGs
(mutant). The presence of CAG repeat in the AR
may play a role in its transcriptional activity. The
changes in the length of this repeat may have
some effects on AR function in vivo. However,
little is known about the mechanism and cause of

mutant AR to the symptoms of both Kennedy’s
disease and prostate cancer thus far.

In summary, mutations of the AR gene are
associated with a variety of diseases. However,
the majority of the mutations identified to date are
linked to AIS. These mutations can result in trun-
cated receptor or altered affinity for ligand. The
end result is decreased AR function. Future stud-
tes will uncover further associations between AR
mutations and diseases.

IX. THE FUTURE OF AR RESEARCH
A. T vs. DHT

The circulating T can be converted to more
potent androgen DHT in prostate. Both T and
DHT will then bind to the AR for androgen action
to occur. So far, all data suggest that only a single
AR gene exists. Kinetic studies indicate that af-
finity and rate of dissociation for T-AR and
DHT-AR are different, which may suggest the
conformation of T-AR and DHT-AR are also dif-
ferent. Although several genes can be differen-
tially regulated by T vs. DHT (Araneo et al., 1991;
Seki et al., 1991; Deslypere et al., 1992), the de-
tailed mechanism at the molecular level remains
unknown. It will be very interesting if one can
work out this mechanism and identify some ac-
cessory factors that are involved in differential
androgen regulation.

B. T vs. Glucocorticoid: Why Two
Hormones Have Similar HRE but Have
Distinct Target Genes

The consensus receptor binding DNA motifs
for AR and GR are similar, but there is no occur-
rence of cross-mediation of response. A study on
androgen regulation of gene expression in pri-
mary epithelial cells of the mouse kidney had
shown that the 5" flanking region of an androgen-
regulated RP2 gene, which contains a glucocorti-
coid response element that binds the AR, does not
mediate androgen-responsive transcription (Asadi
etal, 1994). The reasons for different actions
mediated by similar DNA context with different
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receptor is still unknown. Adler et al. have identi-
fied an enhancer in the mouse sex-limited protein
(Slp) gene that can be activated by androgens but
not by glucocorticoids (Adler et al., 1992 and 1993).
They suggested the multiple nonreceptor factors
may be involved in androgen specificity, with re-
spect to both elevation of AR activity and the
inactivity of GR. These nonreceptor factors could
be the dominant force in transcriptional specificity,
although HRE sequence variations can also affect
the stringency and magnitude of hormonal response.
Again, identifying a clear mechanism to distin-
guish ARE vs. GRE may allow us to understand
the diversity of steroid hormone actions.

C. Tissue-Specific Expression of AR

Based on RT-PCR quantitation of AR, almost
all tissues examined can express the AR mRNA,
ranging from diaphragm (0.2%) to prostate (100%)
to hypothalamus (217%) (Young etal., 1994).
Are there any tissue-specific factors for the con-
trol of AR expression?

In addition to these areas, other important
questions that will be worthwhile investigating
include: (1) Does AR need other accessory fac-
tors for androgen action to occur? (2) How do
androgens or antiandrogens interact with AR?
The use of the crystalization of purified AR for
X-ray study may be needed to answer this ques-
tion. (3) What is the detailed mechanism for the
interaction between AR and ARE? What is the
mechanism of AR interaction between consensus
ARE and nonconsensus ARE?

In summary, more effort is needed before we
can fully understand the detailed mechanism of
action and function of AR. With the major ad-
vances outlined above in the cloning and expres-
sion of AR and the development of a functional
assay for AR, we can begin to answer these ques-
tions.
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