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Mechanisms and Clinical Relevance of Androgens and
Androgen Receptor Actions
Hong-Yo Kang1,2, PhD; Meng-Yin Tsai2, MD; Chawnshang Chang2, PhD;
Ko-En Huang2, MD
Androgens, principally testosterone and 5α-dihydrotestosterone, affect a number of
diverse responses in a variety of peripheral target tissues. Their biological actions are mediated by a ligand-dependent nuclear transcription factor, the androgen receptor (AR). The AR
is a member of the steroid hormone receptor family, which is found in a variety of tissues,
and changes throughout development, aging, and malignant transformation. Recently,
cloning and characterization of several AR co-regulators have allowed for cellular and molecular analysis of many different aspects of androgen physiology and pathophysiology. The
transcriptional activity of AR is regulated by AR co-regulators, which influence the ligand
selectivity and DNA binding capacity of AR. Aberrant co-regulator function due to mutation
or altered expression levels may be a contributing factor in the progression of AR-mediated
diseases. However, in spite of the intensity of research activity in this area, many interesting
questions regarding the fundamental mechanism of AR and co-regulators on androgen-related diseases, such as osteoporosis and androgen insensitive syndrome remain unsolved. In
this review, we provide a brief overview of genomic and non-genomic androgens/AR
actions, as well as the regulation of their co-regulators. We also explore several intriguing
aspects of the molecular biology of AR and co-regulators that are related to clinical diseases.
(Chang Gung Med J 2003;26:388-402)
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A

ndrogens are synthesized and secreted into the
blood stream for circulation largely as a form of
testosterone (T). After entering its target cells and
before it can exert its specific function, T will either
be metabolized by aromatase into estradiol in the
hypothalamus, where mental/social sex determination occurs, or be metabolized by 5α-reductase into
dihydrotestosterone (DHT) in most of the male
reproductive organs.(1) In addition to prior metabolic
activation, T may directly activate the development
of muscle, where very limited 5α-reductase activity
is detected. From studies of inherited 5α-reductase-

deficient patients, investigators have concluded that
T itself is able to stimulate psychosexual behavior
and the development of the Wolffian duct, bone,
muscle, voice deepening, spermatogenesis, and axillary as well as pubic hair growth.(2) DHT seems to be
necessary for the development of the prostate, external genitalia, the male pattern of facial and body hair
growth, and also male-form baldness.(3) From the
distinct outcome between 5α-reductase insufficient
patients and the complete form of testicular feminization in which no trace of androgen function is
detected due to a non-functional androgen receptor
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gene mutation, it has been generally accepted that
only one androgen receptor (AR) gene is responsible
for both T and DHT stimulation. This one AR gene
hypothesis was further supported by the fact that
only one AR gene has been cloned by various
groups.(4,5) and genotypic XY mice with testicular
feminization syndrome or AR knock out do not have
a fully functional AR. Thus, even though they
express both T and DHT, they develop into phenotypic females.(6) In summary, these results have confirmed that the development of muscle and most
Wolffian-duct-derived organs is T-dependent, while
the development of prostate and seminal vesicle is
DHT-dependent.
The AR activation mechanism is one distinct
feature among the steroid-receptor gene family. Two
forms of androgen, T and DHT, are available in circulation or made available after intracellular 5αreduction before they have a chance to interact with
and activate AR. On one hand, in the transient transfection system, DHT is more potent than T in stimulating the expression of MMTV-CAT reporter gene.(7)
It is also true in the yeast two-hybrid system, as
demonstrated in our laboratory, that DHT is approximately 10 times more potent than T in supporting
yeast cell proliferation induced by a functional interaction between an AR bait and a novel AR-associated activator (ARA54).(8) On the other hand, T is not
merely a precursor of DHT. For example, T can support the development of most Wolffian-duct-derived
organs in a condition where finasteride is administrated.(9) Also, the muscle development in 5α-reductase-deficiency patients is largely unaffected.(10) The
limited 5α-reductase activity in muscle confirms the
idea that T, but not DHT, is the androgen supporting
its development. In other words, T itself appears to
be involved more in anabolic effects (e.g., muscle
development) while DHT is more potent in androgenic effects (e.g., growth of male reproductive
tract.(11) Any yet-to-be-identified direct T/DHT-specific target androgen response element may provide a
powerful tool in the development of new drugs that
can support anabolism without any androgenic activity or vice versa.
Structue Of The Androgen Receptor

The AR is a member of the nuclear receptor
superfamily, members of which function as ligandinducible transcription factors that mediate the
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expression of target genes in response to ligands specific to each receptor, including steroids, retinoids,
vitamin D, thyroid hormone, hydrocholesterol
metabolites, and xenobiotic agents. Nuclear receptors can be further divided into three general categories.(12,13) The classical steroid receptors such as
AR, the estrogen receptor (ER), progesterone receptor (PR), Glucocorticoid receptor (GR), and mineralocorticoid receptor (MR) are grouped as type 1
receptors. These nuclear receptors typically form
ligand-induced homodimers, binding to inverted
repeat DNA response elements with similarity
(Fig. 1). The type 2 nuclear receptors dimerize with
the 9-cis retinoic acid receptor (RXR) and include
the receptors for vitamin D3 (VDR), thyroid hormone (TR), all-transretinoic acid (RAR), and the peroxisome proliferator-activated receptors (PPAR).
The DNA response elements of this group of nuclear
receptors are characteristically direct repeats. The
third type of nuclear receptors are the orphan receptors, such as TR2, TR4, and chicken ovalbumin
upstream promoter transcription factor (COUPTF).(14) the ligands for which remain unclear.
AR, like the other members of the nuclear
receptor superfamily, can be subdivided into four
functional domains: the NH2-terminal transactivation domain (or A/B domain), the DNA-binding
domain (DBD), hinge region, and ligand-binding
domain (LBD) (Fig. 2). Using deletion and mutational analyses of nuclear receptors in transfection
experiments, two transcriptional activation functions
have been identified. An NH2-terminal activation
function (AF-1) works in a ligand-independent manner when artificially separated from the LBD, creating a constitutively active receptor. (15) A liganddependent AF-2 function is located in the LBD, and
mutation or deletion of the AF-2 domain dramatically reduces transcriptional activation in response to a
ligand.(15,16) Two transcriptional activation domains
of AR have been identified on the basis of deletion
and mutational analysis. The first activation function
(AF-1) domain in the NH2-terminus is composed of
sequences that do not need ligand to activate transcription. The second activation function (AF-2)
domain in the LBD is essential for ligand-dependent
transcription. The mutation or deletion of this
domain dramatically reduces the transcriptional activation of AR in response to androgens.

Chang Gung Med J Vol. 26 No. 6
June 2003

390

Hong-Yo Kang, et al
Androgen and androgen receptor actions

Fig. 1 Structural comparison of nuclear receptor superfamily. Nuclear receptors such as glucocorticoid receptor (GR), mineralocorticoid receptor (MR), progesterone receptor (PR), androgen receptor (AR), estrogen receptor-alpha (ERα) and estrogen receptor-beta (ERβ) share a common structural organization of aNH2-terminal domain (NTD), a DNA binding domain (DBD), and a hormone binding domain (HBD). The NTD shows the least degree of similarity (less than 15% homology in comparison with AR)
among nuclear receptors both in length and in sequence. The DBD shares the greatest degree of homology (more than 51% in comparison with AR) among the nuclear receptors.

A variable N-terminal domain (A/B)
A conserved DNA-binding domain (C)
A variable hinge region (D)
A variable ligand binding region (E)
A variable C-terminal domain (F)
Fig. 2 The structural and functional domains of androgen receptor protein.
The AR is translated as a protein of approximately 918 amino acids. The variation in AR length is due to length polymorphisms of a
poly-glutamine and poly-glycin tract in the NH2-terminal. AR, like the other members of the nuclear receptor superfamily, can be
subdivided into four functional domains: the NH2-terminal transactivation domain (or A/B domain), the DNA-binding domain
(DBD or C domain), hinge region (or D domain), ligand-binding domain (LBD or E domain) and C terminal domain (or F domain).

Androgen Receptor Co-Regulators

Steroid receptor co-regulators were initially postulated to exist on the basis of transcriptional interference (or squelching) in the transfection experiments.(17) The ligand-induced transcriptional activity
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of a receptor was found to be decreased in the presence of a different transfected, ligand-bound receptor. The magnitude of the transcriptional interference, as well as the receptor domains that mediated
the interference, were found to vary between recep-
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tors and between cell types.(17) These observations
suggested the presence of limiting mediators of
steroid receptor transcription and indicated that these
mediators vary between cell types. To confirm this
hypothesis, biochemically defined receptor interacting proteins were subsequently identified.(18)
In the past few years, a large number of nuclear
and steroid receptor co-activators have been cloned
and have been shown to augment receptor-mediated
transactivation.(19,20) Co-regulators are now known to
use multiple mechanisms to influence nuclear receptor transcription and can be categorized based on
their functional characteristics. Co-regulators can be
divided into two major types.(20) Type I co-regulators
function primarily with the nuclear receptor at the
target gene promoter to facilitate DNA occupancy,
chromatin remodeling, or the recruitment of general
transcription factors associated with the RNA polymerase II holocomplex. The functional characteristics of this type of co-regulator have recently been
reviewed.(20,21) Examples of this type of co-regulator
are cAMP response element binding protein
(CREB)-binding protein (CBP)/p300 and steroid
receptor coregulator-1 (SRC-1), which both possess
histone acetyltransferase (HAT) activity and interact
with the basal transcriptional machinery.(22,23)
Type II co-regulators function primarily to
enable the nuclear receptor to be competent to direct
target gene expression by modulating the appropriate
folding of AR and ligand binding or facilitating
NH2/COOH-terminal interaction.(20) These actions
may contribute to AR protein stability in the presence of agonistic ligands or influence the subcellular
distribution of AR, resulting in an overall influence
on AR transcriptional activity. This category includes
co-regulators that may be involved in protein ubiquitination, such as androgen receptor associated protein 54 (ARA54).(8,24) and co-regulators such as filamin.(25) that facilitate the translocation of the ligandbound receptor to the nucleus.(20) However, it is
important to note that the relative importance of
many of the identified AR co-regulators has not yet
been examined in intact animal models. As such,
their true physiological relevance in normal and
pathological conditions remains to be established.
Non-Genomic Action Of Androgens

The biological activity of steroid hormones is
conducted predominantly through binding to classic
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steroid hormone receptors. However, steroids are
also reported to induce the rapid activation of kinasesignaling cascades. These effects are considered to
be non-genomic because they occur in cell types that
lack functional receptors, in the presence of
inhibitors of transcription and translation, or are
observed to occur too rapidly to involve changes in
gene transcription.(26) Non-genomic steroid activity
typically involves the rapid induction of conventional second messenger signal transduction cascades,
including increases in free intracellular calcium, and
activation of protein kinase A (PKA), protein kinase
C (PKC), and mitogen-activated kinase (MAPK).(26)
Second messenger induction by non-genomic steroid
action is insensitive to inhibitors of transcription and
translation. Commonly, these effects are observed to
occur within seconds to minutes, which is too rapid
to involve changes in transcription and protein synthesis. The initiation of these second messenger cascades may ultimately serve to modulate the transcriptional activity of nuclear receptors.(26)
Recently, AR, PR, and ER have been found to
interact with intracellular tyrosine kinase Src, triggering Src activation.(27-29) Src is normally targeted to
the inner surface of the plasma membrane by
myristylation and palmitoylation of its amino terminus. The tyrosine kinase activity of Src is autoinhibited by the interaction between the tryosine kinase
domain and the Src homology 2 (SH2) and Src
homology 3 (SH3) domains. Disruption of these
intramolecular interactions by proteins binding to the
SH2 or SH3 domains, or through de-phosphorylating
tyrosine 527 of the SH2 domain, results in the activation of the Src kinase. One of the targets of Src is
Src homologous and collagen (Shc) protein, an
upstream regulator of the MAP kinase pathway. The
Src mediated activation of MAP kinase is involved
in multiple cellular processes, including migration,
proliferation, and differentiation.(30,31)
In response to DHT or the synthetic androgen
R1881, AR interacts with the SH3 domain of Src.(27)
The association of AR with Src results in stimulation
of Src kinase activity within one minute in the AR
positive LNCaP prostate cancer cell line in response
to synthetic androgen R1881 at10 nM. (27) R1881
treatment also leads to activation of two members of
the MAP kinase signaling cascade, Raf-1 and ERK2, within 2 and 5 minutes, respectively. Similarly,
treatment of the AR positive osteocytic cell line
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MLO-Y4 with 10 nM DHT results in phosphorylation and activation of ERK within two minutes.(20)
The rapidity of ERK-2 activation suggests that
R1881 stimulates the MAP kinase pathway through a
non-genomic mechanism. Androgen induction of
Src/Raf/ERK signaling is abrogated by the inhibition
of Src kinase activity or treatment with anti-androgens.(27,28) In the AR negative COS-1 cells, the transfection of AR is necessary to induce the activity of
Src/Raf/ERK in response to R1881.(27) However, AR
can also function cooperatively with ER to induce
Src kinase activity as part of a tertiary complex composed of Src, ER, and AR.(27,28) A proposed model for
non-genomic actions of androgens is showed in Fig.
3.
Although the non-genomic action of androgens
has been implicated in a number of cellular effects,
the physiological role of the non-genomic activation
of the MAP kinase pathway by androgens has not
been fully determined. In LNCaP cells, inhibition of
Src kinase or MAP kinase activity prevents androgen-induced cell cycle progression. (27) Androgen
treatment reduces etoposide-induced apoptosis in
calvarial osteoblasts and this effect is abrogated by
inhibition or mutations in Src and members of the
MAP kinase signaling cascade.(28) Since these cellular effects are observed over a period of hours to
days, the direct contribution of non-genomic androgen action and secondary effects on other aspects of
the cell growth or survival machinery still need further investigation.
The existence of a novel membrane-bound
androgen receptor has been postulated by a number
of authors based on the detection of specific androgen binding to plasma membranes in different cell
types.(26,32,33) The ability of androgens to rapidly modulate the activity of ion channels and intracellular
calcium levels has been observed in several cell
types. However, it has not yet been determined
whether these non-genomic effects are mediated
through a membrane androgen receptor or are acting
through Src kinase-AR complex. Unfortunately, this
putative membrane receptor has not yet been further
purified or cloned, preventing definitive characterization. A human membrane receptor for progesterone has been cloned.(34,35) and a heteromeric membrane receptor for anabolic androgens has recently
been isolated.(36) The identification of distinct membrane receptors for other steroid hormones suggests a
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Fig. 3 A model for the genomic and non-genomic actions of
androgens. The biological activity of androgens is thought to
occur predominantly through binding to the androgen receptor
(AR) that functions as a ligand activated transcription factor
(black arrow represents genomic androgen action). However,
androgens have also been reported to induce the rapid activation of kinase signaling cascades and modulate intracellular
calcium levels (blue arrow represents non-genomic androgen
action). These effects are considered to be nongenomic
because they are observed to occur too rapidly to involve
changes in gene transcription. Such nongenomic effects of
androgens may occur through AR functioning in the cytoplasm to induce the MAP kinase signal cascade.

novel membrane receptor for androgens may also
exist. Future studies will be needed to redefine the
mechanism of non-genomic androgen action that
results in a specific rapid androgen effect. The
cloning of the androgen membrane binding protein
will greatly help in clarifying these issues. The isolation of these membrane receptors will facilitate the
development of antagonists of non-genomic androgen action. Such antagonists would be useful not
only in the clarification of the biological significance
and non-genomic steroid action, but may also be useful therapeutically to modulate androgen action.(26)

Hong-Yo Kang, et al
Androgen and androgen receptor actions

Androgen Receptor And Prostate Cancer

Prostate cancer is the most frequently diagnosed
neoplasm and the second most frequent cause of cancer deaths in men in the U.S.(37) While DHT and a
functional AR are essential for the normal development and maintenance of the prostate.(38) the progression of prostate cancer is also sensitive to androgens.
The removal of testicular androgens by castration
has long been recognized to result in tumor regression.(39) and surgical and/or pharmacological androgen ablation remain the predominant form of treatment for advanced prostate cancer. (40) Androgen
ablation therapy is often combined with treatment
with non-steroidal antiandrogens, such as hydroxyflutamide, to block residual adrenal androgen
action. While 70-80% of patients initially respond to
androgen ablation therapy, tumors ultimately become
resistant and may in fact proliferate in response to
antiandrogens.(40) Because AR is generally expressed
in both primary and metastatic prostate cancer.(41) it
is thought that alteration of the normal regulation of
AR transcriptional activity by mutation, coregulator
abundance, or aberrant growth factor stimulation
many promote prostate cancer progression.
Somatic mutations of the AR gene have been
reported in both primary and metastatic prostate cancer, although the percentage of tumors carrying a
mutant AR increases with increasing prostate cancer
stage. (42) AR mutations are rare in patients with
organ confined cancers (stage B or T2), occurring in
less than 1% of patients.(42) However, AR mutations
are found more frequently (up to 44%) in advanced
(stage C) or metastatic cancers prior to androgen
ablation therapy.(41) Few of the detected AR mutations from prostate cancer specimens have been analyzed functionally to determine what, if any effect
the mutation may have on AR transcriptional activity, at least some of this mutant have been shown to
become transcriptional active in response to normally weak adrenal androgens or anti-androgens such as
flutamide. In this regard, altered ligand responsiveness may contribute to the development of resistance
to androgen ablation therapy.
Alteration in the abundance of AR coactivators
or enhancement of the AR-coactivator interaction
may also contribute to the development of prostate
cancer. The AR coactiavtor ARA54 has been characterized as having the capacity enhance wild type
AR transcriptional activity in response not only to
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androgens but also to the antiandrogens hydroxyflutamide.(8) suggesting that it may be involved in the
growth of prostate cancer. However, more clinical
studies are needed to further investigate the role of
ARA54 in the progression of prostate cancer.
Androgens And The Androgen Receptor In Sex
Development

In man, sex determination is a genetically controlled process, the result of which is the commitment of an undifferentiatedly fetal gonad to either an
ovary or a testis. Embryos of both genetic sexes
develop identically during the first six weeks of gestation. During this period, primordial germ cells
migrate from the yolk sac enteroderm to the genital
ridge and formation of primitive gonads occurs. The
primordial urogenital tract of both sexes also comprises the Wolffian and Mullerian ducts that lead to a
common opening for both the genital duct and the
urinary tract. The differentiation of the testis occurs
at 6-7 weeks of gestation with the development of
seminiferous cords followed by the appearance of
Leydig cells and the regression of the Mullerian
duct.(43) Regression of Mullerian duct is mediated by
Mullerian inhibiting substance (MIS), which prevents formation of female internal genital structures.
The initial development of the testis is directed by
the Y chromosome linked transcription factor SRY
(sex determining region of Y).(44) While other genes
are likely to be important for testicular development,
testis of patients with AR-linked androgen insensitivity initially develop normally, indicating AR is not
involved at this stage.(45)
T is produced by the Leydig cells around 8
weeks of gestation and results in virilization of
Wolffian duct structures leading to the formation
between 9 and 13 weeks of gestation of epididymes,
vas deferens, and seminal vesicles. Wolffian duct
differentiation requires T and a functional AR. The
development of male internal ducts is dependent on
T rather than DHT since the enzyme responsible for
converting T to DHT, 5α-reductase 2, is not
expressed until approximately 13 weeks of gestation.
The development of the prostate from the endodermal buds of the urethra, and the development of the
penis, penile urethra, and scrotum occur with the
onset of 5α-reductase expression in primordial germ
cells.(45) Patients with a genetic deficiency of 5αreductase 2 possess normal Wolffian duct derived
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structures but have female external genitalia which is
the predicted phenotype if DHT is necessary for the
virilization of male external genitalia but not of the
Wolffian duct.(46) In contrast, patients with an inactivating mutation of AR, resulting in complete androgen insensitivity, may have residual Mullerian
derived structures and vestigial Wolffian duct structures.(45)
For normal male sexual development, functional
AR must be present to induce the expression of
androgen-responsive AR target genes. Androgen
insensitivity syndrome (AIS), encompasses a broad
range of phenotypes, representing a continuum of
physical attributes, resulting from mutations of the
AR gene.(45) The range of phenotypes present in individuals affected by AIS related to mutations of the
AR gene that vary in types, as well as in severity of
the functional disruption. In all cases, individuals
with a 46,XY karyotype develop testes. At one end
of the phenotypic spectrum are individuals displaying the most severe form of AIS, or complete androgen insensitivity (CAIS). Affected individuals are
phenotypically female with normal female external
genitalia and normal breast development, but lack
pubic or axillary hair after puberty, as the development of pubic hair is an indication of some androgen
responsiveness. Internally, these individuals retain
normally developed testes located in either the
abdomen or in the labia majora, and lack normal
female internal genitalia as a result of MIS secretion
by the tests. Most of the phenotypes of androgen
insensitivity syndrome result from partial androgen
insensitivity syndrome (PAIS), and are characterized
by varying levels of sexual dysfunction and genital
malformation. In cases of minimal androgen insensitivity, individuals display subtle abnormalities of
male sexual development, such as reduced virilization at puberty, and defects of spermatogenesis.
Clinical menifestations, including azoospermia,
defective fetal masculinization, hypospadias, cryptorchidism, and small penis size can be present in
affected individuals with a male phenotype, whereas
clitoromegaly and posterior labial fusion may be
seen in those with a female phenotype. Internally,
Wolffian ducts and associated structures such as the
epididymis, vas deferens and seminal vesicles may
develop to varying degrees, from rudiments to fully
formed structures, depending on the severity of
PAIS. An ambiguous genital phenotype exists in
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those with severely limited masculinization and is
demonstrated by the presence of a phallic structure
intermediate between a penis and clitoris, as well as
the presence of labioscrotal folds without posterior
fusion.(45)
Androgens And Androgen Receptor In
Reproductive Infertility Diseases

Sperm production is highly dependent on high
androgen levels. Testicular testosterone concentrations are approximately 100-fold higher than those in
serum. Androgens are believed to exert their effects
on spermatogenesis, primarily through Sertoli cells
and peritubular myoid cells.(47) Immunohistochemical and in situ hybridization studies have shown that
AR is present in both Sertoli and peritubular myoid
cells.(48-50) Several reports have shown that AR levels
in Sertoli cells are more sensitive to androgen regulation in adults as compared to immature animals.
These findings indicate that there are distinct mechanisms controlling AR concentrations in Leydig and
Sertoli cells during the development of the testis.(51)
Although the cause of defective spermatogenesis is
not known in many cases, testosterone and other
androgen analogs have been used empirically for the
treatment of males with idiopathic testicular failure. (52-54) The physiological basis of this variable
response is not understood. These subjects are not
androgen deficient, although it has been postulated
that some infertile males may have defects in androgen response. This is supported by studies using
genital skin fibroblasts from some patients with male
infertility who have androgen binding abnormalities.(55,56) The structure of the receptor can be drastically changed by single amino acid substitutions
leading to the abolition of the AR function.(57) and
the female phenotype in an otherwise healthy, 46,XY
individual. Defects that do not totally disrupt AR
action cause the PAIS, which presents ambiguous
genitalia with varying degrees of labial-scrotal fusion
and clitoromegaly.(58,59)
The clinical manifestations of complete AIS
include the female phenotypes of external genitalia,
blind pouch of vagina, abdominal testis (streak
gonad), substantial breast development, and absence
of axiliary and pubic hair. Patients display high LH
and FSH level despite the usually high-normal levels
of testosterone level and estrogens ranges from high
male to low female levels.(60) In PAIS, the phenotype
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could range from a predominantly female phenotype
with signs of slight virilization over patients with
ambiguous genitalia to a predominantly male phenotype with various degrees of urogenital abnormalities
such as hypospadia, micropenis, and cryptorchidism.
Minimal AIS has also been found in a small number
of patients as the cause of impaired spermatogenesis
and infertility. (60-63) Numerous types of androgen
receptor mutations have been linked to the wide
range of clinical manifestations from the partial AIS
to the complete testicular feminization.(63-65) Unlike
most of the genetic diseases caused by single mutations where several hot spots are frequently found,
the mutations in AIS patients span a wide range from
exon 2 to exon 8, where the DNA binding and ligand
binding domains are translated. There are also rare
mutations located in N-ternminal region.
Most of the AR products from the point-mutated
AR gene are single amino acid substituted.
However, some of them could also cause splicing
site switch.(66,67) There is no significant correlation
between the genotype mutation and phenotype manifestation. In fact, the phenotypes could even vary
from the complete AIS to oligozoospermia in a single mutation in one family.(68) For mutations affecting hormone binding, ligand concentration variability during fetal life may play an important role in
residual androgen action. A second factor is the
occurrence of post-zygotic de novo mutations, which
are present at a high rate in single-case families.
These somatic mutations lead to expression of both
mutant and wild-type AR in a single patient and thus
allow androgen action despite a deleterious mutation
of the AR gene. Third, residual androgen response
may be mediated by additional transcripts of the AR
gene which are present in several cell types and can
be affected in a different pattern by splice-site mutations. Although AIS with the defective spermatogenesis has been suggested as a possible androgen
receptor co-activator disease.(69) differential expression of AR-interacting proteins having an influence
on phenotype still need further investigation.
Moreover, little is known about the regulation of
AR-dependent genes. Their identification is needed
to understand post-AR action and, hence, androgenic
control of sexual differentiation and maturation.
Polymorphism of the glutamine tract in the AR
can reduce receptor function and increase the risk of
male infertility and defective spermatogenesis.(70)
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Clinically, men whose AR has a polyglutamine tract
length at the long end of the normal range have an
increased incidence of impaired spermatogenesis and
infertility.(71) Expansion of the polyglutamine tract to
more than 40 repeats causes the rare neuromuscular
disorder, spinal and bulbar muscular atrophy (SBMA
or Kennedy’s disease), which is also associated with
decreased virilization, testicular atrophy, reduced
sperm production, and infertility.(72) Several reports
have proposed that longer polyglutamine tracts within the normal range increase the risk of impaired
spermatogenesis in otherwise normal males. (70,73)
These results indicate a direct relationship between
the length of this AR-specific variable polymorphic
region and defective sperm maturation caused by
decreased functional competence of the AR.
However, in all different races, a correlation can not
be concluded between the variable CAG (polyglutamine)-repeat AR polyglutamine repeat have a
decreased risk of breast cancer. (88) Conversely
women who inherited BRCA1 germline mutations
and carry an AR allele that is less transcriptionally
active due to a long polyglutamine repeat have a
decreased age of breast cancer onset.(89) These observations suggest that AR activity is protective against
breast cancer. Furthermore, in vitro observations
using breast cancer derived cell lines suggest that
androgens, acting through AR, decrease cellular proliferation. DHT inhibits estrogen induced proliferation in ZR75-1, T47-D, and MFM-223 cells and this
antiproliferative effect is blocked by the addition of
antiandrogens.(90) BRCA1, a tumor suppressor gene
that its mutation results in a high incidence of breast
cancer, has been shown to be a coactivator of AR.(91)
In addition, AR direct down-regulates the protooncogene expression in breast cancer.(92)
It is reasonable to hypothesize that AR and
BRCA1 may form a complex to affect the growth
and survival of breast cancer cells.
Androgens And Androgen Receptor In Bone

Androgens have important effects on the human
skeleton in both males and females. Hypogonadism
in men is associated with increased bone turnover and
bone loss.(16) which is reversed after treatment with
androgens.(93) Similarly, in hirsute women, androgens
maintain normal bone mass in spite of low or undetectable estradiol levels.(94) and in postmenopausal
women, androgen therapy prevents bone loss.(95)
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However, the action mechanism of androgens
on bone is still a subject of debate. Recent data indicate that the skeletal actions of androgens may be
partially mediated via the estrogen receptor after
conversion to estrogens by aromatase. (96)
Osteoporosis has been observed in male and female
siblings, caused by a mutation in the aromatase
gene.(97) In addition, a point mutation in the estrogen
receptor gene in a 28-year-old man was associated
with delayed closure of the epiphyses and markedly
decreased bone mineral density.(98) However, there is
evidence that androgens have a direct effect on bone,
as suggested by the presence of AR in human and rat
osteoblast-like cell lines as well as normal human
osteoblast-like cells in vitro.(99,100) The non-aromatizable androgen, DHT has been shown to increase
alkaline phosphatase (ALP) activity, synthesis of
type 1 procollagen, and insulin-like growth factor II
(IGF-II) messenger RNA in SAOS2 osteosarcoma
cell lines.(101) In human, circulating levels of adrenal
androgens, including dehydroepiandrosterone, are
strongly associated with bone density in aging
women. (102) In men, the syndrome of androgen
insensitivity caused by mutations in the AR gene is
associated with osteopenia.(103)
In the cartilage and skeletal system, AR is
expressed in hypertrophic chondrocytes, osteoblasts,
osteocytes,(104) and osteoclasts.(105) Clinical studies
indicates that combined therapy of estrogens plus
androgens may enhance bone mineral density and
bone mass to a more significant degree than estrogen
therapy alone, in postmenopausal women. (106,107)
Androgens are believed to regulate bone matrix production and organization and enhance osteoblast differentiation, improve synthesis of extracelluar matrix
proteins, and stimulate mineralization.(108) However,
the mechanism of androgen on bone system remains
largely unknown. Administration of flutamide, an
androgen receptor antagonist, to female rats results
in osteopenia, indicating a role for androgens in the
female skeleton.(109) Another study has shown that
the anti-androgen compound Casodex, but not an
aromatase inhibitor, inhibits the protective effects of
androstenedione on ovariectomy-induced bone
loss.(110) In contrast, administration of the type II 5αreductase inhibitor finasteride has no effect on bone
density in rodents or human.(111,112)
Androgens profoundly affect growth factor
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TGF-beta, an important mitogen for osteoblasts.
Both DHEA and testosterone up-regulate TGF-beta
synthesis. (113) As more evidence suggested that
growth factors and androgens might have some
cross-talk effects, while we have reported that TGFα may affect AR activity for their distinct physiological functions.(114) Figure 4 shows a model for TGF-α
mediated AR transactivation, with the androgeninducible ARE segment representing the entire
androgen target promoter. First, TGF-α enhanced
AR transactivation through activating Smad3 as a
positive effector. However, when both Smad3 and
Smad4 interact with AR-DBD and AR-LBD, it is
likely that Smad4 may either directly compete with
Smad3 to bind to AR or that Smad3 may have a
higher binding affinity to Smad4 than to AR. The
consequence of such multiple interactions among
Smad3, Smad4, and AR then weakens AR transactivation. As Smad structure-function section of the
MH2 region of the C-terminal Smad proteins is
important for homo-oligomerization and heterooligomerization between Smad4 and R-Smads, it is
possible that Smad3 may either homodimerize with
Smad3 or heterodimerize with Smad4 via their MH2
domains in the present of AR-coregulators complex.
The consequence of such homo- or hetero-oligomerizations can then result in either the enhancement or
repression of AR transactivation. This model suggests a critical role for TGF-α through the interaction
between Smad3/Smad4 and AR to mediate AR transactivation.
Androgens also have direct effects on osteoclast.
In an in vitro culture system, testosterone, 5α- or 5αDHT, and the synthetic androgen RU1881, can inhibit avian osteoclasts and human and mouse osteoclastlike cells in a dose-dependent manner, and this effect
can be blocked by an anti-androgen hydroxyflutamide.(105) Androgens can suppress osteoclast formation via a direct action on osteoclast precursors
and prevent osteoclast differentiation. (115) In a
parathyroid hormone stimulated osteoclast formation
mouse cell line, testosterone and 5α-DHT can inhibit
osteoclast formation in a dose-dependent manner,
and androgen receptor is proposed to mediate this
action.(116) These data demonstrate that androgens
can influence the function of osteoblasts and osteoclasts.
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Fig. 4 A simplified model for the roles of TGF-α/Smads signal in AR-mediated target genes transactivation. When the ratio of
Smad3/Smad4 is relative higher, Smad3 may function as a positive co-regulator to enhance AR transactivation. As both Smad3 and
Smad4 can interact with AR-DBD and AR-LBD, it is likely that higher amount of Smad4 may be able to directly compete with
Smad3 to bind to AR. Alternatively, Smad3 may have a higher binding affinity to Smad4 than to AR. The consequence of such multiple effects among Smad3, Smad4, and AR may result in weaker interactions and transactivation between Smads and AR.

Conclusion

Androgen action is mediated in the peripheral
target cell via the AR. The AR complex is a ligand
bound nuclear receptor, combining general transcriptional complex with a large number of receptor-associated co-regulators. We have reviewed several critical issues concerning the genomic and non-genomic
androgen actions. Androgens, working via the AR
and other factors, afford multiple levels of regulation. The levels of control include immediate hormone response[GAN5] on cell membrane, AR affinity for ligands, target genes, and receptor-co-regulator
interactions. The overall effect of these phenomena
is to achieve a diverse response of tissues to androgens. A great deal has been learned about hormonal
regulation of gene expression in other hormone systems. Future studies on androgens and AR will elucidate the importance of protein-protein interactions
and the context of AR control of gene expression
specificity. Other areas of research including analysis of AR knock out mice[GAN6] and RNA interference will undoubtedly contribute to our understand-

ing of androgen effects on gene expression, especially in androgen target cells and organs.
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