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INTRODUCTION

Prostate cancer is one of the most common cancers
observed in men globally and accounts for 7% of newly
diagnosed cancers in men globally (15% in developed
regions) (1). In addition, more than 1.2 million new
cases are diagnosed and global prostate cancer-related
deaths exceed 350,000 annually, making it one of the
leading causes of cancer-associated death in men.
Prostate cancer can often be cured with definitive local
intervention (surgery or radiation), but once cancer
metastasizes, it is incurable (2). Our most effective
regimens for treating metastatic prostate cancer
have arisen from pioneering experiments, in which
suppression of testicular testosterone production was
shown to cause tumor regression. Prostate cancer
risk increases strongly with age and >85% of newly
diagnosed individuals are >60 years of age (3).

It is a very well-known fact that prostate cancer and
male sex hormones are strongly interrelated. The male
sex hormones are collectively known as androgens,
a word derived from the Greek Andros, man, and
gennan, to produce (4). Since Huggins and Hodges first
demonstrated the responsiveness of prostate cancer to
androgen deprivation, it has been clear that prostate
cancer is dependent on androgen receptor activation
(AR) for growth and survival (5). Androgens bind to
the androgen receptor (AR) to activate AR signaling
and promote the development of prostate cancer.

axis plays a pivotal role in the pathogenesis of prostate cancer. Clinical treatments
that target steroidogenesis and the androgen receptor (AR) successfully postpone
disease progression. The role of androgens and AR signaling has been well character-
ized in metastatic prostate cancer, where it has been shown that prostate cancer cells
are exquisitely adept at maintaining functional AR signaling to drive cancer growth.
This review summarizes the current information regarding the role of androgens in

The observations that prostate development depends
on androgens and AR signaling and that nearly all
prostate cancer cells are critically dependent upon
androgens and AR signaling for growth is the basis for
the hypothesis that androgens and AR signaling play a
causative role in prostate tumorigenesis; however, little
is known about this process (6). It is now evident that
the majority of prostate cancers express the androgen
receptor (AR) throughout the disease, and, in recent
years, deeper interrogation into the molecular basis of
androgen signaling has offered a better understanding
of how AR specifically directs cancer cell behavior
(7). The initially androgen-dependent prostate cancer
tumor eventually progresses regardless of the patient’s
hormonal status. Hence, prostate cancer, like most
cancers, progresses and recurs after hormone therapy
and chemotherapy to a lethally resistant phenotype
despite initially encouraging therapeutic responses.
However, treatment resistance is inevitable, and
prostate cancer can continuously develop even without
testosterone from the testes. Thus, castration-resistant
prostate cancer (CRPC) was deemed to be hormone-
refractory prostate cancer (HRPC) (8). Androgen
deprivation therapy (ADT) was first used by Huggins
and Hodges to efficiently postpone the development
of prostate cancer in clinical settings. Since then, the
androgen-AR-signaling axis has moved to the center
stage of prostate cancer management (9).
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The purpose of this article is to review the mechanisms
of androgen action and its relation to prostate cancer.

Mechanism of androgen action

Androgens are responsible for the differentiation
and maturation of the male sexual organs as well as
the male secondary sexual characteristics (10). The
biosynthesis of all steroid hormones begins with
27-carbon cholesterol, which undergoes stepwise
modification by a small complement of enzymes first
to 21- carbon steroids (progestins) and subsequently
to 19-carbon androgens (11). Testosterone is the most
important circulating androgen and its production by
the testis is regulated by negative feedback regulated
by the luteinizing hormone (LH) and the luteinizing
hormone-releasing hormone (LHRH) via the gonad-
hypothalamus- pituitary axis. Their actions are
mediated by the androgen receptor (AR), a ligand-
dependent nuclear transcription factor (12). The
activity of the AR is controlled at multiple stages due to
ligand binding and induced structural changes assisted
by the fold some, compartmentalization, recruitment
of coregulators, posttranslational modifications,
and chromatin remodeling, leading to subsequent
transcription of androgen-responsive target genes (13).
The androgen receptor (AR) can be weakly stimulated
by high concentrations of multiple steroids including
weak androgens produced by the adrenal gland such
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as androst-4-ene-3, 17-dione (androstenedione), and
dehydroepiandrosterone. Androgen binding to AR
leads to nuclear translocation of AR, and a ligand-
bound AR protein forms a complex with transcriptional
coregulators to regulate target gene transcription. AR
is expressed in various tissues to achieve specific
physiological functions. One target of androgens
is skeletal muscle, and supraphysiological doses of
androgens increase muscle mass and strength. The AR
weighs ~ 110 kDa and is found on the X chromosome.
The activated steroid-receptor complex binds to specific
DNA segments called hormone-responsive elements,
which are located in promoters of hormone-regulated
genes. The receptor-DNA complex will associate
with transcriptional components and co-activators to
promote gene transcription (13, 14, and 15).

The Androgen Signaling Axis

Testosterone and DHT mediate their actions by
binding to AR, a 110-kDa phosphoprotein and a
member of the nuclear receptor transcription factor
superfamily (16) (Fig. 1). The gene for AR is located
on the X chromosome (qll- 12) and expresses a
110-kDa protein that is 919 amino acids in length,
encoded by eight exons. Common in resemblance
to other nuclear hormone receptors, the structure
of AR is comprised of four separate functionally
distinct domains: an amino-terminal domain (NTD),
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Fig. 1. Schematic representation of androgen action in prostate cancer.
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a carboxy-terminal ligand-binding domain (LBD),
a DNA-binding domain (DBD), and a flexible hinge
region, which joins the LBD and the DBD (17). DHT is
stronger than testosterone because it breaks down more
slowly than AR and forms a compound in AR that is
more resistant to degradation. In the basal, unliganded
state, the AR exists in the cytoplasm in a complex
with heat shock proteins (Hsp) and immunophilin
chaperones such as Hsp90, 70, 56, and 23 (18). This
complex is critical for the generation of a high-affinity,
ligand-binding conformation of the AR. By binding
to androgens, changes in the composition of this
complex occur and lead to the transfer of AR to the
nucleus. AR is dimerized in the nucleus and binds to
androgen response elements (AREs) that are targeted
in the promoter and enhancer regions of the gene. In
order to activate the transcription of target genes, ARE-
bound AR relies on the activity of coactivator proteins,
which include the p160 family (SRC-1, GRIP1/ TIF2,
RAC3/pCIP/ACTR/AIB1/TRAM1), P/CAF, CBP,
Tip60, and p300 (19). These coactivators have the
inherent activity of histone acetyltransferase (HAT),
through which they can be directed to histone and other
proteins. Also, AR can specifically recruit the AR-
associated (ARA) coactivators, ARA70, ARASS, and
ARAS54. These large multi-protein complexes interact
with the basal transcriptional machinery to regulate the
level of transcription in target genes (20).

A separate ligand-dependent, nongenotropic function
of AR also exists. Androgen binding can result in AR
mediated activation of the Ras/extracellular signal-
related kinase (ERK) pathway through nongenotropic
activation of the c-Src nonreceptor tyrosine kinase.
In some types of cells, androgen stimulation induces
complex formation between AR and c-Src, as well as
the estrogen receptor (ER) B-subunit. Importantly, AR-
mediated cSrc activation can lead to increased cellular
proliferation and protection from apoptosis (21, 22).

Role of androgens in prostate cancer

Because androgens are required for the growth and
survival of malignant prostate cells, androgen ablation
therapy either in the form of medical or surgical
castration is initially effective in inhibiting the growth
of these cancer cells in most patients as indicated by
reduced expression of its target gene, prostate-specific
antigen (PSA), and concomitant tumor regression (23).
However, this prostate cancer relapse with a more
aggressive and metastatic phenotype that is resistant to
hormonal therapy and ultimately causes the death of
the patient (24).

The direct correlation between serum androgens,
especially testosterone, and the risk of prostate cancer
stems from the landmark studies by Huggins and
Hodges, who reported regression of metastatic prostate
cancer after reduction of serum testosterone levels and
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progression of metastatic disease and symptoms in a
patient who was treated with exogenous testosterone
(25). Testosterone from the testes is the major
androgen used by prostate cancer cells before ADT
and is synthesized in Leydig cells in the testis. There
are at least two theories to explain the relationship
between prostate cancer and serum testosterone levels:
the “suppression theory”, which proposes that prostate
cancer cells secrete an androgen inhibitor, and the
“saturation theory”, which suggests that serum levels
of androgens above a sufficiently low baseline are
sufficient to stimulate the growth of prostate cancer.
ADT deprives the body of testosterone from the testis
and reduces the circulating testosterone to less than 50
ng/dL (~1.7 nM) (25, 26, and 27).

Luminal epithelial AR plays a suppressive role
during adult prostate homeostasis, but it plays a very
different role in cancerous prostate tissue, which is
composed primarily of luminal epithelial cells. AR gene
amplification has been observed in approximately 30%
of castration-resistant patients with recurrent prostate
cancer (28). However, AR gene amplification does not
always lead to an increase in AR protein levels. Higher
levels of AR protein can result from gene amplification
and also from increased transcription rates, or
stabilization of the mRNA or protein. Increased AR
expression sensitizes prostate cancer cells to low
levels of androgen and promotes progression from
hormone-dependent to CRPC. AR mutations have
been identified in its ligand-binding domain, as well as
the amino terminus and DNA-binding domain. These
mutations are usually related to AR gain-of-function
and are linked to CRPC (29).

Despite the central role of androgens in established
prostate cancer, whether androgens are responsible
for the initiation of prostate cancer has been more
controversial. The fact that aging, one of the strongest
risk factors for prostate cancer is associated with a
gradual decline in testosterone levels does not preclude
a pathogenic role for androgens, given the long
preclinical phase of prostate cancer (30, 31).

Androgen deprivation therapy (ADT)

Androgen deprivation therapy (ADT) remains the
most effective therapy for metastatic prostate cancer.
ADT reduces the levels of androgen hormones, with
drugs or surgery, to prevent the prostate cancer cells
from growing (32). The pharmaceutical approaches
include antiandrogens and chemical castration.
However, androgen depletion is usually associated
with the recurrence of prostate cancer. The therapeutic
efficacy of ADT is due to upregulation in the expression
of proapoptotic genes that are normally repressed
by androgen receptor activation (33). Medical ADT
with long-acting gonadotrophin-releasing hormone
(GnRH) agonists is currently the most commonly used
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ADT as they are considered to be equally effective
in reducing testosterone levels as orchiectomy, with
less psychological effect. An interesting feature of
CRPC is that, despite low levels of systemic androgen
after castration, active AR signaling is maintained in
these recurrent prostate cancers. AR amplification/
overexpression has been suggested by many studies as
one of the mechanisms leading to ADT failure. Newer
androgen-based therapies include abiraterone acetate,
an inhibitor of cytochrome P-450 17A1 (CYP17A1),
a key enzyme in androgen biosynthesis which is
expressed at extra-gonadal sites (34).

ADT is well established to have important clinical
benefits, including improvement in survival, when used
in the appropriate clinical context. ADT has long been
the standard treatment option for metastatic disease
and is mandatory in symptomatic patients because it
reduces disease-associated morbidity and improves the
quality of life, and innovative androgen-based therapy
improves survival (35).

CONCLUSION

Prostate cancer afflicts patients mentally and
physically, even though it is not lethal in most patients.
Numerous studies have defined the importance of the
androgen/AR signaling axis in prostate development,
homeostasis, and established prostate cancers (36).
Many clinical trials and animal studies support the
hypothesis that age-related decline in androgen levels
is positively associated with the initiation of human
prostate cancer; however, few studies have focused
on deciphering the mechanism(s) that underlie this
association. The hope is that these ongoing efforts will
translate into greater precision in AR targeting and
novel therapeutic options in the near future for men
with prostate cancer (37).
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