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Abstract

Androgens play a crucial role in several stages of male development and in the maintenance of the male phenotype.
Androgens act in their target cells via an interaction with the androgen receptor, resulting in direct regulation of gene
expression. The androgen receptor is a phosphoprotein and modulation of the phosphorylation status of the receptor influences
ligand-binding and consequently transcription activation of androgen responsive genes. Androgen binding induces a
conformational change in the ligand-binding domain, accompanied by additional receptor phosphorylation. Subsequently the
liganded androgen receptor interacts with specific androgen response elements in the regulatory regions of androgen target
genes, resulting in stimulation of gene expression. Anti-androgens induce a different conformational change of the ligand-
binding domain, which does not or only partially result in stimulation of transactivation. Interestingly, different anti-androgens
can induce different inactive conformations of the androgen receptor ligand-binding domain. Recent evidence strongly supports
a ligand dependent functional interaction between the ligand-binding domain and the NH,-terminal transactivating domain of
the androgen receptor. Two regions in the NH,-terminal domain are involved in this interaction, whereas in the ligand-binding

domain the AF-2 AD core region is involved. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Androgens play a crucial role in several stages of
male development. They act via an interaction with
the androgen receptor, a ligand dependent transcrip-
tion factor which belongs to the superfamily of nuclear
receptors. This superfamily includes the nuclear recep-
tors for the other steroid hormones, for the retinoids,
for the thyroid hormones, and a still growing number
of orphan receptors [1,2]. In the last decade, since the
cloning of the human androgen receptor cDNA, our
insights in the mechanism of androgen action have
been increased tremendously. Only one androgen
receptor cDNA has been identified and cloned, despite
the two different ligands [3-6]. The tissue specific
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actions of testosterone and Sa-dihydrotestosterone,
mediated by the same androgen receptor, suggest a
ligand specific recruitment of transcription intermedi-
ary factors (TIFs). However, experimental evidence for
ligand specific TIFs for the androgen receptor has not
been provided as yet. The androgen receptor protein
displays a large homology in the DNA-binding domain
and in the ligand-binding domain with the other mem-
bers of the steroid hormone receptor subfamily (e.g.
receptors for glucocorticoids, estradiol, progesterone
and mineralocorticoids) [5,7-10].

The aim of the present review is to present some
aspects in androgen action unravelled recently. In this
overview information will be given on the functional
domain structure of the human androgen receptor
with emphasis on the recent findings of functional in-
teractions between the NH,-terminal domain and the
ligand-binding domain. Post-translational modifi-
cations (phosphorylation) of the androgen receptor
protein in relation to function will be discussed next.
Throughout the text the numbering of the different
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Fig. 1. Effect of TIF2 on the activity of the transcription activation function (AF-2) in the ligand-binding domain of the androgen receptor.
CHO cells were transfected either with the wild type androgen receptor (ARO), or with a COOH-terminal construct lacking the complete NH,-
terminal domain (AR104). AR104 activity was tested in the presence (+ TIF2) or absence of TIF2. For comparison also a NH,-terminal domain
mutant lacking AF-1 (AR7) was transfected. MMTV-LUC was used as a reporter gene. Cells were incubated with vehicle (open bars) or 10 nM
R1881 (gray bars). Each bar represents the mean (+SEM) luciferase activity of three experiments.

codons is based on a total number of 910 amino acid
residues of the androgen receptor protein [11]. This
number differs from the amino acid content published
by others [3,4,6]. These differences are caused by the
variation in length of the polyglutamine and polygly-
cine stretches in the NH,-terminal domain of the
receptor.

2. Conformational changes induced by androgens and
anti-androgens

Binding of androgens by the androgen receptor
results in two conformational changes of the receptor
[12,13]. Initially, a fragment of 35 kDa, spanning the
complete ligand-binding domain and part of the hinge
region, is protected by the ligand in a partial protease
degradation assay, but after prolonged incubation
times a second conformational change occurs resulting
in protection of a smaller fragment of 29 kDa. In the
presence of several anti-androgens (e.g. cyproterone
acetate, hydroxyflutamide and bicalutamide) only the
35 kDa fragment is protected against proteolytic
degradation, and no smaller fragments are detectable
upon longer incubations. Obviously, the 35 kDa frag-
ment is correlated with an inactive conformation,
whereas the second conformational change, only indu-
cible by agonists and considered as the necessary step
for transcription activation, is lacking upon binding of

anti-androgens. Further analyses with specific anti-
bodies against different epitopes in the 35 kDa and
29 kDa fragments revealed that only the most COOH-
terminal end of the androgen receptor protein is rep-
resented in the 29 kDa fragment [13].

3. Transactivation function in the ligand-binding domain

Deletion and mutation studies, as well as mutations
found in patients with either the androgen insensitivity
syndrome or prostate cancer have given some insight
into which amino acid residues are important for
ligand-binding [14—16]. The overall picture is that large
deletions (>10 amino acid residues) severely affect
hormone binding, but deletion of the complete ligand-
binding domain results in a constitutive active mol-
ecule [14,17].

In the ligand-binding domain of the human andro-
gen receptor a transcription activation function (desig-
nated as AF-2) has been identified, although it is very
weak in comparison with that found in other steroid
receptors (e.g. estrogen and glucocorticoid receptors)
[18-20]. The AF-2 domain in the androgen receptor
can be activated in a hormone dependent way and is
strongly enhanced in a promoter dependent way by
the co-activators TIF2 and GRIP1 [18-20] (Fig. 1).
The boundaries of the AF-2 domain in the androgen
receptor ligand-binding domain have not been deter-
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Fig. 2. Overview of the regions in the NH,-terminal domain and in
the COOH-terminal domain of the androgen receptor responsible for
the transactivating capacity of either the wild type androgen receptor
(AF-1), or the ligand-binding domain truncated constitutive active
mutant (AF-5) or the NH,-terminal domain truncated mutant (AF-
2).

mined as yet, but it contains the core region as defined
in the ligand-binding domains of several members of
the ligand dependent nuclear receptor family. This AF-
2 activation domain (AD) core region contains the
conserved sequence 884-Glu-Met-Met-Ala-Glu-888.
Mutations in this region can result in a decrease in ac-
tivation function without affecting the ligand-binding

309

capability. This indicates that the amino acid residues
of the AF-2 AD core region are not directly involved
in ligand-binding, but are part of, or are determining
the interaction surface. Recent studies on mutations in
this region and the interaction of co-activators confirm
this presumption [20,21]. Interestingly, mutations have
not been reported in the AF-2 AD core region of
either individuals with the androgen insensitivity syn-
drome or prostate cancer patients, which most likely
implicates that none of the individual amino acids in
the AF-2 AD core region is essential in the full length
androgen receptor.

4. Transactivation functions in the NH,-terminal domain

The boundaries of the NH,-terminal transactivation
domain in the androgen receptor (designated as AF-1)
are not exactly defined, but generally speaking it
appears that the region between amino residues 51—
211 is essential for transactivation activity in the full
length receptor [14]. This region is not involved in the
transactivation capacity of the COOH-terminal trun-
cated androgen receptor, which displays constitutive
activity [17]. The most important activating region in
the constitutive receptor molecule is located in the
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Fig. 3. Transcriptional activities of androgen receptor NH,-terminal domain deletion mutants (AR.N1-AR.N5) cotransfected with a ligand-bind-
ing domain construct (AR.C) in CHO cells. Transcriptional activities were determined by cotransfection of the NH,-terminal constructs together
with a MMTV-LUC reporter plasmid. Cells were incubated either with vehicle (open bars) or with 10 nM R1881 (closed bars). Each bar rep-

resent the mean (+SEM) luciferase activity of three experiments.
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NH,-terminal domain between residues 370 and 494.
This region is designated as AF-5.

So, the androgen receptor can use different transacti-
vation domains (AF-1 and AF-5, respectively, in the
NH,-terminal domain and AF-2 AD in the COOH-
terminal domain) depending on the ‘form’ of the
receptor protein (Fig. 2). Two AF functions are ligand
dependent (AF-1 and AF-2), whereas AF-5 operates in
a ligand independent way. The ligand dependency of
AF-1 in the full length androgen receptor and the
switch to AF-5 in the COOH-terminal truncated
androgen receptor strongly suggests a functional in-
hibitory action of the ligand-binding domain on AF-1
in the full length androgen receptor in the absence of
ligand and on AF-5 both in the presence and absence
of ligand. The AF-2 function is strongly dependent on
the presence of ligand and androgen receptor coactiva-
tors.

5. Functional interaction of the NH,-terminal domain
and the COOH-terminal domain

In the previous section evidence is presented for a
possible interaction between the ligand-binding domain
and the AF functions in the NH,-terminal domain.
Investigating this NH,-terminal domain—COOH-term-
inal domain (N/C) interaction in more detail reveals
that only certain regions in the NH,-terminal domain
are involved in the interaction [20,22-24]. Interesting is
that the AF-1 core region is not involved in this inter-
action; amino acid residues 3-36 as well as amino acid
residues 370-494 are necessary for a proper functional
interaction (Fig. 3). In the COOH-terminal domain,
the AF-2 AD core region (amino acid residues: 884-
Glu-Met-Met-Ala-Glu-888) is involved in the inter-
action as was established by substituting a highly con-
served amino acid residue (Glu-888) by a glutamine
residue. The same mutation also affects the functional
interaction of the androgen receptor ligand-binding
domain with TIF2, suggesting that both the NH,-
terminal domain and TIF2 are recognising the same
interaction surface of the ligand-binding domain upon
hormone binding [20].

6. Hormone independent phosphorylation and function

The newly synthesized androgen receptor migrates
as a 110 kDa protein during SDS-PAGE, and
becomes phosphorylated within 10 min upon synthesis,
resulting in an additional protein band at 112 kDa
[25,26]. This rapid post-translational modification is
important for the acquisition of the hormone binding
properties of the androgen receptor [27]. Evidence for
this phosphorylation function was obtained from ex-

Table 1

Binding characteristics of androgen receptors in LNCaP cells cul-
tured for 24 h in the absence (control) or presence of 20 uM of for-
skolin. Binding of R1881 was determined by Scatchard analysis

Control Forskolin
Kd (nM) 0.9940.4 0.7240.2
Bmax (fmol/mg P) 842+97 4594130

periments in which dephosphorylation of the 112 kDa
isoform was associated with a decreased hormone
binding capacity, which could not be explained by an
altered Kd value or decreased androgen receptor pro-
tein levels (Table 1). Dephosphorylation of 112 kDa
isoform of the endogenous androgen receptor in the
prostate cancer cell line LNCaP or the transiently
expressed androgen receptor in COS-1 cells was
accomplished via activation of the protein kinase A
pathway, by stimulation of adenylyl cyclase by forsko-
lin [27]. In order to establish which amino acid resi-
dues in the androgen receptor were phosphorylated in
control and forskolin treated cells, trypsin digested
androgen receptors were subjected to reverse-phase
high pressure liquid chromatography and Edman
degradation was performed on the isolated phosphory-
lated peptides. It was observed that serine residues
506, 641 and 653 were potentially phosphorylated in
control cells, whereas strong evidence was obtained
that phosphorylation of serines 641 and 653 was sig-
nificantly reduced after forskolin treatment (Fig. 4).
The forskolin induced dephosphorylation also had
consequences for androgen induced transcription regu-
lation in these cells as was illustrated by the decreased
upregulation of PSA mRNA and the diminished
down-regulation of the pl-subunit of Na,K-ATPase
[27].

The mechanism by which forskolin induced the
dephosphorylation of the androgen receptor is at pre-
sent unknown. The swift nature of this process (within
10 min) suggests that androgen receptor dephosphory-
lation is an active process which involves activation of
phosphatases rather than inhibition of kinases. Indeed,
the activity of some phosphatases is known to be regu-
lated by stimulation of protein kinase A. For example,
the nuclear protein phosphatase-1 (PP-1N) is activated
by protein kinase A-induced phosphorylation of
NIPP-1 (nuclear inhibitor of protein phosphatase-1)
[28—30]. Therefore a possible cascade of events could
be the following (Fig. 5): forskolin activates adenylyl
cyclase, which in turn activates protein kinase A. The
protein kinase A either activates directly a protein
phosphatase by a phosphorylation mechanism or inac-
tivates a protein phosphatase inhibitor by phosphoryl-
ation, resulting also in activation of protein
phosphatase. This activated phosphatase ultimately
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Fig. 4. Potential serine phosphorylation sites in the androgen recep-
tor protein, which most likely become phosphorylated in the newly
synthesized androgen receptor. The casein kinase II consensus sites
Ser641 and Ser653 are dephosphorylated by activation of the protein
kinase A (PKA) pathway. A possible mechanism for this depho-
sphorylation event is presented in Fig. 5. The mitogen-activated pro-
tein kinase (MAPK) consensus site Ser506 remains phosporylated
upon PKA stimulation.

dephosphorylates the androgen receptor.
Dephosphorylation of a protein upon stimulation of
protein kinase A is not new: the retinoblastoma gene
product (Rb) is dephosphorylated as a result of stimu-
lation of the protein kinase A pathway [31].

7. Hormone dependent phosphorylation and function

A second important phosphorylation step of the
androgen receptor occurs upon hormone binding
resulting in a third isoform migrating at 114 kDa
during SDS-PAGE [26,32]. All three isoforms (e.g.
110 kDa, 112 kDa and 114 kDa) exist in several
androgen responsive cell lines in the presence of andro-
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Fig. 5. Possible cascade of events during forskolin induced depho-
sphorylation of the androgen receptor in LNCaP cells. The newly
synthesized androgen receptor (110 kDa AR) is phosphorylated by a
protein kinase (‘PK’) resulting in the acquisition of ligand-binding
capabilities and the formation of the 112 kDa form. Forskolin acti-
vates adenylyl cyclase, which in turn activates protein kinase A
(PKA). Protein kinase A inactivates by phosphorylation a protein
phosphatase inhibitor (Inh), resulting in activation of a protein phos-
phatase (‘PP’), which ultimately dephosphorylates the 112 kDa
androgen receptor form.

gens and migrate as as triplet. The presence of the tri-
plet correlates very well with DNA-binding by the
androgen receptor: mutations of certain amino acid
residues in the DNA-binding domain which severely
affect the DNA-binding properties of the androgen
receptor display simultaneously a defective hormone
induced phosphorylation [26]. Recently the absence of
the androgen receptor triplet in genital skin fibroblasts
from a patient with the androgen insensitivity syn-
drome has been used as indicator for an androgen
receptor defect in DNA-binding [32]. In the androgen
receptor gene of this patient a mutation was found in
the splice acceptor site of intron 2, resulting in a defec-
tive splicing of the androgen receptor mRNA. The
mature transcript contained an additional 69 nucleo-
tides between exon 2 and exon 3 sequences. The trans-
lation of this altered splice product results in a protein
with an insertion of 23 amino acid residues between
the first and the second zinc cluster of the DNA-bind-
ing domain. Additional protein analysis experiments
revealed that in genital skin fibroblasts of the index
patient the extended protein was expressed in large
quantities. Tight nuclear binding of this mutated recep-
tor protein could not be observed, corresponding with
the absence of the triplet isoforms normally seen for
wild type androgen receptors. Only a doublet of 110-
112 kDa was expressed, indicating a defective DNA
dependent phosphorylation of the human androgen
receptor.

The experiments described above indicate that post-
translational modification (e.g. phosphorylation) of the
androgen receptor protein might be important at two
different steps of receptor activation: (1) acquisition of
ligand-binding capabilities and (2) during transform-
ation to the DNA-binding /transcription activation
form.

8. Conclusions

Androgen action is mediated by the androgen recep-
tor, a ligand dependent transcription factor, belonging
to the superfamily of nuclear receptors. The two most
important androgens are testosterone and So-dihydro-
testosterone and their tissue specific actions are
mediated by the same androgen receptor protein.

Binding of androgens by the androgen receptor
results in two consecutive conformational changes,
which are different from those induced by anti-andro-
gens.

The androgen receptor can use different transactiva-
tion domains (AF-1 and AF-5, respectively, in the
NH,-terminal domain and AF-2 AD in the COOH-
terminal domain) depending on the ‘form’ of the
receptor protein. The AF-2 function is strongly depen-
dent on the presence of nuclear receptor coactivators.
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Two AF functions are ligand dependent (AF-1 and
AF-2), whereas AF-5 operates in a ligand independent
way. The ligand dependency of AF-1 in the full length
androgen receptor and the switch to AF-5 in the
COOH-terminal truncated androgen receptor strongly
suggests a functional inhibitory action of the ligand-
binding domain on AF-1 in the absence of ligand and
on AF-5 in the presence of ligand. In vivo experiments
favour a ligand dependent functional interaction
between the AF-2 AD core region in the ligand-bind-
ing domain with the NH,-terminal domain. This inter-
action might be either direct or indirect, requiring
additional factors, and results in androgen receptor
driven transcription activation.

The androgen receptor protein can undergo two
post-translational modifications during receptor acti-
vation. Firstly upon synthesis the protein is rapidly
phosphorylated to acquire hormone binding capacities
and secondly upon hormone binding an additional
phosphorylation occurs during transformation to the
DNA-binding transcription activation form.
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