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"DNA makes RNA,
RNA makes proteins,
and proteins make us"

Francis Crick.
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Abstract

The androgen receptor (AR) is the mediator of ageincactions. In the AR coding
region there is a polymorphic CAG repeat encodirgjratch of the amino acid
glutamine (Q). The repeat length modulates recepttivity and is normally
distributed between 10-30 CAG with a median lergft@2 repeats in white men.
At the start of this work, a negative linear asabon between AR function and
the CAG repeat number was generally assumed. Blisnaption was supported
by clinical findings in patients with Kennedy's dase, which is a neuromuscular
disorder caused by an abnormally expanded CAG t€pd CAG). Howeverin
vivo data concerning the association between CAG nwsnbighin normal length
and androgenic effects were conflicting. As underding the impact of CAG
number on the AR activity is important for propamterpretation of this
polymorphism and risk of pathological conditionfiatthan Kennedy's disease,
the purpose of this study was to examine the infleeof CAG length, if any, on
AR activity.

Firstly anin vitro study was performed. A reporter gene with a huaraarogen
responsive promoter was used in a transactivatgsaya The repeat lengths
included were 16, 22 and 28 CAG, which represesitaat, the median, and a long
repeat within the normal human range. The studyshkahat the AR with median
repeat length had the highest activiityvitro. Secondly, the effect of the CAG
repeat in relation to two androgen dependent ciomdit infertility and PCa, was
analysed in two separate meta-analyses. Whenfgtigtithe CAG repeats into
three groups, shorter than median, median and totigen the median CAG
length, the meta-analysis on infertile men show@¥ Mcreased risk of infertility
in men harbouring other repeat lengths than thé swamon. On the other hand,
CAG number did not have any effect on PCa risk.

The AR regulates the expression of prostate spealffitigen (PSA). Thus the
expression of PSA can be used as a marker of ARtgah tissue. We measured
the AR protein and PSA amount in human prostatsudéisfrom 19 men with
known CAG length. Those who were carriers of 22 ClAgal lower AR amount
and higher PSA than counterparts with other CACgtlesy but this was not
statistically significant, probably due to the shsalidy size.

Taken together, these studies indicate that theiamel@gngth of the androgen
receptor CAG repeat is associated with optimalagtiin vitro andin vivo.
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Background

Transcription factors

Proteins that bind to DNA and regulate gene trapson of other genes are
termed transcription factors. Generally they plagol in positioning the DNA
polymerase Il at the transcription initiation dit&t is required for transcription to
take place. Specific transcription factors onlydbtn specific DNA sequences in
certain genes. One of these transcription factbesandrogen receptor (AR) is the
main topic of this thesis.

The nuclear receptor superfamily

Nuclear receptors (NRs) are one of the largestpgai transcriptional regulators
in animals [1]. They constitute a superfamily ofyldyenetically related proteins
and to date 49 genes for NRs have been found irahsif2]. The NRs regulate
homeostasis, reproduction, development and metaboland they bind to
sequences in the DNA known as hormone responseraegits (HRE). The most
evident difference between NRs and other transengactors is their capacity to
bind small hydrophobic molecules both intracellijaand specifically, and to
mediate a fast response by regulating gene expredsiectly [3]. Based on their
mode of function NRs can be divided into three naivups:

1) Steroid receptors, NRs that are activated bgipdnydrophobic ligands that
bind to a deep internal cavity within the protedh [

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

All members of the NR superfamily have a commouditre that is divided into 5
to 6 regions [5]. The N-terminal domain (NTD) ighiy variable and contains at
least one constitutionally active transactivatiegion (AF-1). The length of this
region varies greatly between receptors, from 2Barmcids (aa) in the vitamin D
receptor to 550 aa in the AR, mineralocorticoicepgor and the glucocorticoid
receptor. The DNA-binding domain (DBD) is the moshserved region and
contains the part of the receptor that confersiBpdaNA sequence recognition.
The DBD-domain is also involved in receptor dimatign [1].

The hinge region of the NRs is situated betweenigfamd binding domain (LBD)
and the DBD. It is variable and contains a nucleealization signal (NLS). This

11



domain may act as a flexible linker allowing theotein to adopt different
conformations [3]. The LBD of the NRs is the lafgdemain and is moderately
conserved. The 18a-helices making up the structure of this domain lae&er
conserved than the sequence itself. In the LBDethee many important areas, the
ligand-dependent activation function 2 (AF-2), @i dimerization interface, and
sometimes a repression function [1]. Some NRs edstain a fifth domain. The
role of this domain is still unknown but it may im&olved in co-factor recruitment
or antagonist action [3]. NRs form monomers, hommals, or heterodimers
before they enter the cell nucleus and bind to DNA.

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

Orphan receptors are constitutively active, they rba bound by an unknown
ligand or be ligand independent. Several of theseptors do not have any ligand
binding pocket, but activate gene expression egeontbers can bind hydrophobic
molecules that change the baseline activity of¢iceptor [7].

Steroid receptors

In vertebrates there are six related steroid receiSRs). Based on phylogeny
they are divided into two groups; the estrogen ptwer and estrogen receptfr
group, and the androgen, progesterone, mineralooit and glucocorticoid
receptors (AR, PR, MR and GR) forming the othermgtorhey all descend from
the same ancestral receptor through two large-gileme expansions [8]. The
first existing steroid receptor, ancestral ster@ideptor was an estrogen-activated
receptor (AncSR1) which in the first expansion (dwgtion) gave rise to an ER
and a 3-ketosteroid receptor (AncSR2) [9]. In tleeosid expansion the 3-
ketosteroid receptor became a corticoid receptdraareceptor for 3-ketogonadal
steroids (progestins). At a later stage these tecepuplicated again, and the six
SRs evolved (Fig. 1) [8].

ERu and ER are transcribed from two different genes.ocBRas the first known
estrogen receptor whereasfERas discovered 10 years later [10; 11]. The ligand
17B-estradiol is the same for both receptors, ancecessary for the reproductive
function and menstrual cycle in women [3]$3&5stradiol affects bone growth and
the cessation of bone growth in both men and worlremen it has also been
shown to affect the brain and the reproductiveugsg12]. The PR is activated by
progesterone that plays a role in various parthefbody such as normal female
reproductive function especially ovulation and imerimplantation, the brain, the
cardiovascular system, bone and the central nersyatem [13-17].
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Androgens & | —PR
progesterone }‘

— AncSR2

AncSR1—

ER

Figure 1. Schematic view of the evolution of the steroideqgtors. The first receptor was
ancestral steroid receptor 1 (AncSR1). The firgllidation resulted in AncSR2 and ER. In
the second duplication ER becamedEdhd ER, and AncSR2 became one receptor for
corticoids and one for androgens and progesterduast the corticoid receptor developed
into the GR and MR. The combined androgen and ptegene receptor became the AR
and the PR.

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

The MR and GR are closely related and partly shidwe same ligands,
mineralocorticoids. The MR only binds mineralocootds, hormones that are
involved in the control of salt and water homedstdsy regulating sodium,
potassium and hydrogen ions across tight epithdlle MR is not a strong
transcriptional activator and can form dimers WBR [3]. The GR mainly binds
glucocorticoids. Glucocorticoids are important fahe metabolism of
carbohydrates and lipids but also have an effect stless response and
inflammation.

In the ligand unbound state the ER and PR areddciat the nucleus, the MR is
present in the nucleus and cytoplasm in its unbdamd but after ligand binding

it becomes nuclear [18-20]. The AR and GR are predantly cytoplasmic in
their ligand unbound form [21-24]. In their inaaistate SRs are bound to heat
shock protein (HSP) complexes. All SRs are bouna loginimal complex which
is essential for ligand responsive signalling,dhsists of Hsp90, Hsp70, Hsp40,
Hop and p23. The complex keeps the receptors mnoomation that allows the
ligand binding pocket to be accessible [25-27]. Wligand dissociates into the
cell the receptors are activated, the minimal cexplissociates, and the receptor
is transported into the cell nucleus where it bitwlspecific DNA sequences and
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regulates expression of target genes. The spdaifid sequences recognized by
SRs are called hormone response elements (HREs)y Hme nucleotide

palindromes with three base pair (bp) spacing. ERe can also bind to and
transactivate from widely spaced direct repeats [3]

Androgens and androgen regulation

Androgens are steroid hormones essential for nodeatlopment of the male-
specific phenotype during embryogenesis, in theablishment of sexual
maturation at puberty, and in the maintenance efrtiale reproductive function,
spermatogenesis, and sexual behaviour throughfeut Aindrogens also affect
functions in non-reproductive tissue, such as bskeletal muscle and hair growth
in both males and females [28]. The major circatptandrogen is testosterone
which to 90% is produced from cholesterol in th&tiseby the Leydig cells (Fig.
2). The remaining 10% is produced in the adrenahdg. Testosterone is also
irreversibly converted intocbdihydrotestosterone (DHT) by the enzyme steroid
5a-reductase (SRD5A).

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

Cholesterol

l 17p-H

Pregnenolone—* 17a-OH-Pregnenoclone —* DHEA .—————* Androstendiol

i 17B-HSD l So-reductase
Progesterone —* 170-OH-Progesterone— Androstendione =— Testosterone — DHT

Aromatase Aromatase

17B-HSD

Estrone Estradiol

Figure 2. The androgen synthesis pathway in the Leydig d¢elthe testis. 1F-HSD: 17
B-hydroxysteroid dehydrogenase.
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Androgens and androgen regulation
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Figure 3. The hormones and cells in the hypothalamus-pitgitgmadal axis. LH and
FSH are released from the pituitary gland underdbwetrol of GhnRH produced in the
hypothalamus. LH acts on the Leydig cells in thstise The Leydig cells respond by
producing testosterone that stimulates spermatsignacting via the Sertoli cells in the
seminiferous tubulis. FSH acts directly on the @edells. Testosterone can be converted
into DHT and Estradiol. Testosterone acts inhilyiton the release of GnRH. Sertoli cells
produce inhibin B and follistatin that act inhibrigcon the FSH release whereas activin acts
stimulatory. Estradiol and dihydrotestosterone hameinhibitory effect on LH and FSH
secretion. Testosterone also enters the circulatiah affects other tissues. FSH: follicle
stimulating hormone. LH: luteinizing hormone. PMg@gritubular myoid cells. Modified
from Nieschlag et al. 3rd edition, Andrology 201@]
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Luteinizing hormone (LH) and follicle-stimulatingphmone (FSH) are produced
and released from the pituitary gland under thearobof gonadotropin-releasing
hormone (GnRH). Luteinizing hormone acts on thedig\cells, found between
the seminiferous tubules in the testes which predutd release testosterone that
stimulates the maturation of germ cells through tBertoli cells in the
seminiferous tubules. Follicle-stimulating hormaaets directly on Sertoli cells.
The action of testosterone and FSH in the testadsldo the maturation of
spermatogonia into mature sperm. There is no esjesof AR or the FSH
receptor in the gametes. Therefore the effectestbsterone and FSH are most
probably mediated by other cells in the testidkehsas the Sertoli cells.

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

The androgen receptor

The androgen receptor was the last receptor iSEhéamily to be cloned [31; 32].

The AR mediates the androgen actions. The AR is amdy expressed in

reproductive organs; it also has a function anéxgressed in muscles, brain,
kidney, spleen, heart, liver and the salivary gtafid?].

The AR gene is located on the short arm of chromasX (Xgl1l-12) and
includes more than 90 kilo base pairs of DNA carnitgj eight exons and giving
an approximately 2757 bp open reading frame (ddépgndn the length of the
polymorphic repeats) (Fig. 4) [33]. The AR genoroiganization is conserved
throughout mammalian evolution. The localization tte X-chromosome in
mammals could be a sign of conservation of theiquaatr loci including the AR
and surrounding genes [34].

X1 1.2-q12

Xchromosome | P @ q ]
mRNA 5 = Exon 1 = 2 T3] 4 5 |67 &}
CAG GGM

repeat repeat

AF-1 AF5
Protein NH,{ H B

D
poly polyG %
repeat NTD repeat DBD

LED

Figure 4. Schematic view of the chromosomal location, mRN#&amisation, and
protein domains of the AR.

16



The N-terminal domain

The N-terminal domain (NTD), also termed the tratigating domain, is encoded
by exon 1 and is the largest part of the protem k37 according to [33]). The
other SRs do not have as large N-terminal domainbeAR and there is less than
50% homology with AR NTDs from other species [3B). date there is no crystal
structure available for the AR NTD. The NTD mosolpably is a largely globular
and flexible domain in the ligand unbound state aray need to interact with
other proteins to adopt its active conformation,iclwhcould contribute to the
crystallisation difficulties [36]. The main role dhe NTD is to recruit other
proteins that influence the transcriptional actiwf the receptor [35].

In the NTD there are two overlapping areas respbmdior the transactivating
function, activation function-1 (AF-1) (bp 100-37&0)d activation function-5 (AF-
5) (bp 360-528) [37-39]. These areas contain varipeptide elements such as
microsatellite repeats, surfaces for protein-proieieraction, phosphorylation and
sumoylation regulatory sites. The AF-1 has thengfest transactivation potential
when the receptor is activated by ligand, whereas fruncated AR, lacking the
LBD, the AF-5 is responsible for the activity, whithen becomes constitutive
[39].

There is strong interaction between the NTD and_@8© (NTD/LBD interaction)
in the activated AR [40], and it has been showrn ti@se interactions are
necessary for complete AR activity [41]. The strestgmotif in the NTD is the
ZEQNLF* motif which binds to the AF-2 in the LBD. This rifois conserved
among the AR in different species [42-46]. The medunction of the NTD/LBD
interaction in the AR is unknown but it is believibdt it facilitates the activation
of the receptor by making protein-protein and pgref@NA interacting areas
available at the surface, thereby facilitating ridseeptor transactivation [35].

In the NTD there are several repetitive sequenwes,of them are polymorphic

and will be described more closely in the followipgragraphs. The repetitive
sequences in the NTD contribute to its flexibilapd can also be a source of
differences in for example receptor activity. Twtloe repetitive sequences are
six glutamine residues at approximately bp 614-88d eight prolines at around
bp 1478-1501. The polymorphic CAG and GGN stretcaes located further

downstream. A polymorphism is defined as a genaitant that appears in at
least 1% of a population. The polymorphisms in &R are triplet repeats, the

CAG stretch encoding the aa glutamine (Q), commaraged the CAG or the

polyQ repeat, and the triplet repeat of GGN, whdre€an be any nucleotide,

encoding the aa glycine (G), designated the GGh®molyG repeat. The other
SRs do not have long polymorphic stretches of dtipepeats but have single
nucleotide polymorphisms that can affect recepttividy [47-49].
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The CAG polymorphism

The CAG repeat consensus sequence is (G&&A [32]. This stretch normally
varies between 11-31 CAG and also varies depenaimgthnicity [50; 51]. In
white men the most common length is 22 (Fig. 5) mhe in African men 18
repeats is most frequent and Asians most often aalightly longer repeat length
of 23 CAG [51]. The repeat is coded from bp 59&pproximately bp 630. It is
included in the AF-1 region of the NTD. Similar CA€cts are present in other
transcription factors such as the TATA box bindprgtein that is a component of
factor 2D and important for cohtof the RNA polymerase I
function [52]. To date only one disease is knowbéairectly associated with the
length of the AR CAG repeat, Kennedy’'s disease kiown as spinal bulbar
muscular artrophy (SBMA) [50]. SBMA is a late onsdisease that causes
muscular degeneration and androgen insensitiviy @udegradation of motor

the transcription

neurons [50], described in more detail on page 27.

At the beginning

of this work there was a commoleb¢hat the CAG length was
inversely associated to AR activity. This was maimhsed onn vitro studies on a
few ARs with varying repeat lengths [53-55] and thieical findings in patients

with Kennedy’s disease.

Frequency (%)
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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.




However these previous studies did not clearly shaverrelation between CAG
length and receptor activity. In one of these [B®jee AR genotypes were studied
with 15, 20 or 31 CAG. When the activity of the eptor with 15 CAG was
compared to the activity of the AR with 31 CAG grsficant difference was
found, but no difference was shown when the agtigit any of the lengths was
compared to the AR with 20 CAG [55]. In a study Ghamberlain [54], the
activity of ARs with CAG lengths of 25, 35, 49 and were compared. There was
a significant difference in transactivation betwdka ARs with 25 CAG and the
two longest repeats but no difference between thodee normal or upper normal
range (25-35 CAG) [54]. In the third study, receptwith 15, 24 and 31 CAG
were compared in various cell lines [53]. In monk&ney cells (COS-1) and the
androgen independent prostate cancer cell line ,RB8e3AR with 31 repeats had
lower activity than the receptor with 15 CAG. Ndfelience in activity was shown
compared to the 24 CAG genotype. In the breasteracell line MCF-7 there
were no differences in activity between any of Aiegenotypes [53].

The previously mentioned theory was widely accetidough Buchanan 2004
[56] showed that the NTD/LBD interaction in the AlRs intact in receptors with
CAG repeat lengths of 16-29, which also gave highdactivation. Repeat lengths
of 9 or 35 residues gave a significantly lower sagtivating capacity. This meant
that the length of the glutamine tract was impdrfan correct AR action but that
both long and short repeats caused lower transaictiv In the same study these
in vitro results were corroborated by the fact that 91-@8%ll CAG lengths in
African American, Asian, Mexican American and whiteen were shown to be
16-29 repeats [51; 56]. These results suggestéfieaedit view of the role of the
CAG repeat in AR activity. The repeat acted as alifrey of AR activity, by
keeping the repeat within certain lengths, optilnadl specific activity could be
retained. These specific lengths could have mostargdgeous and strict
interaction with co-regulators, and be optimal farticular activity in various cell
types [56]. These studies were the basis for tidiest included in this thesis.

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

The GGN polymorphism

The GGN repeat is located downstream from the C&ggat at approximately bp
1709-1780 and encodes a stretch of the aa glyCheletter N in GGN represents
any nucleotide of cytosine, thymine or guanine #raconsensus sequence of the
repeat is (GGREGG(GGTHGGC), [68].
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Less is known about the GGN repeat than the CA@aefA total deletion of the
GGN repeat decreases the AR activity by approxiin@@%, suggesting that it is
important for correct receptor function [69].

There are two dominant GGN alleles in the whiteypafon, 23 GGN is the most
common, closely followed by 24 GGN [70]. The 23 G@Nele in combination
with the median CAG length (22 CAG) has been shtmwgive higher AR activity
compared to longer and shorter GGN alleles (27rith B0 GGN)in vitro [71].
The effect of the GGN repeat on human reprodugb@eameters has also been
studiedin vivo where it was shown that <23GGN repeats was adedciaith
lower semen volume compared to subjects w@BGGN. Moreover, men with
<23 GGN who were exposed to maternal smoking dyshegnancy, had a higher
BMI in comparison to men with any other GGN lengthespective of whether
their mother smoked or not during pregnancy [72].

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

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

The DNA binding domain

The DNA binding domain shows high evolutionary camation and the human
sequence is identical to that of the rat [78].sltapproximately 80 aa long and
stretches over exon 2 and 3. The domain considtsmfinc fingers formed from
threea-helices that interact with DNA and a C-terminatemsion [79]. Each zinc
finger contains one zinc atom that is coordinatgdidur cysteine amino acids.
The first zinc finger includes a sequence elemambeéd the proximal-box (P-box)
which is identical in the AR, GR, MR and PR. Thebd* is a five aa long
sequence consisting of glycine, serine, cysteyrsiné and valine that co-ordinates
specific interactions between the protein and tlgomgroove of the DNA where
the HREs are located. The residues involved in DR&ognition are the glycine,
serine and the valine [40; 80; 81]. The second fimger contains the distal-box
(D-box), a site for DBD/DBD homo-dimerisation of AR81; 82].
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Figure 6. Schematic drawing of the AR as a homodimer boun@rt androgen
response element in the DNA. The D-box in the DBDni contact with the DNA,
the P-box connects the two receptors. ARE: androggponsive element.

The dimerisation of the receptors fixes the aahm P-box, making interaction
with DNA possible (Fig. 6.). The HREs recognizedthg AR, PR, GR and MR

are inverted repeats of 5"-AGAACA-3" or similar iif@twith a three nucleotide
spacer in between, resulting in a total length®hicleotides [83]. There are two
types of androgen response elements in the DNA typeethat is recognized by
the AR, PR, GR and MR, called classical AREs andttear type which more

often has direct repeats of 5-AGAACA-3° or similamotifs that are not

recognized by other receptors. These motifs amderselective AREs (SARE)
[81; 84].

In transiently transfected cells SAREs were recogphiby AR and PR-B and
luciferase transcription was induced, whereas GR BiR could not induce
transcription. Transactivation by PR-A was onlytjuetectable in the same
experiment. To study the effect of chromatin orogeggtion, the activity of these
receptors also was compared in a cell line stahlysfected with a classical ARE
or an sARE. All receptors showed high transcriioactivity on the classical
ARE. On the sARE, the AR induced high transcriptigmereas the MR and GR
showed no transactivation capability, PR-B shovesgel transactivation with the
SARE, and PR-A had very low or no transactivation ether element. The
binding of the receptors to the different DNA sempes was investigated by
electric mobility shift assay, showing that onlg tAR interacted with the sARE. It
also revealed that the AR had higher affinity foe tlassical ARE than GR, PR or
the MR had [85]. The most conserved sAREs are diggmeats of hexamers that
have a G at nucleotide position -6, A at -4 and €an the motif with a half site
spaced by 3 nucleotides, and a head-to-head or-tbead orientation of the
repeats [84; 85].

The AR DBD needs a carboxyterminal extension déast four aa for binding of
classical AREs °°TLGA®® and 12 residues for binding to SAREs
(**TLGARKLKKLGN ®%9. These are located in the hinge region of theepmo

21



[79; 81; 86; 87]. The ARE selectivity may also emoted by dimerisation of the
receptors that can affect binding at promoter sité®® AR, GR, PR and ER all
prefer to dimerise in a head to head fashion [§8-91

The hinge region

The DBD and the LBD are separated by the hingeorelgicated in the 3" end of
exon 3, and 5" part of exon 4. It is a small regioom approximately aa 623 to
671, that is poorly conserved among the steroickptes [40]. The nuclear
localisation signal (NLS) is found in the hinge imyg It binds to the nuclear
import factor importine that mediates the transport of the AR throughniingear
pore complex into the cell nucleus. Mutations ia MLS that reduce the binding
affinity to importinoa have been associated with the androgen insemgitivi
syndrome (AIS) where AR activity is impaired oraity lacking [92]. Cutress et
al. [92] proposed that the role of the hinge regismmore complex than just
harbouring the NLS, as mutations in the region aféect transactivating capacity
in vitro. Stronger evidence for this was foundvivo when the AR of a patient
with partial androgen insensitivity syndrome (PAI&ho did not respond to
androgen treatment was analysed. Sequencing oAfhesvealed a mutation in
the hinge region thatlid not affect nuclear transport particularly, loiecreased
receptor activity by interrupting the NTD and LBDtéractions [93]. A serine
residue (Sér% in the hinge region has been shown to be mutatedglycine in
an infertility patient with hypogonadism and sctotaypoplasia [94]. This
particular serine residue is normally phosphorglatnd can be involved in
regulation of receptor translocalisation [95; 96].

The ligand binding domain

The LBD constitutes the 3" portion of exon 4 andrex5 to 8. It is approximately
50% identical to the LBDs of the GR, MR and PR [9he crystal structure of
the LBD with bound ligand has been solved, and & L 20-helix sandwich with a
central ligand binding cavity. The structure of ttfeD is more conserved among
SRs than the DNA sequence [98; 99]. There areedi@ues in direct contact with
the ligand but the whole LBD is important for progenction. Upon ligand
binding to the LBD a conformational change takesce! Then-helix number 12
in the LBD repositions so that the ligand bindingvity is closed and a
hydrophobic cleft is exposed on the LBD surfaceisTydrophobic cleft is the
activation function 2 (AF-2) [100].

The AF-2 motif in the LBD mainly binds the NTD atspecific aa sequence
coding for phenylalanine (F), glutamine (Q), aspara (N), leucine (L) and
phenylalanine (F), called in brief tR#FQNLF*" motif where 23 is the number of
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the first aa, and 27 the number of the last. IreottRs the AF-2 mainly interacts
with another aa motif found on other interactingtpins the LxxLL motif coding
for leucine (L), two residues of any other aa (gxging with two more leucines
(LL) [39]. The AR AF-2 is surrounded by a chargédngp containing lysine and
glutamate that can interact with FxxLF motifs bot mvith LxxLL motifs [101;
102].

Regulation of AR expression and activity

The regulation of AR expression and activity isglboke at all levels, from control
of gene transcription, mRNA half-life to proteiniover and activity regulation.

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

The expression of AR is regulated by androgensoih megative and positive
directions. In the prostate cancer cell line LNC#&Phas been shown that
testosterone, DHT and the synthetic testostero@8R@lown regulate AR mRNA
levels, as the transcription of AR was suppress$edeasame time as the half-life
of AR mRNA was increased [105; 108-110].

Up-regulation of AR protein has been shown in thagiently transfected monkey
kidney COS-1 cell line after androgen treatmente R half-life increased in
relation to the androgen concentration. UntreateR Aad a half-life of
approximately 1.5 h. After treatment AR half-lifiecreased to 11-14 h depending
on the androgen concentration used [111; 112]. ifmgortance of androgen
binding for AR protein stabilisation was shown wia@nAR with a mutation in the
LBD (V889M) had lower binding affinity than the wlitype receptor, and also a
higher degradation rate [112]. Androgens have bken shown to decrease the
AR mRNA level in rat ventral prostate [109; 113héBe varying results point
towards cell type specific mechanisms in regulaibAR expression.

Posttranscriptional regulation of AR mRNA is partlye to the heterogeneous
nuclear ribonucleoprotein K (HnRNP-K) which bindsthe 5 untranslated region
of the AR mRNA. This binding inhibits RNA translati and thereby reduces AR
protein amount [114]. Regulation also takes placéha posttranslational level.
Interactions with heat shock proteins (HSPs) ateialt for stabilization of the
protein [115].
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Directly after AR production the protein is phospHated and the majority of the
phosphorylation sites (serines) are found in th®N35]. Most phosphorylations
are carried out by mitogen-activated protein kinaskt and protein kinase C
signalling [116]. Phosphorylations have been shawaffect activity, recruitment
to DNA, enhancers and hormone binding [117]. Thesplrylation of S&P® in
the NTD inhibits AR activity [118] as well as Aktediated phosphorylation of
Sef*® in the NTD and Sét in the LBD [119-121]. The NTD phosphorylation
sites may also be important for phosphorylationotifer parts of the receptor
because phosphorylations can mediate conformaticimahges and make other
phosphorylation sites, such as 8&more or less available for phosphorylation or
dephosphorylation [117]. Some genes regulated ®yAR require the binding of
various factors simultaneously at several siteduibtranscription. An example of
this is the prostate specific antigen gene, whelteattivation requires the binding
of AR, co-activators and RNA polymerase Il at tima@ncer and promoter region
simultaneously. In contrast, repression of the geare be carried out only when
factors are bound to the promoter and not the er@naihis phenomenon is called
chromatin looping. The DNA forms a loop that brirng® distant sites into close
contact, which is essential for gene activatior2]1dhe 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. Tingctivated AR is bound by
heat shock proteins, Hsp40, Hsp70 and Hsp90. Whednogen dissociates into the cell
testosterone or DHT bind to the ligand binding domaConformational changes take
place, co-factors bind (ARA55 and ARA70) and theepor is phosporylated. Importin
binds to the NLS in the hinge region and mediatassport into the nucleus. The AR
dimer binds to the specific ARE (SARE). Transcop@l co-regulators and the
transcription complex with RNA polymerase 1l bind to the DNA. The androgen
regulated gene is transcribed and the androgefféctetakes place. ARA55: androgen
receptor associated protein 55. ARA70: androgeeptec associated protein 70.

25



Co-regulators

Androgens are essential for AR activity but smadéracting proteins, termed co-
regulators, can also influence in both an actigaind repressing manner. Most
co-regulators are unspecific and act upon manyptece and genes regulating
various effects. They can act by binding to thegBein directly or by binding to
the DNA, in complex with other proteins, for exampin the transcription
initiation complex, or separately.

Among the first AR co-regulators to be discoveredswhe androgen receptor
associated protein 70 (ARA70) that at the time wlasned to be an AR specific
co-activator [123]. The primary interaction siter faARA70 is the LBD and it
enables the antiandrogens hydroxyflutamide andldib@ide to become AR
ligands and increase transcriptional activity [12d¢reased expression of ARA70
in prostate cancer cell lines has been shown tvadetthe AR when stimulated
with very low concentrations of androgens or oeltlg124].

Later, ARA70 was shown to interact with other NRd #he increased AR activity
seen with ARA70 was not different from the increassmused by other co-
activators [125]. Also, mutations in the LBD thaisrdipted interaction with
ARA70 only partly decreased the AR activity [126].

There are also co-activators that interact with @G repeat. One example is
ARA24/Ras related nuclear protein (Ran). It is aaknGTPase protein first
identified as a complex with the protein regulatbchromosome condensation 1
[127]. ARA24/Ran is involved in many processes sashnuclear transport of
protein and RNA, cell cycle progression, RNA and ADNynthesis [128].
ARA24/Ran increases AR sensitivity to DHiT vitro and interacts with the CAG
region in a CAG length dependent manner. The aasocibetween ARA24/Ran
and the NTD as well as the co-activation functierARA24/RAN is decreased
when the CAG repeat length increases. This was dsimraded by using repeat
lengths with 25 and 49 CAG. The AR activity was amted by ARA24/RAN at
both physiological and very low androgen levels,jovhcould imply a role in
castrate-resistant prostate cancer. A weaker gtierabetween ARA24/RAN and
AR with longer glutamine lengths could be a causth® aggregation of AR in the
cytoplasm seen in patients with Kennedy's dise428][ The best described co-
activators for the AR and other transcription fastare the three members of the
pl60 family, steroid receptor co-activator 1 (SRC-BRC-2/Transcription
initiation factor 2 (TIF-2), and SRC-3/receptor@dated co-activator 3/amplified
in breast cancer 1. All family members have mudtipkxLL motifs that interact
with the AF-2 region in the LBD of other NRs buttime AR the AF-5 region in
the NTD is a stronger interaction surface [130]e 1160 co-activators also affect
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transcription factors that regulate expression thieo genes, for example they
influence cell proliferation and cell survival [1]31

Whereas SRC-1 and SRC-2 appear to be needed forabptanscription activity
SRC-3/RAC3/AIB1 has been shown to be over-expressedrious cancers, both
hormone dependent and non dependent [132-134].

The AR activity is also regulated by co-represséms. example of an AR co-
repressor is glycogen synthase kinasg @GSK3). It was highly expressed in
prostate cells and has been shown to interactth&/AR bothin vitro andin vivo.

It acts by phosphorylating the NTD and suppredsesransactivational activity by
reducing the interaction between the NTD and theD] Bhereby affecting
dimerisation [135]. Another co-repressor is HDAGLhistone deacetylase that
binds directly to the AR and down-regulates traipsicm without affecting AR
protein levels. HDACL1 binds to the AF-2 motif andshprobably deacetylates the
receptor causing inactivation [136].

Human disorders related to the AR

Androgen insensitivity syndrome

Mutations in the AR gene result in various gradésandrogen insensitivity
syndrome (AIS). There are three main types of ayeltansensitivity syndrome
(AIS). In complete androgen insensitivity syndro(@AIS) the AR is inactive.
This creates a female phenotype at birth althobghchild’s karyotype is XY.
Partial androgen insensitivity syndrome (PAIS) tseterogenous form of AIS and
presents as various degrees of female virilizabommale feminisation due to
diverging degrees of AR activity [137]. The mildéstm of AIS is mild androgen
insensitivity syndrome (MAIS) which gives a phermty and genetic male but
with AR activity defects that can be manifestedbbgospermia, gynecomastia or
minor hypospadias [138; 139]. There are at leabt@flerent mutations causing
AIS in exons 2-8 but only 23 in exon 1 of the ARopkoximately 70% of these
mutations are inherited and 30% are de novo muistioot found in the maternal
AR gene (http://androgendb.mcgill.ca/).

Kennedy’s disease

Kennedy’s disease, also known as SBMA was desciib&868 [140]. It is a late-
onset progressive motor-neuron disease affectingckasl in the hips, shoulders
and later also bulbar muscles resulting in diffigwbith walking, swallowing and
talking. These patients also may have gynecomastiaeduced fertility, showing
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phenotypic traits similar to PAIS. The CAG repeatdth is inversely correlated to
age at onset and disease severity [50]. Longematsmpve an earlier onset and a
more severe disease [141]. The elongated CAG tcactse aggregation of AR and
other proteins in neural and non-neural tissuesnterally leading to cell and
tissue death. The neuro-pathological symptoms atedoe to the loss of AR
function but to a gain of neurotoxic function oétAR [142]. It has been proposed
that the elongated CAG tract leads to misfoldedgins that fail to be degraded
due to impairments in the proteolytic pathway ameréfore form intermolecular
complexes that accumulate in the cells [143]. Mauselels have shown that the
pathology of CAG repeats is androgen dependentclilmical trials reduced
androgen production induced by leuprorelin decmdselusion formations in
scrotal skin, but muscular function was not siguaifitly improved [144]. The fact
that patients with Kennedy's disease have low ARvigg has motivated studies
on CAG repeat length and AR activity. Also, it 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 disett®ose such as SBMA where
the repeat is located in an exon and those whereetteat is located in an intron.
Both types of repeats can have significant impéat, example by causing
chromosome fragility, silencing the genes in whilshy are located, modulating
transcription and translation, and by inhibitin@{gins involved in processes such
as splicing and cell architecture [145]. Other dé®s caused by an extended
glutamine repeat are Huntington disease, and tim@-serebellar ataxias that are
due to an expanded glutamine repeat in the huittinghd the ataxin proteins,
respectively.

Triplet repeats have been found in 15 neurologicsdrders of which eight result

from an expanded CAG repeat and are neurodegereeraii these diseases are
progressive, and have an earlier onset, and are severe the longer the CAG
stretch. Another similarity is that only specifieurons in each disease are
affected, although the mutated protein is foundubghout the body [146].

Prostate Cancer

Circulating androgens and the AR are essentigprfostate development and also
to some extent for prostate cancer (PCa) developrenhe prostate, androgen
effects are mediated by DHT which is metabolisedftestosterone by SRD5A2.

Recently it was discovered that the AR has varyingtions in specific prostate
cells and also that its effects differ in normatamalignant tissue. In prostate
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stromal cells it enhances proliferation, in epitileluminal cells it is a survival

factor that promotes cancer progression, and ialbadls it inhibits metastasis
[147]. These results are contradictory to the ateckmlea that AR activity always
promotes cancer progression. However, high expmesdithe AR in prostate does
not automatically cause PCa, since mice with oxeression of wild-type AR

developed prostate intraepithelial neoplasia (HIMB] whereas over-expression
of an AR with a missense mutation caused PCa [IA%. AR in PCa has been
found to have a range of mutations but they arg sefdom found in untreated
PCa. Moreover, although these mutations are noayawound in the primary

tumour, they are present in the metastases [19(); tbthe Finnish population the
substitution of leucine for arginine at aa positié26 (Arg726Leu) was found to
increase the risk of PCa [152] but these findingsrewnot confirmed in a

subsequent study of a North American populatio3]15

Since the first suggestion that the AR CAG repeagth could be associated with
PCa risk in 1994 [154], there have been numerousdigations on this topic.
Today this matter is still debated and some stusliesv associations with PCa
risk [155-161] whereas others do not [162-168]. R@gressiveness and age at
onset has also been studied with inconclusive tes@tage and grade of the
disease have been associated with short CAG rejpeatsumber of studies [156;
165; 169-171] and younger age at onset has bestedelb shorter CAG repeats in
some reports [156; 160; 168; 172; 173]. Other swmdnave not found any
association between CAG repeat length and agesat on disease aggressiveness
[174; 175]. The largest study to date on PCa risk @AG repeat length has been
carried out by Lindstrom et al. and includes mdrant 6000 cases and controls
[163]. No association between CAG length and PCsa regorted but a relation
between CAG length and circulating levels of tesi@mse and estradiol was
observed, as has been found earlier in anothee laiderly cohort [176]. High
androgen levels have been thought to increase BE#§177-182] but in a large
meta-analysis no association was found betweenlatiag levels of testosterone,
DHT, or E and PCa [183]. This was corroborated mdktrom et al. who did not
find higher PCa incidence in men with higher tetsime levels [163].

Infertility

Infertility affects 15% of couples worldwide. In ZDof these cases infertility is
caused by a male factor and in 60-75% of male titifgrcases the aetiology is
unknown [184]. Seven mutations in the AR primadiusing infertility have been
reported, five in exon 1, two in exon 8 and onexon 5 [185]. Men with these
mutations develop normally, have a male phenotypg b defect in
spermatogenesis. In mouse models where the AR elastisely not expressed in
Sertoli cells, a phenotypic normal male was dewedoput spermatogenesis was
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disregulated [186; 187]. Male infertility may théaye be caused by specific
functional limitations of AR action in Sertoli csll

Since the discovery of an association between gareled CAG repeat and
Kennedy’s disease, there has been a general bediefonger CAG stretches give
a less active AR and therefore could cause intgrtin a large meta-analysis by
Davis-Dao on mainly white men [188], infertile marere shown to have 0.19
repeat longer CAG stretches than fertile men. simalar study on Asian men, the
mean difference in CAG length was 1.34 repeats. [6if data in these studies
were analysed in a linear model based on the eaxiro studies mentioned and
on the theory of an inverse relation between CAGgtle and AR activity.
Although both studies found a slightly longer CAGetch in infertile men the
biological effect of less than one or 1.5 repeatdabe questioned.
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Aims
Understanding the impact of CAG number on AR attivis
important for proper interpretation of receptordtion and the role it
has in pathological, androgen related diseasesry titan Kennedy's

disease.
The purpose of this thesis was to examine the énfle of CAG

length, if any, on AR activity and expression bydsting receptors
with CAG lengths in the normal range.

The specific aims were to:

» Determine the effect of CAG lengths within normahge on
AR activity in vitro

* Re-analyse data on AR CAG repeat length in relaionsk
of male infertility and prostate cancer

* Measure AR protein amount and activity situ in human
prostate tissue from men with known AR CAG repeagth.
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Materials and methods

Studies included

This thesis is based on four studies. The first wasn vitro study where
mammalian cells were transfected with different ARnotypes with varying
numbers of CAG length and constant GGN length. 3émond and third studies
were meta-analyses where the association betweed [@Agth in relation to
infertility and PCa was examined. The majority lof tdata for these studies was
obtained from published scientific articles. In h@tudies the CAG length was
stratified into three groups. In the fourth stugyostate tissue samples from men
with known CAG length were analysed for AR and R®Atent.

Subjects

The material for the meta-analyses was obtainedougir PubMed
(www.ncbi.nih.goy. In the cases where no free full-text versiorthef article of
interest was available, the author was contactegttlly, and a request made for a
copy of the data. Only publications on white menmenv@cluded to avoid genetic
heterogeneity.

In the meta-analysis on the association betweasttilitfy risk and CAG length a
total of 3915 men were included, of whom 1831 wiertile and 2084 infertile.
The data was extracted from 15 articles, and aka @n 172 men from the
outpatient clinic at the Reproductive Medicine CerfRMC) Malm6, Sweden was
included. All data was divided into three grouppeateding on CAG length. CAG
22 and 23 was used as the reference and the atbhepsggwere CAG<22 and
CAG>23.

The other meta-analysis included PCa cases andotrih total 7483 white men
were included, 4067 controls and 3416 with diagdo®Ca. The data was
originally published in 12 separate publicationssifilar procedure was chosen
for analysis of PCa risk in relation to CAG repkatgth. The same CAG length
groups were used in this analysis as in the ititgréinalysis, CAG 22 and 23 was
the reference group which was compared to CAG<2PGHRG>23.

In the study on patient material, AR expression anotivity in prostate tissue
needle biopsies from 19 men with normal CAG lengthd4-28 CAG) were

included. The biopsies were taken for PCa diagrnusiposes before any eventual
treatment was started. The samples were colleateédgithe period 1997-2002
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and had been paraffin embedded. Two of these sangully contained benign
tissue and two other samples only had malignasiidis

Molecular methods

Gene amplification and plasmid construction

The polymerase chain reaction (PCR) is a highlpisiea detection method that is
used on a daily basis in the field of moleculandmy. PCR amplifies a specific
target DNA sequence by copying the DNA. The speityfiof the PCR is defined
by the choice of primers. Primers are small oligiheotides that are designed to
be complementary to the sequences flanking the mienarea of interest. The
PCR reaction has three general steps. First, th& BKeated up to approximately
96 °C and separates into its two complementaryn@grédenaturation). At a lower
temperature, the specific oligo-primers bind toirtltemplementary single DNA
strands (annealing). The thermostable DNA polynerizyme included in the
reaction requires this oligo-primer binding priorinitiating copying of the single-
stranded DNA adjacent to the primer-binding sit&iB -3 direction (extension).
Two new double-stranded templates of the regiantefest are produced through
incorporation of deoxynucleotides provided in tleaation mix, at the optimum
processing temperature for the polymerase enzy®&26°C. These three steps
are repeated, and the target DNA is amplified ineaponential fashion [189].
There are several variants of PCR, real-time PGR tdrmed quantitative PCR
(QPCR), used for quantification of a specific sewae or gene product, and
reverse transcriptase PCR (RT-PCR) which uses RNAstarting material
transcribing it to cDNA prior to quantification lmPCR or amplification by PCR.

In this thesis PCR was used for amplification @ ttuman AR 23 GGN region,
that was selected to generate an expression plagithidhe combination 16 or 28
CAG and 23 GGN. A plasmid expressing an androgeepter with 22 CAG and
23 GGN repeats was already available in the resdaboratory. These genotypes
were chosen to compare the median CAG length inbamation with the most
common GGN length in white men (22 CAG 23 GGN)dinder and shorter CAG
repeats within the normal range.

The DNA template for the PCR was human DNA, andrédaetion was run under
the following conditions: 1 min denaturation at 96, followed by 1 min
annealing at 56 °C and 3 min extension at 72 °@. Sdgyuence of the forward
primer was 5-CCAGAGTCGCGACTACTACAACTTTCC-3" andethreverse
primer sequence was 5 -CCAGAACACAGAGTGACTCTGCC-3".
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The PCR products were digested with Kpnl and Bgti®11, resulting in a
241 bp product, only containing the required GGfstsh.

Two expression vectors (pCMV4) containing full lémgAR cDNA with the
required CAG repeat length in combination with anwvanted GGN repeat were
digested with the same enzymes as the PCR produaittout the GGN repeat.
The opened plasmids, without GGN repeat, were pleffied.

The digested and purified PCR product (23 GGN) ligeted into the opened
pCMV4 expression vectors, resulting in two vectweith 23 GGN in combination
with 16 or 28 CAG repeats. These plasmids werestoamed intoEscherichia.
coli DH5a by electroporation, amplified and purified. Finatlgrrect incorporation
of the GGN fragment and the CAG sequence was gdrbiy direct sequencing on
an ABI Prism3730 GeneticAnalyzer (Applied Biosyst¢m

Transfection of mammalian cells

Mammalian cells can be either transiently transfgcor stably transfected.
Transiently transfected cells do not integrate floeeign DNA into the
chromosomal DNA, and only express the genes itréresfected DNA for a short
period of time until the foreign DNA is degraded.stable transfection the foreign
DNA is integrated into the cell genome and is gikd and transferred to the
daughter cells during each cell division. Stabdensfection often requires that the
transfected DNA contains a selective gene, sucanébiotic resistance, to keep
the DNA integrated into the genome. In the curmeotk african green monkey
kidney cells (COS-1) were used for transient treciidn of AR expressing
plasmids. COS-1 cells were chosen as they do mwesx an endogenous AR, are
easy to transfect, and have been used in simildiest previously [53; 55]. They
express the SV40 large tumour antigen that endfdescription initiation at the
SV40 origin site in the pCMV4 expression vector QL9This results in a high
copy number of the vector with the AR cDNA in eacnsfected cell [191].

The methods used for transfection of plasmids mémmmalian cells are based on
various ways of promoting DNA uptake. In methodéngscalcium phosphate

small precipitates are formed between the DNA aattium that then are

adsorbed by the cell through a poorly understoodhameism. Electroporation,

when cells are given a short electric shock, ieféinient method to transfer DNA

directly into the cell nucleus. In liposome baseedtimds a complex is formed
between the DNA and lipids. The complex formed $uséth the cell membrane

or is taken up into the cell by endocytosis. Weduse transfection reagent
containing a blend of lipids (Fugene 6, Roche Dimgics).

The plasmids transfected into the cells were 60@@NV4 plasmid containing
the AR genotype of interest, 200 ng of the repgotasmid pGL3hPSALuc2, and
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one of either of the transfection efficiency cotgrd ng of pCH11@-gal or 5 ng
pRL-SV40renilla. The pCMV4 plasmid has a strong CMyomoter and as
described earlier can be replicated in COS-1 célle reporter plasmid had a
human prostate specific promoter in front of theiferase gene. The two
transfection efficiency controls were used to itigede if the results could be
influenced by any common transfection efficiencggphid.

Cells were grown and kept in Dulbecco’s modifiedleanedia containing 10 %
heat inactivated fetal bovine serum supplementeith ® mM glutamine and
0.02% gentamicin.

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

After transfection, cells were left for 24 h befdhey were washed and new media
with 10 or 100 nM of DHT or R1881, or media with hormone was added.
Methyltrienolone (R1881) is a synthetic testostertrat can not be converted into
DHT by SRD5A. Since the COS-1 cells are known tdaielise testosterone,
R1881 was used to study the effect of testosterbhe.serum used in the media
was stripped from hormones.

Luciferase and renilla activities were assessedhbyDual Luciferase Reporter
assay, whereas the combinationBedal and luciferase was assessed by the Dual
Light Luciferase assay. Total protein amount inhes@mple was measured by the
method of Bradford [192]. The experiment was repeaip to 31 times with DHT
and six times with R1881.

To rule out the possibility that differences inigity depended on varying AR
transcription amount, mMRNA was prepared from tractsfd cells. The mRNA was
then reverse transcribed to complementary DNA (cDN¥ad quantified by
guantitative real-time PCR.

Quantitative real-time PCR

In quantitative real-time PCR (gPCR) the outcome each PCR cycle is

determined in “real” time. The number of target DN#olecules can be

determined by measuring at what cycle a certaistiold level is reached (the Ct
value). This enables accurate determination at rgranalleled dynamic range.
There are two main methods of measuring the amolURICR product based on
the use of labelled hydrolysis probes, or the ipoaation of fluorescent dyes.

One probe based system uses labelled probes ial simgle stranded DNA

molecules (oligonucleotides) of the chosen sequeanpigated with a fluorescent
dye at the 5 end, the reporter, and, in closaagabximity, a quencher at the 3’
end of the intact molecule that reduces the flummese emitted by the reporter
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fluorophore. As long as the probe is intact, it d@md (hybridise) to the single
stranded DNA sequence of interest. If the primersd to the DNA, and a

thermostable DNA polymerase with 5~ exonucleaswiticis used in the reaction

mix, primer extension will take place, the hybretizprobe will be cleaved, and
the quencher will separate from the fluorophorentoious excitation allows

online monitoring of the fluorescence signal indlréime”. In presence of target
DNA the fluorescence signal produced by the repodige increases, and the
number of target molecules can be determined bysumgey at what cycle a
certain threshold level is reached, the Ct value.

The second method is less precise as both spacificon-specific products give
a signal. It is based on the use of a fluorescgattidat binds directly to the newly
synthesized double stranded DNA. With every cythe amount of double
stranded DNA and fluorescence increases. When ukiagnethod, no probe is
needed and it is reliable as long as the produet i verified by generating a
melting curve, that indicates the melting tempertof the products amplified
during the reaction. By comparing the amount ofgéee of interest to the amount
of a known endogenous control gene, run in a panadhction, a relative amount
of the gene of interest can be obtained. The emdngecontrol gene is a gene that
is constantly similarly expressed in the startiragenal [193].

For the measurement of AR expression in COS-1,agl€R using a fluorescent
dye (SYBRGreen, Stratagene, CA, USA) was perfornirding the process of
RNA extraction the RNA was treated with DNase tswr that no residual
plasmid DNA remained which could be used as fasaptate in the subsequent
gPCR reaction. Primers that specifically bind te tholyA tail of mRNA
molecules were used in the reverse transcriptastioa to produce cDNA.

The AR specific primers in the gPCR reaction weesighed to be intron/exon
spanning to facilitate the discrimination of prottufrom chromosomal DNA and
cDNA. Primers used for AR detection were, forwardABCCTATTGCGAG
AGAGCTG-3" and reverse 5'-GCTTCACTGGGTGTGGAAAT-3".

The chosen endogenous gene, glyceraldehyde 3-pditesptiehydrogenase
(GAPDH), was detected with the forward primer 5 AGCACTTTGT
CAAGCTCA-3" and reverse primer 5-AGGGGTCTACATGGCEBAG-3". The
AR mRNA was quantified by using the comparative rethod. The method is
based on normalization of fluorescence valueshiergene of interest to the values
for the endogenous control. Three samples of eaclotgpe were analysed in
triplicates and the data were compared with theesgion of 22 CAG treated with
10 nM DHT, which was set as a reference value addded in each gPCR run.

37



Enzyme linked immunosorbent sandwich assay

Methods for estimating or determining specific pmtamount most often are
antibody-based techniques. Western blot is commadgd for detection of

proteins in cell lysates. It is a combination cddtionating the proteins in the
sample based on molecular weight by polyacrylamigd electrophoresis,

transferring all separated proteins to a solid nramd and then detecting specific
proteins by using primary antibodies and secondemybodies conjugated to a
detectable reagent. The technique is valuabledteating specific proteins, but is
a crude method for determining the specific prot@mount. Instead of using
western blotting for determining the amount of adfic protein, enzyme-linked

immunosorbent sandwich assay (ELISA) can be usedhis work a sandwich

ELISA was the chosen method to rule out that diffiees in measured activity
depended on varying AR protein amount.

The sandwich ELISA allows accurate determinatiorpaitein amount. It is an
antibody-based method where specific antibodiesuaexl to coat a microtiter
plate. The sample is added, the protein of intetastigen) is bound to the
antibody and the unbound residual material in gmmpe can be washed away.
The amount of bound protein can be determined liggua second antibody
conjugated to a colorimetric, enzyme linked or feszent/chemiluminescent
antibody, which develops a measurable color/flusrase when substrate is
added. To increase the sensitivity of the assay,uaconjugated secondary
antibody can be used before a third conjugatedadiis added. Apart from the
sandwich method there are several variations oSBLIThe indirect ELISA is not
a sensitive method but can be used for qualitatiaysis. In indirect ELISA the
sample is incubated in an empty well. Antigens he sample adhere to the
surface. The surface is then blocked to inhibitlrig of the next antibody to the
empty surface. Primary antibody against the antigeadded and a secondary
antibody linked to an enzyme is then used for detec Another variation of
ELISA is the competitive ELISA, where the samplstfis incubated with specific
antibodies. Then the mix is added to wells coatditi antigen. The secondary
antibody is linked with an enzyme and after additaf substrate a measurable
colour is developed. Standard samples, with knomtigen concentration, can be
included in the reaction to give a standard cui@s curve can then be used to
determine the exact amount of antigen in each sanijlere is no purified AR
protein available on the market, so for this wdré €xact amount of AR could not
be detected, only relative amounts in different @am

In all ELISA reactions lysates from the prostat@asa cell line LnCaP were
included as positive controls. Untransfected CO&lls were used as negative
controls. The appropriate amount of total protenbe used was decided by
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running a dilution curve on one sample before thalysis of all samples. The
dilution curve showed which dilution to use to abtaptical 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 scregirdetate disease and in
the follow up of patients with PCa. A high PSA walcould be a sign of aberrant
prostate growth but does not directly indicate PEspression of the prostate
specific antigen (PSA) gene is regulated by thea@geh receptor. In other words,
the PSA gene is a downstream target of the AR.éfber AR and PSA protein
amount was measured directly in human prostateidigde determine if AR
expression and activity varied depending on CAG gilen Common
immunohistochemistry can be used for specific pnotpantification, but the
signal obtained is not always linear to protein antpand the background is often
high. The chosen method for direct quantificaticsswime resolved fluorescence
imaging (TRFI). First the method was verified on ARnsfected and paraffin
embedded COS-1 cells treated with 10 nM DHT. Thés agere transfected as
mentioned earlier with ARs harbouring 16, 22 or&8G in combination with 23
GGN. After harvesting and fixation the cells werrgifin embedded. Sections
were then prepared for TRFI for AR protein measw@nm TRFI is a method
where specific antibodies directly or indirectlpked to lanthanides are used in
combination with image acquisition in an epiflua@sce microscope. The
lanthanides can be excited at specific wavelengtits have a long decay time.
The long decay time makes it possible to obtaingesawith low background
noise and autofluorescence. In comparison to immmstachemistry, TRFI gives
a linear relation between signal intensity and gpecific protein expression; it
also allows an automated and improved quantificatiod evaluation of cellular
parameters.

The primary antibodies were directed against ARR8A. They were conjugated
to Europium (Eu) and Terbium (Tb) respectively makit possible to measure
both AR and PSA amount from the same sample. Omplsafrom each patient

was analysed once. The primary areas of interest p@state glands, where AR
expressed in the nucleus of epithelial cells and R&ind in the stromal cells

could be detected. The Eu signal was obtained aritlemission filter set at 615
nm and for Terbium a filter at 545 nm was usedsTgave separate images with
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specific Eu and Tb signals from exactly the sanga.alhese images were then
analysed, resulting in specific density valuesdach region of interest in every
image. The mean intensity of the background wasracted from each region of
interest making it possible to compare the image=ath other.

Statistical analysis

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

In each experiment the mean value of the AR witiC2% stimulated with 10 nM
DHT or R1881 was set to 100% or 1. The values efdther genotypes were
expressed relative to it.

To compare the activities in the transactivatiosags the results of all three
genotypes were compared to each other with thepacametric Friedman’s test.
If the test showed a significant difference (p<(,bBtween genotypes they were
pairwise compared with the non-parametric Wilcoxgigned ranks test. The
ELISA and gPCR results were compared using the saatistical tests.

In the meta-analysis the three CAG repeat lengtbhgs within each study were of
similar size. Both data sets were analysed by bihagistic regression with

fertility or PCa as the dependent variable. Thie akinfertility or PCa was also

assessed with the independent sample t-test, wherenean CAG length of all
included men in the respective study was compared.

In the study on AR and PSA protein amount in prtestssue the samples were
grouped into similar groups as in the meta-analyBige four samples with 22
CAG represented the median repeat length in whi® and were one group.
Samples with CAG lengths of 14 to 18 were in theosd group (n=9)
representing shorter normal repeat lengths, andmatwith 26 to 28 CAG were
in the third group representing longer normal CA@Gdths (n=6). Non-parametric
tests were used for analysis. The Kruskal Wallst teas used for the over all
comparison of the three groups. Groupwise compasismere made with the
Mann Whitney test. The same statistical methodswéeosen for comparison of
the AR amount obtained by TRF in COS-1 cells. Tlreamdensity value of cells
treated with empty vector was considered backgramd 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 asatioh between AR function and
the CAG repeat nhumber was generally assumed. This ased on clinical
findings in men with the neuromuscular disorder Kexty's disease who present
with an abnormal expansion of the CAG stretch toentban 40 repeats, and on a
few in vitro studies from the 1990s [53-55]. Howevieryivo data concerning the
association between CAG number and androgenictefieere conflicting.

As most previousn vitro studies were based on extreme CAG lengths, and on
reporter-systems containing viral promoters, thiedlve of the first study was to
investigate ARs with CAG lengths within normal ren@l6, 22 and 28) in a
reporter-assay with the human PSA promoter as dhget (Paper 1). We also
wished to elucidate whether the interpretation le# tesults depended on the
methods used for adjustment of transfection efficye

With R-galactosidase as transfection control, 22GClkength had the highest
activity (100%) compared to 16 CAG (mean 78% [radfe 132], p=0.005) and
28 CAG (68% [26-162], p=0.006), whereas adjustorgénilla-luciferase resulted
in 16 CAG behaving similarly to 22 CAG (104% [565], p=0.7) and 28 CAG
having lower activity (59% [33-101], p=0.004). Whesing the co-transfected
transfection controls the negative control samptassfected with empty AR
vector displayed considerable background activity.

Adjusting for AR protein gave another activity dilstition, the 22 CAG genotype
showed the highest activity; 16 CAG and 28 CAG ldiging 20% (10-47,

p<0.0001) and 12% (5-21, p<0.0001) thereof. Sinmdemults were obtained with
adjustment for total protein. The negative contrsf®wed no or very little

activity. By normalising for AR protein-content, ethhighest AR activity was
confined to the 22 CAG and not 16 CAG, contrarthim findings with transfected
control vectors. Thus, the relation between CAGea¢dength and AR activity
may not be strictly linear, as had been assumethenmajority of previously

published association studies. This may, at leatyp explain the discrepancy in
data aiming to link physiological conditions to CA€peat length. Re-analysing
data in a stratified manner may give more importafdrmation on the relation
between AR CAG repeat length and disease predispasi

In general, the glutamine length variance is inicedl by both specific sequence
characteristics and the specific role of the glut@mtract within the protein
structure and function [194]. This is illustratey the fact that some proteins are
polymorphic whereas others are not [195], indigatiaritical reasons for
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maintaining a particular CAG repeat length in sgmeateins. With respect to the
AR, there seems to be a length of approximatelgd@epeats that is tolerated for
proper AR function and that can be balanced by Bdthprotein amount, as has
been shown previously [196; 197], and also by #wretion of sex hormones. In
line with this hypothesis, it has been proposed @lsa91-99% of the CAG alleles
across different ethnic groups are between 16 #&degidues, this could be a
range that would maintain maximum interaction betwvehe transactivating

domain and the hormone binding domain of the AR.[S&orter or longer repeats
than the critical range could be a more importaatiator of disease phenotype
than a stepwise reduction in activity with incregsCAG length across the entire
range [56].

The CAG stretch of the AR protein is situated ia thansactivating domain that
interacts with the hormone binding domain. The thett mutations in the CAG
stretch can disrupt this interaction [56] provigasdence that the polyglutamine
tract plays a crucial role in ensuring proper fumctof the human AR. The
interplay between the transactivating domain aedhtbrmone binding domain has
previously been shown to be significantly reducgdshorter or longer CAG
repeats than the normal range [56]. This findingegated the hypothesis that the
polyglutamine tracts serve as flexible spacersejgagte regions of biological
activity while maintaining the capacity to interaeith co-regulators and the
transcription machinery. Such a mechanism coulda@xow both increased and
decreased CAG lengths can influence AR functiont&a this hypothesis, data
from two recent meta-analyses, -one on infertile med one on PCa cases, - was
collected and re-analysed in a stratified mannap€P Il and lll). In both studies
<1 CAG repeat differed between cases and contrblsnwanalysed in a linear
regression model, assuming that AR function dinhiess with increasing CAG
length. Such a small difference is unlikely to eplwhy PCa develops in some
men. Neither does it give any improvement in meshiod disease prediction. On
the other hand, one single repeat difference inABG& repeat can affect receptor
activity. An AR with 23 GGN had significantly highectivity 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 ysis| more information on the
role of the AR in these diseases could possiblgliiained.

The infertility study included 3915 men, of whom318were fertile and 2084
infertile (Paper Il). Data was divided into threstaegories: CAG<22, CAG 22-23
(reference group) and CAG>23 and then re-analysedoinary logistic regression
model. When comparing the groups regarding diffeesnin mean length, no
significant difference was found between the fert@ind infertile men (equal
variance, p= 0.615). However, when the CAG lengtlese divided into three
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groups (<22, 22-23 and >23 CAG) for the stratife@athlysis, men with CAG<22

and CAG>23 had 20% increased odds ratio of infigrtdompared to carriers of

the median lengths (p=0.03, 95%CI 1.02-1.39 for €A% and p=0.02, 1.03-1.44
for CAG>23). These results indicate that data frmevious studies should be re-
analysed regarding CAG number and androgenic entfpoi

The PCa-study (Paper Ill) comprised genetic dat®@4l6 white men with PCa
and 4067 controls stratified into three groups lie same manner as in the
previous infertility-study. The mean CAG length &l men was 21.8 with a range
of 6-42 CAG repeats. For the controls, the meaeatfength was 21.9, and for
cases 21.6 CAG. In an un-stratified comparison 8iGClength in cases vs.
controls, a significant difference between all sas@d controls was observed
(p=0.001 unequal variance). However, in the stestifanalysis, no statistically
significant difference in prostate cancer risk ledw the groups was noted
(CAG<22, p=0.071, OR=1.12 CI 0.99-1.26; CAG>23, 80, OR=1.02
Cl=0.89-1.16). Also, when the cases with extremelyg (>30) or short (<10)
CAG repeats were excluded from the stratified aglyn= 61) no significant
differences were found (CAG<22, p=0.072, OR=1.12,009-1.26; CAG>23,
p=0.823, OR=1.02, CI=0.89-1.16). This result dogtsnecessarily mean that there
is no link, but the current study had not enougitistical power to show any
association between PCa and CAG length althougre rtian 7400 men were
included.

It is generally believed that androgens are necgdsa prostate carcinogenesis,
and androgen ablation is a corner stone in théntexa of the disease. Because of
the study design, we did not have access to hormutata. However, in a recent
report, including 18 prospective studies on inltotare than 3800 prostate cancer
cases and 6400 controls, no association betwekriarssubsequent disease and
serum concentrations of androgens or estrogens Yeemsd [183]. Only one
hormone measurement was carried out in the stutbesled in the Roddam et al.
analysis [183]. The androgen levels at that timiedpmay not necessarily reflect
the hormone exposure relevant to target cellsérptiostate at the relevant time in
life. Moreover, even if androgens would not be adive of prostate cancer, the
disease could well progress driven by androgermain a basic level once the
disease is manifest. The amount of androgens nemuldd be so small that the
differences in AR efficiency, to which the CAG repe contribute, do not matter.

As the in vitro experiment indicated that AR prataemount was dependent on the
number of CAG repeats (Paper 1), we wanted to examihether this also would
be the case in vivo. Higher AR protein expressmmdAG repeats associated with
lower receptor activity would point towards cellukkompensatory mechanisms
adjusting the receptor amount to give efficienhigtin the presence of ligand.
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To study the AR and PSA protein amount in vivo fates biopsies from 19 men
with median length (22 CAG), short CAG length (1BI-CAG) and long CAG
length (26-28 CAG) were included (Paper IV). Thestie contained both
malignant and benign areas. The method used foaRPSA measurement was
time resolved fluorescent imaging (TRFI). BecauseAPis synthesized and
secreted by normal and malignant epithelial celistte human prostate in
response to androgens it can be used as a med#\Reagtivity.

For validation of the TRFI method, COS-1 cells waansfected with different

AR genotypes (16, 22 or 28 CAG with 23 GGN) and Al protein amount was

measured by TRFI. The transfected 22 CAG genotipeved lower AR amount

in comparison to the transfected 16 or 28 CAG ggred, when measured by
TRFI. These results were comparable with the EL$BAdies on transfected cells
(16vs22 p<0,0001, 16vs28 p<0,0001, 22vs28 p<0,0001)

The median AR amount in benign samples was fortbAG length 1003 + 339
count per pixel (cpp) (147%), median CAG 682 + 2P (100%), and long CAG
tract 835 + 557 cpp (122%). The median PSA amonnbdnign samples and
corresponding CAG lengths was 315 + 109 (85%), 87200 (100%), and for
long 1312 + 93 (84%). Thus, these data indicateghdsi AR protein expression for
the CAG numbers associated with lower receptowviagtiThese results should,
however, be taken with some caution. None of ttiterdinces were statistically
significant (p interval: 0.088-1.00), perhaps doehe relatively low number of
samples included and high sample-to-sample vaniatio

In the malignant tissue, the AR median amount wasliort CAG 1038 * 343 cpp
(121%), median 859 + 671 cpp (100%), long CAG 73038 cpp (122%). The
median PSA amount in malignant samples was fortSDAG length 374 + 136
(127%), median length 295 + 116 (100%), long CAG 3200 (110%). Thus, the
results were similar to the findings for the benigsue, however, with p interval:
0.201.-0.914.

The TRFI study shows that there may be CAG lengpeddent differences in AR
amount and androgen activity in benign prostatés Tésult is similar to previous
in vitro results [197], where lowest protein amount (Fig.aBd highest activity
(Fig. 9) was seen in the AR with 22 repeats compawea CAG length of 16 or
28, and is also similar to the study on infertilem{Paper II).
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In a previous study where prostate tissues fromepiat were examined by
immunohistochemistry, samples with CAG repeats k2téombination with <23
GGN had a more intense AR staining and generalligher Gleason score than
samples from patients with CAG repeats >21 [199jisTresult is difficult to
compare with our study because of the differencesnethods used. In the
previous study, the genotyping was carried outdtiyreation of size using a ladder
created with known allele sizes, not by direct seqing, which is a precise
method for genetic analyses. The TRFI techniquel usethe current work is
considered to be a more sensitive method than irohistochemistry. Moreover,
the TRFI study results were validated with ELISAat® was also analysed
differently in our study. Rodriguez-Gonzalez et [AR99] used linear regression
models, assuming a linear relationship between GA@ber and intensity, in
contrast to the stratified method we have beergusin

In the current work, no CAG dependent difference8R or PSA expression were
detected in malignant tissue. This could be dudoss of normal androgen
regulation in tumours, or to the known genetic genthat occur in tumour tissue
for example amplifications, mutations and deletiolsimal studies show similar

results. When human AR was expressed in healthg,nhose with 21 CAG had

testosterone concentrations very similar to noffioraiice, whereas mice carrying
CAG 12 or 48 had higher concentrations [200], gogstompensating for lower

AR function. This also resembles the observatioadarin infertile men, who may
have a well functioning AR, although at a suboptiteael [201], but who in a

considerable number of cases fail to compensate Wgher androgen output.
Such failure to compensate with higher androgepuiunay be due to testicular
dysgenesis, or disruption of the feed-back mecharis a combination of both.

Because of the small study size as well as lafga-iand inter-variability between
samples, our work should be considered as a pidisparticularly as we did not
have access to more prostate biopsies from men @46 lengths in the outer
regions of the normal range. A larger study woudddh importance to confirm
these results.

The trend towards lower AR levels in patients wAthCAG could however be an
important finding and should be investigated furtte an unpublished study from
our group (Lundberg Giwercman & al. unpublished data) it was found that men
with median long CAG repeats in the AR naturallyd&igher PSA concentration
in the circulation compared to men with longer ambrter repeats. Our results
from the PSA measurements in prostate tissue aadoairin vitro study supports
these unpublished results, indicating that men wigdian CAG number may, on
average, have higher PSA levels, due to a moreieiti AR.

The data could also be studied in relation to Gémngth, disease progression and
hormone levels.
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In the last decade the role of the AR and androgeR<a development has been
revised [181-183; 202-205]. For a long time the ARJ androgen levels were
considered to be causative of PCa. Because slii@rrepeats were believed to
give a more active receptor, they were also seea asurce of the malignant
growth, although serum androgen levels have bedficuli to correlate to
initiation of disease, possibly because of lackkobwledge of the time period
when hormones play an important role, and diffiesltin assessing hormonal
exposures retrospectively. Sperm output and thigyato father children can be
used as an indicator of the long-term androgemnstdn the largest study of PCa
risk and number of children fathered, 48 850 PCGsesavere identified through
the Cancer Registry [206]. Being childless or hgviathered only one child was
associated with 20% reduced risk for PCa compacedaving fathered>2
children. This finding was later confirmed in a B&m study [207]. However,
neither the Swedish nor the Danish study registga @llowed discrimination
between different causes of male childlessnesstidy the association between
male fertility and PCa risk, a nested case-cordiadly on more than 11 000 male
participants was performed [208]. Childless men haBl0% lower risk of PCa
compared to those who had fathered children. Thisrfg supports the theory that
normal testicular function, and hence most probasigroidogenesis is an
important contributing factor in the developmentR&a, although it may not be
causative. This also indicates that a man with PGat probably has been fertile
with good AR function when young.
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In summary, the results of this work show that thest common CAG repeat
length gives optimal AR activity boilm vitro andin vivo, and may protect against
infertility. These findings should be used as aeb&w future studies within

reproductive medicine and also for re-analysisref/ppus results.

The relation between AR activity and CAG repeatgtenand association with
disorders in the male reproductive organs can berarised as follows (Fig. 10).

* AR activity is highest within the most common CA&peat range whereas
AR protein amount is lower because the receptooptimal activity. AR
genotypes with other CAG repeat lengths comperisatiower activity
with increased protein expression.

» A shorter or longer CAG repeat increases infeytilisk that at least partly
could be caused by low AR activity.

» CAG length does not affect PCa risk, indicating tha AR is not a cause
of that disease.
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Figure 10. Schematic diagram representing the relation offélators studied in
this thesis. The Y-axis represents the risk, agtior amount, where 0 is low and
10 is high.
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Future perspectives

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

To improve understanding of AR function and the ewcalar mechanisms
regulating it,in vitro studies similar to those described using humarrtep
promoters should be performed in various cell lireggresenting different tissues
such as prostate, PCa and testis. Advances in TR&hodology enable
examination of larger data sets and this applioatiould be used for protein
measurement in other tissues, such as the tebesTRFI could also be adapted to
measure co-factor amount in tissue. This approaculdv give even more
information in combination with AR protein amoumidaactivity.

Interactions between cofactors and the AR could &ks examinedn vitro, in
activity and interaction assays. In relation to @&G repeat length, the ARA24
co-factor would be particularly interesting to st it has been shown to interact
directly with the NTD and the CAG repeat. To elatal the effect of the CAG
repeat on AR activity a mammalian two-hybrid systsould be developed where
the NTD and the LBD of the AR are expressed seplgran combination with
specific co-factors. In that way the effect of ttwefactor on NTD/LBD interaction
and AR activity could be studied.

The observed variations in expression of AR proteinld be studied by blocking
the proteosome in the cells. In that way any déffiees in protein degradation rate
would be revealed. Also hormone binding assaysdcbelperformed to find out if
differences in ligand binding could cause the vagyactivities. The sensitivity to
low androgen levels could also be studied, as @&nadlativity pattern may be
observed at very low or high androgen concentration

In the field of PCa the role of the AR has beenstamtly debated. In the future,
gene webs or gene networks studies may providenaapproach to further our
understanding of how various factors affect eadleoin the development of PCa.
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