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Abstract 

The androgen receptor (AR) is the mediator of androgen actions. In the AR coding 
region there is a polymorphic CAG repeat encoding a stretch of the amino acid 
glutamine (Q). The repeat length modulates receptor activity and is normally 
distributed between 10-30 CAG with a median length of 22 repeats in white men. 
At the start of this work, a negative linear association between AR function and 
the CAG repeat number was generally assumed. This assumption was supported 
by clinical findings in patients with Kennedy’s disease, which is a neuromuscular 
disorder caused by an abnormally expanded CAG repeat (>40 CAG). However, in 
vivo data concerning the association between CAG numbers within normal length 
and androgenic effects were conflicting. As understanding the impact of CAG 
number on the AR activity is important for proper interpretation of this 
polymorphism and risk of pathological conditions other than Kennedy’s disease, 
the purpose of this study was to examine the influence of CAG length, if any, on 
AR activity. 

Firstly an in vitro study was performed. A reporter gene with a human androgen 
responsive promoter was used in a transactivation assay. The repeat lengths 
included were 16, 22 and 28 CAG, which represent a short, the median, and a long 
repeat within the normal human range. The study showed that the AR with median 
repeat length had the highest activity in vitro. Secondly, the effect of the CAG 
repeat in relation to two androgen dependent conditions, infertility and PCa, was 
analysed in two separate meta-analyses. When stratifying the CAG repeats into 
three groups, shorter than median, median and longer than the median CAG 
length, the meta-analysis on infertile men showed 20% increased risk of infertility 
in men harbouring other repeat lengths than the most common. On the other hand, 
CAG number did not have any effect on PCa risk.  

The AR regulates the expression of prostate specific antigen (PSA). Thus the 
expression of PSA can be used as a marker of AR activity in tissue. We measured 
the AR protein and PSA amount in human prostate tissue from 19 men with 
known CAG length. Those who were carriers of 22 CAG had lower AR amount 
and higher PSA than counterparts with other CAG lengths, but this was not 
statistically significant, probably due to the small study size.  

Taken together, these studies indicate that the median length of the androgen 
receptor CAG repeat is associated with optimal activity, in vitro and in vivo.  
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TF transcription factor 
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Background 

Transcription factors 
Proteins that bind to DNA and regulate gene transcription of other genes are 
termed transcription factors. Generally they play a role in positioning the DNA 
polymerase II at the transcription initiation site that is required for transcription to 
take place. Specific transcription factors only bind to specific DNA sequences in 
certain genes. One of these transcription factors, the androgen receptor (AR) is the 
main topic of this thesis. 

 
The nuclear receptor superfamily 
Nuclear receptors (NRs) are one of the largest groups of transcriptional regulators 
in animals [1]. They constitute a superfamily of phylogenetically related proteins 
and to date 49 genes for NRs have been found in humans [2]. The NRs regulate 
homeostasis, reproduction, development and metabolism and they bind to 
sequences in the DNA known as hormone responsive elements (HRE). The most 
evident difference between NRs and other transcription factors is their capacity to 
bind small hydrophobic molecules both intracellularly and specifically, and to 
mediate a fast response by regulating gene expression directly [3]. Based on their 
mode of function NRs can be divided into three main groups:  

1) Steroid receptors, NRs that are activated by specific hydrophobic ligands that 
bind to a deep internal cavity within the protein [4]. 

2) Thyroid hormone, vitamin D and retinoid receptors [4]. 

3) Orphan receptors [4]. 

All members of the NR superfamily have a common structure that is divided into 5 
to 6 regions [5]. The N-terminal domain (NTD) is highly variable and contains at 
least one constitutionally active transactivation region (AF-1). The length of this 
region varies greatly between receptors, from 23 amino acids (aa) in the vitamin D 
receptor to 550 aa in the AR, mineralocorticoid receptor and the glucocorticoid 
receptor.  The DNA-binding domain (DBD) is the most conserved region and 
contains the part of the receptor that confers specific DNA sequence recognition. 
The DBD-domain is also involved in receptor dimerisation [1].  

The hinge region of the NRs is situated between the ligand binding domain (LBD) 
and the DBD. It is variable and contains a nuclear localization signal (NLS). This 



Transcription factors 

 12 

domain may act as a flexible linker allowing the protein to adopt different 
conformations [3]. The LBD of the NRs is the largest domain and is moderately 
conserved. The 12 α-helices making up the structure of this domain are better 
conserved than the sequence itself. In the LBD there are many important areas, the 
ligand-dependent activation function 2 (AF-2), a strong dimerization interface, and 
sometimes a repression function [1]. Some NRs also contain a fifth domain. The 
role of this domain is still unknown but it may be involved in co-factor recruitment 
or antagonist action [3]. NRs form monomers, homodimers, or heterodimers 
before they enter the cell nucleus and bind to DNA.  

NRs with ligand binding domains that are unable to interact with co-activators 
generally act as repressors of transcription. They can bind to NR response 
elements on the DNA or dimerize with other receptors which then are unable to 
activate their target genes [6].  

Orphan receptors are constitutively active, they may be bound by an unknown 
ligand or be ligand independent. Several of these receptors do not have any ligand 
binding pocket, but activate gene expression even so, others can bind hydrophobic 
molecules that change the baseline activity of the receptor [7]. 

 
Steroid receptors 
In vertebrates there are six related steroid receptors (SRs). Based on phylogeny 
they are divided into two groups; the estrogen receptor α and estrogen receptor β 
group, and the androgen, progesterone, mineralocorticoid and glucocorticoid 
receptors (AR, PR, MR and GR) forming the other group. They all descend from 
the same ancestral receptor through two large-scale genome expansions [8]. The 
first existing steroid receptor, ancestral steroid receptor was an estrogen-activated 
receptor (AncSR1) which in the first expansion (duplication) gave rise to an ER 
and a 3-ketosteroid receptor (AncSR2) [9]. In the second expansion the 3-
ketosteroid receptor became a corticoid receptor and a receptor for 3-ketogonadal 
steroids (progestins). At a later stage these receptors duplicated again, and the six 
SRs evolved (Fig. 1) [8]. 

ERα and ERβ are transcribed from two different genes. ERα was the first known 
estrogen receptor whereas ERβ was discovered 10 years later [10; 11]. The ligand, 
17β-estradiol is the same for both receptors, and is necessary for the reproductive 
function and menstrual cycle in women [3]. 17β-estradiol affects bone growth and 
the cessation of bone growth in both men and women. In men it has also been 
shown to affect the brain and the reproductive tissues [12]. The PR is activated by 
progesterone that plays a role in various parts of the body such as normal female 
reproductive function especially ovulation and uterine implantation, the brain, the 
cardiovascular system, bone and the central nervous system [13-17].  
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Figure 1. Schematic view of the evolution of the steroid receptors. The first receptor was 
ancestral steroid receptor 1 (AncSR1). The first duplication resulted in AncSR2 and ER. In 
the second duplication ER became ERα and ERβ, and AncSR2 became one receptor for 
corticoids and one for androgens and progesterones. Later the corticoid receptor developed 
into the GR and MR. The combined androgen and progesterone receptor became the AR 
and the PR. 

There are two isoforms of PR, PR-A and PR-B, they overlap in their expression in 
female reproductive tissue but vary in their interaction with cofactors and can act 
on different promoters [14]. 

The MR and GR are closely related and partly share the same ligands, 
mineralocorticoids. The MR only binds mineralocorticoids, hormones that are 
involved in the control of salt and water homeostasis by regulating sodium, 
potassium and hydrogen ions across tight epithelia. The MR is not a strong 
transcriptional activator and can form dimers with GR [3]. The GR mainly binds 
glucocorticoids. Glucocorticoids are important for the metabolism of 
carbohydrates and lipids but also have an effect on stress response and 
inflammation. 

In the ligand unbound state the ER and PR are located in the nucleus, the MR is 
present in the nucleus and cytoplasm in its unbound form but after ligand binding 
it becomes nuclear [18-20]. The AR and GR are predominantly cytoplasmic in 
their ligand unbound form [21-24]. In their inactive state SRs are bound to heat 
shock protein (HSP) complexes. All SRs are bound by a minimal complex which 
is essential for ligand responsive signalling, it consists of Hsp90, Hsp70, Hsp40, 
Hop and p23. The complex keeps the receptors in a conformation that allows the 
ligand binding pocket to be accessible [25-27]. When ligand dissociates into the 
cell the receptors are activated, the minimal complex dissociates, and the receptor 
is transported into the cell nucleus where it binds to specific DNA sequences and 
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regulates expression of target genes. The specific DNA sequences recognized by 
SRs are called hormone response elements (HREs). They are nucleotide 
palindromes with three base pair (bp) spacing. The ER can also bind to and 
transactivate from widely spaced direct repeats [3]. 

Androgens and androgen regulation 
Androgens are steroid hormones essential for normal development of the male-
specific phenotype during embryogenesis, in the establishment of sexual 
maturation at puberty, and in the maintenance of the male reproductive function, 
spermatogenesis, and sexual behaviour throughout life. Androgens also affect 
functions in non-reproductive tissue, such as bone, skeletal muscle and hair growth 
in both males and females [28]. The major circulating androgen is testosterone 
which to 90% is produced from cholesterol in the testis by the Leydig cells (Fig. 
2). The remaining 10% is produced in the adrenal glands. Testosterone is also 
irreversibly converted into 5α-dihydrotestosterone (DHT) by the enzyme steroid 
5α-reductase (SRD5A).  

Both androgens act through the AR [29]. Testosterone has a two fold lower 
affinity than DHT for the AR and dissociates from the receptor five times faster 
than DHT [30]. The production of testosterone is controlled by the hormones in 
the hypothalamus-pituitary-gonadal axis (Fig. 3). 

 

 

 
Figure 2. The androgen synthesis pathway in the Leydig cells in the testis. 17β-HSD: 17 
β-hydroxysteroid dehydrogenase. 
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Figure 3. The hormones and cells in the hypothalamus-pituitary-gonadal axis. LH and 
FSH are released from the pituitary gland under the control of GnRH produced in the 
hypothalamus. LH acts on the Leydig cells in the testis. The Leydig cells respond by 
producing testosterone that stimulates spermatogenesis, acting via the Sertoli cells in the 
seminiferous tubulis. FSH acts directly on the Sertoli cells. Testosterone can be converted 
into DHT and Estradiol. Testosterone acts inhibitory on the release of GnRH. Sertoli cells 
produce inhibin B and follistatin that act inhibitory on the FSH release whereas activin acts 
stimulatory. Estradiol and dihydrotestosterone have an inhibitory effect on LH and FSH 
secretion. Testosterone also enters the circulation and affects other tissues. FSH: follicle 
stimulating hormone. LH: luteinizing hormone. PMC: peritubular myoid cells. Modified 
from Nieschlag et al. 3rd edition, Andrology 2010 [12] 
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Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are produced 
and released from the pituitary gland under the control of gonadotropin-releasing 
hormone (GnRH). Luteinizing hormone acts on the Leydig cells, found between 
the seminiferous tubules in the testes which produce and release testosterone that 
stimulates the maturation of germ cells through the Sertoli cells in the 
seminiferous tubules. Follicle-stimulating hormone acts directly on Sertoli cells. 
The action of testosterone and FSH in the testes leads to the maturation of 
spermatogonia into mature sperm. There is no expression of AR or the FSH 
receptor in the gametes. Therefore the effects of testosterone and FSH are most 
probably mediated by other cells in the testicle, such as the Sertoli cells.  

The testosterone produced also acts inhibitory on the release of GnRH from the 
hypothalamus, affecting secretion of LH and FSH. In response to testosterone and 
FSH stimulation Sertoli cells produce inhibin B and follistatin that act inhibiting 
on release of FSH from the pituitary gland [12].  

The androgen receptor 
The androgen receptor was the last receptor in the SR family to be cloned [31; 32]. 
The AR mediates the androgen actions. The AR is not only expressed in 
reproductive organs; it also has a function and is expressed in muscles, brain, 
kidney, spleen, heart, liver and the salivary glands [12]. 

The AR gene is located on the short arm of chromosome X (Xq11-12) and 
includes more than 90 kilo base pairs of DNA containing eight exons and giving 
an approximately 2757 bp open reading frame (depending on the length of the 
polymorphic repeats) (Fig. 4) [33]. The AR genomic organization is conserved 
throughout mammalian evolution. The localization to the X-chromosome in 
mammals could be a sign of conservation of the particular loci including the AR 
and surrounding genes [34]. 

Figure 4. Schematic view of the chromosomal location, mRNA organisation, and 
protein domains of the AR. 
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The N-terminal domain 
The N-terminal domain (NTD), also termed the transactivating domain, is encoded 
by exon 1 and is the largest part of the protein (bp 1-537 according to [33]). The 
other SRs do not have as large N-terminal domains as the AR and there is less than 
50% homology with AR NTDs from other species [35]. To date there is no crystal 
structure available for the AR NTD. The NTD most probably is a largely globular 
and flexible domain in the ligand unbound state and may need to interact with 
other proteins to adopt its active conformation, which could contribute to the 
crystallisation difficulties [36]. The main role of the NTD is to recruit other 
proteins that influence the transcriptional activity of the receptor [35].  

In the NTD there are two overlapping areas responsible for the transactivating 
function, activation function-1 (AF-1) (bp 100-370) and activation function-5 (AF-
5) (bp 360-528) [37-39]. These areas contain various peptide elements such as 
microsatellite repeats, surfaces for protein-protein interaction, phosphorylation and 
sumoylation regulatory sites. The AF-1 has the strongest transactivation potential 
when the receptor is activated by ligand, whereas in a truncated AR, lacking the 
LBD, the AF-5 is responsible for the activity, which then becomes constitutive 
[39].  

There is strong interaction between the NTD and the LBD (NTD/LBD interaction) 
in the activated AR [40], and it has been shown that these interactions are 
necessary for complete AR activity [41]. The strongest motif in the NTD is the 
23FQNLF27 motif which binds to the AF-2 in the LBD. This motif is conserved 
among the AR in different species [42-46]. The precise function of the NTD/LBD 
interaction in the AR is unknown but it is believed that it facilitates the activation 
of the receptor by making protein-protein and protein-DNA interacting areas 
available at the surface, thereby facilitating the receptor transactivation [35]. 

In the NTD there are several repetitive sequences, two of them are polymorphic 
and will be described more closely in the following paragraphs. The repetitive 
sequences in the NTD contribute to its flexibility and can also be a source of 
differences in for example receptor activity. Two of the repetitive sequences are 
six glutamine residues at approximately bp 614-631 and eight prolines at around 
bp 1478-1501. The polymorphic CAG and GGN stretches are located further 
downstream. A polymorphism is defined as a genetic variant that appears in at 
least 1% of a population. The polymorphisms in the AR are triplet repeats, the 
CAG stretch encoding the aa glutamine (Q), commonly named the CAG or the 
polyQ repeat, and the triplet repeat of GGN, where N can be any nucleotide, 
encoding the aa glycine (G), designated the GGN or the polyG repeat. The other 
SRs do not have long polymorphic stretches of triplet repeats but have single 
nucleotide polymorphisms that can affect receptor activity [47-49]. 
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The CAG polymorphism 
The CAG repeat consensus sequence is (CAG)nCAA [32]. This stretch normally 
varies between 11-31 CAG and also varies depending on ethnicity [50; 51]. In 
white men the most common length is 22 (Fig. 5) whereas in African men 18 
repeats is most frequent and Asians most often have a slightly longer repeat length 
of 23 CAG [51]. The repeat is coded from bp 596 to approximately bp 630. It is 
included in the AF-1 region of the NTD. Similar CAG tracts are present in other 
transcription factors such as the TATA box binding protein that is a component of 
the transcription factor 2D and important for control of the RNA polymerase II 
function [52]. To date only one disease is known to be directly associated with the 
length of the AR CAG repeat, Kennedy´s disease, also known as spinal bulbar 
muscular artrophy (SBMA) [50]. SBMA is a late onset disease that causes 
muscular degeneration and androgen insensitivity due to degradation of motor 
neurons [50], described in more detail on page 27.  

At the beginning of this work there was a common belief that the CAG length was 
inversely associated to AR activity. This was mainly based on in vitro studies on a 
few ARs with varying repeat lengths [53-55] and the clinical findings in patients 
with Kennedy´s disease.  
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Figure 5. Distribution of the AR CAG repeat 
length in Swedish men. Modified from: 
Giwercman et al. 1998 Clinical Genetics 
54:435-436. 
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However these previous studies did not clearly show a correlation between CAG 
length and receptor activity. In one of these [55], three AR genotypes were studied 
with 15, 20 or 31 CAG. When the activity of the receptor with 15 CAG was 
compared to the activity of the AR with 31 CAG a significant difference was 
found, but no difference was shown when the activity of any of the lengths was 
compared to the AR with 20 CAG [55]. In a study by Chamberlain [54], the 
activity of ARs with CAG lengths of 25, 35, 49 and 77 were compared. There was 
a significant difference in transactivation between the ARs with 25 CAG and the 
two longest repeats but no difference between those in the normal or upper normal 
range (25-35 CAG) [54]. In the third study, receptors with 15, 24 and 31 CAG 
were compared in various cell lines [53]. In monkey kidney cells (COS-1) and the 
androgen independent prostate cancer cell line PC-3, the AR with 31 repeats had 
lower activity than the receptor with 15 CAG. No difference in activity was shown 
compared to the 24 CAG genotype. In the breast cancer cell line MCF-7 there 
were no differences in activity between any of the AR genotypes [53].  

The previously mentioned theory was widely accepted although Buchanan 2004 
[56] showed that the NTD/LBD interaction in the AR was intact in receptors with 
CAG repeat lengths of 16-29, which also gave high transactivation. Repeat lengths 
of 9 or 35 residues gave a significantly lower transactivating capacity. This meant 
that the length of the glutamine tract was important for correct AR action but that 
both long and short repeats caused lower transactivation. In the same study these 
in vitro results were corroborated by the fact that 91-99% of all CAG lengths in 
African American, Asian, Mexican American and white men were shown to be 
16-29 repeats [51; 56]. These results suggested a different view of the role of the 
CAG repeat in AR activity. The repeat acted as a modifier of AR activity, by 
keeping the repeat within certain lengths, optimal and specific activity could be 
retained. These specific lengths could have most advantageous and strict 
interaction with co-regulators, and be optimal for particular activity in various cell 
types [56]. These studies were the basis for the studies included in this thesis.   

To date the AR CAG repeat length and its association to reproductive function has 
been analyzed with a linear approach. However, studies on patients and 
reproductive function in relation to CAG length, using a linear approach, have 
given inconclusive results [55; 57-67].  

 

The GGN polymorphism 
The GGN repeat is located downstream from the CAG repeat at approximately bp 
1709-1780 and encodes a stretch of the aa glycine. The letter N in GGN represents 
any nucleotide of cytosine, thymine or guanine and the consensus sequence of the 
repeat is (GGT)3GGG(GGT)2(GGC)n [68]. 
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Less is known about the GGN repeat than the CAG repeat. A total deletion of the 
GGN repeat decreases the AR activity by approximately 30%, suggesting that it is 
important for correct receptor function [69]. 

There are two dominant GGN alleles in the white population, 23 GGN is the most 
common, closely followed by 24 GGN [70]. The 23 GGN allele in combination 
with the median CAG length (22 CAG) has been shown to give higher AR activity 
compared to longer and shorter GGN alleles (27.24 and 10 GGN) in vitro [71]. 
The effect of the GGN repeat on human reproductive parameters has also been 
studied in vivo where it was shown that <23GGN repeats was associated with 
lower semen volume compared to subjects with ≥23GGN. Moreover, men with 
<23 GGN who were exposed to maternal smoking during pregnancy, had a higher 
BMI in comparison to men with any other GGN length, irrespective of whether 
their mother smoked or not during pregnancy [72]. 

Similar to the CAG repeat the GGN repeat length also varies between populations. 
African populations have the shortest repeat lengths and also the largest length 
variations whereas white and Asian men have longer repeat lengths, with a 
narrower span [73].  

This in combination with CAG length data has been proposed to be a factor that 
partly explains why prostate cancer is more common in African-American men 
compared to white and Asian men. African-Americans have the highest incidence 
of prostate cancer in the world, whereas Asian men having the longest CAG and 
GGN repeats, have the lowest incidence. The incidence in white men is in between 
these two populations [74]. A few years ago the GGN polymorphism was 
suggested to be involved in hypospadias and chryptorchidism [75]. This has later 
been confirmed in other studies [76; 77]. 

 
The DNA binding domain 
The DNA binding domain shows high evolutionary conservation and the human 
sequence is identical to that of the rat [78]. It is approximately 80 aa long and 
stretches over exon 2 and 3. The domain consists of two zinc fingers formed from 
three α-helices that interact with DNA and a C-terminal extension [79]. Each zinc 
finger contains one zinc atom that is coordinated by four cysteine amino acids. 
The first zinc finger includes a sequence element termed the proximal-box (P-box) 
which is identical in the AR, GR, MR and PR. The P-box is a five aa long 
sequence consisting of glycine, serine, cysteine, lysine and valine that co-ordinates 
specific interactions between the protein and the major groove of the DNA where 
the HREs are located. The residues involved in DNA recognition are the glycine, 
serine and the valine [40; 80; 81]. The second zinc finger contains the distal-box 
(D-box), a site for DBD/DBD homo-dimerisation of ARs [81; 82].  
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The dimerisation of the receptors fixes the aa in the P-box, making interaction 
with DNA possible (Fig. 6.). The HREs recognized by the AR, PR, GR and MR 
are inverted repeats of 5´-AGAACA-3´ or similar motifs with a three nucleotide 
spacer in between, resulting in a total length of 15 nucleotides [83]. There are two 
types of androgen response elements in the DNA, one type that is recognized by 
the AR, PR, GR and MR, called classical AREs and another type which more 
often has direct repeats of 5´-AGAACA-3´ or similar motifs that are not 
recognized by other receptors. These motifs are termed selective AREs (sARE) 
[81; 84].  

In transiently transfected cells sAREs were recognized by AR and PR-B and 
luciferase transcription was induced, whereas GR and MR could not induce 
transcription. Transactivation by PR-A was only just detectable in the same 
experiment. To study the effect of chromatin on recognition, the activity of these 
receptors also was compared in a cell line stably transfected with a classical ARE 
or an sARE. All receptors showed high transcriptional activity on the classical 
ARE. On the sARE, the AR induced high transcription whereas the MR and GR 
showed no transactivation capability, PR-B showed lower transactivation with the 
sARE, and PR-A had very low or no transactivation on either element. The 
binding of the receptors to the different DNA sequences was investigated by 
electric mobility shift assay, showing that only the AR interacted with the sARE. It 
also revealed that the AR had higher affinity for the classical ARE than GR, PR or 
the MR had [85]. The most conserved sAREs are direct repeats of hexamers that 
have a G at nucleotide position -6, A at -4 and C at -3 in the motif with a half site 
spaced by 3 nucleotides, and a head-to-head or head-to-tail orientation of the 
repeats [84; 85].  

The AR DBD needs a carboxyterminal extension of at least four aa for binding of 
classical AREs (625TLGA628) and 12 residues for binding to sAREs 
(625TLGARKLKKLGN 636). These are located in the hinge region of the protein 

Figure 6. Schematic drawing of the AR as a homodimer bound to an androgen 
response element in the DNA. The D-box in the DBD is in contact with the DNA, 
the P-box connects the two receptors. ARE: androgen responsive element. 
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[79; 81; 86; 87]. The ARE selectivity may also be promoted by dimerisation of the 
receptors that can affect binding at promoter sites. The AR, GR, PR and ER all 
prefer to dimerise in a head to head fashion [88-91]. 

 
The hinge region 
The DBD and the LBD are separated by the hinge region located in the 3´ end of 
exon 3, and 5´ part of exon 4. It is a small region, from approximately aa 623 to 
671, that is poorly conserved among the steroid receptors [40]. The nuclear 
localisation signal (NLS) is found in the hinge region. It binds to the nuclear 
import factor importin-α that mediates the transport of the AR through the nuclear 
pore complex into the cell nucleus. Mutations in the NLS that reduce the binding 
affinity to importin-α have been associated with the androgen insensitivity 
syndrome (AIS) where AR activity is impaired or totally lacking [92]. Cutress et 
al. [92] proposed that the role of the hinge region is more complex than just 
harbouring the NLS, as mutations in the region also affect transactivating capacity 
in vitro. Stronger evidence for this was found in vivo when the AR of a patient 
with partial androgen insensitivity syndrome (PAIS) who did not respond to 
androgen treatment was analysed. Sequencing of the AR revealed a mutation in 
the hinge region that did not affect nuclear transport particularly, but decreased 
receptor activity by interrupting the NTD and LBD interactions [93]. A serine 
residue (Ser650) in the hinge region has been shown to be mutated to a glycine in 
an infertility patient with hypogonadism and scrotal hypoplasia [94]. This 
particular serine residue is normally phosphorylated and can be involved in 
regulation of receptor translocalisation [95; 96]. 

 

The ligand binding domain 
The LBD constitutes the 3´ portion of exon 4 and exons 5 to 8. It is approximately 
50% identical to the LBDs of the GR, MR and PR [97]. The crystal structure of 
the LBD with bound ligand has been solved, and it is a 12 α-helix sandwich with a 
central ligand binding cavity. The structure of the LBD is more conserved among 
SRs than the DNA sequence [98; 99].  There are 18 residues in direct contact with 
the ligand but the whole LBD is important for proper function. Upon ligand 
binding to the LBD a conformational change takes place. The α-helix number 12 
in the LBD repositions so that the ligand binding cavity is closed and a 
hydrophobic cleft is exposed on the LBD surface. This hydrophobic cleft is the 
activation function 2 (AF-2) [100].  

The AF-2 motif in the LBD mainly binds the NTD at a specific aa sequence 
coding for phenylalanine (F), glutamine (Q), asparagine (N), leucine (L) and 
phenylalanine (F), called in brief the 23FQNLF27 motif where 23 is the number of 
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the first aa, and 27 the number of the last. In other NRs the AF-2 mainly interacts 
with another aa motif found on other interacting proteins the LxxLL motif coding 
for leucine (L), two residues of any other aa (xx) ending with two more leucines 
(LL) [39]. The AR AF-2 is surrounded by a charged clamp containing lysine and 
glutamate that can interact with FxxLF motifs but not with LxxLL motifs [101; 
102].

Regulation of AR expression and activity 
The regulation of AR expression and activity is possible at all levels, from control 
of gene transcription, mRNA half-life to protein turnover and activity regulation. 

The human AR gene contains a large 5´-untranslated region (UTR) and at least 
two transcription initiation sites over 1000 nt upstream from the ATG translation 
initiation codon [103-105]. The promoter region of the AR gene lacks TATA and 
CCAAT boxes, motifs generally recognised by the transcriptional machinery. 
Instead the AR gene has a GC-rich region where the transcription factor specificity 
protein 1 binds that could be important for transcription initiation [104; 106; 107].  

The expression of AR is regulated by androgens in both negative and positive 
directions. In the prostate cancer cell line LNCaP it has been shown that 
testosterone, DHT and the synthetic testosterone R1881 down regulate AR mRNA 
levels, as the transcription of AR was suppressed at the same time as the half-life 
of AR mRNA was increased [105; 108-110]. 

Up-regulation of AR protein has been shown in the transiently transfected monkey 
kidney COS-1 cell line after androgen treatment. The AR half-life increased in 
relation to the androgen concentration. Untreated AR had a half-life of 
approximately 1.5 h. After treatment AR half-life increased to 11-14 h depending 
on the androgen concentration used [111; 112]. The importance of androgen 
binding for AR protein stabilisation was shown when an AR with a mutation in the 
LBD (V889M) had lower binding affinity than the wild-type receptor, and also a 
higher degradation rate [112]. Androgens have also been shown to decrease the 
AR mRNA level in rat ventral prostate [109; 113]. These varying results point 
towards cell type specific mechanisms in regulation of AR expression.  

Posttranscriptional regulation of AR mRNA is partly due to the heterogeneous 
nuclear ribonucleoprotein K (HnRNP-K) which binds to the 5´ untranslated region 
of the AR mRNA. This binding inhibits RNA translation and thereby reduces AR 
protein amount [114]. Regulation also takes place at the posttranslational level. 
Interactions with heat shock proteins (HSPs) are crucial for stabilization of the 
protein [115].  
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Directly after AR production the protein is phosphorylated and the majority of the 
phosphorylation sites (serines) are found in the NTD [35]. Most phosphorylations 
are carried out by mitogen-activated protein kinase, Akt and protein kinase C 
signalling [116]. Phosphorylations have been shown to affect activity, recruitment 
to DNA, enhancers and hormone binding [117]. The phosporylation of Ser308 in 
the NTD inhibits AR activity [118] as well as Akt mediated phosphorylation of 
Ser213 in the NTD and Ser791 in the LBD [119-121]. The NTD phosphorylation 
sites may also be important for phosphorylation of other parts of the receptor 
because phosphorylations can mediate conformational changes and make other 
phosphorylation sites, such as Ser650 more or less available for phosphorylation or 
dephosphorylation [117]. Some genes regulated by the AR require the binding of 
various factors simultaneously at several sites for full transcription. An example of 
this is the prostate specific antigen gene, where full activation requires the binding 
of AR, co-activators and RNA polymerase II at the enhancer and promoter region 
simultaneously. In contrast, repression of the gene can be carried out only when 
factors are bound to the promoter and not the enhancer. This phenomenon is called 
chromatin looping. The DNA forms a loop that brings two distant sites into close 
contact, which is essential for gene activation [122]. The activation and action of 
the AR is described graphically in Fig. 7. 
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Figure 7. The mechanism of androgen action in the cell. The unactivated AR is bound by 
heat shock proteins, Hsp40, Hsp70 and Hsp90. When androgen dissociates into the cell 
testosterone or DHT bind to the ligand binding domain. Conformational changes take 
place, co-factors bind (ARA55 and ARA70) and the receptor is phosporylated. Importin α 
binds to the NLS in the hinge region and mediates transport into the nucleus. The AR 
dimer binds to the specific ARE (sARE). Transcriptional co-regulators and the 
transcription complex with RNA polymerase II bind in to the DNA. The androgen 
regulated gene is transcribed and the androgenic effect takes place. ARA55: androgen 
receptor associated protein 55. ARA70: androgen receptor associated protein 70. 
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Co-regulators 
Androgens are essential for AR activity but small interacting proteins, termed co-
regulators, can also influence in both an activating and repressing manner. Most 
co-regulators are unspecific and act upon many receptors and genes regulating 
various effects. They can act by binding to the AR protein directly or by binding to 
the DNA, in complex with other proteins, for example in the transcription 
initiation complex, or separately.  

Among the first AR co-regulators to be discovered was the androgen receptor 
associated protein 70 (ARA70) that at the time was claimed to be an AR specific 
co-activator [123]. The primary interaction site for ARA70 is the LBD and it 
enables the antiandrogens hydroxyflutamide and bicalutamide to become AR 
ligands and increase transcriptional activity [124]. Increased expression of ARA70 
in prostate cancer cell lines has been shown to activate the AR when stimulated 
with very low concentrations of androgens or oestradiol [124]. 

Later, ARA70 was shown to interact with other NRs and the increased AR activity 
seen with ARA70 was not different from the increase caused by other co-
activators [125]. Also, mutations in the LBD that disrupted interaction with 
ARA70 only partly decreased the AR activity [126].  

There are also co-activators that interact with the CAG repeat. One example is 
ARA24/Ras related nuclear protein (Ran). It is a small GTPase protein first 
identified as a complex with the protein regulator of chromosome condensation 1 
[127]. ARA24/Ran is involved in many processes such as nuclear transport of 
protein and RNA, cell cycle progression, RNA and DNA synthesis [128]. 
ARA24/Ran increases AR sensitivity to DHT in vitro and interacts with the CAG 
region in a CAG length dependent manner. The association between ARA24/Ran 
and the NTD as well as the co-activation function of ARA24/RAN is decreased 
when the CAG repeat length increases. This was demonstrated by using repeat 
lengths with 25 and 49 CAG. The AR activity was enhanced by ARA24/RAN at 
both physiological and very low androgen levels, which could imply a role in 
castrate-resistant prostate cancer. A weaker interaction between ARA24/RAN and 
AR with longer glutamine lengths could be a cause of the aggregation of AR in the 
cytoplasm seen in patients with Kennedy´s disease [129]. The best described co-
activators for the AR and other transcription factors are the three members of the 
p160 family, steroid receptor co-activator 1 (SRC-1), SRC-2/Transcription 
initiation factor 2 (TIF-2), and SRC-3/receptor associated co-activator 3/amplified 
in breast cancer 1. All family members have multiple LxxLL motifs that interact 
with the AF-2 region in the LBD of other NRs but in the AR the AF-5 region in 
the NTD is a stronger interaction surface [130]. The p160 co-activators also affect 
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transcription factors that regulate expression of other genes, for example they 
influence cell proliferation and cell survival [131].  

Whereas SRC-1 and SRC-2 appear to be needed for optimal transcription activity 
SRC-3/RAC3/AIB1 has been shown to be over-expressed in various cancers, both 
hormone dependent and non dependent [132-134]. 

The AR activity is also regulated by co-repressors. An example of an AR co-
repressor is glycogen synthase kinase 3 β (GSK3β). It was highly expressed in 
prostate cells and has been shown to interact with the AR both in vitro and in vivo. 
It acts by phosphorylating the NTD and suppresses the transactivational activity by 
reducing the interaction between the NTD and the LBD, thereby affecting 
dimerisation [135]. Another co-repressor is HDAC1, a histone deacetylase that 
binds directly to the AR and down-regulates transcription without affecting AR 
protein levels. HDAC1 binds to the AF-2 motif and most probably deacetylates the 
receptor causing inactivation [136].  

Human disorders related to the AR 
 

Androgen insensitivity syndrome 
Mutations in the AR gene result in various grades of androgen insensitivity 
syndrome (AIS). There are three main types of androgen insensitivity syndrome 
(AIS). In complete androgen insensitivity syndrome (CAIS) the AR is inactive. 
This creates a female phenotype at birth although the child´s karyotype is XY. 
Partial androgen insensitivity syndrome (PAIS) is a heterogenous form of AIS and 
presents as various degrees of female virilization or male feminisation due to 
diverging degrees of AR activity [137]. The mildest form of AIS is mild androgen 
insensitivity syndrome (MAIS) which gives a phenotypic and genetic male but 
with AR activity defects that can be manifested as oligospermia, gynecomastia or 
minor hypospadias [138; 139]. There are at least 300 different mutations causing 
AIS in exons 2-8 but only 23 in exon 1 of the AR. Approximately 70% of these 
mutations are inherited and 30% are de novo mutations, not found in the maternal 
AR gene (http://androgendb.mcgill.ca/). 

 

Kennedy’s disease 
Kennedy’s disease, also known as SBMA was described in 1968 [140]. It is a late-
onset progressive motor-neuron disease affecting muscles in the hips, shoulders 
and later also bulbar muscles resulting in difficulty with walking, swallowing and 
talking. These patients also may have gynecomastia and reduced fertility, showing 
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phenotypic traits similar to PAIS. The CAG repeat length is inversely correlated to 
age at onset and disease severity [50]. Longer repeats give an earlier onset and a 
more severe disease [141]. The elongated CAG tracts cause aggregation of AR and 
other proteins in neural and non-neural tissues, eventually leading to cell and 
tissue death. The neuro-pathological symptoms are not due to the loss of AR 
function but to a gain of neurotoxic function of the AR [142]. It has been proposed 
that the elongated CAG tract leads to misfolded proteins that fail to be degraded 
due to impairments in the proteolytic pathway and therefore form intermolecular 
complexes that accumulate in the cells [143]. Mouse models have shown that the 
pathology of CAG repeats is androgen dependent. In clinical trials reduced 
androgen production induced by leuprorelin decreased inclusion formations in 
scrotal skin, but muscular function was not significantly improved [144]. The fact 
that patients with Kennedy’s disease have low AR activity has motivated studies 
on CAG repeat length and AR activity. Also, it has led to the common dogma that 
longer CAG tracts result in lower AR activity. 

 
Other repeat expansion diseases 
There are two categories of repeat expansion diseases, those such as SBMA where 
the repeat is located in an exon and those where the repeat is located in an intron. 
Both types of repeats can have significant impact, for example by causing 
chromosome fragility, silencing the genes in which they are located, modulating 
transcription and translation, and by inhibiting proteins involved in processes such 
as splicing and cell architecture [145]. Other diseases caused by an extended 
glutamine repeat are Huntington disease, and the spino-cerebellar ataxias that are 
due to an expanded glutamine repeat in the huntingtin, and the ataxin proteins, 
respectively. 

Triplet repeats have been found in 15 neurological disorders of which eight result 
from an expanded CAG repeat and are neurodegenerative. All these diseases are 
progressive, and have an earlier onset, and are more severe the longer the CAG 
stretch. Another similarity is that only specific neurons in each disease are 
affected, although the mutated protein is found throughout the body [146]. 

 
Prostate Cancer 
Circulating androgens and the AR are essential for prostate development and also 
to some extent for prostate cancer (PCa) development. In the prostate, androgen 
effects are mediated by DHT which is metabolised from testosterone by SRD5A2.  

Recently it was discovered that the AR has varying functions in specific prostate 
cells and also that its effects differ in normal and malignant tissue. In prostate 
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stromal cells it enhances proliferation, in epithelial luminal cells it is a survival 
factor that promotes cancer progression, and in basal cells it inhibits metastasis 
[147]. These results are contradictory to the accepted idea that AR activity always 
promotes cancer progression. However, high expression of the AR in prostate does 
not automatically cause PCa, since mice with over-expression of wild-type AR 
developed prostate intraepithelial neoplasia (PIN) [148] whereas over-expression 
of an AR with a missense mutation caused PCa [149]. The AR in PCa has been 
found to have a range of mutations but they are very seldom found in untreated 
PCa. Moreover, although these mutations are not always found in the primary 
tumour, they are present in the metastases [150; 151]. In the Finnish population the 
substitution of leucine for arginine at aa position 726 (Arg726Leu) was found to 
increase the risk of PCa [152] but these findings were not confirmed in a 
subsequent study of a North American population [153]. 

Since the first suggestion that the AR CAG repeat length could be associated with 
PCa risk in 1994 [154], there have been numerous publications on this topic. 
Today this matter is still debated and some studies show associations with PCa 
risk [155-161] whereas others do not [162-168]. PCa aggressiveness and age at 
onset has also been studied with inconclusive results. Stage and grade of the 
disease have been associated with short CAG repeats in a number of studies [156; 
165; 169-171] and younger age at onset has been related to shorter CAG repeats in 
some reports [156; 160; 168; 172; 173]. Other studies have not found any 
association between CAG repeat length and age at onset or disease aggressiveness 
[174; 175]. The largest study to date on PCa risk and CAG repeat length has been 
carried out by Lindström et al. and includes more than 6000 cases and controls 
[163]. No association between CAG length and PCa was reported but a relation 
between CAG length and circulating levels of testosterone and estradiol was 
observed, as has been found earlier in another large elderly cohort [176]. High 
androgen levels have been thought to increase PCa risk [177-182] but in a large 
meta-analysis no association was found between circulating levels of testosterone, 
DHT, or E and PCa [183]. This was corroborated by Lindström et al. who did not 
find higher PCa incidence in men with higher testosterone levels [163].  

 
Infertility 
Infertility affects 15% of couples worldwide. In 20% of these cases infertility is 
caused by a male factor and in 60-75% of male infertility cases the aetiology is 
unknown [184]. Seven mutations in the AR primarily causing infertility have been 
reported, five in exon 1, two in exon 8 and one in exon 5 [185]. Men with these 
mutations develop normally, have a male phenotype but a defect in 
spermatogenesis. In mouse models where the AR was selectively not expressed in 
Sertoli cells, a phenotypic normal male was developed but spermatogenesis was 
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disregulated [186; 187]. Male infertility may therefore be caused by specific 
functional limitations of AR action in Sertoli cells.  

Since the discovery of an association between an expanded CAG repeat and 
Kennedy’s disease, there has been a general belief that longer CAG stretches give 
a less active AR and therefore could cause infertility. In a large meta-analysis by 
Davis-Dao on mainly white men [188], infertile men were shown to have 0.19 
repeat longer CAG stretches than fertile men. In a similar study on Asian men, the 
mean difference in CAG length was 1.34 repeats [67]. The data in these studies 
were analysed in a linear model based on the early in vitro studies mentioned and 
on the theory of an inverse relation between CAG length and AR activity. 
Although both studies found a slightly longer CAG stretch in infertile men the 
biological effect of less than one or 1.5 repeats could be questioned. 

  



Aims 

 31 

Aims  
Understanding the impact of CAG number on AR activity is 
important for proper interpretation of receptor function and the role it 
has in pathological, androgen related diseases, other than Kennedy’s 
disease.  
The purpose of this thesis was to examine the influence of CAG 
length, if any, on AR activity and expression by studying receptors 
with CAG lengths in the normal range. 
 
The specific aims were to:  
 

• Determine the effect of CAG lengths within normal range on 
AR activity in vitro  

 
• Re-analyse data on AR CAG repeat length in relation to risk 

of male infertility and prostate cancer 
 

• Measure AR protein amount and activity in situ in human 
prostate tissue from men with known AR CAG repeat length. 
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Materials and methods 

Studies included  
This thesis is based on four studies. The first was an in vitro study where 
mammalian cells were transfected with different AR genotypes with varying 
numbers of CAG length and constant GGN length. The second and third studies 
were meta-analyses where the association between CAG length in relation to 
infertility and PCa was examined. The majority of the data for these studies was 
obtained from published scientific articles. In both studies the CAG length was 
stratified into three groups. In the fourth study, prostate tissue samples from men 
with known CAG length were analysed for AR and PSA content. 

 
Subjects 
The material for the meta-analyses was obtained through PubMed 
(www.ncbi.nih.gov). In the cases where no free full-text version of the article of 
interest was available, the author was contacted directly, and a request made for a 
copy of the data. Only publications on white men were included to avoid genetic 
heterogeneity.  

In the meta-analysis on the association between infertility risk and CAG length a 
total of 3915 men were included, of whom 1831 were fertile and 2084 infertile. 
The data was extracted from 15 articles, and also data on 172 men from the 
outpatient clinic at the Reproductive Medicine Centre (RMC) Malmö, Sweden was 
included. All data was divided into three groups depending on CAG length. CAG 
22 and 23 was used as the reference and the other groups were CAG<22 and 
CAG>23.  

The other meta-analysis included PCa cases and controls. In total 7483 white men 
were included, 4067 controls and 3416 with diagnosed PCa. The data was 
originally published in 12 separate publications. A similar procedure was chosen 
for analysis of PCa risk in relation to CAG repeat length. The same CAG length 
groups were used in this analysis as in the infertility analysis, CAG 22 and 23 was 
the reference group which was compared to CAG<22 and CAG>23.  

In the study on patient material, AR expression and activity in prostate tissue 
needle biopsies from 19 men with normal CAG lengths (14-28 CAG) were 
included. The biopsies were taken for PCa diagnosis purposes before any eventual 
treatment was started. The samples were collected during the period 1997-2002 
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and had been paraffin embedded. Two of these samples only contained benign 
tissue and two other samples only had malignant tissue. 

Molecular methods 
 

Gene amplification and plasmid construction 
The polymerase chain reaction (PCR) is a highly sensitive detection method that is 
used on a daily basis in the field of molecular biology. PCR amplifies a specific 
target DNA sequence by copying the DNA. The specificity of the PCR is defined 
by the choice of primers. Primers are small oligonucleotides that are designed to 
be complementary to the sequences flanking the genomic area of interest. The 
PCR reaction has three general steps. First, the DNA is heated up to approximately 
96 °C and separates into its two complementary strands (denaturation). At a lower 
temperature, the specific oligo-primers bind to their complementary single DNA 
strands (annealing). The thermostable DNA polymerase enzyme included in the 
reaction requires this oligo-primer binding prior to initiating copying of the single-
stranded DNA adjacent to the primer-binding site in a 5´-3´direction (extension). 
Two new double-stranded templates of the region of interest are produced through 
incorporation of deoxynucleotides provided in the reaction mix, at the optimum 
processing temperature for the polymerase enzyme, 68-72 °C. These three steps 
are repeated, and the target DNA is amplified in an exponential fashion [189]. 
There are several variants of PCR, real-time PCR also termed quantitative PCR 
(qPCR), used for quantification of a specific sequence or gene product, and 
reverse transcriptase PCR (RT-PCR) which uses RNA as starting material 
transcribing it to cDNA prior to quantification by qPCR or amplification by PCR.  

In this thesis PCR was used for amplification of the human AR 23 GGN region, 
that was selected to generate an expression plasmid with the combination 16 or 28 
CAG and 23 GGN. A plasmid expressing an androgen receptor with 22 CAG and 
23 GGN repeats was already available in the research laboratory. These genotypes 
were chosen to compare the median CAG length in combination with the most 
common GGN length in white men (22 CAG 23 GGN) to longer and shorter CAG 
repeats within the normal range. 

The DNA template for the PCR was human DNA, and the reaction was run under 
the following conditions: 1 min denaturation at 96 ºC, followed by 1 min 
annealing at 56 ºC and 3 min extension at 72 ºC. The sequence of the forward 
primer was 5´-CCAGAGTCGCGACTACTACAACTTTCC-3´ and the reverse 
primer sequence was 5´-CCAGAACACAGAGTGACTCTGCC-3´. 
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The PCR products were digested with Kpn1 and BstE11/Eco911, resulting in a 
241 bp product, only containing the required GGN stretch.  

Two expression vectors (pCMV4) containing full length AR cDNA with the 
required CAG repeat length in combination with an unwanted GGN repeat were 
digested with the same enzymes as the PCR product to cut out the GGN repeat. 
The opened plasmids, without GGN repeat, were then purified. 

The digested and purified PCR product (23 GGN) was ligated into the opened 
pCMV4 expression vectors, resulting in two vectors with 23 GGN in combination 
with 16 or 28 CAG repeats. These plasmids were transformed into Escherichia. 
coli DH5α by electroporation, amplified and purified. Finally correct incorporation 
of the GGN fragment and the CAG sequence was verified by direct sequencing on 
an ABI Prism3730 GeneticAnalyzer (Applied Biosystems). 

 
Transfection of mammalian cells 
Mammalian cells can be either transiently transfected or stably transfected. 
Transiently transfected cells do not integrate the foreign DNA into the 
chromosomal DNA, and only express the genes in the transfected DNA for a short 
period of time until the foreign DNA is degraded. In stable transfection the foreign 
DNA is integrated into the cell genome and is replicated and transferred to the 
daughter cells during each cell division. Stable transfection often requires that the 
transfected DNA contains a selective gene, such as antibiotic resistance, to keep 
the DNA integrated into the genome. In the current work african green monkey 
kidney cells (COS-1) were used for transient transfection of AR expressing 
plasmids. COS-1 cells were chosen as they do not express an endogenous AR, are 
easy to transfect, and have been used in similar studies previously [53; 55]. They 
express the SV40 large tumour antigen that enables transcription initiation at the 
SV40 origin site in the pCMV4 expression vector [190]. This results in a high 
copy number of the vector with the AR cDNA in each transfected cell [191]. 

The methods used for transfection of plasmids into mammalian cells are based on 
various ways of promoting DNA uptake. In methods using calcium phosphate 
small precipitates are formed between the DNA and calcium that then are 
adsorbed by the cell through a poorly understood mechanism. Electroporation, 
when cells are given a short electric shock, is an efficient method to transfer DNA 
directly into the cell nucleus. In liposome based methods a complex is formed 
between the DNA and lipids. The complex formed fuses with the cell membrane 
or is taken up into the cell by endocytosis. We used a transfection reagent 
containing a blend of lipids (Fugene 6, Roche Diagnostics). 

The plasmids transfected into the cells were 600 ng pCMV4 plasmid containing 
the AR genotype of interest, 200 ng of the reporter plasmid pGL3hPSALuc2, and 
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one of either of the transfection efficiency controls, 1 ng of pCH110β-gal or 5 ng 
pRL-SV40renilla. The pCMV4 plasmid has a strong CMV promoter and as 
described earlier can be replicated in COS-1 cells. The reporter plasmid had a 
human prostate specific promoter in front of the luciferase gene. The two 
transfection efficiency controls were used to investigate if the results could be 
influenced by any common transfection efficiency plasmid.  

Cells were grown and kept in Dulbecco´s modified eagle media containing 10 % 
heat inactivated fetal bovine serum supplemented with 2 mM glutamine and 
0.02% gentamicin. 

For transfection 150 000 cells were seeded 24h before transfection in 12-well 
plates. 

After transfection, cells were left for 24 h before they were washed and new media 
with 10 or 100 nM of DHT or R1881, or media with no hormone was added. 
Methyltrienolone (R1881) is a synthetic testosterone that can not be converted into 
DHT by SRD5A. Since the COS-1 cells are known to metabolise testosterone, 
R1881 was used to study the effect of testosterone. The serum used in the media 
was stripped from hormones. 

Luciferase and renilla activities were assessed by the Dual Luciferase Reporter 
assay, whereas the combination of β-gal and luciferase was assessed by the Dual 
Light Luciferase assay. Total protein amount in each sample was measured by the 
method of Bradford [192]. The experiment was repeated up to 31 times with DHT 
and six times with R1881. 

To rule out the possibility that differences in activity depended on varying AR 
transcription amount, mRNA was prepared from transfected cells. The mRNA was 
then reverse transcribed to complementary DNA (cDNA) and quantified by 
quantitative real-time PCR. 

 
Quantitative real-time PCR 
In quantitative real-time PCR (qPCR) the outcome of each PCR cycle is 
determined in “real” time. The number of target DNA molecules can be 
determined by measuring at what cycle a certain threshold level is reached (the Ct 
value). This enables accurate determination at an unparalleled dynamic range. 
There are two main methods of measuring the amount of PCR product based on 
the use of labelled hydrolysis probes, or the incorporation of fluorescent dyes. 

One probe based system uses labelled probes i.e. small single stranded DNA 
molecules (oligonucleotides) of the chosen sequence conjugated with a fluorescent 
dye at the 5´ end, the reporter, and, in close spatial proximity, a quencher at the 3´ 
end of the intact molecule that reduces the fluorescence emitted by the reporter 
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fluorophore. As long as the probe is intact, it can bind (hybridise) to the single 
stranded DNA sequence of interest. If the primers bind to the DNA, and a 
thermostable DNA polymerase with 5´ exonuclease activity is used in the reaction 
mix, primer extension will take place, the hybridized probe will be cleaved, and 
the quencher will separate from the fluorophore. Continuous excitation allows 
online monitoring of the fluorescence signal in “real time”. In presence of target 
DNA the fluorescence signal produced by the reporter dye increases, and the 
number of target molecules can be determined by measuring at what cycle a 
certain threshold level is reached, the Ct value.  

The second method is less precise as both specific and non-specific products give 
a signal. It is based on the use of a fluorescent dye that binds directly to the newly 
synthesized double stranded DNA. With every cycle, the amount of double 
stranded DNA and fluorescence increases. When using this method, no probe is 
needed and it is reliable as long as the product size is verified by generating a 
melting curve, that indicates the melting temperature of the products amplified 
during the reaction. By comparing the amount of the gene of interest to the amount 
of a known endogenous control gene, run in a parallel reaction, a relative amount 
of the gene of interest can be obtained. The endogenous control gene is a gene that 
is constantly similarly expressed in the starting material [193]. 

For the measurement of AR expression in COS-1 cells, qPCR using a fluorescent 
dye (SYBRGreen, Stratagene, CA, USA) was performed. During the process of 
RNA extraction the RNA was treated with DNase to ensure that no residual 
plasmid DNA remained which could be used as false template in the subsequent 
qPCR reaction. Primers that specifically bind to the polyA tail of mRNA 
molecules were used in the reverse transcriptase reaction to produce cDNA.  

The AR specific primers in the qPCR reaction were designed to be intron/exon 
spanning to facilitate the discrimination of products from chromosomal DNA and 
cDNA. Primers used for AR detection were, forward 5´-AGCCTATTGCGAG 
AGAGCTG-3´ and reverse 5´-GCTTCACTGGGTGTGGAAAT-3´.  

The chosen endogenous gene, glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), was detected with the forward primer 5´-CGACCACTTTGT 
CAAGCTCA-3´ and reverse primer 5´-AGGGGTCTACATGGCAACTG-3´. The 
AR mRNA was quantified by using the comparative CT method. The method is 
based on normalization of fluorescence values for the gene of interest to the values 
for the endogenous control. Three samples of each genotype were analysed in 
triplicates and the data were compared with the expression of 22 CAG treated with 
10 nM DHT, which was set as a reference value and included in each qPCR run. 
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Enzyme linked immunosorbent sandwich assay  
Methods for estimating or determining specific protein amount most often are 
antibody-based techniques. Western blot is commonly used for detection of 
proteins in cell lysates. It is a combination of fractionating the proteins in the 
sample based on molecular weight by polyacrylamide gel electrophoresis, 
transferring all separated proteins to a solid membrane and then detecting specific 
proteins by using primary antibodies and secondary antibodies conjugated to a 
detectable reagent. The technique is valuable for detecting specific proteins, but is 
a crude method for determining the specific protein amount. Instead of using 
western blotting for determining the amount of a specific protein, enzyme-linked 
immunosorbent sandwich assay (ELISA) can be used. In this work a sandwich 
ELISA was the chosen method to rule out that differences in measured activity 
depended on varying AR protein amount. 

The sandwich ELISA allows accurate determination of protein amount. It is an 
antibody-based method where specific antibodies are used to coat a microtiter 
plate. The sample is added, the protein of interest (antigen) is bound to the 
antibody and the unbound residual material in the sample can be washed away. 
The amount of bound protein can be determined by using a second antibody 
conjugated to a colorimetric, enzyme linked or fluorescent/chemiluminescent 
antibody, which develops a measurable color/fluorescence when substrate is 
added. To increase the sensitivity of the assay, an unconjugated secondary 
antibody can be used before a third conjugated antibody is added. Apart from the 
sandwich method there are several variations of ELISA. The indirect ELISA is not 
a sensitive method but can be used for qualitative analysis. In indirect ELISA the 
sample is incubated in an empty well. Antigens in the sample adhere to the 
surface. The surface is then blocked to inhibit binding of the next antibody to the 
empty surface. Primary antibody against the antigen is added and a secondary 
antibody linked to an enzyme is then used for detection. Another variation of 
ELISA is the competitive ELISA, where the sample first is incubated with specific 
antibodies. Then the mix is added to wells coated with antigen. The secondary 
antibody is linked with an enzyme and after addition of substrate a measurable 
colour is developed. Standard samples, with known antigen concentration, can be 
included in the reaction to give a standard curve. This curve can then be used to 
determine the exact amount of antigen in each sample. There is no purified AR 
protein available on the market, so for this work the exact amount of AR could not 
be detected, only relative amounts in different samples.  

In all ELISA reactions lysates from the prostate cancer cell line LnCaP were 
included as positive controls. Untransfected COS-1 cells were used as negative 
controls. The appropriate amount of total protein to be used was decided by 
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running a dilution curve on one sample before the analysis of all samples. The 
dilution curve showed which dilution to use to obtain optical density values within 
the linear range. 

Quantification of AR and AR activity in 
tissue 
 

Antibody staining and TRFI 
Serum PSA measurement is commonly used to screen for prostate disease and in 
the follow up of patients with PCa. A high PSA value could be a sign of aberrant 
prostate growth but does not directly indicate PCa. Expression of the prostate 
specific antigen (PSA) gene is regulated by the androgen receptor. In other words, 
the PSA gene is a downstream target of the AR. Therefore AR and PSA protein 
amount was measured directly in human prostate tissue to determine if AR 
expression and activity varied depending on CAG length. Common 
immunohistochemistry can be used for specific protein quantification, but the 
signal obtained is not always linear to protein amount, and the background is often 
high. The chosen method for direct quantification was time resolved fluorescence 
imaging (TRFI). First the method was verified on AR transfected and paraffin 
embedded COS-1 cells treated with 10 nM DHT. The cells were transfected as 
mentioned earlier with ARs harbouring 16, 22 or 28 CAG in combination with 23 
GGN. After harvesting and fixation the cells were paraffin embedded. Sections 
were then prepared for TRFI for AR protein measurement. TRFI is a method 
where specific antibodies directly or indirectly linked to lanthanides are used in 
combination with image acquisition in an epifluorescence microscope. The 
lanthanides can be excited at specific wavelengths and have a long decay time. 
The long decay time makes it possible to obtain images with low background 
noise and autofluorescence. In comparison to immunohistochemistry, TRFI gives 
a linear relation between signal intensity and the specific protein expression; it 
also allows an automated and improved quantification and evaluation of cellular 
parameters.  

The primary antibodies were directed against AR and PSA. They were conjugated 
to Europium (Eu) and Terbium (Tb) respectively making it possible to measure 
both AR and PSA amount from the same sample. One sample from each patient 
was analysed once. The primary areas of interest were prostate glands, where AR 
expressed in the nucleus of epithelial cells and PSA found in the stromal cells 
could be detected. The Eu signal was obtained with an emission filter set at 615 
nm and for Terbium a filter at 545 nm was used. This gave separate images with 
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specific Eu and Tb signals from exactly the same area. These images were then 
analysed, resulting in specific density values for each region of interest in every 
image. The mean intensity of the background was subtracted from each region of 
interest making it possible to compare the images to each other.  

 

Statistical analysis 
The choice of statistical method was based on the distribution pattern and number 
of data points. The non-parametric tests were chosen when data was not normally 
distributed or when the number of observations was small. In the analysis of the 
transactivation assay data, the groupwise comparisons were performed with a test 
where pairwise comparisons were possible. All statistical tests were two-tailed 
with statistical significance defined as p<0,05.  

In each experiment the mean value of the AR with 22 CAG stimulated with 10 nM 
DHT or R1881 was set to 100% or 1. The values of the other genotypes were 
expressed relative to it.  

To compare the activities in the transactivation assay, the results of all three 
genotypes were compared to each other with the non-parametric Friedman´s test. 
If the test showed a significant difference (p<0,05) between genotypes they were 
pairwise compared with the non-parametric Wilcoxon signed ranks test. The 
ELISA and qPCR results were compared using the same statistical tests.  

In the meta-analysis the three CAG repeat length groups within each study were of 
similar size. Both data sets were analysed by binary logistic regression with 
fertility or PCa as the dependent variable. The risk of infertility or PCa was also 
assessed with the independent sample t-test, where the mean CAG length of all 
included men in the respective study was compared.  

In the study on AR and PSA protein amount in prostate tissue the samples were 
grouped into similar groups as in the meta-analysis. The four samples with 22 
CAG represented the median repeat length in white men and were one group. 
Samples with CAG lengths of 14 to 18 were in the second group (n=9) 
representing shorter normal repeat lengths, and patients with 26 to 28 CAG were 
in the third group representing longer normal CAG lengths (n=6). Non-parametric 
tests were used for analysis. The Kruskal Wallis test was used for the over all 
comparison of the three groups. Groupwise comparisons were made with the 
Mann Whitney test. The same statistical methods were chosen for comparison of 
the AR amount obtained by TRF in COS-1 cells. The mean density value of cells 
treated with empty vector was considered background and subtracted from every 
data point obtained in AR transfected cells. 
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Results and discussion 

At the start of this work, a negative linear association between AR function and 
the CAG repeat number was generally assumed. This was based on clinical 
findings in men with the neuromuscular disorder Kennedy’s disease who present 
with an abnormal expansion of the CAG stretch to more than 40 repeats, and on a 
few in vitro studies from the 1990s [53-55]. However, in vivo data concerning the 
association between CAG number and androgenic effects were conflicting. 

As most previous in vitro studies were based on extreme CAG lengths, and on 
reporter-systems containing viral promoters, the objective of the first study was to 
investigate ARs with CAG lengths within normal range (16, 22 and 28) in a 
reporter-assay with the human PSA promoter as the target (Paper I). We also 
wished to elucidate whether the interpretation of the results depended on the 
methods used for adjustment of transfection efficiency. 

With ß-galactosidase as transfection control, 22 CAG length had the highest 
activity (100%) compared to 16 CAG (mean 78% [range 41- 132], p=0.005) and 
28 CAG (68% [26-162], p=0.006), whereas adjusting for renilla-luciferase resulted 
in 16 CAG behaving similarly to 22 CAG (104% [56- 165], p=0.7) and 28 CAG 
having lower activity (59% [33-101], p=0.004). When using the co-transfected 
transfection controls the negative control samples transfected with empty AR 
vector displayed considerable background activity. 

Adjusting for AR protein gave another activity distribution, the 22 CAG genotype 
showed the highest activity; 16 CAG and 28 CAG displaying 20% (10-47, 
p<0.0001) and 12% (5-21, p<0.0001) thereof. Similar results were obtained with 
adjustment for total protein. The negative controls showed no or very little 
activity. By normalising for AR protein-content, the highest AR activity was 
confined to the 22 CAG and not 16 CAG, contrary to the findings with transfected 
control vectors. Thus, the relation between CAG repeat length and AR activity 
may not be strictly linear, as had been assumed in the majority of previously 
published association studies. This may, at least partly, explain the discrepancy in 
data aiming to link physiological conditions to CAG repeat length. Re-analysing 
data in a stratified manner may give more important information on the relation 
between AR CAG repeat length and disease predisposition. 

In general, the glutamine length variance is influenced by both specific sequence 
characteristics and the specific role of the glutamine tract within the protein 
structure and function [194]. This is illustrated by the fact that some proteins are 
polymorphic whereas others are not [195], indicating critical reasons for 
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maintaining a particular CAG repeat length in some proteins. With respect to the 
AR, there seems to be a length of approximately 10-30 repeats that is tolerated for 
proper AR function and that can be balanced by both AR protein amount, as has 
been shown previously [196; 197], and also by the secretion of sex hormones. In 
line with this hypothesis, it has been proposed that as 91–99% of the CAG alleles 
across different ethnic groups are between 16 and 29 residues, this could be a 
range that would maintain maximum interaction between the transactivating 
domain and the hormone binding domain of the AR [56]. Shorter or longer repeats 
than the critical range could be a more important mediator of disease phenotype 
than a stepwise reduction in activity with increasing CAG length across the entire 
range [56]. 

The CAG stretch of the AR protein is situated in the transactivating domain that 
interacts with the hormone binding domain. The fact that mutations in the CAG 
stretch can disrupt this interaction [56] provides evidence that the polyglutamine 
tract plays a crucial role in ensuring proper function of the human AR. The 
interplay between the transactivating domain and the hormone binding domain has 
previously been shown to be significantly reduced by shorter or longer CAG 
repeats than the normal range [56]. This finding generated the hypothesis that the 
polyglutamine tracts serve as flexible spacers to separate regions of biological 
activity while maintaining the capacity to interact with co-regulators and the 
transcription machinery. Such a mechanism could explain how both increased and 
decreased CAG lengths can influence AR function. To test this hypothesis, data 
from two recent meta-analyses, -one on infertile men and one on PCa cases, - was 
collected and re-analysed in a stratified manner (Paper II and III). In both studies 
<1 CAG repeat differed between cases and controls when analysed in a linear 
regression model, assuming that AR function diminishes with increasing CAG 
length. Such a small difference is unlikely to explain why PCa develops in some 
men. Neither does it give any improvement in methods for disease prediction. On 
the other hand, one single repeat difference in the GGN repeat can affect receptor 
activity. An AR with 23 GGN had significantly higher activity than a receptor 
with 24 GGN in vitro [71]. Also phenotypic differences were found when 
comparing men with 23 and 24 GGN [72].  

Thus, by analysing data sets with a stratified analysis, more information on the 
role of the AR in these diseases could possibly be obtained. 

The infertility study included 3915 men, of whom 1831 were fertile and 2084 
infertile (Paper II). Data was divided into three categories: CAG<22, CAG 22-23 
(reference group) and CAG>23 and then re-analysed in a binary logistic regression 
model. When comparing the groups regarding differences in mean length, no 
significant difference was found between the fertile and infertile men (equal 
variance, p= 0.615). However, when the CAG lengths were divided into three 
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groups (<22, 22-23 and >23 CAG) for the stratified analysis, men with CAG<22 
and CAG>23 had 20% increased odds ratio of infertility compared to carriers of 
the median lengths (p=0.03, 95%CI 1.02-1.39 for CAG<22 and p=0.02, 1.03-1.44 
for CAG>23). These results indicate that data from previous studies should be re-
analysed regarding CAG number and androgenic endpoints. 

The PCa-study (Paper III) comprised genetic data on 3416 white men with PCa 
and 4067 controls stratified into three groups in the same manner as in the 
previous infertility-study. The mean CAG length for all men was 21.8 with a range 
of 6-42 CAG repeats. For the controls, the mean repeat length was 21.9, and for 
cases 21.6 CAG. In an un-stratified comparison of CAG length in cases vs. 
controls, a significant difference between all cases and controls was observed 
(p=0.001 unequal variance). However, in the stratified analysis, no statistically 
significant difference in prostate cancer risk between the groups was noted 
(CAG<22, p=0.071, OR=1.12 CI 0.99-1.26; CAG>23, p=0.780, OR=1.02 
CI=0.89-1.16). Also, when the cases with extremely long (>30) or short (<10) 
CAG repeats were excluded from the stratified analysis (n= 61) no significant 
differences were found (CAG<22, p=0.072, OR=1.12, CI 0.99-1.26; CAG>23, 
p=0.823, OR=1.02, CI=0.89-1.16). This result does not necessarily mean that there 
is no link, but the current study had not enough statistical power to show any 
association between PCa and CAG length although more than 7400 men were 
included.  

It is generally believed that androgens are necessary for prostate carcinogenesis, 
and androgen ablation is a corner stone in the treatment of the disease. Because of 
the study design, we did not have access to hormonal data. However, in a recent 
report, including 18 prospective studies on in total more than 3800 prostate cancer 
cases and 6400 controls, no association between risk for subsequent disease and 
serum concentrations of androgens or estrogens were found [183]. Only one 
hormone measurement was carried out in the studies included in the Roddam et al. 
analysis [183]. The androgen levels at that time-point may not necessarily reflect 
the hormone exposure relevant to target cells in the prostate at the relevant time in 
life. Moreover, even if androgens would not be causative of prostate cancer, the 
disease could well progress driven by androgen action on a basic level once the 
disease is manifest. The amount of androgens needed could be so small that the 
differences in AR efficiency, to which the CAG repeats contribute, do not matter.  

As the in vitro experiment indicated that AR protein amount was dependent on the 
number of CAG repeats (Paper I), we wanted to examine whether this also would 
be the case in vivo. Higher AR protein expression for CAG repeats associated with 
lower receptor activity would point towards cellular compensatory mechanisms 
adjusting the receptor amount to give efficient activity in the presence of ligand.  
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To study the AR and PSA protein amount in vivo prostate biopsies from 19 men 
with median length (22 CAG), short CAG length (14-18 CAG) and long CAG 
length (26-28 CAG) were included (Paper IV). The tissue contained both 
malignant and benign areas. The method used for AR and PSA measurement was 
time resolved fluorescent imaging (TRFI). Because PSA is synthesized and 
secreted by normal and malignant epithelial cells of the human prostate in 
response to androgens it can be used as a measure of AR activity.  

For validation of the TRFI method, COS-1 cells were transfected with different 
AR genotypes (16, 22 or 28 CAG with 23 GGN) and the AR protein amount was 
measured by TRFI. The transfected 22 CAG genotype showed lower AR amount 
in comparison to the transfected 16 or 28 CAG genotypes, when measured by 
TRFI. These results were comparable with the ELISA studies on transfected cells 
(16vs22 p<0,0001, 16vs28 p<0,0001, 22vs28 p<0,0001).  

The median AR amount in benign samples was for short CAG length 1003 ± 339 
count per pixel (cpp) (147%), median CAG 682 ± 252 cpp (100%), and long CAG 
tract 835 ± 557 cpp (122%). The median PSA amount in benign samples and 
corresponding CAG lengths was 315 ± 109 (85%), 371 ± 200 (100%), and for 
long l312 ± 93 (84%). Thus, these data indicated higher AR protein expression for 
the CAG numbers associated with lower receptor activity. These results should, 
however, be taken with some caution. None of the differences were statistically 
significant (p interval: 0.088-1.00), perhaps due to the relatively low number of 
samples included and high sample-to-sample variation.  

In the malignant tissue, the AR median amount was for short CAG 1038 ± 343 cpp 
(121%), median 859 ± 671 cpp (100%), long CAG 730 ± 733 cpp (122%). The 
median PSA amount in malignant samples was for short CAG length 374 ± 136 
(127%), median length 295 ± 116 (100%), long CAG 325 ± 200 (110%). Thus, the 
results were similar to the findings for the benign tissue, however, with p interval: 
0.201.-0.914.  

The TRFI study shows that there may be CAG length dependent differences in AR 
amount and androgen activity in benign prostate. This result is similar to previous 
in vitro results [197], where lowest protein amount (Fig. 8) and highest activity 
(Fig. 9) was seen in the AR with 22 repeats compared to a CAG length of 16 or 
28, and is also similar to the study on infertile men (Paper II). 
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Figure 8. Androgen receptor mRNA (white bars) and protein amount (grey bars) in 
COS-1 cells and AR amount in benign prostate tissue (black bars). 

Figure 9. Androgen receptor activity in COS-1 cells (white bars) and benign prostate 
tissue (grey bars), adjusted for AR protein amount. 
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In a previous study where prostate tissues from patients were examined by 
immunohistochemistry, samples with CAG repeats <21 in combination with <23 
GGN had a more intense AR staining and generally a higher Gleason score than 
samples from patients with CAG repeats >21 [199]. This result is difficult to 
compare with our study because of the differences in methods used. In the 
previous study, the genotyping was carried out by estimation of size using a ladder 
created with known allele sizes, not by direct sequencing, which is a precise 
method for genetic analyses. The TRFI technique used in the current work is 
considered to be a more sensitive method than immunohistochemistry. Moreover, 
the TRFI study results were validated with ELISA. Data was also analysed 
differently in our study. Rodriguez-Gonzalez et al. [199] used linear regression 
models, assuming a linear relationship between CAG number and intensity, in 
contrast to the stratified method we have been using. 

In the current work, no CAG dependent differences in AR or PSA expression were 
detected in malignant tissue. This could be due to loss of normal androgen 
regulation in tumours, or to the known genetic changes that occur in tumour tissue 
for example amplifications, mutations and deletions. Animal studies show similar 
results. When human AR was expressed in healthy mice, those with 21 CAG had 
testosterone concentrations very similar to normal for mice, whereas mice carrying 
CAG 12 or 48 had higher concentrations [200], possibly compensating for lower 
AR function. This also resembles the observations made in infertile men, who may 
have a well functioning AR, although at a suboptimal level [201], but who in a 
considerable number of cases fail to compensate with higher androgen output. 
Such failure to compensate with higher androgen output may be due to testicular 
dysgenesis, or disruption of the feed-back mechanism, or a combination of both.  

Because of the small study size as well as large intra- and inter-variability between 
samples, our work should be considered as a pilot study, particularly as we did not 
have access to more prostate biopsies from men with CAG lengths in the outer 
regions of the normal range. A larger study would be of importance to confirm 
these results.  

The trend towards lower AR levels in patients with 22 CAG could however be an 
important finding and should be investigated further. In an unpublished study from 
our group (Lundberg Giwercman Y et al. unpublished data) it was found that men 
with median long CAG repeats in the AR naturally have higher PSA concentration 
in the circulation compared to men with longer and shorter repeats. Our results 
from the PSA measurements in prostate tissue and also our in vitro study supports 
these unpublished results, indicating that men with median CAG number may, on 
average, have higher PSA levels, due to a more efficient AR.  

The data could also be studied in relation to GGN length, disease progression and 
hormone levels.  
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In the last decade the role of the AR and androgens in PCa development has been 
revised [181-183; 202-205]. For a long time the AR and androgen levels were 
considered to be causative of PCa. Because shorter CAG repeats were believed to 
give a more active receptor, they were also seen as a source of the malignant 
growth, although serum androgen levels have been difficult to correlate to 
initiation of disease, possibly because of lack of knowledge of the time period 
when hormones play an important role, and difficulties in assessing hormonal 
exposures retrospectively. Sperm output and the ability to father children can be 
used as an indicator of the long-term androgen status. In the largest study of PCa 
risk and number of children fathered, 48 850 PCa cases were identified through 
the Cancer Registry [206]. Being childless or having fathered only one child was 
associated with 20% reduced risk for PCa compared to having fathered ≥2 
children. This finding was later confirmed in a Danish study [207]. However, 
neither the Swedish nor the Danish study register data allowed discrimination 
between different causes of male childlessness. To study the association between 
male fertility and PCa risk, a nested case-control study on more than 11 000 male 
participants was performed [208]. Childless men had a 50% lower risk of PCa 
compared to those who had fathered children. This finding supports the theory that 
normal testicular function, and hence most probably steroidogenesis is an 
important contributing factor in the development of PCa, although it may not be 
causative. This also indicates that a man with PCa most probably has been fertile 
with good AR function when young.  
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In summary, the results of this work show that the most common CAG repeat 
length gives optimal AR activity both in vitro and in vivo, and may protect against 
infertility. These findings should be used as a base for future studies within 
reproductive medicine and also for re-analysis of previous results.  

The relation between AR activity and CAG repeat length and association with 
disorders in the male reproductive organs can be summarised as follows (Fig. 10). 

• AR activity is highest within the most common CAG repeat range whereas 
AR protein amount is lower because the receptor has optimal activity. AR 
genotypes with other CAG repeat lengths compensate the lower activity 
with increased protein expression. 

• A shorter or longer CAG repeat increases infertility risk that at least partly 
could be caused by low AR activity.  

• CAG length does not affect PCa risk, indicating that the AR is not a cause 
of that disease. 

 

 

Figure 10. Schematic diagram representing the relation of the factors studied in 
this thesis. The Y-axis represents the risk, activity or amount, where 0 is low and 
10 is high.  
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Future perspectives 

Because of the finding of a non-linear relation between AR CAG length and 
receptor activity, this work can be seen as a new beginning in the study of the AR 
CAG repeat and its role in AR activity.  

To improve understanding of AR function and the molecular mechanisms 
regulating it, in vitro studies similar to those described using human reporter 
promoters should be performed in various cell lines representing different tissues 
such as prostate, PCa and testis. Advances in TRFI methodology enable 
examination of larger data sets and this application could be used for protein 
measurement in other tissues, such as the testis. The TRFI could also be adapted to 
measure co-factor amount in tissue. This approach would give even more 
information in combination with AR protein amount and activity. 

Interactions between cofactors and the AR could also be examined in vitro, in 
activity and interaction assays. In relation to the CAG repeat length, the ARA24 
co-factor would be particularly interesting to study as it has been shown to interact 
directly with the NTD and the CAG repeat. To elucidate the effect of the CAG 
repeat on AR activity a mammalian two-hybrid system could be developed where 
the NTD and the LBD of the AR are expressed separately in combination with 
specific co-factors. In that way the effect of the co-factor on NTD/LBD interaction 
and AR activity could be studied. 

The observed variations in expression of AR protein could be studied by blocking 
the proteosome in the cells. In that way any differences in protein degradation rate 
would be revealed. Also hormone binding assays could be performed to find out if 
differences in ligand binding could cause the varying activities. The sensitivity to 
low androgen levels could also be studied, as another activity pattern may be 
observed at very low or high androgen concentrations.  

In the field of PCa the role of the AR has been constantly debated. In the future, 
gene webs or gene networks studies may provide a new approach to further our 
understanding of how various factors affect each other in the development of PCa.
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